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Preexisting human antibodies neutralize recently
emerged H7N9 influenza strains
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H7 strains that emerge in the future.

Introduction

Influenza A viruses evade the human immune system by changing
the antigenic regions of their surface glycoproteins using two mech-
anisms: antigenic drift (point mutations) and antigenic shift (gene
segment reassortments) (1). Antigenic variation is further increased
by divergent evolution, as influenza virus strains recirculate con-
tinually among different host reservoirs, especially humans and
avian species. The HA glycoprotein is the main target of neutraliz-
ing antibodies and is composed of an immunodominant globular
head domain and a stalk domain (2). HA subtypes are classified
into two groups based on their antigenic properties: amino acid
sequences and structural features (3). Group 2 influenza A viruses
include the H3 subtype, which further contains the seasonal H3N2
human strains, and the H7 subtype, which contains highly patho-
genic avian influenza A viruses (4). Previously, infections with H7
viruses, through exposure to poultry, generally resulted in uncom-
plicated influenza illness and /or mild conjunctivitis (demonstrated
for H7N3), with only one fatal case observed during an outbreak
in The Netherlands (H7N7) (5, 6). However in 2013, a novel influ-
enza A virus (H7N9), the product of genetic reassortment of vari-
ous avian strains, emerged in China. This virus, associated with a
high frequency of fatal human disease, appeared to have a wide
dispersion and the potential for human-to-human transmission
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The emergence and seasonal persistence of pathogenic H7N9 influenza viruses in China have raised concerns about the
pandemic potential of this strain, which, if realized, would have a substantial effect on global health and economies. H7N9
viruses are able to bind to human sialic acid receptors and are also able to develop resistance to neuraminidase inhibitors
without a loss in fitness. It is not clear whether prior exposure to circulating human influenza viruses or influenza vaccination
confers immunity to H7N9 strains. Here, we demonstrate that 3 of 83 H3 HA-reactive monoclonal antibodies generated by
individuals that had previously undergone influenza A virus vaccination were able to neutralize H7N9 viruses and protect mice
against homologous challenge. The H7N9-neutralizing antibodies bound to the HA stalk domain but exhibited a difference in
their breadth of reactivity to different H7 influenza subtypes. Mapping viral escape mutations suggested that these antibodies
bind at least two different epitopes on the stalk region. Together, these results indicate that these broadly neutralizing
antibodies may contribute to the development of therapies against H7N9 strains and may also be effective against pathogenic

(7-12). Although the virus received the most publicity in 2013 (a
year with 153 cases), the H7N9 virus shows a seasonal pattern, with
most infections occurring during the winter season. The incidence
of infection continues to increase, with nearly twice as many new
H7NO9 infections (301 cases) reported in 2014, totaling 454 cases,
according to the World Health Organization, as of July 2014. These
cases occurred in 12 provinces of China, with imported cases in
Malaysia and Taiwan. The incidence of H7N9 infection combined
with its abilities to bind to human receptor orthologs and to develop
resistance to neuraminidase inhibitors without fitness loss has
raised concerns about the pandemic potential of the H7N9 virus
(13-15). With H7 strains currently posing a threat to human health, it
is important to determine whether there is cross-protection gener-
ated from group 2 influenza virus vaccinations. Over several years,
we have generated human antibodies from plasmablasts of volun-
teers vaccinated with the seasonal influenza virus vaccine (refs. 16,
17, and our unpublished data). Because plasmablasts are activated
during an ongoing immune response, this allows us to determine
whether prior vaccination, especially with H3N2 strains, induced
cross-reactive antibodies that neutralize H7 strains. Given the lack
of avaccine against novel H7 viruses, the isolation and characteriza-
tion of monoclonal antibodies with neutralizing activity can direct
vaccine design and also provide a therapeutic resource.

Results

Cross-reactive antibodies induced by past influenza A virus exposure
react with novel pathogenic H7N9 strains. To identify H7-binding
antibodies, we developed an antibody microarray technology that
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allows high-throughput screening for cross-reactivity to influenza
HA proteins (Figure 1A). We selected 83 antibodies, from 28 indi-
viduals, that were previously detected as H3N2 reactive by ELISA
and tested their reactivity to different H3 and H7 recombinant HAs.
We report here that 6 of the 83 (7%) H3-reactive antibodies bind
both the A/Shanghai/1/2013 (H7N9) and A/Anhui/1/2013 (H7N9)
strains isolated from the first infected patients in China. These 6
antibodies were each from different individuals, thus 21% (6 of 28
individuals) of this cohort had evidence of H7 cross-reactive immu-
nity. Since we screened an average of only 3 H3N2-reactive antibod-
ies per subject, we predict that a higher percentage of people previ-
ously vaccinated with H3N2 strains are likely to have cross-reactive
antibodies that bind to the novel H7N9 strains.

To assess more comprehensively the frequency of cross-
reactive immunity within the vaccinated population, we analyzed
the frequency of H3/H7-reactive memory cells 14 days after sea-
sonalvaccinationin13individuals by ELISPOT. Since cross-reactive
antibodies typically bind to conserved epitopes on the stalk
domain, we determined the percentage of H7 stalk-reactive mem-
ory cells by using a chimeric HA, which is composed of the stalk
domain of the A/Shanghai/1/2013 (H7N9) strain and the globu-
lar head domain of an H4 strain (A/duck/Czechoslovakia/1956
[H4N6]), to which humans are naive (18). Two control HAs were
used: one composed of the globular head region of the H4 strain
and one composed of the globular head region of the A/Shang-
hai/1/2013 (H7N9) strain. The reactivity of memory cells to H3 was
assessed using commercially available H3 HAs. Using this method,
9% (median 9.3%, range 4.9%-15.9%) of H3N2 HA-reactive
IgG memory cells bound to the H7 stalk. This suggests that, out
of the H3N2-specific memory cells generated from seasonal vac-
cinations, 9% are group 2 cross-reactive (Figure 1B). Collectively,
our antibody microarray and ELISPOT results demonstrate that at
least 7% of H3N2-reactive B cells react with H7 influenza strains.

