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Abstract

Nucleoprotein (NP) functions crucially in the replicative cycle of influenza A virus (IAV) via forming the ribonucleoprotein
complex together with PB2, PB1, and PA proteins. As its high conservation, NP ranks one of the hot targets for design of
universal diagnostic reagents and antiviral drugs for IAV. Here, we report an anti-NP murine monoclonal antibody (mAb)
5F10 prepared from traditional lymphocyte hybridoma technique with the immunogen of a clade 2.3.4.4 H5N1 subtype
avian influenza virus. The specificity of mAb 5F10 to NP protein was confirmed by immunofluorescence assay and western
blotting, and the mAb 5F10 could be used in immunoprecipitation and immunohistochemistry assays. Importantly, mAb 5F10
possessed broad-spectrum reactivity against HI~H11 subtypes of avian influenza viruses, including various HA clades of
HS5Nx subtype. In addition, mAb 5F10 also showed good affinity with HIN1 and H3N2 subtype influenza viruses of swine
and human origin. Furthermore, the recognized antigenic epitope of mAb 5F10 was identified to consist of the conserved
amino acid motif 8'EHPSA® in the second flexible loop region of NP protein through screening the phage display peptide
library. Collectively, the mAb 5F10 which recognizes the novel universal NP linear B-cell epitope of IAV with diverse
origins and subtypes will be a powerful tool for NP protein-based structural, functional, and mechanistic studies, as well as

the development of detection methods and universal vaccines for [AV.

Key points

o A broad-spectrum mAb against various subtypes and sources of IAV was developed
o The mAb possessed good reactivity in IFA, western blot, IP, and IHC assays
e The mAb targeted a novel conserved linear B-cell epitope involving S EHPSA® on NP protein

Keywords Influenza virus - Linear B-cell epitope - Nucleoprotein - Monoclonal antibody - Universal reactivity

Introduction

Influenza viruses are negative-sense and single-stranded
RNA viruses of the Orthomyxoviridae family, in which
the viral genome is divided into different fragments
(Hutchinson 2018). According to the antigenic differences of
nucleocapsid protein (NP) and matrix protein (M), four types
of influenza viruses have been designated including A, B,
C, and D (Hutchinson 2018). Specifically, influenza A virus
(IAV) possesses by far the widest host range; it can infect
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humans, poultry, pigs, horses, dogs, and many other animals.
Moreover, IAV poses a severe threat to public health as it has
caused global annual epidemics and occasional pandemics
in the human population (Joseph et al. 2017; Long et al.
2019). Genomically, 8 RNA segments are packaged per IAV
particle. And due to the discrepancy of surface glycoproteins
hemagglutinin (HA) and neuraminidase (NA) that are
respectively encoded by gene segment 4 and 6, IAV could
be further categorized to 18 HA subtypes (H1~H18) and 11
NA subtypes (N1~N11) (Hutchinson 2018).

In avian species, HON2, H5Nx, and H7N9 are the major
subtypes that seriously affect poultry industry worldwide
(Carnaccini and Perez 2020; Lee et al. 2017; Lee et al.
2021). Noteworthy, various HA clades such as clade
2.3.4.4 and clade 2.3.2.1, plus multiple NA subtypes such
as H5N1, H5N6, and H5N8, have additionally increased
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the complexity of the highly pathogenic avian influenza
(HPAI) H5Nx viruses (Antigua et al. 2019; Ge et al.
2021; Ge et al. 2022). As for the novel reassortant H7N9
virus which emerged in 2013, it has evolved from low
pathogenicity avian influenza (LPAI) to HPAI form and
exhibited obvious antigenic variation to challenge the
vaccine efficiency (Liu et al. 2021; Wu et al. 2021; Yin
et al. 2021). Despite being listed as a LPAI virus, HON2
could also stimulate serious respiratory symptoms and egg
drop to fowl production, and has derived into numerous
genotypes in which the S or G57 genotype even tends to
donate the whole internal genes for generation of novel
influenza reassortants (Gu et al. 2017; Pu et al. 2015). Not
only that, such H5, H7, and H9 avian influenza viruses also
have caused a zoonotic concern on account of many human
infections and fatalities (Joseph et al. 2017).

While in human and swine populations, HIN1 and H3N2
are the mainly prevalent IAV subtypes, both of which have
aroused human pandemics and become the stable constituents
to induce seasonal influenza outbreaks (Anderson et al.
2021; Petrova and Russell 2018; Sun et al. 2020). Besides,
the dominantly circulating Eurasian avian-like (EA) HIN1
swine influenza virus even has been regarded as the most
potential animal influenza virus to cause the next flu
pandemic (Yang et al. 2016). And human infections with EA
HIN1 and H3N2 swine influenza viruses have sporadically
occurred (Anderson et al. 2021; Deng et al. 2020; Parys et al.
2021). Researchers also noted that HION8, H6N1, H1I0ON3,
and other LPAI viruses have gained the capacity of direct
host jump from bird to human beings, so it is reasonable
to speculate that any of the avian influenza viruses might
become a possibly risky zoonotic pathogen (Li et al. 2019; Qi
et al. 2022). Therefore, high-efficiency and broad-spectrum
rapid AV diagnostic methods are urgently needed for timely
prevention and control of human and animal influenza, as
well as early warning of possible influenza pandemics.

