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Abstract
Many cases of avian influenza A(H7N9) virus infection in humans have been reported since its first emergence in 2013. The
disease is of concern becausemost patients have become severely ill with roughly 30%mortality rate. Because the threat in public
health caused by H7N9 virus remains high, advance preparedness is essentially needed. In this study, the recombinant H7N9
hemagglutinin (HA) was expressed in insect cells and purified for generation of two monoclonal antibodies, named F3-2 and
1C6B. F3-2 can only recognize the H7N9 HA without having cross-reactivity with HA proteins of H1N1, H3N2, H5N1, and
H7N7. 1C6B has the similar specificity with F3-2, but 1C6B can also bind to H7N7 HA. The binding epitope of F3-2 is mainly
located in the region of H7N9 HA(299–307). The binding epitope of 1C6B is located in the region of H7N9 HA(489–506). F3-2
and 1C6B could not effectively inhibit the hemagglutination activity of H7N9 HA. However, F3-2 can prevent H7N9 HA from
trypsin cleavage and can bind to H7N9 HAwhich has undergone pH-induced conformational change. F3-2 also has the ability of
binding to H7N9 viral particles and inhibiting H7N9 virus infection to MDCK cells with the IC50 value of 22.18 μg/mL. In
addition, F3-2 and 1C6B were utilized for comprising a lateral flow immunochromatographic test strip for specific detection of
H7N9 HA.

Key points
• Two mouse monoclonal antibodies, F3-2 and 1C6B, were generated for recognizing the novel binding epitopes in H7N9 HA.
• F3-2 can prevent H7N9 HA from trypsin cleavage and inhibit H7N9 virus infection to MDCK cells.
• F3-2 and 1C6B were developed as a lateral flow immunochromatographic test for specific detection of H7N9 HA.
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Introduction

In February 2013, China first reported human infection with
a novel avian influenza A(H7N9) virus (Chen et al. 2013),
which is more suitable for infecting humans (Dortmans et al.
2013). Since then, H7N9 infections continue to occur, and
most human infections are mainly through contact with in-
fected poultry or exposure to contaminated environments.
Among critically ill patients infected with the H7N9 virus,
20% died with acute respiratory distress syndrome or multi-
ple organ failure (Li et al. 2014). If an H7N9 infection can
be diagnosed early, effective treatment can be applied by
using neuraminidase inhibitors, such as Oseltamivir and
Zanamivir (Chang et al. 2013).
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Hemagglutinin (HA) is a surface glycoprotein of influenza
virus. Its main function is to mediate infection with target cells.
HA can recognize the sialic acid at the end of the receptor
(Matrosovich et al. 2004), and when the bound HA is at a low
pH value, a conformational change will occur to help the virus
outer membrane and the endosomal membrane fuse (Stegmann
2000). In addition, HA can make red blood cells form aggluti-
nation, called hemagglutination. In the host cell, the precursor of
the HA protein, called HA0, needs to be cleaved by protease to
form two subunits, HA1 and HA2. It is noted that HA1 and
HA2 are still assembled together by disulfide bonds (Mair
et al. 2014). This cleavage event observed on HA may vary
according to the number of basic amino acids contained in the
cleavage sites. The efficiency of HA0 cleavage also limits the
ability of the virus to spread to different tissues of the host
(Steinhauer 1999). In the highly pathogenic H5 andH7 subtypes
of avian influenza viruses (AIVs), the cleavage site usually con-
tains multiple basic amino acid residues, such as multiple argi-
nine or lysine residues. Proteases such as subtilisin-like prote-
ases, furin, and PC6 usually cleave and activate HA0 (Bottcher
et al. 2006; Horimoto and Kawaoka 2005).

The receptor-binding domain of HA is located at the top of
the globular head domain of HA1 (Skehel and Wiley 2000).
The transmembrane domain of HA is located at the bottom of
HA2, and this structure is very important for stabilizing the
HA trimer immobilized on the outer membrane of the virus
(Mair et al. 2014). Therefore, the N-terminus of HA2 is spec-
ulated to play a very important function during membrane
fusion (Wiley and Skehel 1987). After the influenza virus
binds to the host cell receptor, the viral genome will be deliv-
ered into the cell through membrane fusion. However, there
are kinetic energy barriers during membrane fusion, but influ-
enza viruses can overcome this barrier through the irreversible
conformational change of HA (Huang et al. 2002; Huang et al.
2003; Xu and Wilson 2011).

The three-dimensional structure of avian influenza
A(H7N9) virus HA has been resolved, and its structure is
similar to the HA of the highly pathogenic AIV H7N7
(A/Netherlands/219/2003) (Xu et al. 2013; Yang et al.
2012). Although the Q226 site in the H7 subtype is very con-
served (Kageyama et al. 2013), the Q226L mutation on the
novel H7N9 virus further greatly increases the ability of the
virus to bind to the human sialic acid receptor (Barman et al.
2017). Therefore, the novel H7N9 virus has a stronger ability
to infect humans than other H7 viruses (Dortmans et al. 2013).
Notably, the HA Q226L mutation of H7N9 virus is similar
with that of the H2N2(1957) and H3N2(1968) pandemic in-
fluenza viruses (Barman et al. 2017). Variation at this site is
also considered to be highly correlated with human-to-human
transmission (Imai and Kawaoka 2012).