Three of the cross-reactive antibodies neutralize pathogenic H/N9
strains in vitro and protect mice from lethal infection. To determine
the functional capacity of our H7 cross-reactive antibodies, we
assessed their ability to neutralize the A/Shanghai/1/2013 virusin a
standard microneutralization assay. Three of the six cross-reactive
antibodies neutralized the H7N9 virus in vitro (045-051310-2B06,
042-100809-2F04, and S6-B01), whereas a human IgG control
antibody did not (Figure 1C). S6-B0O1 and 042-100809-2F04 were
inducedbytheseasonalvaccine H3N2strains A/Wisconsin/67/2005
and A/Uruguay/716/2007, respectively (Supplemental Table 1; sup-
plemental material available online with this article; doi:10.1172/
JCI74374DS1). The antibody 045-051310-2B06 was generated
in response to the pandemic A/California/04/2009 (HIN1)
strain. 045-051310-2B06 also bound the A/Uruguay/716/2007
(H3N?2) strain, and all 3 neutralizing antibodies bound various H7
strains (Supplemental Figure 1).

Because in vitro neutralization is not always predictive of in
vivo potency (19), we tested the protective efficacy of the 3 H7N9-
neutralizing antibodies in a mouse model. Mice were treated
prophylactically with 1.5, 5, or 15 mg/kg of each antibody intrap-
eritoneally and then challenged with a lethal dose (7.5 LD, ) of
A/Shanghai/1/2013 virus (H7N9). In this model, the 3 antibodies
showed comparable efficacy, as they conferred protection at the
lowest dose of 1.5 mg/kg, with all mice in each group surviving
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infection. Although mice were protected from mortality at a dose
of 1.5 mg/kg 042-100809-2F04, 1 of 5 mice treated with 5 mg/kg
of antibody showed weight loss of about 25%. Untreated control
mice and those treated with 15 mg/kg polyclonal human IgG lost
weight and succumbed to infection by day 8 to 9. Furthermore,
mice treated with an H3N2-neutralizing antibody that did not
bind H7 (011-10069 2C01) did not survive past day 8-9 (Figure 2A
and Supplemental Figure 2A). These antibodies were also tested
in a therapeutic model, with 15 mg/kg of each antibody being
administered 24 hours after infection to the respective groups. All
3 antibodies were able to protect mice from the lethal challenge. A
similar experiment was conducted with the antibody being deliv-
ered 72 hours after infection, and we observed 100% survival only
with 042-100809-2F04. For the 045-051310-2B06 and S6-BO1
antibodies, reduced survival, 80% and 60%, respectively, was
observed (Figure 2B and Supplemental Figure 2B). These findings
demonstrate that human antibodies induced by vaccination that
bind H3N2 influenza virus strains infectious to humans can pro-
vide in vivo protection of mice against lethal infections with the
pathogenic H7N9 influenza virus.

The cross-reactive antibodies neutralize various influenza strains.
These H7-neutralizing antibodies are predicted to bind epitopes con-
served among a wide variety of influenza strains. Therefore cross-re-
activity to multiple influenza A group 1 (H1 and H5) and group 2
(H3, H7, and H15) recombinant HAs was assessed. 045-051310-
2B06, 042-100809-2F04, and S6-B01 bound at low concentration
to various H3N2 and H7 strains as well as the HI5N9 strain, con-
firming their cross-reactivity within group 2 (Figure 3). The antibod-
ies bound H7 strains from both the North American and Eurasian
lineages (phylogenetic tree, Supplemental Figure 3), suggesting
cross-protection will also exist against other potentially emerging
avian H7 strains (20). 042-100809-2F04 bound only to group 2
HAs. Not surprisingly, 045-051310-2B06 bound the A/Califor-
nia/04/2009 HIN1 strain at low concentration but also cross-re-
acted with various H1N1 strains. Interestingly, S6-B01 also bound to
HI1NT1 strains, and both 045-051310-2B06 and S6-B01 cross-reacted
with the A/Vietnam/1203/2004 (H5N1) HA (Figure 3). None of the
H7-neutralizing antibodies bound to influenza B HA of either the
Yamagata or Victoria lineage (data not shown). Thus, these 3 anti-
bodies displayed unique strain specificities.

To assess the breadth of neutralization capacity of these
antibodies, we performed plaque reduction assays with various
influenza virus strains (Figure 4A). 045-051310-2B06 and 042-
100809-2F04 were able to prevent infection of MDCK cells, with
similar efficacy for all of the H3N2 strains tested (PRNT, ranging
from 6 to 19 pg/ml). Furthermore, both of these antibodies neu-
tralized A/Shanghai/1/2013 (H7N9) but at a higher concentration
when compared with that required for neutralization of H3N2
strains (PRNT, =19 pg/ml for 045-051310-2B06 and PRNT, =
27 pug/ml for 042-100809-2F04). 045-051310-2B06 also showed
neutralization efficacy against the A/chicken/Jalisco/12283/12
(H7N3) strain from the North American lineage (PRNT,, = 18
pg/ml). S6-BO1 potently neutralized all H3N2 and H7 strains at
low concentrations (PRNT,, ranging from 3 to 6 pg/ml). 045-
051310-2B06 neutralized the A/California/04/2009 (HIN1)
strain (PRNT,, = 5.5 pg/ml), whereas S6-B0O1 did not (PRNT,, >
120 pg/ml). This demonstrates that 042-100809-2F04 is a group
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2 broadly neutralizing antibody, whereas 045-051310-2B06 is
a pan-influenza A-neutralizing antibody (both group 1 and 2).
S6-BO1 binds group 1 and 2 strains, but in vitro neutralization is
only detected among group 2 viruses.

