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Abstract
Background: The new emerging avian influenza A H7N9 virus, causing severe human infection with a mortality rate of around
41%. This study aims to provide a novel treatment option for the prevention and control of H7N9.
Methods: H7 hemagglutinin (HA)-specific B cells were isolated from peripheral blood plasma cells of the patients previously
infected by H7N9 in Jiangsu Province, China. The human monoclonal antibodies (mAbs) were generated by amplification and
cloning of these HA-specific B cells. First, all human mAbs were screened for binding activity by enzyme-linked immunosorbent
assay. Then, those mAbs, exhibiting potent affinity to recognize H7 HAs were further evaluated by hemagglutination-inhibiting
(HAI) and microneutralization in vitro assays. Finally, the lead mAb candidate was selected and tested against the lethal challenge
of the H7N9 virus using murine models.
Results: The mAb 6-137 was able to recognize a panel of H7HAs with high affinity but not HA of other subtypes, including H1N1
and H3N2. The mAb 6-137 can efficiently inhibit the HA activity in the inactivated H7N9 virus and neutralize 100 tissue culture
infectious dose 50 (TCID50) of H7N9 virus (influenza A/Nanjing/1/2013) in vitro,with neutralizing activity as low as 78 ng/mL. In
addition, the mAb 6-137 protected the mice against the lethal challenge of H7N9 prophylactically and therapeutically.
Conclusion: The mAb 6-137 could be an effective antibody as a prophylactic or therapeutic biological treatment for the H7N9
exposure or infection.
Keywords: Avian influenza; H7N9; Monoclonal antibody; Neutralizing activity
Jingxin Li, Li Zhang, and Linlin Bao contributed equally to this work.

Correspondence to: Chuan Qin, Institute of Laboratory Animal Science, Chinese
Academy of Medical Sciences (CAMS) & Comparative Medicine Center, Peking
Union Medical College (PUMC); Key Laboratory of Human Disease Comparative
Introduction

The avian influenza A (H7N9) virus was first reported in
March 2013, which caused sporadic human infections
after exposure from poultry.[1,2] From March 2013 to
February 24, 2017, a total of 1258 laboratory-confirmed
cases of the H7N9 virus, human infection, were reported
in China, with a mortality of 41%.[3,4] This A/H7N9
influenza virus is antigenically distinct from the other
circulating seasonal influenza viruses; thus, standard
seasonal vaccines are not protective against this infec-
tion.[5] Although H7N9 viruses are typically sensitive to
neuraminidase inhibitors or M2 ion channel blockers,
H7N9 resistant variants to treat these antiviral agents
have been reported.[6,7] Thus, there is an urgent need for
developing a passive immunization with antibodies to
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combat H7N9 influenza A and protect those high-risk
populations, including the immunocompromised or
elderly individuals.

Generally, the influenza hemagglutinin (HA) is a primary
antigenic target for the humoral immune responses.[8] The
antibodies that possess hemagglutination-inhibiting (HAI)
activity for the globular domain during natural infection
or vaccination are widely accepted as an indispensable
component in the immune response of the influenza A
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virus.[9,10] However, most neutralizing antibodies elicited
during influenza virus infection or vaccination target
immunodominant, variable epitopes on the globular head
region of HA, which eventually leads to narrow strain
protection due to the hypervariability of this region.[11,12]

In the current paper, we reported the characteristics of a
novel human monoclonal antibody (mAb) that can
broadly recognize a panel of circulating H7N9 strains
isolated from either patient, avian, or environment. More
importantly, this human mAb was highly effective in
inhibiting the H7N9 virus in in vitro and in vivo studies,
revealing a conservative epitope located around the
globular head of the H7 HA.
Materials and methods

Ethics approval

This study was reviewed and approved by Research Ethics
Committee of Jiangsu Provincial Center for Disease
Control and Prevention (Approval No. JSJK2013-A02-
02), and the written informed consent was obtained from
each patient before taking blood samples. The animal
experiments were conducted in adherence to the Chinese
national guidelines for the care of laboratory animals. The
protocol was approved by the Institutional Animal Care
and Use Committee of the Institute of Laboratory Animal
Science at Peking Union Medical College (No.ILAS-PC-
2013-008).
Study design