Current evidence indicates that the novel H7N9 virus does
not have the ability to continuously spread from human to
human, but the H7N9 virus may possibly mutate and cause

a pandemic (Chen et al. 2013; Dortmans et al. 2013). It is
worried that H7N9 mutations will be more adapted to
human-to-human transmission, leading to cause a sudden pan-
demic. Therefore, the development of vaccines and diagnostic
reagents for prevention of H7N9 pandemic is of great impor-
tance. So far, there are limited studies on neutralizing mono-
clonal antibodies (mAbs) targeting to the antigenic epitopes of
H7N9 HA which are away from the receptor-binding sites or
stalk domain (Henry Dunand et al. 2016; Krammer et al.
2014; Tharakaraman et al. 2015; Yang et al. 2020). In the
present study, two mouse mAbs, F3-2 and 1C6B, targeting
to the recombinant H7N9 HA protein (H7N9 rHA) were iso-
lated by the conventional hybridoma technology.
Interestingly, F3-2 and 1C6B can specifically bind to H7N9
rHA through recognition of two novel antigenic epitopes
which are located in the connection region between HA1
and HA2 and the upstream region of the transmembrane do-
main. The functionality of F3-2 and 1C6B in trypsinization
prevention, hemagglutination inhibition, and blocking neu-
tralization of virus infection were also characterized. In addi-
tion, F3-2 and 1C6B were utilized to develop a lateral flow
immunochromatographic test (ICT) strip for specific detection
of H7N9 rHA.

Materials and methods

The gene sequence of H7N9 HA

The cDNA sequence encoding for the HA protein of
A/Taiwan/1/2013(H7N9) is identical to the cDNA sequence
of NCBI accession number AGL43637. H7N9 rHA1 is the
fragment of the amino acid residues 1–320 of H7N9 HA.
H7N9 rHA2 is the fragment of the amino acid residues 321–
506 of H7N9 HA. H7N9 rHA is the fragment of the amino
acid residues 18–524 of H7N9 HA without containing the N-
terminal signal peptide, the C-terminal transmembrane do-
main, and the cytoplasmic tail.

Expression and purification of the H7N9 rHA

The baculovirus expression vector pFastBac HTA-HA(H7N9)
or pFastBac HTA-HA1(H7N9) was transformed into DH10bac
competent cells for preparation of the bacmid. The purified
bacmid was subsequently transfected into Sf21 insect cells by
using the Cellfectin II reagent according to the instruction of the
Bac-to-Bac baculovirus expression system (Thermo Fisher
Scientific Inc.). Sf21 insect cells were infected by the
baculovirus with a multiplicity of infection (MOI) of 1 pfu/cell.
The culture media were collected by centrifugation (20,000×g)
for 10 min at 4°C. H7N9 rHA was purified by using a HisTrap
HP column (GE Healthcare) pre-equilibrated with a binding
buffer (20 mM sodium phosphate, 20 mM imidazole, 0.5 M
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NaCl, pH 7.4), and bound proteins were eluted with a linear
gradient of 20–500 mM imidazole in 20 mM sodium phosphate
and 0.5MNaCl (pH 7.4). Protein purity was examined by SDS-
PAGE, and concentration was determined by the Bradford dye-
binding method (Bradford 1976).

Preparation of mouse monoclonal antibody

For generation of the mouse mAb against H7N9 rHA, two
BALB/c male mice were immunized through intraperitoneal
injection one time with a mixture of 50μg purified H7N9 rHA
(for generation of 1C6B) or rHA1 (for generation of F3-2) and
complete Freund’s adjuvant (Sigma-Aldrich, Product Number
F5881) and three booster injections in a 2-week interval with a
mixture of 25 μg purified H7N9 rHA or rHA1 and incomplete
Freund’s adjuvant (Sigma-Aldrich, Product Number F5506)
followed by a final booster injection of 25 μg purified H7N9
rHA or rHA1 in phosphate buffered saline (PBS). The proce-
dures for screening of hybridomawere performed as described
previously (Chen et al. 2002). Briefly, Sp2/0-Ag14 cells
(ATCC CRL-1581) were mixed with mouse splenocytes de-
rived from the mouse immunized with the purified H7N9 rHA
or rHA1 in a 1:5 ratio of cell numbers. The 0.7 mL of poly-
ethylene glycol 1500 (Sigma-Aldrich, USA) was added to the
cell mixture and incubated in a 37°C water bath for 2 min with
gentle shaking. The additional 10 mL of Dulbecco’s Modified
Eagle Medium (DMEM) was then added to the cell mixture
within 4 min. After centrifugation, cells were collected and
resuspended in 30 mL of DMEM containing 15% fetal bovine
serum, 1% penicillin-streptomycin, 1 mM sodium pyruvate
(Thermo Scientific, USA), and HAT Media Supplement
(Sigma-Aldrich, USA). Fusion cells (0.1 mL) were aliquoted
into each wells of 96-well cell culture plates and grown at
37°C in the 5% CO2 incubator. The 50 μL of HT Media
Supplement (Sigma-Aldrich, USA) was added to each wells
of 96-well cell culture plates on day 7 after cell fusion. The
culture media were collected on day 14 for analysis of the
target antibodies by ELISA using 100 ng of purified H7N9
rHA as the antigen. The hybridoma cells which can produce
the antibodies against H7N9 rHA were further subcloned into
a monoclonal antibody by limiting dilution method.