The neutralizing cross-reactive antibodies bind to conserved but
distinct epitopes on the HA stalk domain. The majority of neutral-
izing antibodies generated after exposure to influenza viruses
are strain specific, binding the highly variable loops on the glob-
ular head domain of HA. On the other hand, broadly neutraliz-
ing monoclonal antibodies (group 1 and 2) often bind conserved
epitopes on the HA stalk domain. Antibodies that bind the head
generally have hemagglutination inhibition (HI) activity, whereas
antibodies that bind to the stalk domain of HA do not but neutral-
ize by post-entry mechanisms of inhibition (21, 22). The H7N9-

Antibody concentration (ug/ml)

Figure 1. Identification of H3N2-specific antibodies cross-reacting with
the HA of H7N9 strains. (A) The binding of 83 H3N2-reactive antibod-
ies to a panel of H3N2 and H7 recombinant HA proteins was assessed
using an antibody microarray. Median triplicate fluorescence ratios

were used. The minimum and maximum values for each HA were used
to normalize data to reflect relative binding of each antibody. The data
shown are representative of 2 independent experiments. (B) Percentage
of group 2 cross-reactive IgG memory cells in 13 vaccinated individuals
using an ELISPOT assay. The frequency of H3N2 HA-specific IgG memory
cells binding to H7 HA stalk domain was assessed using H7 stalk/H4
head chimeric HA (H4 head HA and H7 head HA were used as a control).
Each symbol represents one individual. The median value (percentage)
is represented in red. (C) In vitro microneutralization assay using A/
Shanghai/1/2013 (H7N9) virus. The data shown are mean + SEM of 3 to
4 replicates (2 independent experiments).

neutralizing antibodies herein showed no HI activity against any
tested strain (data not shown). Moreover, competitive inhibition
using CR9114, a previously described stalk-reactive antibody
(19), suggested that the epitopes targeted by the 3 antibodies are
within the stalk domain of HA (Figure 4B). As expected, 009-
10061-1D04, an antibody that displays HI activity (Figure 4C)
and binds to H3N2 and H7 strains (Figure 1A), was not inhibited
by any of the stalk antibodies tested (Figure 4B).

To further map the epitopes targeted by the 3 neutraliz-
ing antibodies, we generated escape mutants of the A/Shang-
hai/1/2013 (H7N9) virus. It is postulated that, under antibody
pressure, viruses undergo mutations at sites that are targeted by
the antibody and this allows the identification of the binding site.
We sequenced 4 escape mutants for each antibody and analyzed
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Table 1. Mutations displayed by the escape mutants

Antibodies Head mutations Stalk mutations
045-051310-2B06 G195E V318l
1384N
042-100809-2F04 G63E R364K
(234D
S6-B01 A198E 1384T
G214E

the mutations. The same virus passaged in absence of antibody
was used as a control. All 4 clones for each antibody displayed the
same mutations. None of the mutations were found with the virus
passaged without antibody, suggesting that the mutations were a
resultofthe antibody pressure. A total of 3amino acid substitutions
were identified for each antibody in the HA segment (Table 1).
Interestingly, we observed mutations both in the stalk and the
head domains. The escape mutant generated with the antibody
045-051310-2B06 displayed two mutations in the stalk region,
V3181 and 1384N (H7 numbering starting with methionine), and
one in the globular head region, G195E. The escape mutant gen-
erated with the antibody S6-B01 displayed one mutation in the
stalk region, I384T. This mutation arose at the same residue as the
escape mutant generated by 045-051310-2B06, but the substitu-
tion was different. Both mutations at this residue were located in
the conserved epitope targeted by CR9114 (19). Two mutations
in the globular head, A198E and G214E, were also found. Finally,
the escape mutant generated with the antibody 042-100809-
2F04 displayed one mutation in the stalk region, R364K, and two
in the globular head region, G63E and G234D. The stalk muta-
tion was located in the conserved epitope targeted by CR8020, a
group 2-neutralizing antibody (23).

Escape-mediated loss of binding is complete for 045-051310-2B06
and 042-100809-2F04 but not for S6-BO1. To test the effect of the
mutations on antibody binding, we infected MDCK cells with the
original virus (A/Shanghai/1/2013) or the different escape mutant
viruses and assessed the binding of each antibody to the cells by
immunofluorescence (Figure 5). 045-051310-2B06 had no detect-
able binding when the cells were infected with its corresponding
escape mutant, suggesting that the mutations affect antigenicity
(24). In addition, there was no binding for 045-051310-2B06 to
the escape mutant generated from S6-BO1. Interestingly, for the
S$6-B01 antibody, binding to both of these escape mutants was
only partially lost. Finally, the 042-100809-2F04 antibody lost
binding to its own escape mutant but not to the escape mutants
generated from the other two antibodies. These results confirm
that the neutralizing cross-reactive antibodies bind to two differ-
ent epitopes on the HA stalk domain.

To determine the role of the head versus the stalk domain
mutations, we expressed different variants of the mutated
recombinant HAs. For each of the 3 escape mutants, we gen-
erated two HAs and assessed antibody binding by ELISA; the
first HA incorporated the mutations in both the head and the
stalk domains, while the second HA incorporated only the stalk
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mutations with a wild-type globular head domain. We observed
reduced binding to both mutated HAs for the antibody 045-
051310-2B06 (Figure 6). However, the loss of binding was more
dramatic with the stalk-only mutated HA, suggesting that the
stalk mutations are antigenic mutations. The same pattern of
binding was detected when CR9114 was tested with the 045-
051310-2B06 HA variants. In line with the immunofluorescence
observations, a slightly reduced binding was seen with the fully
mutated HAs for S6-BO1. However, there was no reduction in
binding to the stalk-only mutated HA. This finding was con-
firmed using CR9114, which has the same footprint as 045-
051310-2B06 and S6-BO1. Therefore, although these mutations
mediate viral escape from neutralization by the antibody, they
do not ablate antibody binding. Finally, 042-100809-2F04
showed reduced binding to its own HA mutants (both mutated
stalk-only and fully mutated HAs). But the loss of binding was
more dramatic when both the head and the stalk mutations were
present. This was confirmed with CR8020, which has the same
footprint as 042-100809-2F04.