Traditionally, the etiological tests to identify [AV
through inoculation of chicken embryos or cells followed
by hemagglutination (HA) and hemagglutination inhibition
(HI) are usually labor-intensive and time-consuming.
Routine PCR and agar gel immunodiffusion (AGID) are
yet not appropriate for rapid detection due to the relatively
low sensitivities (Spackman et al. 2009). In contrast,
molecular biology methods such as real-time quantitative
PCR or serological methods like immunofluorescence assay
(IFA), enzyme linked immunosorbent assay (ELISA), and
immune colloidal gold technique are more and more applied
in practice because of easier operation, higher sensitivity,
and faster results (Luo et al. 2020; Nutter et al. 2012; Sun
et al. 2018; Zhang et al. 2017). However, the universal
recognition of detection antibody to various different IAVs
directly determines the efficiency and reliability of those
serological tests.
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As one of the internal structural proteins, NP is deeply
conserved in different strains or subtypes of IAV with
over 90% amino acid similarity (Tan et al. 2021; Yu et al.
2020). Though not presented on the virion surface, NP
protein is expressed at high levels in infected cells with
strong immunogenicity to serve as a potential target for
universal vaccine, detection reagents, and antiviral drugs
development (Santak and Matic 2022; Tan et al. 2021).
In the present study, we characterized an mAb (5F10)
targeting a conserved linear B-cell epitope on NP protein
and showing broad-spectrum reactivity against different
subtypes ranging from H1 to H11 of avian, swine, or
human origin IAVs, with different HA clades of H5N1,
H5N2, H5N6, and H5NS avian influenza viruses included.
Moreover, the mAb also exhibited good applications in
immunoprecipitation (IP) and immunohistochemistry
(IHC) assays. The universal NP mAb would certainly
benefit the in-depth research of NP protein structure,
function, and mechanism.

Materials and methods
Viruses, plasmids, and cells

The clade 2.3.4.4 H5N1 subtype avian influenza virus A/
chicken/Anhui/QD1/2014(QD1), as we described previously
(Li et al. 2020), was served as the immunogen to prepare
the mAb. As shown in Table 1, 20 strains of IAV involving
different origins, subtypes, and HA clades, plus 2 strains
of influenza B virus (FluB), were used to determine the
universal reactivity of the mAb. The viruses were preserved
in our laboratory and propagated in 10-day-old specific-
pathogen-free (SPF) chicken embryos to acquire virus stocks.
And virus titration was performed in Madin-Darby canine
kidney (MDCK) cells (ATCC, CCL-34) for determination
of 50% tissue culture infectious dose. Experiments related to
HPALI viruses were conducted in the animal biosafety level 3
laboratory of Yangzhou University. The plasmid pHW2000-
QD1-NP constructed by Li J et al. as previously reported (Li
et al. 2020) was applied to validate the target protein of the
mAb. Both human embryonic kidney 293T (ATCC, CRL-
3216) cells and MDCK cells were routinely maintained in
Dulbecco’s modified Eagle medium (DMEM) (#PM 150210,
Procell, China) supplemented with 10% fetal bovine serum
(FBS) (#10099-141, Gibco, Australia). The murine myeloma
Sp2/0 (ATCC, CRL-158) cells were cultured in the above-
mentioned medium additionally containing hypoxanthine
and thymidine (HT) while chicken embryo fibroblast (CEF)
cells were prepared from 9-day-old SPF chicken embryos
and grown in M199 medium (#PM 150610, Procell, China)
supplemented with 4% FBS.
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Table 1 Background

Subtype (lineage/clade)

Virus name

. . . Influenza virus type ~ Host
information of different
influenza viruses for evaluation Type A (IAV) Avian
of the universal reactivity of
mAb 5F10
Swine
Human
Type B (FluB) Human

HINI

H2N3

H3N2

H4N6

HS5NI1 (clade 2.3.2.1)
H5N2 (clade 7.2)
H5NG6 (clade 2.3.4.4)
H5NS8 (clade 2.3.4.4)
H6N2

H7N9

H8N4

HI9N2

H10N7

HI1N9

HIN1 (EA HIN1)
HIN1 (2009 Pandemic HIN1)
H3N2

HIN1 (2009 Pandemic HIN1)
HINI1 (Seasonal)
H3N?2 (Seasonal)
Yamagata

Victoria

A/duck/Shandong/SDd11/2013
A/duck/Hubei/1115/2019
A/duck/Jiangsu/YZD3/2013
A/duck/Anhui/AHd38/2014
A/chicken/EasternChina/1404/2014
A/duck/Beijing/BJ7/2014
Alchicken/Yangzhou/YJID/2014
A/goose/Yangzhou/0420/2014
A/duck/Jiangsu/119/2015
A/chicken/Zhejiang/JX164/2015
A/duck/Yangzhou/02/2005
Alchicken/Eastern China/0923/2015
A/duck/Jiangsu/XZD53/2014
A/duck/Jiangsu/YZD1/2013
A/swine/Shandong/SG03/2019
A/swine/Jiangsu/JS48/2010
A/swine/Anhui/SZ14/2019
A/California/04/2009
A/Brisbane/59/2007
A/Jiangsu/202/2010
B/Jiangsu/3221/BY/2019
B/Jiangsu/02/BV/2019

Experimental animals

We chose 6-week-old female BALB/c mice for virus
immunization and inoculation while 10-week-old
multiparous BALB/c mice for ascites extraction. Eight-
week-old ICR mice were devoted to preparation of feeder
cells. Those mice were supplied by the Experimental
Animal Center of Yangzhou University. All of the mice
studies were allowed by the Jiangsu Administrative
Committee for Laboratory Animals (permission number:
SYXKSU-2017-0044), and complied with the principles
for laboratory animal welfare and the ethical guidelines of
Jiangsu Administrative Committee for Laboratory Animals.

