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A B S T R A C T

Subtype H7 avian influenza viruses have been found to be associated with human infection and represent a risk
for global public health. In 2013, the emergence of H7N9 virus in human beings and persistent human infection
in China raised the most serious pandemic threat. Here we identified a human monoclonal antibody, P52E03,
targeting the hemagglutinin (HA) of subtype H7 influenza viruses (H7 antigen), from a convalescent patient
infected with H7N9 in 2017. P52E03 showed in vitro hemagglutination inhibiting (HI) and neutralizing activity
against subtype H7 viruses belonging to both North American and Eurasian lineages. Moreover, it could pro-
phylactically protect mice against weight loss and death caused by challenge with lethal H7N9 viruses in vivo
and, therefore, is a candidate for development of antiviral agent against H7N9 infection. By generating escape
mutant variants, we found that a single G151E substitution in the viral H7 antigenic site A could abort the
neutralizing activity. Computational structural prediction of the P52E03/H7 complex revealed that residues
including G151 in and around the conserved antigenic site A region are important for antigen recognition by the
H7 cross-reactive antibody. Finally, we found that the P52E03 germline precursor (gHgL) antibody recognizes
HA with measurable affinity, suggesting that its epitope is vulnerable to the human immune system and might
elicit neutralizing antibodies (nAbs) in vivo after vaccination.

1. Introduction

Influenza virus is a serious global public health concern and infects
both humans and animals. Within the past decades, subtype H7 avian
influenza viruses have caused numerous outbreaks among poultry and
increased number of human infections and thus are considered as a
potential cause of pandemics [Abdelwhab et al., 2014]. Similarly to
other subtypes of avian influenza viruses, subtype H7 influenza viruses
are divided into two geographically distinct genetic lineages, North
American and Eurasian [Banks et al, 2000]. Since 2000, H7N2 and
H7N3 virus subtypes have caused human infections in North America
[CDC, 2004a; 2004b; Tweed et al, 2004], and H7N2, H7N3 and H7N7
subtypes have been found in Europe [Fabiani et al, 2005; Koopmans

et al, 2004; Nguyen-Van-Tam et al, 2006; Team, 2007].
In Asia, a novel reassortant avian-origin subtype H7N9 virus has

been found to infect human beings in 2013 [Gao et al, 2013] and
continues to cause human infections in China, resulting in 1567 cases
with at least 615 deaths as of 5 September 2018 [WHO, 2018]. The
2016–2017 epidemic was the fifth wave and caused the largest number
of human infections with 758 cases and 288 deaths [Su et al, 2017;
WHO, 2017]. Importantly, highly pathogenic H7N9 viruses have
emerged in the fifth wave [Ke et al., 2017]. Although refined antigenic
epitopes on hemagglutinins (HAs) of the H7 subtype have not been well
mapped, a computational analysis of H7 HAs identified five putative
antigenic sites, A-E, on the HA head [Goff et al., 2013; Wiley et al,
1981]. Moreover, only site A is highly conserved within and between
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North American and Eurasian lineages [Tan et al, 2016]. Despite no
human H7N9 cases have been detected since March 2018, the subtype
H7 viruses were still detected in birds and/or environmental samples
[WHO, 2019]. As humans are immunologically naïve to subtype H7
viruses [Thornburg et al., 2016], it poses a long-term threat to public
health, and requires multiple control strategies.

Currently, the main drugs used for antiviral treatment of H7N9 in-
fection are the neuraminidase (NA) inhibitors, but they are most ef-
fective when administrated in early-stage infection [Aoki et al, 2003].
Additionally, the effectiveness of NA inhibitors may be limited because
of the emergence of drug-resistant variants [Poland et al, 2009]. Vac-
cination is a prophylactic option for human H7N9 infection and several
H7N9 vaccines have entered clinical trials [Bart et al, 2014; Fries et al,
2013; Jackson et al, 2015; Krammer et al, 2014; Mulligan et al, 2014].
Usually two doses of vaccine are required to induce detectable antibody
titers in most participants [Jackson et al, 2015; Mulligan et al, 2014].
Since monoclonal neutralizing antibodies (mnAbs) exhibit promising
potent as antiviral agents [Zhu et al, 2013], cross-reactive mnAbs to
subtype H7 influenza viruses should be prepared to prevent or treat
influenza early in a pandemic while vaccines and protective immunity
are being developed [Sparrow et al, 2016].