Escape mutant viruses have diminished pathogenicity in vivo. To
evaluate the importance of the stalk mutations in the loss of viral
fitness, we generated infectious reassortant viruses with these
mutations for each of the 3 antibodies and determined the LD,
of the different viruses in mice. Experiments were conducted
with different challenge doses, ranging from 100 to 100,000
PFU per mouse. Although the 045-051310-2B06 and S6-BO1
escape mutants probably share the same epitope, the lethal-
ity of the two mutants the compared with that of the parental
A/Shanghai H7N9 strain was quite different. The 045-051310-
2B06 escape mutant was highly attenuated (LD, > 1.10°) com-
pared with the wild-type A/Shanghai H7N9 strain (LD, = 4.6
x 10%), and none of the mice succumbed to infection. In con-
trast, the S6-B0O1 escape mutant closely mimicked the parental
strain, and all mice challenged with 100,000 PFU succumbed
to infection. However, the LD, of the S6-BO1 mutant (LD50 =
3.2 x 10*) was still higher than that of the wild-type A/Shanghai
H7N9 strain. The 042-100809-2F04 escape mutant was moder-
ately attenuated (LD,, = 5.2 x 10*) (Figure 7). All together, these
results demonstrate that escape from stalk-reactive antibodies
may have a negative effect on virus fitness in vivo.

The loss of binding observed for 042-100809-2F04 is only medi-
ated by escape mutations in the HA stalk domain. We demonstrated
earlier that the phenotype of the 045-051310-2B06 escape mutant
was dependent on the stalk mutations (complete loss of binding
and loss of viral fitness). Our results also suggest that 045-051310-
2B06 and S6-B01 bind to the same epitope on the stalk region. For
the 042-100809-2F04 escape mutant, the loss of binding was more
dramatic when the head and stalk mutations were combined. In
addition, the pathogenicity of the escape mutant viruses was mod-
erate. In order to confirm that the mutations in the stalk domain
are responsible for antibody binding, we generated infectious reas-
sortant viruses with individual head and stalk mutations. We used
immunofluorescence to characterize antibody binding to four 042-
100809-2F04 point mutant viruses: R364K (stalk mutation), G63E/
G234D (head mutations), G63E, and G234D. 042-100809-2F04
bound to the wild-type A/Shanghai H7N9 virus and to all combi-
nations of the head domain mutation reassortants (G63E/G234D,



The Journal of Clinical Investigation

045-051310-2B06

1104

—
(=]
(=]

% initial weight

042-100808-2F04

110+

100

90 +

% initial weight

80 4

% initial weight

Days
-B= 15mg/kg =i~ polyclonal human IgG 15 mg/kg
-~ 5 mg/kg == H3 specific monoclonal 15 mg/kg
= 1.5 mg/kg Naive

RESEARCH ARTICLE

045-051310-2B06

1104

100

90 4

804

70 4
0 7 14

042-100809-2F04

1104

100

90 4

80 1

Days
—¥— 24 h.p.i. —8— polyclonal human IgG 24 h.p.i.
—@— 72h.p.i. —#— polyclonal human IgG 72 h.p.i.

Figure 2. Passive transfer of the H7N9-neutralizing antibodies in mice. (A) 6- to 8-week-old female BALB/c mice (5 per experimental condition) were injected
intraperitoneally with 1.5, 5, or 15 mg/kg of antibody (045-051310-2B06, 042-100809-2F04, or S6-B01) and then infected with a lethal dose (7.5 LDSU) of
A/Shanghai/1/2013 virus. The percentage of initial body weight (mean + SEM) was plotted for each antibody and compared with untreated mice, mice that
received 15 mg/kg of a polyclonal human IgG antibody, and mice that received 15 mg/kg 011-10069 2C01 (H3N2-neutralizing antibody). Control groups are the
same for all 3 panels. (B) 6- to 8-week-old female BALB/c mice (5 per experimental condition) were infected with a lethal dose (7.5 LDSD) of A/Shanghai/1/2013
virus and then injected intraperitoneally with 15 mg/kg of antibody 24 or 72 hours after infection. The percentage of initial body weight (mean + SEM) was
plotted for each antibody and compared with untreated mice and mice that received 15 mg/kg of a polyclonal human IgG antibody. Control groups are the

same for all 3 panels. h.p.i., hours postinfection.

G63E, and G234D). As expected, binding to the stalk escape mutant
(R364K) was lost as well as binding to the control full escape mutant
(G63E/G234D/R364K) (Figure 8A).

To further characterize these point mutant viruses, we
observed viral replication under the presence of antibody pressure
(042-100809-2F04) in vitro via a microneutralization assay. In
line with our previous results, the full 042-100809-2F04 escape

mutant (G63E/G234D/R364K) evaded antibody neutralization
as well as virus with the stalk mutation alone (R364K). In con-
trast, all combinations of mutations on the head domain failed to
evade antibody neutralization. As expected, 042-100809-2F04
neutralized the wild-type A/Shanghai H7N9 virus (Figure 8B).
These results confirm that the binding site of 042-100809-2F04
is on the HA stalk domain.
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Figure 3. Virus strain cross-reactivity of the H7N9-neutralizing antibodies. Binding of the antibodies to multiple influenza A recombinant HA proteins from
group 2 (H3N2 and H7) and group 1 (HIN1 and H5N1) was assessed by ELISA. The minimum positive concentration was defined as two standard deviations
above the mean binding of randomly chosen naive B cell antibodies, as previously described (16). Data are representative of 3 independent experiments.