FromMarch toDecember 2013, patients (n=9) confirmed
withH7N9 infection in Jiangsu Province were followed up
as potential donors with a potent neutralizing serum for
the H7N9 virus. At 6 months post-infection, we collected
blood samples from three patients who had recovered and
had strong neutralizing antibody response for the H7N9
virus. The written informed consent was obtained from
each donor. We isolated the H7 HA-specific B cells from
the peripheral blood plasma cells of the donors. We then
generated human mAbs by amplification and cloning of
these HA-specific B cells. All expressed human mAbs were
first screened for the binding activity using enzyme-linked
immunosorbent assay (ELISA). Then, those exhibiting
potent recognition for H7 HAs were further evaluated for
the HAI and microneutralization assays in vitro. Finally,
the leadmAb candidate was selected and tested against the
lethal challenge of the H7N9 virus in the murine model.
The experiments were performed in an animal biosafety
level 3 facility using high-efficiency particulate air-filtered
isolators.
Isolation, amplification, and cloning of HA-specific B cells

The H7 HA-specific B cells were sorted from the
peripheral blood plasma cells using flow cytometry (BD
Aria IIu, Becton, Dickinson and Company, Franklin, New
Jersey, USA) at the Institution of Nutrition Sciences,
Chinese Academy of Sciences. The immunoglobulin G
(IgG) memory cells were stained with allophycocyanin
(APC)-labeled recombinant soluble H7 HA (Anhui/1/
800
2013; Immune Technology, Suzhou, China), coupled with
the following antibodies: BV421-labeled anti-human IgG,
fluorescein isothiocyanate-labeled CD14, PE-Texas-Red-
labeled CD19, peridinin chlorophyll protein-Cyanine 5.5-
labeled immunoglobulin M (IgM), Apc-Cyanine7 labeled
CD3, and P-phycoerythrin (PE)-Cyanine7 labeled CD20.
The dead cells were stained with Aqua stain (All mAbs
used for labeling were purchased from eBioscienceTM, San
Diego, California, USA).[7] All reagents were titrated in
advance and used at optimal concentrations for the flow
cytometry. The CD19+CD3�CD14�CD20+IgM�IgG+ H7

HA-specific memory B cells were sorted and plated at a
single cell per well. The variable regions of the heavy chain
(VH) and light chain (VL) gene transcripts were retrieved
by the single-cell reverse transcription-polymerase chain
reaction (RT-PCR) and amplified separately using nested
PCR in 96-well PCR plates.[13] The paired VH and VL
genes were constructed into the eukaryotic expression
vector using cloning. Then, recombinant plasmids were
transfected into 29 F cells by the polyetherimide. After
5 days, IgG was purified from the supernatant using
Protein A chromatography (GE Healthcare, Pittsburgh,
Pennsylvania, USA) and was desalted against phosphate
buffer saline (PBS).[14]
ELISA binding assays

The purified human mAbs were tested initially for the
binding activity against HA H7N9/A/Shanghai/1/2013
(GenBank: KF609511.1) using ELISA. Then, the binding
breadth of selected mAbs was tested with a panel of HAs,
including H7N9/A/Netherlands/219/03, H7N3/A/wild
bird/Korea/A4/2011, H7N3/A/environment/California/
7451/2010, H1N1/A/California/06/2009, and H3N2/A/
Brisbane/299/2011. Recombinant HAs with 200ng/well
were coated on the 96-well microtiter plates at 37°C for 4
h. After incubation, the plates were washed twice and then
blocked with 5% non-fat milk in 1� phosphate-buffered
saline with Tween-20 at room temperature for 30min.
Serially diluted human H7N9 mAbs with an initial 1000
ng/mL concentration were added into the wells and then
mixed with the horseradish-peroxidase-conjugated goat
anti-human IgG (1:2000, Sigma Aldrich, St. Louis, MO,
USA). The absorbance at 450nm with a spectramax plate
reader (Autobio Diagnostics Co., Zhengzhou, China). The
serum from the H7N9 patient donors was used as a
positive control, while the serum from anH7N9 infection-
free donor was used for negative controls. All samples
were run in experimental triplicates. Analogous studies
were also performed to evaluate the binding affinity of the
germline gene-encoded H7N9 human mAb with the H7
HA.[15]
HAI assay