In this study, the properties of an antibody P52E03, isolated from a
convalescent patient infected in 2017, with cross-neutralizing activity
against North American and Eurasian H7 influenza viruses, were
characterized in HI and MN assay. In vivo studies with mice that were
treated prophylactically with the antibody showed protection against
weight loss and death following lethal H7N9 virus challenge. The re-
sults suggest that P52E03 would be a suitable prophylactic or/and
therapeutic candidate against a potential pandemic.

2. Materials and methods

2.1. Ethics statement

This study was reviewed and approved by the Ethics Committee of
the Wuhan Institute of Virology, Chinese Academy of sciences
(WIVH34201901). Animal studies were performed in an animal bio-
safety level 2 facility. The experiments were performed in accordance
with the Chinese national guidelines for the care of laboratory animals
and were approved by the Animal Welfare and Ethical Review
Committees of Wuhan Institute of Virology, Chinese Academy of
Sciences (WIVA27201801).

2.2. Cells and viruses

Madin Darby Canine Kidney (MDCK) and 293T cells were obtained
from the China Center for Type Culture Collection (CCTCC) and cul-
tured in Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). A/Guangdong/17SF003/2016
(H7N9) (RKRTA-G) (r17SF/H7N9), A/chicken/Netherlands/2586/
2003 (H7N7) (rNL03/H7N7), A/chicken/BC/CN006/2004 (H7N3)
(rBC04/H7N3), and A/rhea/North Carolina/39482/93 (H7N1)
(rNC93/H7N1) viruses with 2 surface genes of their own and 6 internal
genes from A/Puerto Rico/8/34 (PR8) were rescued as previously de-
scribed [Hoffmann et al, 2000]. A/Shanghai/02/2013 (H7N9) (rSH02/
H7N9, 6:2 reassortant with PR8), A/Puerto Rico/8/34 (H1N1) (PR8/
H1N1), A/Phalacrocorax_carbo/Hubei/HH179/2013 (H7N7) (HH179/
H7N7), A/California/04/2009 (H1N1) (pdm09/H1N1), and A/Hubei/
3/2005 (H3N2) (Hubei05/H3N2) viruses were inoculated into 10 day-
old SPF embryonated chicken eggs to propagate. The H7N9 virus used
in the animal study was NIBRG-267 which is a vaccine strain in-
troduced from the National Institute for Biological Standards and
Control (NIBSC) and adapted to mouse [Jie et al, 2016].

2.3. Cloning, expression and purification of the HA

Based on H3 numbering [Burke and Smith, 2014], cDNAs corre-
sponding to residues 11–505 of the ectodomain of the HAs from A/
Shanghai/2/2013 (H7N9) (SH02; GISAID database accession no.
EPI138738) and A/Guangdong/17SF003/2016 (H7N9) (17SF; GISAID
database accession no. EPI266963) were expressed in the baculovirus
expression system and purified by metal affinity chromatography using
Ni Sepharose Excel (GE Healthcare, Sweden) as previously described
[Margine et al, 2013].

2.4. Phage-displayed Fab library construction

Peripheral blood mononuclear cells were isolated from convalescent
patients 3 weeks after hospitalization. The anti-H7N9 human phage-
display IgG-specific Fab library was constructed using previously de-
scribed primers and methods with modifications [Zhu and Dimitrov,
2009]. The Fd (VH + CH1) fragments were obtained by a primary PCR
with an IgG-CH1-Rev primer and separate VH FOR primers, and the
intact Fab fragments were amplified through overlapping PCR with the
flanking primers SfiF and IgG-SfiI-Rev.

2.5. Selection of H7-specific Fabs

The library was screened by sequential panning against SH02 HA for
the first two rounds and 17SF HA for the third and fourth rounds. After
each round of panning, the enrichment of antigen-specific phage was
assessed by polyclonal phage enzyme-linked immunosorbent assay
(ELISA). Positive clones were identified from the third and fourth
rounds of panning by using monoclonal phage ELISA [Zhu and
Dimitrov, 2009].