Purification of mouse monoclonal antibody

The hybridoma cell culture media were collected by centrifu-
gation at 6000×g for 10min. The supernatant was filteredwith
0.45-μmmembrane disc and then loaded on HiTrap Protein G
HP column (GE Healthcare) pre-equilibrated with PBS.
Bound mAbs were eluted with 0.1 M glycine-HCl (pH 3.0)
and mixed with the neutralization buffer (1 M Tris-HCl, pH
9.0). The purified antibody samples were loaded on the PD-10
desalting column (GE Healthcare) pre-equilibrated with PBS
for exchanging buffer. Antibody purity was examined by

SDS-PAGE, and concentration was determined by the
Bradford dye-binding method using mouse IgG as the
standard.

Recombinant HA proteins of various influenza viruses

The recombinant HA proteins of A/Puerto Rico/8/
1934(H1N1), A/California/07/2009(H1N1), A/Victoria/361/
2011(H3N2), A/Hong Kong/483/97(H5N1), A/chicken/
Netherlands/1/03(H7N7), and A/Shanghai/1/2013(H7N9)
were purchased from Sino Biological Inc. (Catalog Number:
11684-V08B, 11085-V08B, 40145-V08B, 11689-V08B,
11212-V08B, and 40104-V08H, respectively).

Site-directed mutagenesis

All of the pGEX-4T-3 plasmids for expression of the H7N9
rHA mutants in Escherichia coli (E. coli) were generated by
the PCR-based QuikChange II Site-Directed Mutagenesis Kit
(Stratagene, Agilent Technologies) according to the manufac-
turer’s instruction. All mutations were confirmed by DNA
sequencing. All of the plasmids utilized in the study will be
provided upon request.

Expression of the GST-tagged truncated H7N9 HA
fragments

The cDNAs encoding for the truncated H7N9 HA fragments
or mutants were cloned into the pGEX-4T-3 vector and trans-
formed into E. coli BL21(DE3) competent cells. The protein
expression procedure was conducted as described previously
(Shin et al. 2011) with slight modifications. Briefly, E. coli
BL21(DE3) cells were cultured in LBmediumwith ampicillin
(50 μg/mL) and incubated at 37°C on an orbital shaker at 150
rpm. Expression of the recombinant GST-tagged truncated
H7N9 HA fragments was induced at an A600 of 0.6–0.7 grow-
ing condition by adding IPTG to a final concentration of
1 mM for 4 h. Cells were collected by centrifugation at
6000×g for 10 min. The cell pellet was washed three times
with PBS and then subjected to SDS-PAGE and Western
blotting.

Measurements of antibody affinity by ELISA

The approximate affinity of mAb against H7N9 HA was de-
termined using an indirect ELISA method. Generally, 100 ng
of purified H7N9 rHA was coated on the bottom of the 96-
well plate for 1 h at room temperature. The plate was blocked
with 1% BSA in PBS for 1 h at room temperature.
Subsequently, a series of two-fold dilutions (2000–12,800×)
of mAbs were added to each well of the plate to incubate with
H7N9 rHA for 1 h at room temperature. The 96-well plate was
washed three times with PBS containing 0.05% Tween 20
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(PBST). Next, the horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG was added to each well of the plate,
followed by incubation at room temperature for 1 h. Finally,
100 μL of 3,3’,5,5’-tetramethylbenzidine (TMB) substrate
(BD Bioscience, USA) was added to each well of the plate
for signal detection. Absorbance at 450 nm was measured and
recorded by ELISA reader.

pH-induced conformational change ELISA

The procedure was conducted as described previously (Tan
et al. 2012) with slight modifications. Briefly, 96-well EIA
plates were coated with 0.1 mL of purified H7N9 rHA (10
μg/mL) for 2 h at room temperature and then blocked with
200 μL of gelatin-PBST buffer. After washing with PBST
buffer three times, 100 μL of TPCK-treated trypsin (2.5 ng/
mL) was added to activate H7N9 rHA for 30 min at 37°C.
Subsequently, 0.2 mL of citrate buffer (adjusted pH to 7.4, 6,
or 5, respectively) with 150 mM NaCl was added and then
incubated for 1 h at room temperature. To test whether mAb
can bind with the H7N9 rHA which had undergone confor-
mational change, 0.1 mL of mAb solution was added to con-
duct a standard ELISA as described above.

Inhibition of trypsin cleavage of HA by mAb

The procedure was adapted from the protocol described pre-
viously (Kallewaard et al. 2016) with slight modifications.
The purified H7N9 rHA0 (10 μg) was incubated with 5 μg
or 10 μg of F3-2 for 1 h at room temperature and then incu-
bated with TPCK-treated trypsin (100 ng) for 10 min at 37°C.
The reaction was terminated by adding SDS-PAGE sample
buffer into sample mixtures and heated at 95°C for 20 min.
Samples were analyzed on SDS-PAGE and stained with
coomassie brilliant blue R-250.

Hemagglutination test and hemagglutination
inhibition (HI) test

Hemagglutination tests were performed with standard proto-
cols provided byWHO. Briefly, the hemagglutination activity
of the purified H7N9 rHAwas tested against 1% (v/v) chicken
red blood cells (RBCs), and hemagglutination titers were de-
termined as the highest dilution exhibiting complete hemag-
glutination (Hu et al. 2017). For conductingHI test, 25μL of 4
chicken erythrocyte hemagglutination units of purified H7N9
rHA was pre-incubated with 25 μL of different dilutions of
F3-2 (1 mg/mL) or 1C6B (1 mg/mL) in a well of a V-
bottomed plate for 1 h at room temperature. Twenty-five mi-
croliters of 1% (v/v) of chicken RBC suspension was then
added to the rHA and mAb mixture, gently shaken, and incu-
bated at room temperature for an additional 40 min. PBS was

used as a negative control to replace the mAb for mixing with
H7N9 rHA and chicken RBC suspension.