Immunization of mice and preparation of mAbs

The QD1 virus inactivated with p-propiolactone (BPL)
(#P816096, Macklin, China) was purified by sucrose density
gradient centrifugation before emulsion with complete
(#F5881) or incomplete (#F5506) Freund’s adjuvant (Sigma-
Aldrich, USA). Subsequently, 6-week-old female BALB/c
mice were immunized through multi-site subcutaneously
injection with the mixture thrice at 2-week interval. Three
days after ictus immunisatorius via the tail vein, the spleen
lymphocytes of the vaccinated mice with high antibody
titers were fused with Sp2/0 cells using a polyethylene
glycol (PEG) solution (#P7181, Sigma-Aldrich, USA).

The generated hybridoma cells were screened using ELISA
and subcloned for three consecutive rounds using limited
dilution to acquire monoclonal cell lines. Ten-week-old
multiparous BALB/c mice were injected intraperitoneally
with the hybridoma cells to prepare ascites fluid, while the
corresponding mAbs were obtained via purification with a
HiTrap Protein G HP column (#17040501, GE Healthcare,
USA). Isotyping of the mAbs was determined with the
Pierce™ Rapid Isotyping Kit-Mouse (#26178, Thermo
Fisher Scientific, USA) according to the manual.

Indirectimmunofluorescence assay

293T cells were transfected with recombinant plasmid
pHW2000-QD1-NP and its empty vector control pHW2000
to ensure the mAb specificity to NP protein. Thirty-six hours
(h) post-transfection, the cells were fixed with pre-cooling
4% paraformaldehyde (#P0099, Beyotime, China) for 20 min
at 4 °C. The 1:500 diluted mAb 5F10 or mouse (G3Al)
IgG1 isotype control (#5415, Cell Signaling Technology,
USA) was incubated as a primary antibody with the
fixed cells overnight at 4 °C. After washing 3 times with
phosphate-buffered saline (PBS) containing 0.1% Tween-
20 (PBST), the cells were treated in shade with fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse 1gG
(#1030-02, SouthernBiotech, USA) at a 1:500 dilution for
1 h at room temperature. Afterwards, the cell nuclei were
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stained by 4,6-diamidino-2-phenylindole (DAPI) staining
solution (#C1006, Beyotime, China) for 10 min at 37 °C.
The cells were finally washed thrice with PBS and observed
under a Leica DM IL LED fluorescence microscope to
take typical images. Furthermore, to determine the broad-
spectrum reactivity of the mAb to influenza viruses of
various host origins, subtypes, lineages, or clades, MDCK
cells were infected with different viruses at a multiplicity
of infection (MOI) of 1 and fixed at 24 h post-infection.
Following the same way of incubation with primary and
secondary antibodies as described above, infected cells
with fluorescence or not were observed under microscopy
to capture representative images.

Western blot analysis

Apart from IFA, western blot assay was also performed to
validate the specific and universal reactivity of mAb 5F10 to
NP protein of IAVs. Similarly, 293T cells were transfected
with plasmids pHW2000-QD1-NP and pHW2000, while
MDCK cells were infected with different influenza viruses
that were simultaneously tested in the IFA. The lysates of
plasmid-transfected 293T cells or virus-infected MDCK
cells were separated by SDS-PAGE and then transferred onto
a polyvinylidene fluoride (PVDF) membrane (#1620177,
Bio-Rad, USA). The membrane was blocked with 5% skim
milk for 2 h at room temperature and incubated overnight at
4 °C with 1:1000 diluted mAb 5F10, mouse IgG1 isotype
control (#5415, Cell Signaling Technology, USA), or anti-f-
Actin mouse mAb (#HC201-01, TransGen Biotech, China)
as the primary antibody, in which the housekeeping protein
B-Actin was served as the internal reference. Subsequently,
the horseradish peroxidase (HRP)-conjugated goat anti-
mouse [gG (#CWO0102, CWBIO, China) was added onto
the membrane that had been washed 3 times with Tris-
buffered saline (TBS) containing 0.1% Tween-20 (TBST).
After incubation for 1 h at 37 °C and then washed thrice,
the immunoreactive bands on the PVDF membrane were
developed through an enhanced chemiluminescence (ECL)
detection kit BeyoECL Plus (#P0018, Beyotime, China).

Immunoprecipitation (IP) assay

To determine the application of mAb 5F10 in IP assay,
an avian HSN6 virus from group 1 subtypes and an avian
H3N?2 virus from group 2 subtypes of IAV (Sangesland and
Lingwood 2021) were selected as representatives for the
experiment. MDCK cells were infected with IAV H3N2 or
HS5NG6 at 1 MOI. At 24 h post-infection, the cells were lysed
in IP buffer (#P0013, Beyotime, China) and then incubated
with 3 ug mAb 5F10 or IgGl1 isotype (#5415, Cell Signaling
Technology, USA) for 30 min at 37 °C. After addition of the
protein A+G magnetic beads (#P2108, Beyotime, China),
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the lysates were incubated at 4 °C overnight. Subsequently,
the protein complex bound to the beads was then eluted into
5% sodium dodecyl sulfate (SDS) loading buffer (#P0015,
Beyotime, China). Finally, the immunoprecipitated proteins
were analyzed by western blot with mAb 5F10 as the
primary antibody and HRP-labeled goat anti-mouse IgG
(#CWO0102, CWBIO, China) as the secondary antibody.

