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Abstract: To better understand how inhibition of the influenza neuraminidase (NA) protein con-
tributes to protection against influenza, we produced lentiviral vectors pseudotyped with an avian
H11 hemagglutinin (HA) and the NA of all influenza A (N1–N9) subtypes and influenza B (B/Victoria
and B/Yamagata). These NA viral pseudotypes (PV) possess stable NA activity and can be utilized
as target antigens in in vitro assays to assess vaccine immunogenicity. Employing these NA PV, we
developed an enzyme-linked lectin assay (pELLA) for routine serology to measure neuraminidase
inhibition (NI) titers of reference antisera, monoclonal antibodies and post-vaccination sera with
various influenza antigens. We also show that the pELLA is more sensitive than the commercially
available NA-Fluor™ in detecting NA inhibition in these samples. Our studies may lead to estab-
lishing the protective NA titer that contributes to NA-based immunity. This will aid in the design of
superior, longer lasting and more broadly protective vaccines that can be employed together with
HA-targeted vaccines in a pre-pandemic approach.

Keywords: influenza; neuraminidase; pseudotype; ELLA; inhibition; vaccine; monoclonal antibody;
antisera; immunity

1. Introduction

Influenza virions display two major surface glycoproteins, hemagglutinin (HA) and
neuraminidase (NA), that play crucial roles in influenza infection and immunity. HA is
involved in viral entry and NA in viral release [1–3]. Currently available influenza A
(IAV) and influenza B (IBV) vaccines mainly target HA; however, HA is subject to constant
antigenic drift at distinct epitopes in its exposed globular head domain [4–6]. As a result,
seasonal influenza vaccines are reformulated annually to provide up-to-date protection.

Neuraminidase is a tetramer formed of separate subunits consisting of a head and
stalk region, similar to HA [7]. NA has known enzymatic activity which enables it to
cleave sialic acid from cellular and viral glycoproteins expressed in infected cells [7]. Sialic
acids (SAs) are typically found at the terminal regions of oligosaccharides on gangliosides
and glycoproteins. SAs are mainly linked to galactose residues by α-2,3 linkages, most
commonly found in avian species, or α-2,6-linkages, mainly found in humans and other
mammals [8]. NA cleaves α-2,3-linked sialic acids more efficiently than α-2,6 sialic acids,
indicating that influenza NA is more specialized to avian infection [9,10]. However, stud-
ies have shown that α-2,6 activity increases over time [11], which in combination with
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changes to HA may allow avian influenza strains to “species jump” and potentially cause
a pandemic in humans [12]. Aside from its enzymatic activity, NA is vital in preventing
aggregation of viral progeny [13], enables penetration of human mucus by freeing virus
from sialylated host mucins [2] and facilitates viral budding [14]. Neuraminidase (NA) is
also subject to antigenic changes, although at a lower rate than HA [15–17].

Neuraminidase has been a successful target for antiviral drugs and is currently being
studied as an alternative or adjunct to HA as a viable vaccine candidate with the potential
to be employed as part of a “universal” or “cross-subtype” influenza vaccine [18–20]. The
ultimate goal of a universal vaccine is to protect against infection from novel influenza
viruses bearing combinations of H1-H18 and N1-N11. However, this is a highly ambitious
undertaking, and consensus within the field is that influenza vaccines with approximately
75% protection against influenza A and B viruses that can protect for at least 12 months
across a range of age groups and socio-economic backgrounds are an achievable interim
aim [21]. There are 144 possible combinations of NA and HA subtypes for non-bat IAV,
and 120 combinations have been observed in nature [22,23]. Studies have shown that
anti-NA antibodies raised following immunization with N1 (H1 subtype) can inhibit
homologous and heterosubtypic influenza A viruses (e.g., H5N1, H3N2 and H7N9) [24] and
are successful in controlling influenza infection in vivo [25]. Currently licensed inactivated
influenza vaccines contain NA, but the quality and stability of NA in these preparations
have not been fully investigated [26]. Currently, there is no neuraminidase standard that can
be employed to allow for comparison and harmonization of various serological assays that
can determine anti-neuraminidase levels needed for efficacious vaccines and therapeutics.
It is known that the anti-NA seroconversion rate of individuals immunized with inactivated
trivalent vaccine is variable [27–29], and this could potentially be increased by considering
NA as an immunogen during vaccine formulation.