Microneutralization assay

The avian influenza A(H7N9) virus vaccine strain was obtain-
ed from the Taiwan Centers for Disease Control (Approval
Number: BI1060066). Viruses were propagated in SPF chick-
en embryonated eggs, and virus titers were determined by
mean 50% tissue culture infective dose (TCID50) per milliliter.
The microneutralization assay was performed as described
previously (Kallewaard et al. 2016). Briefly, MDCK cells
were seeded in 96-well plates at the concentration of 2 × 104

cells/well. Two-fold serially diluted antibody solutions
(starting from 50 μg/mL to 1.5625 μg/mL) were mixed with
an equal volume of virus inoculums (100 TCID50) in the com-
plete DMEM medium containing with 0.75 μg/mL trypsin,
followed by 1 h of incubation at 37°C. After incubation, the
mixture was added toMDCKmonolayers. Cells were cultured
for 72 h before the examination of cytopathic effect (CPE).
The absence of CPE in individual wells was defined as pro-
tection. The assay was performed in six repeats. PBS was used
as the negative control. The 50% inhibitory concentration
(IC50) of the neutralizing antibody was calculated using the
Quest Graph™ IC50 Calculator (AAT Bioquest, Inc.).

Conjugation of mAb with colloidal gold

The mAb-colloidal gold conjugate was prepared as described
previously (Shim et al. 2007) with slight modifications.
Briefly, 1 mL of colloidal gold (diameter 40 nm) was adjusted
to pH 8.0 and mixed with 15 μg of the purified mAb F3-2,
followed by an additional 30 min of stirring with 150 μL of
10% (w/v) bovine serum albumin (BSA) for 1 h at room
temperature to block the excess reactivity of colloidal gold.
After centrifugation at 10,000 rpm for 15 min, the F3-2-
colloidal gold pellet was washed with 2 mM borate buffer
containing 0.2% PEG-8000 (pH 9.0) twice and then resus-
pended in 1 mL of 2 mM borate buffer containing 0.2%
PEG-8000 and 10% sucrose (pH 8.0).

Preparation and operation of ICT for H7N9 HA
detection

The ICT is composed of four main materials, including sam-
ple pad, gold pad, nitrocellulose membrane, and absorbent
pad (Excelsior Bio-System, Inc., Taipei, Taiwan). The sample
pad and gold pad were first treated with 20 mM phosphate
buffer containing 1% BSA, 0.5% Tween 20, 0.05% sodium
azide, and 5% sucrose at pH 7.4 and subsequently air dried at
37°C. Then, 12 μL of the F3-2 gold conjugate was loaded on
the gold pad. Subsequently, 4.5 μg of 1C6B solution or 7 μg
of goat anti-mouse IgG (H+L) solution (KPL, USA) was
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loaded on the NC membrane, serving as the test line or the
control line, respectively. Upon use, the test sample was added
on the sample pad to start the ICT. The results were interpreted
within 10 min.

Results

Specificity and epitope mapping of mAb F3-2

To examine whether F3-2 can only recognize H7N9 HA, the
HA proteins of H1N1, H3N2, H5N1, and H7N9 were analyzed
on SDS-PAGE and transferred to PVDF membranes for
Western blotting. The results showed that F3-2 can only recog-
nize H7N9 HA and H7N9 HA1 proteins (Fig. 1, lanes 1, 2, and
7) without having any cross-reactivity with HAs derived from
other subtypes. To further determine the epitope sequence rec-
ognized by F3-2, several truncated H7N9 HA fragments with
an N-terminal GST tag (as illustrated in Fig. 2a) were generated
for Western blotting with F3-2. The results showed that F3-2
can bind to HA(1–320), HA(246–320), andHA(148–320) (Fig.
2d), indicating that the binding epitope of F3-2 is located in the

region of residues 246–320. The amino acid sequences of
HA(256–320) was aligned with the corresponding sequences
of H7N7 HA, revealing that residues 261, 289, and 303 are not
conserved in these two HAs (Fig. 3a). The residues 261, 289,
and 303 of H7N9 HA were mutated to the corresponding res-
idues of H7N7 HA and further subjected to Western blotting
with F3-2. The result showed that the mutation of R303E can
inhibit F3-2 binding, indicating that R303 of H7N9 HA was
involved in interacting with F3-2 (Fig. 3b). The alanine substi-
tution experiment by the single mutation of residues 299–307
of HA1 to alanine was also applied for further identifying the
important residues of H7N9 HA1 recognized by F3-2. To our
surprise, the R303A did not inhibit F3-2 binding, whereas
Q302A, L305A, and L306A markedly inhibited F3-2 binding
(Fig. 3e). Moreover, the residues 299–307 deletion mutant of
H7N9 HA1 cannot be recognized by F3-2 (Fig. 3e), indicating
that the binding epitope of F3-2 is mainly located in the region
of residues 299–307 of H7N9 HA1. In addition, the R303K did
not inhibit F3-2 binding, whereas R303E greatly inhibited F3-2
binding (Fig. 3e), suggesting that a positively charged side
chain of residue 303 of H7N9 HA1 is also important for F3-2
binding.