Confocal fluorescence microscopy
and immunohistochemistry (IHC) assay

CEF cells were seeded into 24-well plates containing glass
coverslips and cultured overnight. Upon reaching ~80%
confluency, cells were infected with IAV H3N2 or H5N6 at
1 MOI. At 12 h post-infection, the cells were fixed and then
permeabilized with 0.1% Triton X-100 (#P0096, Beyotime,
China) for 15 min. After blocking with QuickBlock™
Blocking Buffer for Immunol Staining (#P0260, Beyotime,
China) at room temperature for 30 min, the cells were
incubated with anti-NP mAb 5F10 or IgGl1 isotype (#5415,
Cell Signaling Technology, USA) at 4 °C overnight. Next,
the cells were washed with PBS for three times, and stained
with Alexa Fluor 594-conjugated goat anti-mouse IgG
secondary antibody (#A-11005, Thermo Fisher Scientific,
USA) for 1 hat 37 °C. After trice washing with PBS, the cell
nuclei were labeled with DAPI (#C1006, Beyotime, China).
The fluorescence in cells was then visualized with a Leica
TCS SP8 confocal microscope.

In the IHC assay, lung tissues from 6-week-old BALB/c
mice that intranasally infected with 10°°EIDs, of IAV H3N2
and H5N6 or mock-infected with PBS were collected on day
3 post-infection. After fixation in 10% formalin solution for
48 h at room temperature, the tissues were embedded in
paraffin and sectioned at 3~4 um. On one hand, hematoxylin
and eosin (HE) staining was conducted on the sections
for histopathological examination. On the other hand, the
sections were overnight incubated with mAb 5F10 as the
primary antibody at 4 °C before incubation with the HRP-
coupled goat anti-mouse secondary antibody (#CW0102,
CWBIO, China) at 37 °C for 40 min. Those prepared sections
were then scanned by the Pannoramic DESK slide scanner
(3DHISTECH, Hungary). Finally, the images of pathological
changes via HE staining and viral staining after coloration
with diaminobenzidine (DAB) (#P0203, Beyotime, China)
in the lung tissues were observed and collected by the
CaseViewer 2.4 software (3DHISTECH, Hungary).

Epitope identification with phage-displayed
peptide library

We used the Ph.D.-7™ Phage Display Peptide library kit
(#E8100S, New England Biolabs, USA) including random
heptapeptides to map the antigenic epitope of the mAb
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according to the manufacturer’s instructions with slight
modification. Briefly, 60-mm Petri dishes were coated with
0.3 ug mAb 5F10 which was diluted in 0.1 mol/L NaHCO,
(pH 8.6) at 4 °C overnight. Following blocked with 5 mg/
mL BSA in 0.1 mol/L NaHCO; (pH 8.6) for 1 h at 4 °C
and then washed with TBST for 6 times, the dishes were
incubated with 1x10"" plaque forming unit (PFU) of the
phages from the Ph.D.-7™ phage display library in 1 mL
of TBST at room temperature for 30 min. After 10 times
of washing with TBST at room temperature, the unbound
phages in the phage-antibody mixture were washed away.
Subsequently, 1 mL Glycine-HCI buffer (0.2 mol/L, pH 2.2,
1 mg/mL BSA) was added to elute the bound phages for 15
min at room temperature before neutralization with 150 uL
of 1 mol/L Tris-HCI (pH 9.1). A small amount of eluted
phage solution was used for titration and the rest eluate
was used for amplification in the host bacterial strain E.
coli ER2738. The required phage supernatants were further
purified by precipitation and centrifugation before the next
round of screening. After at least three consecutive rounds of
such biopanning, 18 individual positive phage clones were
randomly selected and characterized by DNA sequencing.
The phage heptapeptide-gIII fusion gene was sequenced
with the primer-96 gIII (5'-CCC TCA TAG TTA GCG TAA
CG-3’) according to the manufacturer’s protocol. And the
deduced amino acid sequences of those DNA inserts were
aligned with the IAV NP protein using MEGA software
version 10.0 (freely available from https://www.megas
oftware.net/) (Kumar et al. 2018) to analyze the mimotopes.
The location of the identified epitope on NP monomer was
visualized and analyzed using PyYMOL software version 2.5
(Schrodinger, Inc., New York, USA). The conservation of

pHW2000-QD1-NP

5F10
pHW2000

Positive antiserum | pHW2000-QD1-NP

the identified epitope was intuitively displayed by using the
WebLogo tool (freely accessible at https://weblogo.three
plusone.com/) (Crooks et al. 2004).

Results
Generation and characterization of the mAb

The hybridoma specifically secreting the anti-NP protein
mAb 5F10 was generated through fusion of Sp2/0 myeloma
cells with the spleen cells from mice immunized with the
clade 2.3.4.4 H5N1 virus QD1 after the final boost. As
classified using the mouse mAb isotyping kit, SF10 belonged
to the IgG1 isotype. And the NP specificity of SF10 was
validated by the binding to the transiently expressed NP
protein in 293T cells through IFA (Fig. 1) and western blot
(Fig. 2). Specifically, the pHW2000-QD1-NP-transfected
293T cells which had treated with mAb 5F10 as the primary
antibody exhibited comparable yellowish-green fluorescence
to that of the polyvalent antiserum from QD1 immunized
mice (Fig. 1). In contrast, no positive fluorescent signal
was detected for the cells mock-transfected with the empty
pHW2000 vector or the cells transfected with pHW2000-
QDI-NP but incubated with the control IgG1 isotype
antibody (Fig. 1). Meanwhile, an immunopositive band
localized at ~55 kD molecular mass of NP protein was
detected using western blot analysis in the 293T cells that
had transfected with pHW2000-QD1-NP and incubated
with mAb 5F10 (Fig. 2). Similar as that found in above IFA,
the result from transfected cells using IgG1 isotype as the
primary antibody remained negative. Therefore, the mAb