Antibodies directed to NA do not block viral entry and are therefore not classified
as classically neutralizing [30]. Traditionally, the inhibition of NA enzymatic activity has
been measured using a MUNANA substrate-based assay [31,32]; however, this assay uti-
lizes hazardous chemicals, making it unsuitable for high throughput serological testing.
Therefore, alternatives assays such as the enzyme-linked lectin assay (ELLA) [33–36] and
fluorescence-linked MUNANA-based assays (e.g., NA-Star/NA Fluor™) have been de-
veloped to quantify NA enzymatic activity as a measure of antibody mediated inhibition
of viral egress from infected cells [37]. These methods make the study of NA activity
more accessible for the design of next generation influenza vaccines. Additionally, the
pseudotype virus (PV) can also be used as a substitute to the wild type virus in these
assays. Neuraminidase pseudotyped viruses have already been successfully used in place
of reassortant viruses and Triton-X-treated wild type viruses in the ELLA assay for N1 and
N2 subtypes [38,39] As NA has the potential to be included in a more broadly protective
vaccine approach, a toolbox of assays capable of assessing NA inhibition will be required.
To this end, we produced an NA PV library encompassing IAV N1-N11 and IBV from the
Victoria-like (B/Vic) and Yamagata-like (B/Yam) lineages for use in a pseudotype ELLA
(pELLA) assay and potentially the NA-Fluor™ assay. We demonstrate that these PV can
be effectively employed in the pELLA to assess NA inhibition of reference anti-NA antis-
era, monoclonal antibodies (mAb) and anti-NA antibodies generated through vaccination,
without the requirement for containment higher than BSL 2.

2. Materials and Methods
2.1. Production and Transformation of Plasmids

Neuraminidase genes from IAV subtypes N1-N9 and IBV, B/Vic and B/Yam were
gene-optimized and adapted to human codon use via the GeneOptimizer algorithm [40].
These NA genes were cloned into pEVAC (GeneArt, Regensburg, Germany) via restric-
tion digestion. Plasmids were transformed via heat shock in chemically induced compe-
tent E. coli DH5α cells (Invitrogen 18265-017). Plasmid DNA was extracted from trans-
formed bacterial cultures via the Plasmid Mini Kit (Qiagen 12125, Manchester, UK). All
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plasmids were quantified using UV spectrophotometry (NanoDrop™, Thermo Scientific,
Paisley, UK).

2.2. Production of Influenza H11-NA(X) Pseudotypes

For production of H11-NA(X) PV, human embryonic kidney 293T/17 (HEK293T/17,
ATCC: CRL-11268ª) was maintained in complete medium (Dulbecco’s modified essential
medium (DMEM), PANBiotech P04-04510, Wimborne, UK) with high glucose and Glu-
taMAX supplemented with 10% (v/v) heat-inactivated fetal bovine serum (PANBiotech
P30-8500) and 1% (v/v) penicillin–streptomycin (PenStrep) (Sigma P4333, Dorset, UK) at
37 ◦C and 5% CO2. Transfection was performed as previously described [41]. On the
day prior to transfection, 4 × 105 HEK293T/17 cells in complete DMEM were seeded
per well of a 6-well plate. The next day, the medium was replaced, and cells were trans-
fected using FuGENE® HD Transfection Reagent (Promega E2312, Madison, WI, USA)
in Opti-MEM™ (Thermo Fisher Scientific 31985062, Paisley, UK) with the following plas-
mids: 10 ng NA encoding plasmid in pEVAC, 10 ng H11 encoding plasmid (A/red shov-
eler/Chile/C14653/2016 (H11) in pEVAC, 5 ng transmembrane serine protease 4 (TM-
PRSS4) encoding plasmid, 375 ng luciferase vector plasmid (pCSFLW) and 250 ng p8.91 gag-
pol (gag-pol expression plasmid). For the H5 release assay, 10 ng A/Indonesia/5/2005(H5)
(pI.18) was included in the plasmid DNA mixture replacing H11 (pEVAC), and TMPRSS4
was not utilized. All plasmid DNA was combined in 100 µL OptiMEM™, and FuGENE®

HD (3 µL per µg plasmid DNA) was added dropwise followed by incubation for 15 min.
The plasmid DNA-OptiMEM™ mixture was then added to the cells with constant swirling.
Plates were incubated at 37 ◦C and 5% CO2 for 48 h. Supernatants were then collected,
passed through a 0.45 µm filter and stored at −80 ◦C.

2.3. H5 Release Assay

The ability of different NA to release H5 HA PV from producer cells was assessed by
titration of the H5-NA(X) pseudotyped viruses produced as above in HEK293T/17 cells.
Titration experiments were performed in Nunc F96 MicroWell white opaque polystyrene
plates (Thermo Fisher Scientific 136101). Briefly, 50 µL of viral supernatant was serially
diluted two-fold down columns of a 96-well plate in duplicate before adding 50 µL of
1 × 104 HEK293T/17 cells to each well. No PV/cell only negative controls were included
on each plate as an indirect cell viability measurement. Plates were then incubated at 37 ◦C
and 5% CO2 for 48 h. The medium was then removed, and 25 µL Bright-Glo® luciferase
assay substrate was added to each well. Titration plates were then read using the GloMax®

Navigator (Promega) and the Promega GloMax® Luminescence Quick-Read protocol. Viral
pseudotype titer was then determined as relative luminescence units/mL (RLU/mL).