Fig. 1 mAb F3-2 specifically recognizes H7N9 HA. The recombinant
HA proteins of H1N1, H3N2, H5N1, H7N7, and H7N9were analyzed on
SDS-PAGE and subjected to Western blotting with mAb F3-2 (a) and
amido black staining (b). Molecular weight standards were marked with
small ticks. The number labeled on the left of the tick is the indicated
molecular weight in kDa unit. Lane 1, the recombinant HA protein of
A/Taiwan/1/2013 (H7N9). Lane 2, the recombinant HA1 protein of

A/Taiwan/1/2013 (H7N9). Lane 3, the recombinant HA protein of A/
Puerto Rico/8/1934 (H1N1). Lane 4, the recombinant HA protein of
A/California/07/2009 (H1N1). Lane 5, the recombinant HA protein of
A/Victoria/361/2011 (H3N2). Lane 6, the recombinant HA protein of
A/Hong Kong/483/97 (H5N1). Lane 7, the recombinant HA protein of
A/Shanghai/1/2013 (H7N9). Lane 8, the recombinant HA protein of
A/chicken/Netherlands/1/03 (H7N7). WB, Western blotting
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Specificity and epitope mapping of mAb 1C6B

To characterize the binding specificity of 1C6B, the HA proteins
of H1N1, H3N2, H5N1, and H7N9 were analyzed on SDS-
PAGE and transferred to PVDFmembranes forWestern blotting
with 1C6B. The result showed that 1C6B can only recognize
H7N9 HA and H7N7 HA without having any cross-reactivity
withHAs derived fromother subtypes (Fig. 4a, lanes 1, 7, and 8).
To further determine the binding epitope recognized by 1C6B,
several truncated H7N9 HA fragments with an N-terminal GST
tag (as illustrated in Fig. 5a) were generated for Western blotting
with 1C6B. The results showed that 1C6B can bind to HA(321–
506), HA(388–506), HA(454–506), andHA(489–506) (Fig. 5c),

indicating that residues 489–506 of H7N9 HA are the major
region recognized by 1C6B. By comparing the amino acid se-
quences of residues 489–506 of H7N9 HA with other H7-
subtuype HAs in the NCBI database, it was found that the indi-
cated sequences are highly conserved among H7-subtuype HAs.
Therefore, it was concluded that 1C6B can be applied for specific
detection of the H7-subtype influenza viruses.

F3-2 and 1C6B can bind to the pH-induced
conformationally changed H7N9 rHA

During the influenza virus infection to host cells, HA will un-
dergo the configurational change to mediate the membrane

Fig. 2 The epitope mapping
analysis of mAb F3-2. a The
schematic diagram illustrates the
truncated H7N9 HA fragments
utilized in the experiment. The N-
terminal GST tag is not shown in
the diagram. The HA1 regions are
shown in dark gray. The HA2 re-
gions are shown in light gray. The
GST-tagged truncated H7N9 HA
fragments as indicated were ana-
lyzed on SDS-PAGE and then
subjected to coomassie staining
(b), or Western blotting with anti-
GST antibody (c) or mAb F3-2
(d). WB, Western blotting
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Fig. 3 The Q302, R303, L305, and L306 of H7N9 HA are critical
residues for specific recognition by mAb F3-2. a The sequences of
residues 256–311 of H7N9 and H7N9 HAs are aligned. The majority of
the sequences in the aligned regions is identical among H7N9 and H7N7
HAs despite that residues 261, 289, and 303 are different. b The residues
261, 289, and 303 of H7N9 HA are substituted by the corresponding
residues of H7N7 to generate the H7N9 HA mutants for conducting

Western blotting with mAb F3-2. The alanine substitution method was
performed to determine the critical residues which were involved in
interacting with mAb F3-2. A series of GST-tagged HA1 mutants as
indicated were analyzed on SDS-PAGE and then subjected to coomassie
staining (c) andWestern blotting with anti-GST antibody (d) or mAb F3-
2 (e). WB, Western blotting

Fig. 4 mAb 1C6B specifically
recognizes H7N9 HA and H7N7
HA. The recombinant HA
proteins of H1N1, H3N2, H5N1,
H7N7, and H7N9 were analyzed
on SDS-PAGE and then subject-
ed to amido black staining (bot-
tom panel), or Western blotting
withmAb 1C6B (top panel). Lane
1, the recombinant HA protein of
A/Taiwan/1/2013 (H7N9). Lane
2, the recombinant HA1 protein
of A/Taiwan/1/2013 (H7N9).
Lane 3, the recombinant HA pro-
tein of A/Puerto Rico/8/1934
(H1N1). Lane 4, the recombinant
HA protein of A/California/07/
2009 (H1N1). Lane 5, the re-
combinant HA protein of
A/Victoria/361/2011 (H3N2).
Lane 6, the recombinant HA pro-
tein of A/Hong Kong/483/97
(H5N1). Lane 7, the recombinant
HA protein of A/Shanghai/1/2013
(H7N9). Lane 8, the recombinant
HA protein of A/chicken/
Netherlands/1/03 (H7N7). WB,
Western blotting
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fusion. To test whether F3-2 and 1C6B can bind to the pH-
induced conformationally changed H7N9 rHA, the H7N9 rHA
samples pre-treated with trypsin and low pH buffer were coated
on the bottom of an EIA plate for performing the ELISA ex-
periment. The ELISA results showed that F3-2 even more pre-
ferred to bind to the pH 5-induced conformationally changed
H7N9 rHA than the samples in the pH 6 and pH 7.4 assay

conditions (Fig. 6a). In contrast, 1C6B can bind to the H7N9
rHAs in the pH 5, pH 6, and pH 7.4 assay conditions without
having significant difference (Fig. 6b). Furthermore, it was
found that the ELISA experiments using F3-2 as the primary
antibody can obtain larger absorbances at 450 nm than the data
using 1C6B as the primary antibody, suggesting that F3-2 has
higher affinity against H7N9 rHA than does 1C6B (Fig. 6).