Discussion

Here, we report the use of an antibody microarray and subsequent
functional assays to identify and characterize 3 antibodies that
neutralize the emerging H7N9 influenza virus strain and protect
mice from infection. These findings have several important impli-
cations. First, we demonstrate that H7 cross-reactive antibodies
induced by vaccination with HIN1 or H3N2 influenza A strains are
not uncommon. Previous studies have shown that broadly reactive
antibodies binding to the HA stalk region are relatively rare (25),
but they were preferentially induced by exposure to the highly
unique 2009 pandemic H1NI strain (16, 26, 27). It was hypothe-
sized that exposure to this pandemic strain, which has a globular
head domain that is highly divergent from prepandemic seasonal
HINI strains, was activating cross-reactive memory B cells reac-
tive with conserved epitopes (e.g., in the stalk region) that the virus
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shared with previous seasonal strains (2, 28). Indeed, one of the
H7N9-neutralizing antibodies (045-051310-2B06) that we iden-
tified was induced by vaccination with this pandemic influenza
strain. Importantly, the two other neutralizing antibodies, and the
3 H7 cross-reactive antibodies that bound without neutralizing
activity, were primed by H3N2 seasonal strains. While it has been
shown that H3N2 infection/vaccination can induce HA stalk-reac-
tive antibodies, the design of these past studies could not predict
the frequency at which the H3 stalk epitopes are targeted (29, 30).
Our study demonstrates that group 2 cross-reactive antibodies are
not uncommon following vaccination with seasonal H3N2 strains.
Although the level of serum protection in the general population
remains to be determined, our results suggest that prior immunity
against the H7NO strain and other novel strains could be boosted
with a vaccine eliciting cross-reactive memory B cells. Indeed, as
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Figure 4. Functional analysis of the H7NS-neutralizing antibodies. (A) In vitro neutralization by plague reduction assay. PRNT,_ values (ug/ml) are
displayed. The data shown are means of 4 replicates (2 independent experiments). (B) Competition ELISA was used to confirm binding of the antibodies to
epitopes either on the stalk or the globular head of HA. The percentage of competition of each antibody against the other neutralizing antibodies and the
CR9114 antibody, using the A/Uruguay/716/2007 recombinant HA protein, is shown. The percentage here is the mean of 3 independent experiments. (C)
Hemagglutination inhibition assay with various H3N2 strains and the H7N9 A/Shanghai/1/13 strain. Minimum effective concentration is shown (ug/ml),
and results are displayed only for the antibody 009-10061-1D04, as the H7NS-neutralizing antibodies are negative on this assay. Data are representative of
3 independent experiments. HI, hemagglutination inhibition; ND, not determined.

recently demonstrated in mice, immunization with a chimeric HA
protein expressing the H3 stalk domain induces broad protection
against divergent H3N2 and H7 virus infection (31, 32). It will be
important to determine whether booster immunizations with
divergent influenza strains in the general human population can
lead to universal protection against most influenza strains.

A better understanding of epitopes targeted by broadly neutral-
izing antibodies benefits the design and development of new influ-
enza vaccines. It has been shown that neutralizing stalk-reactive
antibodies are induced in relatively canonical responses encoded by
the VH1-69 (19, 33) or the highly similar VH1-18 gene segments (26).

In line with their similar binding and competition features, 045-
051310-2B0O6 and S6-BO1 are both encoded by the VH1-18 heavy
chain variable gene segment (Supplemental Table 2), suggesting
that these antibodies arose in a canonical response typical for bind-
ing to the HA stalk epitopes. Moreover, the escape viral mutations
identified at residue 384 (I384N for 045-051310-2B06 and 1384T
for S6-BO1) are located in the epitope targeted by the CR9114 anti-
body (VH1-69 gene segment), and the binding patterns of the anti-
bodies (CR9114 and 045-051310-2B06; CR9114 and S6-B0O1) to
the HA variants from escape mutants are identical. We hypothesize
that these antibodies target the same or considerably overlapping
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Figure 5. Binding analysis of escape mutants by immunofluorescence. MDCK cells were infected with the different escape mutant viruses
(045-051310-2B06, 042-100809-2F04, or S6-B01) or the wild-type A/Shanghai/1/2013 virus and incubated with the neutralizing antibodies, individu-
ally, at 5 ug/ml. The infection was done in triplicate for each virus. A mouse anti-M2 protein antibody (E10) was used as a positive control of infection
for each virus variants. Binding was visualized using an anti-lgG Alexa Fluor 488-conjugated antibody under an Olympus IX70 inverted fluorescence

microscope. Original magnification, x100.

epitopes on the stalk region. The differences in the sensitivity to
epitope mutations between the two neutralizing antibodies could be
explained by the fact that different antibodies have unique modes
of binding. A recent study showed that a difference in the approach
angle of an antibody to an HA stalk region could explain diversity in
antibody potency (34). The antibody 042-100809-2F04 is encoded
by VH3-23 (Supplemental Table 2). This antibody only binds and
neutralizes group 2 strains and does not bind to the 045-051310-
2B06 and S6-B01 escape mutants. Furthermore, the R364K muta-
tion is located in the epitope targeted by the CR8020 antibody (23).
In addition, 042-100809-2F04 has a similar binding pattern to HA
variants as CR8020, suggesting that both antibodies have over-
lapping binding sites on the HA stalk region but target a different
epitope than the group 1 and 2 broadly neutralizing antibodies.

The generation of escape mutants in our study led to interesting
observations. First, the binding of the antibody S6-B01 to the escape
mutant HA was not altered by the mutations occurring in the stalk
region, despite viral escape and growth. To our knowledge, this is the
first demonstration of viral escape without the ablation of antibody
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binding. This mechanism would provide a distinct selective advan-
tage to the resulting virus, as B cell memory to this epitope would
now be nonprotective, allowing immune evasion in an original anti-
genic sin fashion. Second, all 3 neutralizing viruses developed not
only mutations in the stalk region but also amino acid substitutions
in the globular head domain of HA. Due to the distance between the
mutationsin the stalk domain and these in the globular head domain,
and the fact that the mutations in the stalk domain were sufficient to
strongly interfere with binding to the HA, it is unlikely that the muta-
tions in the globular head domain are directly affecting the binding
of 042-100809-2F04, 045-051310-2B06, and S6-BO1. By elucidat-
ing the binding requirements of 042-100809-2F04 in the context of
an in vitro infection, we now demonstrate clearly that 042-100809-
2F04 binds to the stalk domain, regardless of the head mutations.
Instead, the globular head mutations could compensate for the loss
of structural integrity caused by escape mutations in the stalk. This
would suggest that escape from neutralization with stalk-reactive
antibodies comes with a fitness loss for the virus, which we observed
in mice for all 3 escape mutant viruses. In addition, these head
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mutations might cause other effects, such as enhanced avidity to cel-
lular receptors or increased structural stability, which could facilitate
escape from neutralizing antibodies (35).