2.4. Reference Antisera, Monoclonal Antibodies and Serum Samples

Reference antisera to assess the inhibition sensitivity of representative IAV, anti-N1
A/California/7/2009 (NIBSC 10/218), anti-N1 A/turkey/Turkey/1/2005 (N1) (NIBSC
08/126), anti-N2 A/Victoria/361/2011 (NIBSC 14/144) and anti-N2 A/South Australia/34/
2019 (NIBSC 19/320) antisera, IBV NA antiserum prepared from B/Malaysia/2506/2004
(NIBSC 05/252) and NA antiserum prepared from B/Florida/4/2006 (09/316) were ob-
tained from the National Institute for Biological Standards and Control (NIBSC) (full
details of antisera preparation can be found at https://www.nibsc.org/products/brm_
product_catalogue/influenza_reagents.aspx, accessed on 21 February 2022). Monoclonal
antibodies against N1, 3A2, 1H5, 4E9 and 3H10 [42] as well as CD6 [43] and CR9114 [44]
were also utilized in neuraminidase inhibition assays. Post-vaccination mouse sera were
obtained from the University of Cambridge as part of an ongoing influenza vaccination
study. For these studies, 6–8-week-old female BALB/c mice were obtained from Charles
River Laboratories and housed at University Biomedical Services, University of Cambridge.
Mice were divided into groups of six for each individual vaccination antigen. On day 0,
mice were injected subcutaneously (SC) on the rear flank with a 50 µL volume of 50 µg

https://www.nibsc.org/products/brm_product_catalogue/influenza_reagents.aspx
https://www.nibsc.org/products/brm_product_catalogue/influenza_reagents.aspx
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pEVAC NA (DNA), produced using the EndoFree Plasmid Mega Kit (Qiagen), or PBS for
negative control groups. Immunizations were repeated on weeks 2, 4 and 6. Mice were
weighed daily and monitored for any signs of disease or distress. All mice were culled
at 70 days post-immunization, and terminal bleeds were collected. Collected blood was
left to clot for 1 h at room temperature, and serum was separated via centrifugation at
2000× g for 10 min at 4 ◦C and stored at −20 ◦C. Serum samples were employed to de-
termine responses of different NA antigens used for vaccination against corresponding
H11_NA(X) pseudotypes.

2.5. Titration of NA PV via Enzyme-Linked Lectin Assay (pELLA)

Clear Nunc Maxisorp™ flat-bottom 96-well plates (Thermo Fisher 44-2404-21, Paisley,
UK) were coated overnight at 4 ◦C with 100 µL per well of 25 µg/mL fetuin (Sigma F3385,
Dorset, UK) in 1X KPL coating buffer (Sera Care 50-84-00, MA, USA) to assess H11_NA(X)
PV neuraminidase activity via the pELLA (Figure 1). The next day, plates were washed
three times with wash buffer (WB) (0.5% (v/v) Tween-20 in PBS). A total of 240 µL of
the H11_NA(X) PV was serially diluted two-fold from neat to 1:2048 with sample diluent
(SD) (1% (v/v) Bovine Serum Albumin (BSA), 0.5% (v/v) Tween-20 in PBS) across a row
of a 96-well mixing plate. Fifty µL of the PV dilutions was then transferred to two rows
until column 10 of the fetuin-coated 96-well plate, with columns 11 and 12 containing only
SD (no PV control). Fifty µL of SD was then added to all wells. Plates were incubated
overnight at 37 ◦C. The next day, plates were washed 6 times with WB. One hundred µL
of conjugate (1 µg/mL lectin from Arachis hypogaea (peanut) peroxidase conjugate (Sigma
L7759, Dorset, UK) in conjugate diluent (1% (v/v) BSA in PBS)) was added to all wells,
and plates were incubated at room temperature for 2 h with shaking (225 rpm). Plates
were then washed 3 times with WB before adding 100 µL 1-Step™ Ultra TMB-ELISA
Substrate Solution (Thermo Fisher 34029) followed by incubation in the dark at room
temperature with shaking (225 rpm) for 10 min. Reaction was stopped by addition of
100 µL 0.1 M H2SO4 per well. Optical density at 450 nm (OD450) was determined using
the Tecan Sunrise™ microplate reader with Magellan™ data analysis software. Readings
were normalized to 100% and 0% OD450, and the dilution that resulted in 90% OD450 was
selected as the PV dilution input for inhibition assays.
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Figure 1. Illustration of main reactions in the pseudotype virus enzyme-linked lectin assay (pELLA).
The substrate fetuin is coated on each well of a 96-well plate. Neuraminidase, added via the NA
PV we generated, then cleaves the terminal sialic acid (SA) residues of the substrate fetuin, giving
rise to galactose residues. In the presence of substances that can impede NA such as mAbs and
anti-NA antisera, the action of neuraminidase is inhibited, and this can then be measured indirectly
via pELLA. The terminal galactose residues that are present due to the action of neuraminidase
are then specifically recognized by the substrate lectin peanut agglutinin conjugated to horseradish
peroxidase (HRP). Addition of a peroxidase substrate such as TMB results in a detectable color change
that can be measured at OD450.