2.6. Expression and purification of Fab and IgG

Fab expression was performed in E. coli HB2151 bacterial culture
according to the protocol in reference and purified on Ni-NTA column
(Qiagen, Germany)[Z. Zhu and Dimitrov, 2009]. For conversion and
preparation of IgG1, the heavy and light chains of Fabs were amplified
and re-cloned into pVITRO2-neo-mcs (InvivoGen, USA). The IgG1 was
expressed using the FreeStyle 293 expression kit following the manu-
facturer's protocol (Invitrogen, USA). The IgG1 was purified from the
culture medium with a protein A column (GE Healthcare, Sweden).[Zhu
et al, 2006].

2.7. Measurement of binding

ELISA was used for the first evaluation of binding. For human IgG
binding, serially diluted antibodies were added and incubated for 2 h at
37 °C, HRP-conjugated goat anti-human IgG (Fc specific) antibody
(sigma-Aldrich, USA) was used for detection. Enzymatic activity was
measured with the subsequent addition of substrate ABTS (Life tech-
nology, USA), and absorbance signal was read at 405 nm.

In order to determine binding kinetics (affinity, KD), biolayer in-
terferometry was performed by using an Octet QK system (ForteBio,
USA). rHAs were biotinylated with EZ-link®Sulfo-NHS-LC-Biotin
(Pierce, USA), as per instructions and loaded onto Dip and Read
Streptavidin (SA) Biosensors (ForteBio, USA). Antibodies of interest
were measured by exposing sensors to four concentrations of each an-
tibody. The readings from four sensors were aligned to the dissociation
and globally fit for determining the KD values, values with an R2 close to
1 were considered acceptable.[Tan et al, 2016].

2.8. Hemagglutination inhibition (HI) and microneutralization (MN)
assays

The ability of serum samples and mAbs to interfere with receptor
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binding was measured by using an HI assay as previously descried
[Klausberger et al, 2014; Liu et al, 2016]. Serum samples and mAbs
were assessed by duplicate measurements. Serum samples were se-
quentially treated with 4 vol of receptor-destroying enzyme of Vibrio
cholera filtrate (sigma-Aldrich, USA) and 1:20 (v/v) chicken red blood
cells to remove nonspecific adsorption. 1% chicken red blood cell so-
lution was added to the virus/serum or mAbs mixture to assay he-
magglutination. The lowest concentration of mAb that was able to in-
hibit hemagglutination was considered as the HI endpoint
concentration. The highest dilution of serum sample was considered as
the final HI titer.

To assess the in vitro neutralization activity of the mAbs, we per-
formed an MN assay [Huang et al., 2018a; Krause et al., 2012]. The
mAbs (starting at 500 μg/ml) were two-fold serially diluted in triplicate,
and mixed with an equal volume of viruses (50 μl of diluted mAbs plus
50 μl of virus) with a titer of 100 TCID50 (50% tissue culture infective
dose). After incubation for 1 h at RT, the mixture was added to MDCK
cells and incubated for 72 h at 37 °C. The cell supernatants (50 μl/well)
were transferred to 96-well V-bottom plates and incubated with 50 μl of
a 1% chicken red blood cell solution for 30min at RT to assay he-
magglutination. The lowest concentration of mAb that was able to
abolish the neutralizing activity was reported as the MN endpoint
concentration which was different from IC50 but closer to IC90. A
minimum of three independent replicates were performed.

2.9. Generation of escape mutant variants

Escape mutant variants were generated by using previously de-
scribed methods with modifications [Henry Dunand et al, 2016]. MDCK
cells in 24-well plates were infected with 100 TCID50 A/Shanghai/02/
2013(H7N9) (rSH02/H7N9, 6:2 reassortant with PR8) virus for 1.5 h.
After the incubation, medium supplemented with 1 μg/ml TPCK-trypsin
(sigma-Aldrich, USA), with or without antibody at concentrations
equivalent to 0.5, 1, and 2MN endpoint concentrations, was added.
Twenty-four hours post-infection (h.p.i.), supernatants were harvested
and used to infect fresh cells that were overlaid again with medium
supplemented with 1 μg/ml TPCK-trypsin, with or without the re-
spective antibody, as described above. After six passages, the antibody
concentration was doubled. Approximately three-fold concentration
was used for passage 7 and 8. Viruses from passage 8 were plaque-
purified and grown in 10-day-old embryonated chicken eggs for 72 h.
The presence of the virus was confirmed using an HA assay. The HAs
were then PCR-amplified and Sanger sequenced (TIANYI HUIYUAN,
China).