These studies emphasize the importance of receiving the
annual influenza vaccine for protection against current circulating
human influenza strains and future strains with pandemic poten-
tial. Identification of broadly neutralizing monoclonal antibodies
is of major interest for therapeutic approaches, and many anti-
bodies with conserved epitopes have been isolated from mice and
humans (16, 19, 22, 33, 36-39). These various antibodies and the 3
H7N9-neutralizing antibodies reported here may prove useful to
treat infections with emerging and pathogenic influenza strains.
Future studies to evaluate the protective efficacy and safety of
these antibodies in humans could lead to the next generation of
prophylactic or therapeutic agents against influenza viruses.

Methods

Cells, viruses, and recombinant HA proteins. 293T and MDCK cells
were obtained from the ATCC. H7N9 virus expressing the HA and
NA of A/Shanghai/1/13 and the internal genes from A/Puerto
Rico/8/34 was rescued as previously described (40). All influenza
virus stocks used for the assays were freshly grown in SPF eggs, puri-
fied, and titered. Recombinant HA proteins derived from influenza
A virus strains A/Uruguay/716/2007 (H3N2), A/Wisconsin/57/05
(H3N2), A/Perth/16/2009 (H3N2), A/Victoria/361/2011 (H3N2),
A/Canada/rv444/2004 (H7N3), and A/Netherlands/219/2003
(H7N7) were obtained from BEI resources. Recombinant HA proteins
derived from influenza A virus strains A/Panama/2007/99 (H3N2),
A/Hong Kong/1/1968 (H3N2), A/chicken/Jalisco/12283/12 (H7N3),
A/Anhui/1/13 (H7N9), A/Shanghai/1/13 (H7N9), A/rhea/North
Carolina/39483/93 (H7N1), A/shearwater/West Australia/2576/79
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Figure 7. Pathogenicity of the stalk escape mutant viruses in vivo. 6- to 8-week-old female BALB/c mice (4 per experimental condition) were challenged
with escalating doses, ranging from 100 to 100,000 PFU, of A/Shanghai/1/2013 H7NS wild-type virus, 045-051310-2B06 stalk escape mutant virus, 042-
100809-2F04 stalk escape mutant virus, or S6-B01 stalk escape mutant virus. (A) The percentage of initial body weight (mean + SEM) and (B) the percent-

age survival (mean + SEM) are plotted for each escape mutant.

(H15N9), A/California/04/09 (HIN1), and A/South Carolina/1/18
(HIN1) were expressed with a C-terminal trimerization domain and
a hexahistidine tag in the baculovirus expression system as described
before (41). A chimeric HA made of the stalk region of A/Shang-
hai/1/13 (H7N9), and the globular head domain of A /duck/Czechoslo-
vakia/1956 (H4N6) was expressed as well using the same system (18).

Antibody microarray. Eighty-three H3N2-reactive antibod-
ies were diluted in Protein Printing Buffer (Arraylt) to 250 pg/ml
and printed in triplicate on SuperEpoxy glass slides using the Spot-
Bot 3 microarrayer (Arraylt). Before use, slides were washed with
PBS 0.05% Tween-20 and then treated with BlockIt blocking buf-
fer (Arraylt) for 1 hour at room temperature. Slides were washed 3
times with protein microarray wash buffer between each step, and
all the reactions were done at room temperature in protein microar-
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ray reaction buffer (Arraylt). To detect and normalize antibody sig-
nals, the slides were incubated for 1 hour with Cy3-conjugated goat
anti-human IgG, Fe-fragment specific antibody (Jackson ImmunoRe-
search). Recombinant HA proteins were biotinylated with EZ-Link
Maleimide-PEG2-Biotin (Pierce), and excess free biotin was removed
using Zeba Desalting Columns (Pierce). Slides were incubated with
40 pg/ml of each recombinant HA for 1 hour and then with Alexa
Fluor 647-conjugated Streptavidin (Invitrogen) for 1 hour. Signals
were quantified using a GenePix 4000B microarray scanner and ana-
lyzed with GenePix Pro 6.0 software (Molecular Devices). Microarray
data have been deposited in the MIAME-compliant GEO database
(accession no. GSE63249 and GPL19411).

ELISA assays. Plates were coated with recombinant HAs at vari-
ous concentrations depending on the HA (from 0.5 to 5 pg/ml) in PBS
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Figure 8. Characterization of point mutant escape viruses for the 042-100809-2F04 antibody. (A) Binding analysis of escape mutants by immuno-
fluorescence. MDCK cells were infected with viruses containing different combinations of point mutations (R364K [stalk mutation], G63E/G234D [head
mutations], G63E, and G234D), the full escape mutant (G63E/G234D/R364K), or the wild-type A/Shanghai/1/2013 virus and then incubated with 5 ug/ml
042-100809-2F04 antibody. The infection was done in triplicate for each virus. A polyclonal serum was used as a positive control of infection for each virus
variant. The antibody 6F12 was used as a negative control. Binding was visualized using an anti-IgG Alexa Fluor 488-conjugated antibody under an Olym-
pus IX70 inverted fluorescence microscope. Original magnification, x100. (B) In vitro microneutralization assay using the 5 different escape mutant viruses
generated for the 042-100809-2F04 antibody. A/Shanghai/1/2013 (H7N9) viruses were used as a control. The data shown are mean + SEM of triplicates.

overnight at 4°C. After blocking, antibodies were incubated (starting
concentration 10 pg/ml) for 1 hour at 37°C. HRP-conjugated goat
anti-human IgG antibody (Jackson ImmunoResearch) was used to
detect binding of the mAbs, followed by development with Super
Aquablue ELISA substrate (eBiosciences). Absorbance was measured
at 405 nm on a microplate spectrophotometer (Bio-Rad). To standard-
ize the assays, high-affinity antibodies with known binding charac-
teristics were included on each plate, and the plates were developed
when the absorbance of these controls reached 3.0 £ 0.1 OD units.