2.6. Inhibition of NA PV by Antisera and Monoclonal Antibodies

The inhibition of neuraminidase activity by standard reference antisera, monoclonal
antibodies (mAb) and serum samples from animal studies was evaluated via the pELLA.
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Reference antisera were initially diluted 1:10 and then serially diluted five-fold; monoclonal
antibody concentrations used were in the range of 32 µg/mL to 0.5 ng/mL. Serum samples
from animal immunization studies were initially diluted 1:20 and then serially diluted
two-fold in 50 µL SD. Dilutions were carried out in duplicate across two rows of a 96-well
mixing plate. Fifty microliters of these dilutions were then transferred to fetuin-coated
plates as described (Section 2.5), up to column 10. Fifty µL of the H11_NA(X) PV that
resulted in 90% OD450 as determined in the above section was then transferred to all
wells of the fetuin-coated plate except for column 11, which served as the PV only control
(0% inhibition), and column 12 contained SD only (100% inhibition). An additional 50 and
100 µL of SD was added to columns 11 and 12, respectively. All other steps were followed as
per NA PV titration via the pELLA. The IC50 was calculated as the inverse dilution of serum
or antibody concentration that resulted in 50% inhibition of NA activity as determined via
GraphPad Prism 9.0.

2.7. Flow Cytometry Binding Assay

HEK293T/17 cells were transfected with pEVAC encoding representative NA se-
quences of N1, N2, N3, N4, N8 and N9, as per PV production. Forty-eight hours post-
transfection, cells (50,000 cells/well) were transferred into V-bottom 96-well plates. Cells
were then incubated with mouse sera (diluted 1:50 in PBS) for 30 min, washed with
fluorescence-activated cell sorting (FACS) buffer (PBS, 1% (v/v) FBS, 0.02% (v/v) Tween
20) and stained with goat anti-mouse IgG (H+L) Alexa Fluor 647 Secondary Antibody
(Thermo Fisher A-21235, Paisley, UK) diluted at 20 µg/mL in FACS buffer for 30 min in the
dark. Cells were washed with FACS buffer, and samples were run on the Attune NxT Flow
Cytometer (Invitrogen) with a high throughput autosampler. Dead cells were excluded
from the analysis by staining cells with 7-aminoactinomycin D (7-AAD) and gating 7-AAD
negative cells.

2.8. NA-Fluor™ Influenza Neuraminidase Assay

The NA activity of the H11-NA(X) PV was determined via the NA-Fluor™ Influenza
Neuraminidase Assay (Life Technologies 4457091, Paisley, UK) kit. First, the linear range
of fluorescence versus concentration of the Tecan Infinite 200Pro was determined by com-
paring relative fluorescence units (RFU) obtained from the NA activity assay of the PV to
a standard curve of 4-methylumbelliferone sodium salt 4-MU(SS) (Sigma M1508, Dorset,
UK). NA activity is based on the production of 4-MU over time (60 min at 37 ◦C for the
standard assay). The NA activity assay was then performed according to manufacturer’s
protocol. Briefly, the H11-NA(X) PV was diluted 2-fold from neat in NA-Fluor 2X assay
buffer in a black 96-well plate and incubated for 1 h at 37 ◦C with the NA-Fluor substrate.
After adding the stop solution, the plate was read at excitation and emission wavelengths
of 355 and 460 nm, respectively, with an optimal gain of 55 using the Tecan Infinite 200Pro
fluorescence plate reader. The RFU range for normalizing the PV according to NA activ-
ity that is unique to every H11-NA(X) PV was then determined as well as the optimum
H11-NA(X) PV dilution for the neuraminidase inhibition assay.