2.10. Molecular modeling and docking

The amino-acid sequences of the mAbs heavy- and light-chain
variable domains (VH and VL) were modeled by PIGSPro [Marcatili,
2008]. Both the “same antibody” and the “best heavy and light chains”
approaches were tested. The crystal structure of HA protein from in-
fluenza H7N9 virus was obtained as PDB file 4n5k Xu et al., 2013, and
the domain comprising amino acids 64 to 278 was selected for docking
(H7 numbering starting from the first methionine). The starting posi-
tions were created using PatchDock servers, and the best starting posi-
tion was chosen according to the residues of escape variants, using
complementary-determining regions (CDRs) to recognize antigen and
blocking the receptor binding [Schneidman-Duhovny et al., 2005].
Then, a local docking search by Rosetta Docking 2 server [Chaudhury
et al, 2011; Sergey et al, 2013; Sergey and Gray, 2008] was performed
for docking partners. The server returned 10 lowest-interface-energy
structures, and the final structures were chosen from the top 3. The
stereochemical qualities of the final model were validated with Mol-
probity [Huang et al., 2018a].

2.11. Prophylaxis and therapy in mice

To test the prophylactic in vivo protective effect of the mAb, passive
transfer experiments were performed. Six week old female BALB/c mice
(n= 6 per group) were injected intraperitoneally with 30, 10, or
2.5 mg/kg of mAb P52E03. Control mice received an irrelevant mAb
(mAb NiV41-specific for Nipha virus) at 30mg/kg. PBS-treated mice
were used as a mock group. Twenty-four hours post transfer, mice were
anesthetized (240mg/kg avertin) and intranasally challenged with 10
murine lethal doses (mLD50) of NIBRG-267 (H7N9). The weight of mice
was monitored for 14 days and mice that had lost 25% or more of their
initial body weight were scored dead and euthanized according to in-
stitutional guidelines. In a therapeutic setting, mice (n= 6) received a
10mg/kg dose of mAb P52E03 24 h.p.i. Control mice received an ir-
relevant mAb as mentioned above at 15mg/kg. The mice were mon-
itored daily for survival and weight loss until day 14 post-infection.

3. Results

3.1. Generation of the H7-specific antibody P52E03 from natural H7N9
human infection

Three donors, P52, P71, and WHC001, were diagnosed with H7N9
influenza infection in 2017. Sera from convalescent donors were tested
for antibodies against divergent H7 strains (Table 1). Sera from con-
valescent P52 and P71 patients showed a high HI titer (≥1280) against
rSH02/H7N9, rNL03/H7N7 (Eurasian lineage) and rBC04/H7N3,
rNC93/H7N1 (North American lineage). They also showed a high HI
titer (640) against the wild bird virus HH179/H7N7. Serum from
convalescent WHC001 patient showed a lower HI titer (160–320)
against rSH02/H7N9, rNL03/H7N7, rNC93/H7N1, and a ≤20 HI titer
against rBC04/H7N3 and HH179/H7N7. The three serum samples from
convalescent patients and one serum sample from a healthy subject,
BD001, showed strong HI titer (≥1280) against pdm09/H1N1 and<
20 HI titer against the seasonal influenza virus Hubei05/H3N2. As the
sera showed cross-reactivities to divergent H7 viruses, we attempted to
identify neutralizing monoclonal antibodies accounting for this ability.

To maximize the chances of selecting cross-reactive antibodies, we
constructed two Fab phage-display libraries from donors P52 and P71
whose sera showed strong cross-reactive HI titers. After four rounds of
panning, 760 colonies were picked randomly from the third and fourth
rounds, and 185 positive Fab clones were identified. Sequence analysis

Table 1
HI titers of convalescent sera from donors with laboratory-confirmed H7N9
infection.