Competition ELISAs were performed by inhibition of binding of
each biotinylated antibody of interest at the half-maximal binding
concentration with a 10-fold molar excess of competitor antibody.
HRP-conjugated streptavidin (Southern Biotech) was used for detec-
tion. The absorbance value of each antibody against itself is scored at
100% inhibition, and comparison of different antibodies was done as
a percentage of this 100% inhibition.

Memory B cell assay and ELISPOT. PBMCs were plated at 5 x 10°
cells per well in media supplemented with pokeweed mitogen extract,
phosphothiolated CpG ODN-2006 (Sigma-Aldrich), and Staphylo-
coccus aureus Cowan (Sigma-Aldrich), as previously described (42).
After 6 days, cells were washed and plated on 96-well filter plates
(Millipore) coated with 2 pug/ml of various HAs. Cells were incubated
overnight at 37°C, and plates were washed and then incubated with an
anti-human IgG-biotin antibody (Mabtech), followed by streptavidin
alkaline phosphatase (Southern Biotech). Plates were developed using
NBT/BCIP (Thermo Scientific).

Hemagglutination inhibition assay. Viruses were diluted to 8 HA units
per 50 pl, and 25 pl of virus was combined in duplicate wells with an
equal volume of antibody serially diluted in PBS. 50 ul of 0.5% Turkey
red blood cells (Lampire Biological) was then added and incubated for 1
hour at room temperature. Minimum effective concentrations were read
based on the final dilution at which hemagglutination was observed.
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Microneutralization assay. MDCK cells were maintained in min-
imum essential medium (MEM) supplemented with 10% fetal calf
serum at 37°C. Three-fold serially diluted antibody (starting concen-
tration 300 pg/ml) in serum-free MEM with TPCK-treated trypsin
(Sigma-Aldrich) was mixed with an equal volume of virus (~1,000
TCID,,) and incubated 1 hour at 37°C. Confluent MDCK cells in
96-well format were washed twice with PBS, and the antibody/virus
mixture was added to the cells and incubated for 1 hour at 37°C. Then
the antibody/virus mixture was removed, and cells were cultured for
20 hours at 37°C with serum-free MEM containing TPCK-treated
trypsin and the antibody at the appropriate concentration. Then cells
were washed twice with PBS, fixed with 80% ice-cold acetone at-20°C
for 1 hour, washed 3 times with PBS, blocked for 30 minutes with 5%
milk-PBS, and then treated for 30 minutes with 2% H,0,. An anti-
NP antibody (EVS) diluted in 3% BSA-PBS was incubated for 1 hour
at room temperature. An HRP anti-mouse antibody (Santa Cruz Bio-
technology) was used for detection, the plates were developed using
SigmaFast OPD (Sigma-Aldrich), and the absorbance was measured at
490 nm. The final concentration of antibody that reduced infection to
50% (IC, ) was determined using GraphPad Prism software.

Plaque assay and PRNT , assay. Plaque assay was done as previ-
ously described (16), with the exception that cells were incubated for
48 hours with the agar overlay. Plaques were counted, and the final
concentration of antibody that reduced plaques to 50% (PRNT, ) was
determined using GraphPad Prism software.

Evaluation of the prophylactic and therapeutic efficacy in mice.
Groups of 5 female BALB/c mice (The Jackson Laboratory) aged 6 to 8
weeks received a dose of 1.5, 5, or 15 mg/kg of purified antibody intrap-
eritoneally. Control mice received purified human polyclonal IgG
(Sigma-Aldrich) or a non-H7-binding H3N2-neutralizing monoclonal
antibody (011-10069 2CO01) at a 15 mg/kg dose. Two hours after treat-
ment, mice were deeply anesthetized using a ketamine/xylazine mix-
ture and infected with 7.5 LD, (3,975 TCID, ) of A/Shanghai/1/2013
(H7N9) viruses diluted in PBS (pH 7.4). In a therapeutic setting, mice
received a 15 mg/kg dose of each antibody individually 24 hours or 72
hours after infection. The mice were monitored daily for survival and
weight loss until day 14 after infection. Animals that lost more than
25% of their initial body weight were euthanized.

Evaluation of the pathogenicity of the escape mutant viruses in mice
and determination of the LD_,. Mice were challenged with escalating
doses, ranging from 100 to 100,000 PFU, of the A/Shanghai/1/2013
H7N9 wild-type virus, the 045-051310-2B06 escape mutant virus,
the 042-100809-2F04 escape mutant virus, or the S6-BO1 escape
mutant virus. The mice were monitored daily for survival and weight
loss until day 14 after infection. Animals that lost more than 25% of
their initial body weight were euthanized. The LD,, was determined
using GraphPad Prism software.

Generation of escape mutants. A/Shanghai/1/2013 virus was diluted
in serum-free MEM media and was incubated with MDCK cells in
24-well plates for 45 minutes. After the incubation, TPCK-treated
trypsin-containing MEM media supplemented with antibody (045-
051310-2B06, 042-100809-2F04, or S6-BO1) at a concentration
equivalent to 11C, was added to the wells. Positive control wells (virus
only) and negative control wells (no virus) were overlaid with TPCK-
treated trypsin-containing MEM media only. Twenty-four hours after
infection, supernatants were harvested and used to infect fresh cells
that were again overlaid with TPCK-treated trypsin-containing MEM
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media, with or without 1 IC_; of the respective antibody. After 6 pas-
sages, the antibody concentration was increased to 2 IC, . Three IC,,
were used for passages 7 and 8. Viruses from passage 8 were plaque
purified, and 4 clones of each virus were picked and grown in 10-day-
old embryonated chicken eggs for 48 hours. The presence of virus was
confirmed using an HA assay. RNA was extracted from allantoic fluid
using TriZol reagent (Invitrogen), cDNA was generated using Super-
Script IIT reverse transcriptase (Invitrogen), and HA segments were
subjected to Sanger sequencing.