For the NA-Fluor™ Inhibition assay, the dilutions and concentrations for standard
reference antisera, monoclonal antibodies (mAb) and serum samples from animal studies
that were employed in the pELLA assay were likewise utilized (Section 2.6). The predeter-
mined amount of H11-NA(X) PV to test for inhibition of NA activity was then added. IC50
values were determined from dose–response data using sigmoidal curve-fitting generated
by GraphPad Prism Software 9.0.

2.9. Statistical Analysis

Descriptive statistical analysis (mean and standard deviation median and interquartile
range) was performed with GraphPad Prism 9 for Windows (GraphPad Software).
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2.10. Bioinformatic Analysis

NA sequences were downloaded from the Influenza Virus Resource database (IVRD)
(fludb.org). The phylogenetic tree was generated using the Cyber-Infrastructure for Phylo-
genetic Research (CIPRES) Gateway [45]. The resulting tree file was then visualized using
the Archaeopteryx tree viewer in the Influenza Resource Database (IRD) [46].

3. Results
3.1. NA PV Production and Functionality

Our NA PV library was constructed using the 4-plasmid transfection method as
described previously [47] and encompasses NA IAV 1-11 and NA IBV from both B/Vic
and B/Yam lineages (Figure 2, Table S1). Similar to our HA PV library [47], p8.91 [48,49],
a plasmid expressing the packaging genes (gag-pol) from a lentivirus (HIV), was used as
the PV backbone. A pEVAC plasmid expressing the NA of the selected strain of IAV/IBV,
pEVAC plasmid expressing hemagglutinin (HA) from A/red shoveler/Chile/C14653/2016
(H11) and a protease (transmembrane serine protease 4 (TMPRSS4)) to cleave HA were also
included (Figure 2A). Employing this protocol, we successfully produced representative
H11-NA(X) pseudotyped virus for all IAV subtypes and both IBV lineages (Figure 2B–C).

We then assessed the neuraminidase enzymatic activity of the pseudotypes we pro-
duced via our optimized PV enzyme-linked lectin assay (pELLA) protocol (Figure 1). ELLA
pseudotype titrations were performed to determine the dilutions of the PV required for
pELLA inhibition assays. The PV was diluted two-fold from a starting dilution of 1:2 to
1:1024, and optical density at 450 nm was read (Figure 2C). All values were normalized
against the highest PV value obtained (100% OD450) and the sample diluent only control
(0% OD450). Traditionally, 90% activity is optimal for use in the inhibition assay [33,39];
however, we also set the additional criteria of a minimum OD450 of 2.0 for use in pELLA
inhibition. All human and avian PV produced demonstrated NA enzymatic activity and
met the additional criteria we set for use in pELLA inhibition (Figure 2C) apart from bat
N10 and N11. These bat NA have been reported to not demonstrate any “classic” neu-
raminidase activity in these assays [50–54]. We then utilized this PV library to test for
anti-NA activity in post-vaccination mouse sera.

To assess the ability of our NA to release HA, we produced PV with IAV H5, IAV
NA (N1–N9) and IBV NA (B/Vic and B/Yam) in place of exogenous NA and titrated the
PV via a luciferase reporter assay [41]. N10 and N11 have previously been shown to not
be required for HA release [41,55] and were therefore not tested. All the NA PV tested
were capable of releasing H5 as evidenced by the titers observed (Figure 2D). H5 HA was
selected as it is a highly pathogenic IAV subtype harboring a functional polybasic cleavage
site that does not require an exogenous protease for HA release [56,57]. Even though H5
has not been observed in vivo in combination with all NA subtypes utilized here, all PV
produced RLU titers of 105 and higher except for A/duck/MAN/1953 (N7), which does
not release H5 as efficiently as suggested by the data of the present study (Figure 2D).
Interestingly, one of the N2 PV constructs (A/Korea/KUMC_GR570/2011) only achieved a
titer of 105, and the reasons for these discrepancies are not clear.

3.2. In Vitro Inhibition of NA Pseudotypes by Antisera and Monoclonal Antibodies

The inhibition susceptibility of representative NA PV generated to available NA subtype-
specific reference antisera was tested. We show dose response curves for PV which have
previously infected humans: N1 (A/England/195/2009), N2 (A/South Australia/34/2019),
B/Vic lineage NA (B/Colorado/6/2017) and B/Yam lineage NA (B/Phuket/3073/2013)
(Figure 3A). All reference antisera were able to inhibit the PV they were tested against
(Figure 3A,B) including both anti-N1 2009 pandemic antisera, A/California/7/09(H1N1)
and antisera A/turkey/Turkey/05, originally from A/turkey/Turkey/1/05 (H5N1), with
IC50 dilution values of ~25,000 and ~1300, respectively. Both N2 PV were inhibited by
anti-N2 antisera, with IC50 dilution values of ~32000 and ~1300. Similarly, IBV lineage PV