The inhibition of hemagglutination activities of the
selected human mAb was measured using a modified
horse red blood cell HAI assay, as recommended by the
World Health Organization (WHO).[16] The inactivated
H7N9 viruses (influenza A/Nanjing/1/2013) with a
standardized quantity of four HA units were mixed with
the serially diluted receptor destroying enzyme-treated
human mAb with an initial concentration of 1000 ng/mL
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or donor’s serum as controls (1:5 initial dilution) in 96-
well V bottommicrotiter plates, followed by incubation at
room temperature for 30min. Then, 50 mL of 1% horse
red blood cells were added to eachwell, and then the plates
were incubated at room temperature for another 30min
before the final reading for HAI titers. The highest dilution
of the mAb causing complete hemagglutination inhibition
was considered as the HAI titration end-point.
Microneutralization assay

The neutralizing ability of selected human mAb against
influenza virus was tested using the microneutralization
assay, adapted from the WHO manual for the laboratory
diagnosis and virological surveillance of influenza in a
Biosafety level 3 laboratory.[17] Briefly, 100 tissue culture
infectious dose 50 (TCID50) of H7N9 virus (influenza A/
Nanjing/1/2013) was mixed with the two-fold serial
dilutions of human mAb, with an initial concentration of
0.2 mg/mL or donor’s serum as controls (1:10 initial
dilution) in 96-well tissue culture plates and incubated for
1h at 37°C. Next, Madin-Daby canine kidney cells were
added to the plates (4.5�104 cells/well), followed by 18 h
incubation at 37°C with 5% CO2. To establish the
endpoint, cell monolayers were washedwith PBS and fixed
in acetone. Next, indirect ELISA was used to detect the
viral antigen with a mouse mAb against influenza A
Nucleo-protein (NP, Millipore, mixed A1, A3) and a
horseradish-peroxidase-conjugated sheep anti-mice IgG
(KPL, Milford, Massachusetts, USA). After that, plates
were visualized by O-phenylenediamine, and absorbance
was taken at 492nm. The highest dilution of the mAb
neutralizing the 100 TCID50 of the H7N9 virus was
recorded.
Prophylactic and therapeutic studies

Specific-pathogen-free, 6-week-old, female BALB/c mice
were randomly assigned to the experimental or control
groups. Each group had eight mice, with four mice per
cage. The staff monitoring these mice were blinded to the
group allocation. To examine the therapeutic efficacy,
BALB/c mice were infected intranasally with 50 mL of five
median lethal doses (MLD50)of H7N9 (A/Anhui/1-
YK_RG25/2013, GenBank: CY191843.1) 2 h before
being passively immunized with either 5, 10, or 20 mg/kg
of the candidate human mAb 6-137 or 20 mg/kg of a
control humanmAb 3-2 using intraperitoneal injection. In
addition, for prophylactic efficacy against H7N9, candi-
date humanmAbs at 5 or 10mg/kgwere administered into
mice 2 h before intranasal challenge with five MLD50 of
H7N9 virus (A/Anhui/1-YK_RG25/2013), whereas the
irrelevant human mAb, 3-2 was administered to the
control group mice. The body weight and mortality of the
mice were monitored for up to 14 days post-challenge.
Mice that lost 30% of the initial body weight were
euthanized.

For a better understanding of the candidate’s potential
protective ability, 6 or 24 h after the challenge, the human
mAb 6-137 (20mg/kg) was administered to the mice. In
addition, the animals were observed for survival and
weight loss post-challenge.
801
Histological examination

Three of eight mice per group received the candidate
human mAbs, 2 h post-challenge therapeutically or 1 day
before the challenge prophylactically. The test and the
control animals were necropsied according to a standard
protocol on days 2 and 4, respectively. The lungs were
fixed into 10% neutral buffered formaldehyde and
embedded in the paraffin. Tissue sections (5mm) were
analyzed microscopically after staining with hematoxylin
& eosin. A blinded pathologist graded scoring of lung
pathology.
Results

Isolation and characterization of H7N9 HA-specific mAb in
vitro

Blood samples were collected from the convalescent
patients previously infected by the H7N9 A/Nanjing/1/
2013 strain (GenBank: KC896774.1). First, H7 HA-
specific B cells were isolated, and then human mAbs were
generated by the amplification and cloning of these HA-
specific B cells. As a result, we identified one secreted mAb
6-137, isolated from the H7 HA-specific human B cells,
potent enough to bind with an entire panel of expressed
H7HAs with high affinity, including those from avian and
environment [Figure 1A and Table 1]. However, the mAb
6-137 had no detectable binding with the 2009 H1N1 or
2011H3N2 strainHAs. In addition, the cross-reactivity of
the mAb 6-137 with a broad range of H7 viruses indicated
conserved antigenic sites on H7 HA.