P71a P52 WHC001 BD001

rSH02/H7N9c 5120b 1280 160 20
rNL03/H7N7 1280 1280 160 20
rBC04/H7N3 2560 2560 20 20
rNC93/H7N1 2560 2560 320 20
HH179/H7N7 640 640 <20 <20
pdm09/H1N1 2560 1280 1280 1280
Hubei05/H3N2 <20d < 20 <20 <20

a Convalescent sera of P71, P52, and WHC001 donors were collected 21 days
after hospitalization. BD001 was taken from a healthy subject as a negative
control.

b HI titers were tested against divergent H7, H1, and H3 viruses. All mea-
surements were performed in duplicate.

c rSH02/H7N9, A/shanghai/02/2013 (H7N9); rNL03/H7N7, A/chicken/
Netherlands/2586/2003 (H7N7); rBC04/H7N3, A/chicken/BC/CN006/2004
(H7N3); rNC93/H7N1, A/rhea/North Carolina/39482/93 (H7N1); HH179/
H7N7, A/Phalacrocorax carbo/Hubei/HH179/2013 (H7N7); pdm09/H1N1, A/
California/04/2009 (H1N1); Hubei05/H3N2, A/Hubei/3/2005 (H3N2).

d The lowest dilution showed no inhibition hemagglutination was stated
as< 20.
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of these clones revealed 10 unique clones. Only one clone, P52E03,
displayed both HI and MN activity.

The P52E03 Fab was then converted to IgG1 and its binding prop-
erties were characterized. P52E03 IgG1 exhibited stronger binding to
the HA of the recent highly pathogenic H7N9 virus A/Guangdong/
17SF003/2016 than to that of low pathogenic H7N9 virus A/shanghai/
02/2013 as detected by ELISA (Fig. 1 A and B). Bio-layer interferometry
was used to accurately measure P52E03 IgG1 affinity, detecting nano-
molar KD values, i.e., 157 nM for SH02 and 10.5 nM for 17SF (Fig. 1 C).
Thus, the P52E03 mAb exhibited cross binding activity, suggesting its
potential cross-reactivity with divergent H7 viruses.

3.2. P52E03 cross-reacts with divergent H7 viruses in HI and MN assays

The ability of P52E03 to interfere with HA binding to cell receptors
was measured by an HI assay (Fig. 2A). mAbs were two-fold serially
diluted from 1000 μg/ml. mAb 07-4B03 mHgL (chimeric antibody of
07–4B03) [Henry Dunand et al, 2016] which had high expression level
and displayed similar HI titer with 07–4B03 against rSH02/H7N9 was
used as a positive control (Fig. 2B). P52E03 showed an HI endpoint titer
of 15.625–62.5 μg/ml against rSH02/H7N9, r17SF/H7N9, rNL03/
H7N7 (Eurasian lineage) and rBC04/H7N3 (North American lineage),
but weaker HI endpoint titer (125 μg/ml) against HH179/H7N7 (Eur-
asian lineage) and rNC93/H7N1 (North American lineage) (Fig. 2A).
The control antibody 07-4B03 mHgL showed a similar behavior to
P52E03 in these tested H7 strains (Fig. 2B).

To assay whether P52E03 exerted neutralizing activity in vitro, we
performed a MN assay at a starting concentration of 500 μg/ml (Fig. 3).
P52E03 showed high neutralizing activities with an MN endpoint titer
of 3.9–10.4 μg/ml against rSH02/H7N9, rNL03/H7N7 (Eurasian
lineage) and rBC04/H7N3, rNC93/H7N1 (North American lineage).
Thus, P52E03 presents cross-HI and MN activity against divergent H7
viruses belonging to both North American and Eurasian lineages, sug-
gesting that it was able to recognize a conserved epitope on the H7 head
domain.

3.3. The human monoclonal antibody P52E03 targets a conserved H7
epitope

We then generated escape mutant variants of rSH02/H7N9, and
determined the key residues recognized by P52E03. In addition, the
broad-spectrum anti-stem neutralizing antibody CR9114 [Dreyfus et al.,
2012] was selected for escape variants as a control. The single sub-
stitution G151E in HA was identified among the escape mutants of
P52E03 (Fig. 4B). The D385G substitution in HA, in the antibody/an-
tigen binding interface according to the crystal structure [Dreyfus et al.,
2012], was observed in the CR9114 escape variants. P52E03 showed no
HI or MN endpoint titer to its escape variant (Figs. 2A and 3F), whereas
07-4B03 mHgL, whose key residue has been reported as S152 (Fig. 4D)
[Henry Dunand et al, 2016], showed high HI (7.81 μg/ml) and MN
endpoint titer (20.8 μg/ml) to this escape variant (Figs. 2B and 3F).
Both P52E03 and 07-4B03 mHgL showed strong HI (7.81–31.25 μg/ml)
and MN endpoint titer (3.9–15.6 μg/ml) to the CR9114 escape variant
(Fig. 2A, B, Fig 3G). Thus, the escape mutation of one antibody did not
abort the binding of the others.