DAPI

Merge

FITC

. P . wou,
A . (A .
e doel

Fig. 1 IFA determination of mAb 5F10 targeting NP protein in 293T
cells. At 36 h post-transfection with plasmids pHW2000-QD1-NP
and pHW2000, 293T cells were fixed and then cultured with primary
antibody of mAb 5F10, QD1 virus-positive mouse antiserum, or the
mouse (G3A1) mAb IgGl isotype control. After incubation with the
goat anti-mouse FITC-conjugated secondary antibody and then the

4',6-diamidino-2-phenylindole (DAPI) for nucleus staining, the 293T
cells were observed under fluorescence microscopy. The cells treated
with the mouse antisera were used for positive control, while the cells
transfected with pHW2000 empty vector or incubated with the com-
mercial IgG1 isotype were used for negative control. Representative
pictures were taken with the scale bar of 100 um
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Fig.2 Western blot analysis of the mAb 5F10 against NP protein.
293T cells transfected with empty pHW?2000 vector or recombinant
pHW2000-QD1-NP plasmid were lysed at 36 h post-transfection. The
mADb 5F10 or IgGl1 isotype and HRP-coupled goat anti-mouse 1gG
were served as primary and secondary antibodies, respectively. Incu-
bation with mAb 5F10 produced a specific immunoreactive band in

SF10 possessed the ability to recognize NP protein. Also, since
the cell samples in western blot analysis were treated under
traditional reducing conditions (DTT+), it was reasonable to
speculate mAb 5F10 of a linear antigenic epitope.

Broad-spectrum reactivity of mAb 5F10

As NP is a highly conserved internal protein of IAV, we
then evaluated the broad-spectrum reactivity of the anti-NP
mAb 5F10 to different virus strains by IFA and western blot.
MDCK cells were initially infected with different subtypes
of avian [AV strains from H1 to H11, including the subtypes
HINI, H2N3, H3N2, H4N6, H5Nx, H6N2, H7N9, H8N4,
HI9N2, HI0N7, and H1 1N9. Particularly, various HA clades
and NA subtypes of clade 2.3.2.1 H5N1, clade 7.2 H5N2,
clade 2.3.4.4 HS5N6, and clade 2.3.4.4 HSN8 were contained
in the tested H5Nx viruses. The infected cells were collected
at 24 h post-infection for IFA analysis, with mAb 5F10 or
IgG1 isotype serving as the primary antibody. As shown in
Fig. 3A, all those infected MDCK cells that had incubated
with mAb 5F10 emit bright green fluorescence except the
negative control (mock-infected with PBS) and the isotype
control. Therefore, mAb 5SF10 exhibited positive reactivity
to all the selected IAV subtypes of avian origin.

To further check whether mAb 5F10 recognizes more
IAV strains of other host sources, MDCK cells infected
with prevalent swine and human IAV strains were also
subjected to IFA test. The investigated viruses involved EA
HINT1, 2009 pandemic HIN1, and H3N2 subtype swine
TAV strains plus 2009 pandemic HIN1, seasonal HINI,
and H3N2 subtype human TAV strains, as well as human
type B influenza (FluB) viruses of Victoria and Yamagata
lineages. As revealed in Fig. 3A, mAb 5F10 exhibited
positive fluorescence to all the selected swine and human
TAV strains but not to the FluB viruses of neither lineages.
Hence, the anti-NP mAb 5F10 owned a wide-spectrum
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the lane marked with pHW2000-QD1-NP. The band was localized at
about 55 kD, corresponding to the size of IAV NP protein. Treatment
with an IgGl isotype control antibody had no effect in generating
positive bands. The housekeeping protein f-Actin was chosen as the
internal reference

binding property to distinct IAV strains, and the reactivity
was specifically limited to type A influenza viruses.

Moreover, we measured all the tested viruses in infected
MDCK cells to characterize their reaction to mAb 5F10 in
western blot analysis. Consistent with the results from IFA,
either the avian or the mammalian IAV strains of different
subtypes but not the FluB viruses were well recognized by
mADb 5F10 (Fig. 3B). Each of the immunoreactive bands
was approximately 55 kD in size, in accordance with the
imprinting signal of IAV NP protein.

Taken together, the above results of IFA and western bot
demonstrated that mAb 5F10 had a universal reactivity to
TAV strains of different subtypes and hosts, at least including
avian H1~H11 subtypes plus swine or human HIN1 and
H3N2 subtypes. However, it was noteworthy that the broad
spectrum was exclusively confined to IAV strains, but not
expanded to FluB viruses.

mAb 5F10 targets a conserved B-cell linear epitope
of NP protein

To identify the antigenic epitope of mAb 5F10, a
commercially available M13 phage display 7-mer random
peptide library was screened for biopanning. Following three
rounds of successive affinity panning, 18 positive phage
clones were independently selected and amplified for DNA
sequencing. Through multiple alignment, we found that 18
phage clones therein harbor an identical consensus sequence
containing a 3-amino acid motif “HPS.” In addition, extended
consecutive amino acid patterns of “EHPS” (n=7), “HPSA”
(n=6), and “EHPSA” (n=2) were also identified. As aligned
to the clade 2.3.4.4 avian HSN1 virus QD1 which was treated
as the immunogen, “EHPSA” exactly matched to residues
E81-H82-P83-S84-A85 in the NP gene sequence (Table 2).