Fig. 5 The major binding epitope
of mAb 1C6B is located in the
region of residues 489–506. a The
schematic diagram illustrated the
construction of the truncated HA
fragments with an N-terminal
GST tag (not shown in the dia-
gram). The HA1 regions are
shown in dark gray. The HA2 re-
gions are shown in light gray. The
GST-tagged HA fragments as in-
dicated were analyzed on SDS-
PAGE and then subjected to
coomassie staining (b), or
Western blotting with anti-GST
antibody (c) or mAb 1C6B (d).
WB, Western blotting
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F3-2 can protect H7N9 rHA0 from trypsin cleavage

The full-length intact HA, termed HA0, needs to be cleaved
by trypsin-like protease to turn into a functional HA by for-
mation of two interconnected subunits of HA1 and HA2. To
examine whether F3-2 can protect H7N9 rHA0 from trypsin
cleavage, the H7N9 rHA0 was firstly pre-incubated with F3-2
and then subjected to trypsinization for mimicking the cleav-
age process. The experimental results showed that 10 μg of
H7N9 rHA0was completely cleaved by trypsin in the absence
of F3-2 (Fig. 7, lane 2). However, when 5 μg of F3-2 was pre-
incubated with H7N9 HA0 and then subjected to
trypsinization, HA1 and HA2 subunits were observed (Fig.
7, lane 3). Moreover, when 10 μg of F3-2 was utilized in the

experiment, more HA0 can be clearly observed (Fig. 7, lane
4), indicating that F3-2 has the ability to protect H7N9 rHA0
from trypsin cleavage. However, 1C6Bwas not able to protect
H7N9 rHA0 from trypsin cleavage (Fig. 7, lanes 5 and 6).

F3-2 has slight hemagglutination inhibition activity

Although the binding epitope of F3-2 or 1C6B is not located in
the head domain ofH7N9 rHA, theHI test was still conducted to
analyze whether F3-2 or 1C6B can have hemagglutination inhi-
bition activity. It is not surprised that 1C6B does not have any
hemagglutination inhibition activity (Fig. 8, rows 1–3). In con-
trast, F3-2 has slight hemagglutination inhibition activity, but its
ability of inhibiting the hemagglutination function ofH7N9 rHA

Fig. 6 mAb F3-2 and mAb 1C6B can bind to the pH-induced
conformationally changed H7N9 rHA. The 96-well EIA plates were coat-
ed with 0.1 mL of purified H7N9 rHA (10 μg/mL). After blocking with
BSA and washing with PBST, 100 μL of TPCK-treated trypsin (2.5 ng/
mL) was added to activate H7N9 rHA. Subsequently, 0.2 mL of citrate

buffer (adjusted pH to 7.4, 6, or 5, respectively) was added to the wells to
trigger H7N9 HA undergoing conformational change. The ELISA using
serial dilutions of mAb F3-2 or mAb 1C6B solutions as the primary
antibodies was conducted to determine the binding efficiency by measur-
ing the absorbance at 450 nm

Fig. 7 mAb F3-2 can protect
H7N9 HA from trypsinization.
The purified H7N9 rHA0 (10 μg)
was incubated with 5 μg or 10 μg
of mAb F3-2 or 1C6B at room
temperature for 1 h and then in-
cubated with TPCK-treated tryp-
sin (100 ng) for 10 min at 37°C.
The reaction was terminated by
adding SDS-PAGE sample buffer
into sample mixtures and heated
at 95°C for 20 min. Samples were
analyzed on SDS-PAGE and
subjected to coomassie staining.
HC, antibody heavy chain. LC,
antibody light chain
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was gone while the antibody dilution fold was larger than 23. It
was concluded that the hemagglutination inhibition activity was
not significant (Fig. 8, rows 4–6).

F3-2 can bind to H7N9 viral particles and inhibit H7N9
virus infection to MDCK cells

Since F3-2 can protect H7N9 rHA0 from trypsin cleavage and
has slight hemagglutination inhibition activity, it is expected
that F3-2 may have the ability to inhibit H7N9 virus infection
to host cells even though its binding epitope is not located in
the receptor-binding domain of H7N9 HA. Therefore, H7N9
viral particles were utilized in the ELISA experiments to ex-
amine whether F3-2 can bind to H7N9 viral particles. The
results clearly showed that the absorbance at 450 nm was
increased along with the higher concentration of F3-2 and
was utilized in the experiments, indicating that F3-2 can effi-
ciently bind to H7N9 viral particles (Fig. 9a). In contrast,
1C6B does not have the ability for binding to H7N9 viral
par t ic les (F ig . 9a) . Fur thermore , the resu l t s of
microneutralization assay showed that PBS and 1C6B cannot
inhibit H7N9 virus infection to MDCK cells, therefore the
H7N9 viruses were produced normally, leading to strong
hemagglutination phenomena in the experiments (Fig. 9b,
right panel). However, when 50 μg/mL or 25 μg/mL of F3-
2 was pre - incuba ted wi th H7N9 vi ruses in the
microneutralization assay, the hemagglutination inhibition
phenomena were clearly observed (Fig. 9b, left panel, rows
1 and 2), indicating that the H7N9 viruses produced by
MDCK cells was markedly reduced. Additionally, the more
diluted concentration of F3-2 (12.5, 6.25, 3.125, and 1.5625
μg/mL) did not show neutralizing activity (Fig. 9b, left panel,
rows 3–6). The IC50 of the neutralizing antibody was calcu-
lated using the Quest Graph™ IC50 Calculator (AAT