To further investigate the antibody epitope, we used a molecular
docking-based strategy, which was verified by docking F10 or CR6261
antibodies to influenza virus HA and comparing with their X-ray
structures [Pedotti et al, 2011]. The computationally predicated
P52E03/H7 complex revealed that the antibody recognized residues in
and around the conserved antigenic site A via three HCDRs (Fig. 4A and
B), whereas only the long HCDR3 of 07–4B03 was involved (Fig. 4 C,
D). Both antibodies could prevent virus binding to cell surface re-
ceptors. Sequence alignment showed that most of the residues in the
epitopes of these two antibodies were largely overlapped and conserved
between North American and Eurasian lineage strains (Fig. 5) which
further proving that these two antibodies might be cross-reactive to
subtype H7 viruses.

Among the 21 residues recognized by P52E03, based on molecular
docking, the HA of A/Guangdong/17SF003/2016 (H7N9) contained
only two substitutions, S136N and A143V, compared to the HA of A/
shanghai/02/2013 (H7N9) (Fig. 5), and both residues might contribute

Fig. 1. Characterization of mAb P52E03. Binding characteristics of P52E03 IgG to recombinant SH02 HA (A) and 17SF HA (B) as measured by ELISA. (C) Binding
kinetics of P52E03 as measured using an Octet QK system and recombinant HA (SH02, 17SF) as substrate. SH02, HA of A/shanghai/02/2013 (H7N9); 17SF, HA of A/
Guangdong/17SF003/2016 (H7N9).
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Fig. 2. HI activity of mAbs P52E03 and 4B03 mHgL. HI activity of antibody P52E03 (A) and 4B03 mHgL (B) to divergent H7 viruses. PR8/H1N1 was a negative
control virus. mAbs were two-fold serially diluted from 1000 μg/ml. Minimum positive concentrations (μg/ml) are reported for HI endpoint titer. All measurements
were performed in duplicate. The 4B03 mHgL antibody consisted of mature heavy chain and germline light chain derived from 07 to 4B03. rSH02/H7N9, A/
shanghai/02/2013 (H7N9); r17SF/H7N9, A/Guangdong/17SF003/2016 (H7N9); rNL03/H7N7, A/chicken/Netherlands/2586/2003 (H7N7); rBC04/H7N3, A/
chicken/BC/CN006/2004 (H7N3); rNC93/H7N1, A/rhea/North Carolina/39482/93 (H7N1); HH179/H7N7, A/Phalacrocorax carbo/Hubei/HH179/2013 (H7N7);
PR8/H1N1, A/Puerto Rico/8/34 (H1N1). P52E03 escape, escape variant of P52E03 selected from rSH02/H7N9; CR9114 escape, escape variant of CR9114 selected
from rSH02/H7N9.

Fig. 3. MN activity of mAbs P52E03, 07-4B03 mHgL, and CR9114. (A, B) MN activity against Eurasian lineage strains. (C, D) MN activity against North American
lineage strains. (F, G) MN activity against escape strains selected from rSH02/H7N9. (E) MN activity against Eurasian wild bird virus. (H) MN activity against PR8/
H1N1. mAbs were two-fold serially diluted from 500 μg/ml, minimum positive concentrations in μg/ml are reported for MN endpoint titer. All measurements were
performed in triplicate. rSH02/H7N9, A/shanghai/02/2013 (H7N9); rNL03/H7N7, A/chicken/Netherlands/2586/2003 (H7N7); rBC04/H7N3, A/chicken/BC/
CN006/2004 (H7N3); rNC93/H7N1, A/rhea/North Carolina/39482/93 (H7N1); HH179/H7N7, A/Phalacrocorax carbo/Hubei/HH179/2013 (H7N7); PR8/H1N1, A/
Puerto Rico/8/34 (H1N1). P52E03 escape, escape variant of P52E03 selected from rSH02/H7N9; CR9114 escape, escape variant of CR9114 selected from rSH02/
H7N9. IR Ab: irrelevant antibody.
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Fig. 4. Docking Structure of P52E03/H7, 07-4B03/H7 complexes. (A, C) Overall structures of P52E03/H7 (A) and 07-4B03/H7 (C) complexes, displayed in a
cartoon representation. The single chain variable fragments (scFvs) of P52E03 and 07-4B03 (heavy chain in purple, light chain in yellow) bind the globular head
domain of A/shanghai/02/2013 HA. The HA head domain is colored in green, and the epitope in light pink. (B, D) The footprints on H7 of scFv P52E03 (B) and 07-
4B03 (D) are mapped on the HA surface. The epitope residues that are contacted by the heavy or light chain are colored in purple or yellow, respectively (all H7
numbering starting from the first methionine). The overlapping residues that contacted by both heavy and light chains are in orange. The residues found on the
escape variants are in red. HC, heavy chain; LC, light chain; HCDR1-3, heavy chain CDRs 1–3; LCDR1-3, light chain CDRs 1–3.