Generation of A/Shanghai/1/2013 with 042-100809-2F04 escape
mutant point mutations. A/Shanghai/1/2013 wild-type virus was ampli-
fied with the following primers: TCGACCTCCGAAGTTGGGGGG-
GAGCAAAAGCAGGGGAAAATAAAAACAACCAAAAT-
GAACACTCAAATCCTGGTATTCGCTCTGATTG (H7 HA
forward) or TTTTGGGCCGCCGGGTTATTAGTAGAAACAAGGGT-
GTTTTTCCTCATATTTCTGAAATTCTAATCTTATATACAAATA-
GTGCACCGCATGTTTCCATTCT (H7 HA reverse). Point mutations,
corresponding to 042-100809-2F04 escape mutant amino acid sub-
stitutions, were introduced to the A/Shanghai/1/2013 (H7N9) virus
HA segment through site-directed mutagenesis via mutagenizing
primers with regions of overlap. Alongside PCR fragments coding for
042-100809-2F04 point mutations, A/Shanghai/1/2013 wild-type
PCR fragments were generated with similar primers lacking the nucle-
otide substitutions. PCR amplification with H7 HA forward and H7 HA
reverse, along with combinations of these PCR fragments, allowed for
generation of the 4 full-length HA segments, leading to the generation
and isolation of the following gene segments: A/Shanghai/1/2013 HA
R364K, A/Shanghai/1/2013 HA G63E/G234D, A/Shanghai/1/2013
HA G63E, and A/Shanghai/1/2013 HA G234D. The HA gene seg-
ments were then subcloned into the ambisense expression vector pDZ
(43) via the In-Fusion HD Plus cloning Kit (Clontech). Virus was res-
cued via a reverse genetics system, as previously described (44, 45),
with minor modifications to generate 6:2 reassortants (6 internal RNA
segments from the influenza virus A/Puerto Rico/8/1934 and 2 genes
encoding the HA and NA glycoproteins from A/Shanghai/1/2013).
Individually, each pDZ plasmid coding for the HA segment was trans-
fected with 7 other plasmids, coding for A/Shanghai/1/2013 NA and
the remaining 6 segments from A/Puerto Rico/8/1934, into 293T
cells. Twenty-four hours after transfection, supernatant/cell mixture
was propagated in embryonated chicken eggs, as previously described.
Rescued virus pools were dilution purified and sequence confirmed.

Immunofluorescence assay. MDCK cells were infected with A/Shang-
hai/1/2013 wild-type virus, the escape mutants (045-051310-2B0O6,
042-100809-2F04, or S6-B0O1 mutants), or with the single point muta-
tion viruses (A/Shanghai/1/2013 HA R364K, A/Shanghai/1/2013 HA
G63E/G234D, A/Shanghai/1/2013 HA G63E, or A/Shanghai/1/2013
HA G234D) at an MOI of 3 in the absence of trypsin overnight. The
cell monolayer was fixed with PBS containing 0.5% paraformaldehyde
for 30 minutes and then blocked with PBS containing 5% nonfat milk
for another 30 minutes at room temperature. Monoclonal antibodies
(045-051310-2B06, 042-100809-2F04, or S6-B01) were diluted to
5 pg/mlin PBS 1% BSA and incubated for 2 hours at room temperature.
Cells were then washed 3 times with PBS. A goat anti-human IgG Alexa
Fluor 488-conjugated antibody (Life Technologies Inc.) was used for
detection. Binding was visualized using an Olympus IX70 inverted fluo-
rescence microscope. The mouse mAb E10 (anti-M2 antibody, Center
for Therapeutic Antibody Development at Icahn School of Medicine at
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Mount Sinai) at 5 pg/ml or polyclonal serum from a serially H7-immu-
nized mouse were used as a positive infection control, and a goat anti-
mouse IgG Alexa Fluor 488-conjugated antibody (Life Technologies
Inc.) was used for detection.

Expression of HA mutant recombinant proteins and binding analysis
by ELISA. The HA segments of the escape mutants were cloned into
baculovirus transfer vectors as described above. Additionally, hybrids
with the head domain of the wild-type HA A/Shanghai/1/2013 and
the stalk domains (demarcation line cysteines 52 and 277, H3 num-
bering) of the escape mutants were generated by PCR and cloned into
baculovirus transfer vectors as well. HA proteins were then expressed
as described above, and the binding of each antibody was assessed by
ELISA using Ni2* plates (Qiagen). These plates were chosen specifically
to ensure optimal structural integrity of the proteins. Briefly, plates
were coated with recombinant HAs at 2 ug/ml in PBS overnight at 4°C.
After blocking, antibodies were incubated (starting concentration 30
pg/ml) for 1 hour at 37°C. An HRP-labeled anti-human (Sigma-Aldrich)
or HRP-labeled anti-mouse (Santa Cruz Biotechnology) antibody was
used for detection, the plates were developed using SigmaFast OPD
(Sigma-Aldrich), and the absorbance was measured at 490 nm.

Study approval. Monoclonal antibodies were generated as pre-
viously described (46) from individuals who had received seasonal
influenza vaccination. Individuals were consented over the past 7
years for ongoing studies. These studies were performed with the
approval of the Oklahoma Medical Research Foundation, Emory Uni-
versity, and The University of Chicago institutional review boards.
All animal experiments were performed in accordance with and with
approval of the Icahn School of Medicine at Mount Sinai Institutional
Animal Care and Use Committee.
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