Also, such motif was consistently predicted to be involved
in a potential B-cell epitope by bioinformatics analytical
tools of ABCpred (Saha and Raghava 2007), Bepipred
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Fig.3 The broad-spectrum
reactivity of mAb 5F10 against
different hosts and subtypes

of IAV-infected MDCK cells
analyzed through IFA (A) and
western blotting (B). MDCK
cells were infected with avian
H1~H11 IAV subtypes includ-
ing H5NXx strains of multiple
HA clades and NA subtypes,
swine and human HIN1 and
H3N2 IAV subtypes, and
human type B influenza (FluB)
viruses of Victoria and Yama-
gata lineages, respectively. Cells
mock-inoculated with PBS
were served as negative control.
At 24 h post-infection, the
infected cells were all subjected
to incubation with mAb 5F10
as the primary antibody. An
IgGl isotype control antibody
was simultaneously used for
comparison. In the IFA analysis,
typical images were taken with
the scale bar of 100 pm after
treatment with the FITC-
conjugated goat anti-mouse
IgG secondary antibody. In the
western blot analysis, the HRP-
conjugated goat anti-mouse IgG
secondary antibody was applied
to detect the immunoreactive
protein bands
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Table 2 Identification of the mimotope peptides recognized by the anti-NP mAb 5F10

Positive phage clones Displayed random sequences

Matched peptides in NP protein of

Nucleotide sequences

- X the clade 2.3.4.4 QD1(H5N1) virus
Amino acid sequences

1 TTTCAGTTGCAGCATCCGTCT
2 AAGCTGTTTGAGCATCCTAGT
3 TGGCAGGTTCATCCGTCTTCT
4 CTTTTGCAGCATCCTTCGGGG
5 TATTGGTTTGAGCATCCGTCT
6 TGGACGGCGGAGCATCCTTCG
7 AATAGTTTTGAGCATCCTTCT
8 CAGTATCTTCATCCGTCGGCG
9 GGTACGATTATGCATCCTTCG
10 CTTATGAATCATCCGTCTGCT
11 TATATTGAGCATCCGAGTGCT
12 AATATTGAGCATCCGAGTGCT
13 TTTCCTCAGCATCCTTCGGCT
14 AATCTTTGGCAGCATCCTTCG
15 AATAGTTTTGAGCATCCTTCT
16 AATTTGATGCATCCTAGTGCG
17 AGTACTTTTCAGCATCCGAGT
18 TCTGTTATTCGTCATCCGTCT

FQLQHPS 82HpS#
KLFEHPS 8IEHPS®
WQVHPSS 8PS
LLQHPSG 8PS
YWFEHPS 8IEHPS®
WTAEHPS 8IEHPS®
NSFEHPS 8IEHPS®
QYLHPSA 82HPSAY
GTIMHPS 8PS
LMNHPSA 2HPSAY®
YIEHPSA 8IEHPSA®
NIEHPSA 8IEHPSA®
FPQHPSA 82HPSAY
NLWQHPS 82HpS®
NSFEHPS 8IEHPS®
NLMHPSA 82HPSAY
STFQHPS 82HpS®
SVIRHPS 82HpS®

(Jespersen et al. 2017), and iBCE-EL (Manavalan et al. 2018)
(data not shown). Structurally, the mimotope *'EHPSA®> was
contained in the second basic flexible loop region (residues
72~92) of NP protein (Cui et al. 2019; Lo et al. 2018). To
better characterize the spatial position of 8'EHPSA®, the NP
protein structure of TAV (PDB: 7NT8) was selected to be
three-dimensionally displayed using PyMOL software. And
we observed that the motif of “EHPSA” was located in a
protruding loop and exposed to the protein surface (Fig. 4A),
suggesting its accessibility. Consequently, we recognize the
novel linear motif #' EHPSA®’ as the core component of the
target antigenic epitope of mAb 5F10.

In order to further assess the epitope conservation,
complete coding regions of NP genes from various IAV
strains were retrieved from the Global Initiative on Sharing
Avian Influenza Data (GISAID) database for multiple
sequence alignment and then the WebLogo analysis. As
demonstrated in Fig. 4B, the motif S'EHPSA® targeted
by anti-NP mAb 5F10 was highly conserved among [AV
strains of all sources (96.32%), and specifically of avian
origin (95.15%), swine origin (96.78%), and human origin
(98.01%) with various subtypes.

Application of mAb 5F10 in the detection of IAV
and the NP protein

We chose H5N6 and H3N2 avian IAV isolates to

representatively validate the application of mAb SF10 in
confocal microscopy, IP, and IHC assays, respectively.

@ Springer

CEF cells infected with 1 MOI TAV at 12 h post-infection
were fixed and incubated with mAb 5F10 as the primary
antibody to microscopically detect the intracellular
localization of NP protein. As shown in Fig. SA, both
H5N6 and H3N2 harbored the NP proteins not only in
cytoplasm but also in nucleus of virus-infected MDCK
cells. Thus, mAb 5F10 could be utilized to study the
nucleocytoplasmic shuttling of IAV NP protein.

To further verify whether the anti-NP mAb 5F10
possesses IP activity, 24-h infected MDCK cells with 1
MOI H3N2 or H5N6 IAV were extracted for preparation
of protein samples. After incubation with mAb 5F10 or
IgG1 isotype and then the protein A+G magnetic beads,
the formed antigen-antibody-beads complex were washed
with PBS and boiled in the SDS loading buffer for western
blot assay. As shown in Fig. 5B, the mAb 5F10 efficiently
immunoprecipitated the NP protein in MDCK cells infected
with H3N2 and H5N6 subtype [AVs. Thus, the anti-NP
mAb 5F10 would provide a powerful tool for identification
of the interaction between NP and host proteins.