Fig. 5. Comparison of epitope residues recognized by P52E03 and 07-4B03 antibodies. HA residues recognized by P52E03 (orange triangles) and 07-4B03
(purple triangles) are mapped onto a sequence alignment of H7 HAs. Dots represent identical residues. Numbering is taken from the first methionine of H7. The five
putative H7 antigenic sites are A (red), B (orange), C (green), D (blue), E (magenta). A/shanghai/02/2013, rSH02/H7N9; A/Phalacrocorax carbo/Hubei/HH179/
2013, HH179/H7N7; A/Guangdong/17SF003/2016, r17SF/H7N9; A/chicken/Netherlands/2586/2003, rNL03/H7N7; A/chicken/BC/CN006/2004, rBC04/H7N3;
A/rhea/North Carolina/39482/93, rNC93/H7N1.
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to the higher affinity of P53E03 to 17SF (Fig. 1C). Among the 770 H7N9
field strains isolated after September 2016, 700 showed simultaneous
S136N and A143V substitutions, further proving that P52E03 might
have a higher affinity to fifth-wave (e.g., A/Guangdong/17SF003/
2016(H7N9)) than first-wave H7N9 viruses (e.g., A/shanghai/02/
2013(H7N9)).

3.4. A germline precursor of the human monoclonal antibody P52E03 also
binds recombinant HAs

To determine whether this conserved epitope is vulnerable to the
human immune system [Xiao et al, 2009], we measured the binding
properties of the P52E03 germline precursor (gHgL). Antibody 07-4B03
was selected as a control. Both germline precursors could bind HAs as
soluble IgGs with measurable affinity (Fig. 6 A, B, C, D). Most likely,
this was due to the fact that the conserved residues, in and around the
H7 antigenic site A, were recognized by germline-like residues of the
heavy chain (Fig. 6E, F). Thus, the epitope recognized by P52E03 might
elicit nAbs in vivo after vaccination.

To define the molecular basis for the affinity maturation of the two
antibodies, we determined the respective contribution of heavy and
light chains to antigen recognition. To this end, we compared chimeric
(mHgL, gHmL) and mature antibodies (mHmL). The chimeric gHmL of

both antibodies bound to recombinant HAs with affinities similar to
their respective mature mHmL (Fig. 6A, B, C, D). Thus, maturation of
the heavy chain did not affect binding to recombinant HAs. However,
maturation of the light chain alone mediated the increase in binding
affinity. This finding suggested that light-chain somatic mutation is
important for improving the binding and neutralization functions
(Fig. 6 E, F).