Vaccines 2022, 10, 1520 7 of 19

were inhibited by anti-sera tested with IC50 dilution values of ~6300 for B/Vic-like and
~39,000 for B/Yam-like antisera.
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Figure 2. H11_NA(X) PV production and assessment of functionality. (A) Schematic representation
of the production of influenza NA pseudotypes by quadruple plasmid transfection to produce
pseudotypes expressing HA and NA on the PV surface. Protease is only required when HA is
expressed, as per previous optimization [41]. Images created using Biorender. (B) Phylogenetic tree
of representative IAV NA from the PV library constructed. Influenza A Group I NA PV are shown
in blue and IAV Group II PV in red. Accession numbers are reported with the subtype on the tree
tips. Nodes are shown at the ends of branches which represent sequences or hypothetical sequences
at various points in evolutionary history. Branch lengths indicate the extent of genetic change. The
tree generated was constructed with PhyML on the Influenza Research Database (IRD) [46] and
graphically elaborated with Archaeopteryx.js. (C) Titration of influenza A NA (1–9) and influenza
B NA (B/Victoria-like and B/Yamagata-like lineages) PV. Titration was carried out via pELLA.
Readout is NA enzymatic activity expressed as %OD (450 nm) of highest dilution tested. (D) Titration
of influenza A NA (1–9) and influenza B NA (B/Victoria-like and B/Yamagata-like lineages) PV
expressing H5 (A/Indonesia/05/2005) hemagglutinin. Readout is expressed in relative luminescence
units (RLU). For (C,D), each point represents the mean and standard deviation of two replicates per
dilution (n = 2). Additionally, influenza A (IAV) Group I NA PV are shown in blue (N1, N4, N5
and N8), IAV Group II PV in red (N2, N3, N6 and N9) and influenza B NA PV (B/Victoria-like and
B/Yamagata-like lineages) are shown in black.
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Figure 3. In vitro inhibition of NA pseudotypes by antisera and monoclonal antibodies.
(A) In vitro inhibition of representative influenza A and influenza B NA pseudotype viruses (PV)
which have previously caused human infection: N1 (A/England/195/2009), N2 (A/South Aus-
tralia/34/2019), B/Victoria-like lineage NA (B/Colorado/6/2017) and B/Yamagata-like lineage NA
(B/Phuket/3073/2013), by reference antisera obtained from NIBSC. Reference antisera were serially
diluted five-fold from a starting dilution of 1:10 and PV diluted to 90% OD450 as determined previ-
ously from titration (Figure 2C). Inhibition of NA activity was determined via pELLA. Each point
represents the mean and standard deviation of two replicates per dilution (n = 2). (B) Half-maximal
inhibitory dilution of reference antisera as calculated from dose response curves (A). (C) In vitro
inhibition of representative N1 (A/England/195/2009) PV by monoclonal antibodies CR9114 and
CD6. mAbs were diluted two-fold from 1000 to 2 ng/mL. (D) In vitro inhibition of representative
N1 (A/England/195/2009) PV by N1-directed mAbs: 3A2, 1H5, 7E9 and 3H10. mAbs were diluted
2-fold from 32 µg/mL to 32 ng/mL. For (C,D), inhibition was determined via pELLA, and each
point represents the mean and standard deviation of two replicates per dilution (n = 2). (E) IC50

concentration values as determined from (C,D) using non-linear regression.

IAV H1N1 has caused pandemic influenza in humans, most recently in 2009 [58,59].
Taking this into account, we tested representative N1 PV (A/England/195/2009) inhibition
sensitivity to a variety of monoclonal antibodies (mAb) in pELLA inhibition. As the PV
created express H11, we tested the ability of HA stem-directed mAb CR9114 [44], which
was previously shown to neutralize IAV and IBV HA PV [41], to inhibit NA enzymatic
activity in a traditional ELLA [60]. CR9114 inhibited the N1 PV tested (Figure 3C) with
half-maximal inhibitory concentration IC50 of 31.52 ng/mL (Figure 3E) as determined
by non-linear regression. This is expected as CR9114 inhibits the action of NA via steric
hindrance. We also investigated the inhibitory action of anti-N1 directed antibodies. We
tested CD6, a mAb raised against the H1N1 2009 pandemic strain of IAV that binds to
an N1 conserved epitope which spans the lateral face of the NA dimer [43]. We show
here that our N1 PV (A/England/195/2009) was inhibited by CD6 (Figure 3C), with IC50
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determined to be 6.13 ng/mL, more potent than CR9114. We also explored inhibition of
our 2009 pandemic N1 PV with anti-N1 mAbs generated against A/Brisbane/59/2007 [42].
Monoclonal antibodies 1H5, 4E9 and 3H10 (Figure 3D) had IC50 values of 287.80, 133 and
133.90 ng/mL, respectively (Figure 3E). However, mAb 3A2 did not achieve 50% inhibition
(Figure 3D,E). Reasons for this and the high concentrations of mAb required, compared
to CD6, may be the PV utilized being a 2009 pandemic H1N1 strain. The mAb 3A2 was
raised against a pre-pandemic strain, suggesting that the 3A2-specific epitope may have
been affected by the antigenic shift seen in 2009.