Additionally, lung tissues of BALB/c mice intranasally
inoculated with 10%°EIDs, HSN6 or H3N2 IAV were
collected for pathological characterization. The THC results
revealed that AV antigen stained by the primary antibody
of mAb 5F10 was obviously noted in both H5SN6-infected
and H3N2-infected mice lungs, while the histopathological
changes by HE staining were evidently severe or somewhat
mild (Fig. 5C). That is, the anti-NP mAb 5F10 could also be
applied in IHC analysis of IAV distribution in infected tissues.
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Tail loop

Avian

(n=7778, %=95.15)

Total*

B (n=13166,%=96.32)

81 85 81 85

Fig.4 Conformation and conservation analysis of the epitope recog-
nized by the anti-NP mAb 5F10. A Location of the identified epitope
on NP monomer. The NP monomer structure (PDB: 7NT8) was visu-
alized and analyzed with PyMOL software. The epitope recognized
by 5F10 was labeled in red, and it locates in a protruding loop region
and on the protein surface. B Sequence conservation analysis of the
identified epitope. The IAV NP sequences of all sources (n=13,166)
and specifically of avian (n=7778), swine (n=838), and human

Discussion

The so-called mAb is a kind of lab-grown antibodies that
possess a high mono-specificity and homogeneity for the
target antigen or epitope. Accompanied with the rapid
development of molecular biology, structural biology, and
bioinformatics, mAb has experienced a series of technical
breakthrough over decades to make itself a shining star for
both immunodiagnostics and immunotherapy (Buss et al.
2012; Ecker et al. 2015; Gao et al. 2018). For example, over
100 patent applications concerning the preparation and
application of mAbs against SARS-CoV-2, the causative

Swine Human

(n=838,%=96.78) (n=3015,%=98.01)

4.0
32&0
520
1.0

4.0
£2&0
520
1.0

- 0.0
81 85 81 85

0.0

(n=3015) origins were retrieved from GISAID EpiFlu database with
the keywords “Type”’= A and “Location”= China. The dataset was
collected on 7 September 2022. The variation of the epitope was ana-
lyzed with WebLogo program, and the conservation degree of each
amino acid was reflected by the size of corresponding character.
*Total means of the analyzed NP sequences were of all host origins
including avian, swine, human, canine, and equine

agent of the ongoing global coronavirus disease 2019
(COVID-19) pandemic, have been registered according to
Asdaq SMB et al. (Asdaq et al. 2021).

As for AV, a zoonotic pathogen notorious for quick and
frequent genetic variability, the most common antigen target
for diagnostics via mAb assessment is NP (Phuong et al.
2018). Though it is well known that the surface antigens
like HA and NA could elicit neutralizing antibodies to
block viral cell entry or progeny virion release, the periodic
antigenic variation of IAV has dramatically prevented the
HA- and NA-specific mAbs from being applicable for
the development of broad-spectrum influenza diagnostic

@ Springer



2446 Applied Microbiology and Biotechnology (2023) 107:2437-2450

A Alexa594

Mock

H5N6
5F10
H3N2
H5N6
IgG1
isotype
H3N2
B Mock H3N2 HS5N6
mAb 5F10 .
P 1gG1 isotype & * 3 * @
o[ e -
NP e coEr
Input
C HE IHC ////
H5N6 fis s : ; \
H3N2 f :

@ Springer



Applied Microbiology and Biotechnology (2023) 107:2437-2450

2447

«Fig.5 Application of mAb 5F10. A Intracellular localization of IAV
NP protein analyzed via confocal microscopy. The CEF cells were
infected with a HSN6 or a H3N2 subtype IAV at 1 MOI for 12 h.
B Reaction of mAb 5F10 with IAV NP protein by IP assay. MDCK
cells were infected with IAV subtypes H3N2 and H5N6 at 1 MOI,
and were harvested and lysed after culturing for 24 h. The lysates
were then subjected to the IP assay with mAb 5F10. C Detection of
TAV antigen in the lung tissue of infected mice through IHC analysis.
Six-week-old female BALB/c mice were intranasally infected with a
H5N6 or a H3N2 subtype IAV at 10%°EIDs,, with mock-treated (with
PBS) mice served as the negative control. The mice lungs were col-
lected on day 3 post-infection for IHC staining, with mAb 5F10 serv-
ing as the primary antibody. Histopathological examination of the
HE-stained sections was correspondingly performed, with the HSN6
virus induced severe lung tissue injury and atrophy of the alveoli
whereas the H3N2 virus caused a relatively mild lung tissue destruc-
tion. Blue arrows indicated representative inflammatory cell infiltra-
tion, while brown signals indicated positive IHC staining. Scale bars
were shown in the upper-left corner of microscopic images, with 200
um for core images and 20 um for zoom-in images

reagents (Bhat et al. 2013; Phuong et al. 2018). However,
anti-NP mAbs have been intensively developed for that
purpose since the target viral protein is highly conserved
among different subtypes of IAV and abundantly expressed
in the virion (Bhat et al. 2013; Fujimoto et al. 2016).

In this study, we developed a mAb (5F10) specifically
targeting the NP protein of IAV. Through IFA and western
blot analyses, we demonstrated the universal reactivity of
SF10 to different IAV strains. SF10 responded well not only
to HSNx avian viruses of distinct HA clades and NA subtypes,
but also to various avian IAV subtypes ranging H1~H11. In
addition, immune-positive signals were also evident against
representative lineages of swine IAV such as EA HINI,
Pdm09 HIN1, and H3N2 plus human IAV such as Pdm09
HINI1, seasonal HIN1, and seasonal H3N2. Definitely, SF10
did not interact with human FluB viruses either of Yamagata
or Victoria lineages. Therefore, the anti-NP mAb 5F10
possessed good specificity and versatility among [AVs.