Further, mAb 6-137 inhibited the HA activity in the
inactivated H7N9 influenza A/Nanjing/1/2013 by using
the even lowest mAb HAI concentration of 6.25 mg/mL.
However, no inhibition of HA activity was noticed in
either serum from an H7N9-negative donor or in H7
irrelevant human mAb 3-2 [Figure 1B]. The mAb 3-2 was
also isolated from the convalescent H7N9 patients, using
the same procedure for isolating mAb 6-137. However,
mAb 3-2 did not inhibit H7 HA activity and therefore was
used as a negative human mAb control. Based on the
inhibition ability in HAI, we speculated that the epitope
responsible for getting recognized by the mAb 6-137 was
likely to be located on the globular head region of H7
HA.[18]

The highest dilution of the mAb 6-137 with an initial 0.1
mg/mL concentration for neutralizing 100median TCID50
of H7N9 virus (A/Nanjing/1/2013) was 1:1280. Of note,
it also showed neutralizing potential to H7N9, at a
minimum concentration of 78 ng/mL.
Prophylactic efficacy of the human mAb in vivo

The protective efficacy of the candidate human mAb 6-
137 was analyzed in lethally challenged H7N9 influenza
A/Anhui/1-YK_RG25/2013 (GenBank: CY191843.1)
infected mice [Figure 2A]. A significant prophylactic
potential of mAb 6-137 with 100% survival in mice was
also evident in both 5 and 10 mg/kg treatment groups.
On the other hand, injectedwith an irrelevant humanmAb
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Figure 1: In vitro binding and inhibition of HA for the human mAb. (A) The binding of mAb 6-137 with a panel of HAs was determined by ELISA. (B) The highest dilution Inhibited four HA unit
of the inactivated H7N9 A/Nanjing/1/2013 was measured by the modified horse red blood cell haemagglutination-inhibition assay. The mAb 3-2 is an H7N9-irrelevant human mAb and is
used as a human mAb control. The initial human mAb concentration (6-137 and 3-2) is 1.0 mg/mL. The initial dilution of the donor’s serum is 1:10. ELISA: Enzyme-linked immunosorbent
assay; HA: Hemagglutinin; HAI: Hemagglutinin-inhibiting; mAb: Monoclonal antibody.

Table 1: HumanmAb ELISA end-point titer against recombinant
HA.

Recombinant HA
Human mAb 6-137 ELISA
end-point titer (mg/mL)

H7N9 A/Shanghai/1/2013 1.0�10�3

H7N7 A/Netherlands/219/2003 1.0�10�3

H7N3 A/wild bird/Korea/2011 1.0�10�3

H7N3 A/env/CA/7451/2010 1.0�10�3

H1N1 A/California/06/2009 >1.0
H3N2 A/Brisbane/299/2011 >1.0

The end-point titer for ELISA was defined as the lowest mAb
concentration with an optional density (OD) value >0.1 with the tested
HAs. TheODat>1.0mg/mL indicated that the end-point titer for ELISA
was not achieved up to the tested concentration. ELISA: Enzyme-linked
immunosorbent assay; HA:Hemagglutinin; mAb:Monoclonal antibody.

Chinese Medical Journal 2022;135(7) www.cmj.org
3-2, none of the mice survived in the control group.
However, after the challenge, moderate but transient
weight loss was observed in the mice of the prophylactic
groups of mAb 6-137 at both doses, especially in the 10
mg/kg group. Furthermore, post-challenge, virus titers in
the mice lungs were substantially reduced in the
prophylactic groups of mAb 6-137 at 10 mg/kg. The
above-mentioned results indicated that the candidate
human mAb 6-137 had the potential to be used
prophylactically [Supplementary Figure 1, http://links.
lww.com/CM9/A9481].
Therapeutic efficacy of the human mAbs in vivo