3.3. Inhibition of Neuraminidase Activity by post-NA Vaccination Mouse Sera

We obtained mouse sera from preclinical influenza vaccination studies in mice at the
University of Cambridge and tested the ability of these mouse sera to bind and neutralize
H11-NA(X) PV from our library representing all IAV subtypes and IBV lineages. Naïve
mice were vaccinated with NA (IAV N1-N9 and IBV B/Vic and B/Yam) to elicit an immune
response against influenza neuraminidase (Figure 4). Mouse terminal bleeds were obtained
and were assessed via FACS for the capacity to bind to HEK293T/17 cells transfected with
pEVAC encoding the homologous IAV NA subtype. As expected, high binding activity of
post-vaccination sera to HEK293T/17 cells expressing the homologous NA was observed
with log median fluorescence intensity (MFI) values shown to be ≥4 (red in the heat map)
(Figure 4A). Interestingly, sera from mice vaccinated with N2 and N4 bound to all NA
expressed in HEK cells with log MFI values ranging from ~3 to 4 (Figure 4A). Sera from
mice vaccinated with N5, N6 and N7, displayed little to no binding to all the NA tested,
while sera from mice vaccinated with N8 and N9 only had strong binding activity against
homologous NA expressed in HEK cells (Figure 4A). Surprisingly, all sera from vaccinated
mice showed modest cross-binding activity with N9 in HEK cells regardless of NA subtype
they were vaccinated with.

We then performed pELLA inhibition employing these post-vaccination mouse sera
against NA PV from our library to assess NA vaccine immunogenicity. All post-vaccination
sera neutralized the homologous NA subtype (IAV)/lineage (IBV) pseudotype they were
tested against with IC50 dilution values ranging from ~100 to ~10,000 (Figure 4B). As nega-
tive controls, we also tested mice vaccinated with PBS for their inhibition activity against
the PV as indicated in Figure 4B (Figure S1). These results indicate that post-vaccination
immune responses for all IAV subtypes and IBV lineages tested can be effectively evaluated
using our optimized pELLA.

3.4. Comparison of pELLA with NA-Fluor™ to Evaluate NA Activity and Inhibition

We then compared the results of NA activity and inhibition as determined by the
pELLA to that obtained via the NA-Fluor™ assay, a commercially available fluorescence-
linked MUNANA-based assay routinely used to monitor neuraminidase inhibitor (NI)
drug sensitivity.