3.5. The human monoclonal antibody P52E03 confers protection against
lethal H7N9 virus challenge in prophylactic and therapeutic settings in the
mouse model

To test the protective efficacy of P52E03 in vivo, we performed
prophylactic and therapeutic passive transfer challenge experiments in
the mouse model. In the prophylactic experiment, P52E03 was com-
pletely protective at 30 and 10mg/kg. Under these conditions, no
weight loss was observed, and the survival rate was 100%. However, in
the group treated with 2.5mg/kg antibody, mice lost nearly 20% of
their initial body weight and the survival rate was only 33.3% (Fig. 7A).
Thus, the prophylactic efficacy of P52E03 was dose-dependent. In the
therapeutic experiment, mice treated with 10mg/kg P52E03 started to
lose weight soon after viral infection, undergoing a nearly 10% loss of
initial body weight at day 5. Consistently, the survival rate was only

Fig. 6. Genetic and binding properties of antibodies. (A, B, C, D) ELISA binding of mature (mHmL), respective germline (gHgL), chimeric (mHgL, gHmL) forms of
P52E03 (A, C) and 07-4B03 (B, D) to recombinant SH02 HA and 17SF HA. (E, F) Genetic characteristics of P52E03 (E) and 07-4B03 (F). The genetic features were
determined using the international ImMunoGeneTics (IMGT) information system. The residues contacted by the SH02 HA antigen are marked by orange circles; those
interacting with escape mutation residues are indicated by red circles. SH02, HA of A/shanghai/02/2013 (H7N9); 17SF, HA of A/Guangdong/17SF003/2016
(H7N9).
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66.7% under the latter conditions (Fig. 7B). This finding suggested that
P52E03 exerted a higher protective efficacy when administrated pro-
phylactically than therapeutically. Mock control mice (PBS group)
continued to lose weight and succumbed to infection by day 8. Mice
that received an irrelevant mAb (NiV41, which is specific for Nipha
virus) but not H7-reactive mAb started to lose weight soon after viral
infection and the survival rate was 33.3%.

4. Discussion

Here we identified a human antibody, P52E03, capable of neu-
tralizing divergent H7 viruses belonging to both North American and
Eurasian lineages in vitro. We characterized its epitope by generating
escape mutant variants and found that G151 is a key residue for anti-
body binding. A similar variant has been selected by the murine anti-
body 1B2, containing two simultaneous mutations, S150L and G151E
[Tan et al, 2016]. Three flanking residues, R149, S152, and S153, have
been found to be vital for HI activity of the human antibodies 07-4D05,
07-4B03, and 07-4E02, respectively [Henry Dunand et al, 2016]. The
R149 site was also critical for the murine antibodies 5A6, 2C4, 4A2, and
1A8 [Schmeisser et al, 2015; Tan et al, 2016]. All these antibodies
showed cross-reactivity to divergent H7 viruses, and the five key re-
sidues are composition of antigenic site A (148–153, RRSGSS), which is
highly conserved in H7 protein. Among 4395 full-length H7 proteins
from GISAID, the percentage of substitution for each residue was low,
i.e., R149G (0), S150L (0.84%), G151E (0.86%), S152P (1.77%) and
S153P (0), suggesting that antigenic site A was highly conserved and,
therefore, antibodies targeting this site may exert cross-reactivity to
divergent H7 viruses. For another mAb L3A-44, whose crystal structure
has been determined, interacts residues in site A including G151 and

site B [Huang et al., 2018a]. We notice that the spectra for neutralizing
of our antibody P52E03 and mAb L3A-44 are different. The possible
reason could be that P52E03 recognizes residues mostly in and around
site A as analysis of escape mutant variants and computational pre-
dication.

It is important to determine whether antigenic site A is vulnerable to
the human immune system. Unlike the anti-stem antibody CR6261,
whose germline precursor only engaged HA when expressed as cell
surface IgM [Lingwood et al, 2012], we found that the germline pre-
cursors of both P52E03 and 07-4B03 bound HA as soluble IgGs with
measurable affinity, and their epitopes may be more vulnerable to the
immune system. According to a study on broadly neutralizing anti-
bodies against subtype H1 influenza viruses, immunogens selectively
exposing conserved epitopes might be a constructive step toward the
design of broad-spectrum vaccines [Schmidt et al, 2015]. Thus, it might
be possible to design a broad-spectrum H7 vaccine by using priming
vaccine antigens to activate B cells targeting conserved H7 antigenic
sites, followed by vaccination with a series of slightly different antigens
to drive affinity maturation.

In summary, we have shown a human antibody, P53E03, targeting
H7 antigenic site A with a new key residue (G151) and showed cross-HI
and -MN activity against divergent H7 viruses of North American and
Eurasian lineages. Those conserved residues, in and around antigenic
site A, compose an ideal epitope for developing cross-reactive binding
antibodies and vaccines against divergent H7 viruses.
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