Bioquest, Inc.). The IC50 value of F3-2 for neutralizing
H7N9 virus infection to MDCK cells is 22.18 μg/mL.

Development of ICT with F3-2 and 1C6B for detection
of H7N9 rHA

The design of the ICT strip was illustrated in a schematic
diagram (Fig. 10a). The ICT experiments started from adding
PBS, H7N9 rHA, H1N1 rHA, or H7N7 rHA on the sample
pad, respectively. The results showed that only a strong signal
was observed in the test line when H7N9 rHA was loaded on
the sample pad (Fig. 10b). In contrast, there is not any detec-
tion signal observed when H1N1 rHA or H7N7 rHA was
loaded on the sample pad (Fig. 10b), indicating that the ICT
strip composed of F3-2 and 1C6B has very high specificity.
Thus, the combination of F3-2 and 1C6B can be applied for
specific detection of H7N9 HA in the sample. Furthermore,
the detection signal was not observed when H7N9 viral parti-
cles were tested in the experiment (Fig. 10b). Recall that the
previous data also showed that 1C6B cannot bind to the H7N9
viral particles in the ELISA experiments (Fig. 9a).

Discussion

Since 2013, many cases of AIV H7N9 infection in humans
have been reported, making the previously unconcerned low
pathogenic AIV H7 subtype once again aroused public atten-
tion. The present study showed that both of mAb 1C6B and
mAb F3-2 are highly specific to H7 HA, especially F3-2 only
recognizes H7N9 HA (Fig. 1a). The epitope mapping exper-
iments showed that F3-2 recognizes residues Q302, L305, and
L306 of H7N9 HA (Fig. 3e). Compared the amino acid se-
quences of residues 296–314 of H7N9 HA with other H7-
subtuype HAs in the NCBI database, Q302 and L305 are very

Fig. 8 Analysis of the
hemagglutination inhibition
activity of mAb F3-2 and mAb
1C6B by HI test. Twenty-five
microliters of mAb F3-2 or mAb
1C6B (1 mg/mL) was subjected
to two-fold serial dilution (starting
from 21 to 212) and then mixed
with 25 μL of H7N9 rHA (2 μg/
mL), followed by mixing with 25
μL of 1% (v/v) chicken RBCs.
After incubation at room temper-
ature for 40 min, the hemaggluti-
nation phenomena were ob-
served. In the control experi-
ments, mAb solutions were re-
placed by PBS
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conservative residues; most of the residue 306 are leucine and
a few are methionine. However, the residue 303 of H7N2 and
H7N7HA is E, and only H7N9 is mainly R. Therefore, if F3-2
is utilized in a diagnostic kit, it can be applied for specific
detection of the novel H7N9 influenza virus. As a result, our
ICT strip using F3-2 and 1C6B as the capture antibodies can
specifically distinguish H7N9 rHA and H7N7 rHA (Fig. 10b).

Unfortunately, since 1C6B cannot bind to H7N9 viral parti-
cles (Fig. 9a), the ICT strip composed of F3-2 and 1C6B
cannot be applied for detecting natural H7N9 viral particles
(Fig. 10b). It is also demonstrated that the ICT strip can pro-
vide very high specificity for discriminating H7N9 virus from
other viral subtypes, but the sensitivity of the ICT strip may
vary depending on what kinds of samples are loaded on the

Fig. 9 Analysis of the capability of mAb F3-2 and mAb 1C6B for bind-
ing to H7N9 viral particles and inhibiting H7N9 virus infection toMDCK
cells. a mAb F3-2 can bind to the H7N9 viral particles. The H7N9 viral
particles (100 ng/well) were coated on the 96-well plate for performing
the ELISA experiments with mAb F3-2 or mAb 1C6B (0.01, 0.1, 1, or 10
μg/mL). Black bars represent the ELISA results (absorbance 450 nm) of
mAb F3-2. Gray bars represent the ELISA results of mAb 1C6B. bH7N9
virus (100 TCID50) was mixed with two-fold serially diluted antibody

solutions of mAb F3-2 (left panel) or mAb 1C6B (right panel) solutions
(starting from 50 to 1.5625 μg/mL) in six wells of a 96-well plate con-
taining complete DMEMmedium and 0.75 μg/mL trypsin. After incuba-
tion at 37°C for 1 h, the mixture was added to confluent MDCK mono-
layers. Cells were cultured for 72 h before the examination of the absence
of CPE in individual wells. The absence of CPE in individual wells was
defined as protection. The assay was performed in six repeats. PBS was
used as the negative control

Fig. 10 The lateral flow ICT for
detection of H7N9 rHA. a The
schematic diagram illustrates the
design of the ICT strip. mAb F3-2
was conjugated with colloidal
gold particles and loaded on the
gold pad. mAb 1C6B was loaded
on the test line. Goat anti-mouse
IgG antibody was loaded on the
control line. b The assay was
conducted by adding PBS, H7N9
rHA, H1N1 rHA, H7N7 rHA, or
H7N9 viral particles on the sam-
ple pad to start the ICT. The re-
sults were interpreted within 10
min. The colloidal gold particles
were seen in all of the control
lines, indicating that all of the as-
says were valid. However, the
colloidal gold particles can only
be seen on the test line of the ICT
strip while using H7N9 rHA as
the test sample
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sample pad. If the sample is viral particles, the ICT strip will
get an invalid result, leading to a false negative conclusion
possibly.