The therapeutic efficacy of mAb 6-137 to protect mice
from lethal infection with H7N9 influenza A/Anhui/1-
YK_RG25/2013 was tested at 2 h post-challenge [Figure
2B]. mAb 6-137 provided complete survival protection
when administrated at 10 or 20 mg/kg. However, no
specific protectionwas observed in animals who received 5
mg/kg of the mAb 6-137. The control mice received an
irrelevant mAb 3-2, died, or were euthanized because of
802
30% body weight loss within the 11 days after the
challenge. All mice uniformly showed significant weight
losses within 5 days after the virus challenge. Still, those
who received 20 mg/kg of mAb 6-137 gradually recovered
their body weight later during the observation period.
Pulmonary virus titers in the lungs from the group treated
with 20 mg/kg of mAb 6-137 were substantially inhibited
and hardly detected at day 4 post-challenge. In contrast,
those from the control group constantly had high titers of
the virus [Supplementary Figure 1, http://links.lww.com/
CM9/A9481]. However, less therapeutic efficacy was
observed in the mice, who received mAb 6-137 at 6 h post-
challenge, but no detectable therapeutic efficacy was
demonstrated at 24 h post-challenge [Figure 3].
Characterization of the germline antibody of the human
mAb

For investigating the changes in binding affinity with the
H7HA, we produced the mAb 6-137 germline version (H-
GL or/and L-GL) [Figure 4]. Although the germline gene-
encodedmAb 6-137 recognized the H7HA but withmuch
lower efficiency. Compared with the replacement of
germline gene-encoded VL, the replacement germline
gene-encoded VH resulted in a significant loss of binding.
Besides, more somatic mutations were found in germline
gene-encoded VH than those in the VL [Supplementary
Table 1, http://links.lww.com/CM9/A948]. The contribu-
tion of somatic mutations to the VH gene was more
significant for the high binding affinity of mAb 6-137,
demonstrating an optimal evolution and maturation of
viral sequences in nature. Additionally, a similar binding
affinity was found with the H7 HA1 and the trimeric HA.
This finding indicated that the mAb 6-137 could only
recognize the receptor region on H7 HA1.
Discussion

H7N9 viruses are antigenically distinct from the rest of the
circulating seasonal influenza virus. Therefore, the human
population at large is immunologically naïve to the
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Figure 2: Prophylactic and therapeutic efficacy of human mAb 6-137 protects mice against the challenge of H7N9. (A) BALB/c mice were dosed with two different concentrations of the
human neutralizing mAbs and subsequently challenged for five MLD50 of H7N9 influenza A/Anhui/1-YK_RG25/2013; (B) BALB/c mice were infected intranasally with 5 MLD50 of H7N9
influenza A/Anhui/1-YK_RG25/2013 2 h before passively immunizing with the human neutralizing mAbs. Mice were followed for survival (left) and body weight change (right). mAb:
Monoclonal antibody; MLD: Median lethal doses.

Figure 3: Therapeutic efficacy of human mAb 6-137 in mice after the challenge of H7N9 at 2, 6, and 24 h post-infection. Mice received mAb 6-137 at 20 mg/kg at 2, 6, and 24 h
postinfection with Ave MLD50 of H7N9 influenza A/Anhui/1/2013. Mice were followed for survival curves (left) and body weight loss (right). Control antibody (mAb 3-2) was administered at
the highest concentration at 2 h post-challenge. mAb: Monoclonal antibody; MLD: Median lethal doses; p.i.: post infection.

Figure 4: The binding affinity of human neutralizing mAb 6-137 germline version. The binding affinity of the germline antibodies 6-137 (H-GL or L-GLor H-GL+ L-GL) with (A) H1, (B) H7 HA
trimers, and (C) H7 HA1 were compared with the matured mAb 6-137 and determined by ELISA. ELISA: Enzyme-linked immunosorbent assay; HA: Hemagglutinin; H-GL: High-chain
germline; L-GL: Light-chain germline; mAb: Monoclonal antibody.
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subtypes of H7 viruses.[19] Although the human infection
with H7N9 has emerged sporadically, no evidence of
sustained human-to-human transmission has come to
light. Besides, the H7N9 viruses have the highest risk
score. They are generally characterized for possessing
moderate to high potential pandemic risk.[20] Similarly,
the H7N9 virus is a potentially deadly strain, which can
cause numerous cases with a high mortality rate.[21]

Moreover, the prolonged hospital stays with severe
disease progress of H7N9 infected patients were also
associated with the late recruitment of the neutralizing
antibodies, as well as CD8+/CD4+ T cells.[22] Unfortu-
nately, an efficient H7N9 vaccine is still unavailable and
limited to the general public. Therefore, identifying
human neutralizing antibodies that can respond naturally
to the H7N9 viruses by determining the molecular basis
for the neutralization mechanism is essential for develop-
ing the prophylactic and therapeutic biological treatment
for H7N9.