According to the phage display assay using a commercial
randomized heptapeptide library, B-cell epitope prediction,
and residue surface-exposure presentation, a consecutive
amino acid motif of EHPSA at sites 81~85 in NP protein
was recognized as the epitope of mAb SF10. And through
WebLogo analysis, this novel identified linear B-cell epitope
was further revealed highly conservative across diverse
subtypes of IAV strains from different hosts of avian, swine,
and human. Thus, it is reasonable to speculate that the anti-NP
mAb 5F10 would be extremely serviceable for recognizing a
wide range of IAV isolates, including the emerging variants.

As one of the indispensable elements for ribonucleoprotein
(RNP) that else involving the trimeric RNA-dependent RNA
polymerase complex, NP protein interacts with viral RNA,
other viral protein components, or specific macromolecules
on infected cells to function critically at different stages of
TAV life cycle such as transcription, replication, and assembly

(Lo et al. 2018). Besides, it has been frequently documented
that specific amino acid sites of S, T, and Y, on NP protein,
could be phosphorylated to dynamically regulate the NP
homo-oligomerization activity, NP nuclear import/export
(nucleocytoplasmic shuttling), NP ubiquitination, virus
polymerase activity, virus replicability, etc. (Cui et al. 2019;
Liet al. 2015; Li et al. 2018; Turrell et al. 2015). Therefore,
our anti-NP mAb 5F10 will be a useful tool for studying the
function of IAV NP protein.

Briefly in structure, the NP molecule forms a crescent
shape which comprises three evident domains of the
head, body, and tail-loop. Particularly, the R-rich groove,
crucially important for RNA binding, is involved in the
region between the head and the body domain (Ng et al.
2009). In addition, a basic flexible loop spanning residues
73 to 91 which situated at the groove of NP monomer also
plays critical roles in RNA binding activity (Ng et al. 2008).
However, this structurally flexible loop is reported to be
poorly resolved (Ng et al. 2009). Since the epitope of mAb
5F10 (E81-H82-P83-S84-A85) in the current study just
located in such flexible loop, it would be great helpful to
characterize the structure of IAV NP protein more deeply.

Despite not presenting on the IAV envelope, NP proteins
are of high expression levels and able to be processed for
antigen presentation on major histocompatibility complex
(MHC) molecules to T cells (Doucet et al. 2011). On one
hand, cytotoxic T lymphocytes (CTL) responses play
an important role in the destruction of influenza virus-
infected cells through cell lysis and apoptosis, thus leading
to the inhibition of virion release and elimination of viral
infection (Tan et al. 2021). On the other hand, antibody
responses could also be stimulated on the basis of the Th
epitope of NP protein to hinder viral RNA transcription
and genome assembly, thus interfering the process of
influenza virus infection (Tan et al. 2021). Additionally,
NP has been reported on the surface of experimentally
infected respiratory epithelial cells in vitro, suggesting
that antibody-mediated immunity of virus-infected cells
through antibody-dependent cellular cytotoxicity (ADCC),
complement-dependent cell cytotoxicity (CDCC), or other
mechanisms may help viral clearance in vivo (Bodewes
et al. 2013; Tan et al. 2021; Vanderven et al. 2022).
Therefore, provided the high homology of NP protein
throughout different subtypes of IAV, the CTL and binding
antibodies with cross-reactivity can be directed against
pan-IAV isolates, and NP has been explored as a promising
target for design of the universal vaccine (Nachbagauer and
Palese 2020). In particular, since our mAb 5F10 recognizes
anovel conserved linear epitope instead of a conformational
epitope, it would be beneficial to promote the study of
NP-induced heterosubtypic immunity and virus clearance.

We further evaluated the application of the mAb 5F10
in recognition of the universal IAV NP epitope; the mAb
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was used to characterize the cellular location of NP by
confocal laser scanning microscopy, IP, and THC assays.
These results revealed that the mAb 5F10 could apparently
locate the IAV NP not only in the cytoplasm but also in the
nucleus of the host cells, consistent with the protein nature
of nucleocytoplasmic transportation. In the IP assay, the
mADb 5F10 not merely captured the viral NP protein but
simultaneously identified the interacted polymerase (PB2
protein for example). Additionally, the mAb 5F10 stained
the lung tissues of mice infected with either tested IAV
strains. Although just one H3N2 subtype and one H5N6
subtype avian [AVs were selected for the determination,
our findings again suggest that SF10 can be broadly
applicable in the detection of NP protein or IAV in vitro
and in vivo.

Although many anti-NP mAbs have been reported by
colleagues home and abroad (Liu et al. 2006; Phuong et al.
2018; Vanderven et al. 2022; Xiao et al. 2018), some of
them lacked characteristic information such as precise
epitope location or pan-reactivity evaluation, which may
probably limited further application. In contrast to some
other NP-specific mAbs with identified antigenic epitopes
(Bodewes et al. 2013; Fujimoto et al. 2016; Gui et al. 2014;
Huang et al. 2022), the mAb 5F10 developed in this study
recognized a novel conservative linear B-cell epitope
of 3'EHPSA® which located in a basic flexible loop at
the N-terminal of NP protein. What is more, mAb 5F10
responded broadly to the NP protein across different IAVs of
avian HI-H11, swine, and human H1 and H3 subtypes, and
this anti-NP mAb was successfully applied in IFA, IP, and
IHC assays for detection of IAV. The results in the present
study collectively indicated that mAb 5F10 targeting the
universal NP epitope of IAVs will be a powerful biomedical
tool for studying the structure and function of IAV NP
protein, as well as the development of methods for diagnosis
of IAV infection and the design of universal flu vaccines.
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