Previous studies mentioned that the antibody targeting to the
HA stalk region cannot inhibit hemagglutination and lacks the
ability to directly neutralize the virus (DiLillo et al. 2016; Henry
Dunand et al. 2016). Since the binding epitopes of F3-2 and
1C6B are not located in the receptor-binding site of H7N9 HA,
it is expected that these two mAbs may not be able to form a
steric obstacle to inhibit the hemagglutination activity of HA.
The HI test demonstrated that only F3-2 has slight hemagglu-
tination inhibition activity and 1C6B has no function in hem-
agglutination inhibition (Fig. 8). To our surprise, F3-2 per-
formed neutralizing activity for inhibiting H7N9 virus infection
to MDCK cells in the microneutralization assay (Fig. 9). Thus,
we proposed that when the connection region between HA1
and HA2 was bound with F3-2, the C-terminus of HA1 and
the N-terminus of HA2 may be trapped together, and the pro-
tease cleavage site before the fusion peptide will be hindered for
not being able to trigger the conformational change and the
subsequent membrane fusion process. Moreover, the capability
of F3-2 or 1C6B for binding to conformationally changed
H7N9 rHA was not affected under the assay condition of pH
5 (Fig. 6a). In fact, F3-2 even more preferred to bind to H7N9
rHAwhich has undergone the conformational change (Fig. 6a),
implying that the binding epitope of F3-2 on H7N9 rHA is
probably more accessible at low pH.

Several studies on characterization of mAbs which can effi-
ciently neutralize H7N9 virus have been reported. The major
targeting epitopes of these mAbs are located at the receptor-
binding site or a conserved helical region at the stalk domain.
Two human mAbs, HNIgGD5 and HNIgGH8, possessed high
neutralizing activity against H7N9, depending on two residues
in the receptor-binding site at positions V186 and L226 of HA
(Wang et al. 2015). Two murine mAbs, 1H10 and 2D1, have
been identified to have therapeutic and prophylactic efficacy
against the highly pathogenic H7N9 strain in mouse passive
transfer-viral challenge experiments. The binding epitopes of
1H10 and 2D1 are located at the residues 128–153 of HA1
head domain (Yang et al. 2020). VIS410, a broadly neutraliz-
ing human mAb that binds the HA stem of influenza A viruses,
is effective against H7N9 (Tharakaraman et al. 2015). A broad-
ly neutralizing antibody, MEDI8852 (Kallewaard et al. 2016),
targeting the stalk domain of HA, can effectively inhibit the
cleavage of HA by protease (Kallewaard et al. 2016) and was
also effective for prophylaxis and treatment of H7N9 and
H5N1 infection in mice (Paules et al. 2017). In the study, F3-
2 can protect H7N9 rHA from trypsinization and further pre-
vent HA from being trimmed into HA1 and HA2 (Fig. 7). The
novel F3-2 binding epitope is located in the connection region
between HA1 head domain and HA2 stalk domain, instead of
locating in the receptor-binding domain. Interestingly, F3-2 has
slight hemagglutination inhibition activity and can inhibit

H7N9 virus infection to MDCK cells with the IC50 value of
22.18 μg/mL. Notably, the murine neutralizing antibody 1H10
can neutralize A/Zhejiang/DTID-ZJU01/2013(H7N9) and
A/Guangdong/HP001/2017(H7N9) with the IC50 values of
0.15 μg/mL and 0.075 μg/mL, respectively (Yang et al.
2020). Therefore, the neutralizing antibody, such as F3-2,
targeting to the epitope away from the receptor-binding domain
of H7N9 HA seems to have higher IC50 value.

The functionality and the mechanism for F3-2 to inhibit
hemagglutination and block H7N9 virus infection might be
different from the neutralizing antibody which binds to the
receptor-binding domain of HA. Although F3-2 does not bind
to the receptor-binding domain of H7N9 HA, its binding epi-
tope is still located in the C-terminal region of the HA head
domain. Thus, we hypothesize that the special orientation of
the complex of F3-2 antibody molecule and H7N9 HA may
cause certain steric hindrance to inhibit the formation of hem-
agglutination. Furthermore, since the H7N9 viruses utilized in
the neutralization experiments have been previously activated
by trypsin to process HA0 into HA1 and HA2 in the culture
medium, and F3-2 also performed better ability for binding to
H7N9 HA which has undergone a conformational change, we
speculate that the mechanism for F3-2 to inhibit virus infec-
tion might function through blocking the membrane fusion
between the virus and the host cell. These unique functions
of F3-2 might reinforce it to inhibit the conformational change
of HA and the subsequent membrane fusion. This study paved
a new road for designing potent vaccines and developing neu-
tralizing antibodies against H7N9 or other influenza virus
subtypes.
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