The early outbreak of virus isolates H7N9 A/Shanghai/1/
2013 was predominantly connected to avian receptors,
although this strain had limited human receptor binding.
However, the later dominant prevalent strain of H7N9 A/
Anhui/1-YK_RG25/2013 demonstrated preferential bind-
ing to the avian receptors, increasing binding to human
receptors.[23] Interestingly, the adaptation of viruses to
human transmission might involve multiple genetic
factors, but the receptor-binding properties of the HA
glycoprotein remain very crucial.[24,25] In our study, we
used blood samples collected from the previously infected
patients of H7N9 A/Nanjing/1/2013 strain (has a
similarity of 99.8% with H7N9 A/Anhui/1-YK_RG25/
2013 strain), during the first wave of anH7N9 outbreak in
Jiangsu Province [Supplementary Table 2, http://links.
lww.com/CM9/A948]. However, none of the sequence
differences caused the change in the amino acid at the
virus’s receptor-binding domain (RBD) region. We sorted
the peripheral blood plasma cells from the donors and
obtained human mAb 6-137. This mAb demonstrated a
strong binding affinity to a branch of the H7 virus of
various sources, with a significant neutralization potency
to the H7N9 A/Nanjing/1/2013. More importantly, both
prophylactic and therapeutic efficacy of the human mAb
6-137 were observed in the H7N9 A/Anhui/1-YK_RG25/
2013 lethally challenged mice. These results indicate that
this antibody might target a relatively well-conserved
epitope among circulating H7N9 viruses. Besides, as a
naturally generated antibody following the immune
response to the H7N9 infection, the human mAb 6-137
is specific to H7, but it could not recognize either H1 or
H3. Moreover, the relatively high specificity to H7 of the
human mAb 6-137 is distinct from some other previously
reported broadly neutralizing mAbs of H7N9.[26]

The epitopes on the H7 HA, which are recognized by the
human mAb 6-137, were not defined yet. But the human
mAb 6-137 located around the RBD region on HA1 of the
H7N9 HA considers its evident inhibition ability in HAI.
Further study is essential for determining the epitope of
clone 6-137 by cryo-EM or acquisition of the mutant
escape virus. Post-challenge, the significant protection of
the mAb 6-137 was observed in mice at 2 h but not at the
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6 or 24 h later. These results further indicate the capability
of mAbs for blocking the entry of theH7N9 virus into cells
at an initial step in the infection process. An effective
intervention at the early phase of the infection of H7N9
could be of high importance for slowing the progress of
the disease and improving the prognosis. This would be
further important for the condition where the develop-
ment of resistance to oseltamivir and the adamantanes has
already been reported for H7N9.[27] Additionally, as a
human-origin mAb, the mAb 6-137 is more likely to have
a superior safety profile than the mouse neutralizing mAbs
against the H7N9 virus.[28] The human-origin mAbs do
not have the antigenicity for mouse xenogeneic proteins
and thus are less likely to attack the human immune
system. Several other human origins with various
neutralizing potencies, neutralizing antibodies against
H7N9, have been recognized previously.[29] These
neutralizing antibodies and the mAb 6-137 were gener-
ated initially in response to these natural infectious H7N9
viruses. Moreover, they had protected the infected
individual, which could represent the potential interven-
tions in the event of an H7N9 pandemic. This study
identifies a highly efficient neutralizing human mAb 6-137
againstH7N9 from previouslyH7N9 infected individuals.
Further, the human mAb 6-137 is a promising prophylac-
tic or therapeutic biological treatment for H7N9 exposure
or infection. However, additional tests using other animal
models are required to determine further the potential
efficacy and utility of the passive immunity of the mAb 6-
137 in humans.
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