First, we determined the linear range of fluorescence versus concentration of fluores-
cent 4-methylumbelliferone (4-MU) of the instrument, the Tecan Infinite 200Pro. 4-MU(SS)
is the end product when the substrate, 20-(4-methylumbelliferyl)-a-D-N-acetylneuraminic
acid (MUNANA), is cleaved by NA [31,61–63]. We then selected an RFU value within the
linear range of fluorescence detection of the instrument for normalizing PV according to
NA activity (Figure S2). From these findings (Figure S2), we then chose 10,000 RFU (shown
via broken line) as the fluorescence signal output for NA activity normalization (Figure 5A).
For each PV, we then selected the dilution factor that yielded 10,000 RFU as identified in
the 4-MU(SS) standard curves. Our results show that we successfully produced H11-NA(X)
PV with neuraminidase activity that is within the linear dynamic range of detection of the
NA-Fluor™ assay that we utilized (Figure 5A). These results corroborate the NA activity of
our PV library as determined via the pELLA (Figure 2C).
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Figure 4. Binding and anti-NA activity of post-NA vaccination sera. (A) Binding of rep-
resentative post-NA vaccination sera to HEK293T/17 transfected with pEVAC encoding ho-
mologous neuraminidase sequences of N1, N2, N3, N4, N8 and N9 was determined via
FACS and reported as median fluorescence intensity (MFI) in a heatmap. Readings were per-
formed in duplicate (n = 2). (B) In vitro inhibition of representative IAV (homologous sub-
type) and IBV (homologous lineage) pseudotypes by mouse sera vaccinated with influenza A
HA from A/Brisbane/2/18 (N1), A/Kansas/14/17 (N2), A/duck/Cambodia/b0116502/17 (N3),
A/chicken/NSW/1688/1997 (N4), A/yellow-billed pintail/Chile/C14831/16 (N5), A/yellow-billed
teal/Chile/8/13 (N6), A/swine/England/191973/1992 (N7), A/gyrfalcon/Washington/41088-
6/14 (N8) and A/Shanghai/2/13 (N9) and influenza B HA from B/Colorado/6/17 (B/Vic) and
B/Phuket/3073/13 (B/Yam). Inhibition was determined via pELLA and reported as IC50 dilution
values (IC50 is half-maximal inhibitory serum dilution). For mice vaccinated with N3-N6, N8-N9,
n = 6; for N1, N2, N7 and both B lineages, n = 5. Group I NA is indicated in blue and Group II NA
in red. Dashed line indicates an arbitrary IC50 dilution value of 1 for samples that were unable to
inhibit NA. Plot shows the median and interquartile range of all samples tested.
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Figure 5. Determination of NA activity of H11_NA pseudotypes and NA inhibition activity of
reference antisera and mAbs via NA Fluor™. (A) Titration of representative IAV (N1-N9) and
IBV (B/Victoria-like and B/Yamagata-like lineages) PV. Titers are reported in relative fluorescence
units (RFU) (n = 2). Dotted line at 10,000 RFU indicates value used for NA activity normalization
(Figure S2). (B,C) Inhibition of A/England/195/09 (N1) (blue), A/South Australia/34/19 (N2) (red),
IBV (black) B/Colorado/6/17 (B/Vic NA) and B/Phuket/3073/13 (B/Yam NA) H11_NA PV by
reference antisera. (B) Reference antisera were serially diluted five-fold from a starting dilution
of 1:10, similar to Figure 2A. The NA PV at a dilution that would give 10,000 RFU as determined
in (A) was then added to each well. (C) IC50 dilutions for reference antisera against homologous
subtype/lineage PV are shown. For (A–C), Group I NA PV are shown in blue, Group II NA PV in
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red and IBV (both lineages) in black. (D,E) Inhibition of A/England/195/09 (N1) PV by N1-specific
monoclonal antibodies. (D) Monoclonal antibodies were serially diluted two-fold from a starting
concentration of 32 µg/mL to 0.0625 ng/mL, and IC50 values are summarized in (E). For plots
(A,B,D), each point represents the mean and standard deviation of two replicates per dilution. For
(C,E), “n.c.” indicates values not computed by GraphPad Prism.

We then attempted to demonstrate NA inhibition of our representative NA PV with
the same reference antisera and monoclonal antibodies we tested previously in the pELLA
(Figure 3). Despite employing the same reference antisera dilutions (Figure 5B,C) and mAb
concentrations (Figure 5D,E), we did not observe the same inhibition activity against the PV
tested in the NA-Fluor™ assay. For the reference antisera, only the anti-B/FL/06 (B/Yam
NA) showed appreciable neutralizing activity against the representative B/Yam NA PV
(Figure 5B); however, the IC50 dilution value determined here (Figure 5C) was a log lower
from that observed in the pELLA (Figure 5B). The rest of the reference antisera tested did
not seem to strongly inhibit their PV counterparts (Figure 5B,C). Similar to the reference
antisera, the mAbs specific against N1 that were tested did not inhibit A/England/195/2009
(N1) PV (Figure 5D,E), with the data generated insufficient to calculate IC50 values (n.c.).

We then compared NA inhibition via pELLA and NA-Fluor™ with post-NA vaccina-
tion mouse sera (Figure 6). We employed the same post-vaccination serum samples and
tested using the same PV, yielding contrasting results. NA neutralization of the N1 and N2
PV employed was successfully demonstrated using the pELLA for all tests subjects, while
there was no inhibition observed using the NA-Fluor™ (Figure 6).
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Figure 6. Comparison of inhibition of H11_NA PV by N1 and N2 post-vaccination mouse
sera using enzyme-linked lectin assay (ELLA) and NA Fluor™. Sera from mice vaccinated with
A/Brisbane/2/18 (N1) (blue) (n = 5) and A/Kansas/14/17 (N2) (red) (n = 5) were diluted two-fold
starting from 1:20 for both assays. They were then tested for their ability to inhibit homologous NA
subtype PV. Percent NA inhibition is shown as a function of serum dilution. For all plots, each point
represents the mean and standard deviation of two replicates per dilution.
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4. Discussion

Development of a universal influenza vaccine relies heavily on the determination
of specific immune responses and other correlates of protection that prevent illness due
to influenza infection [26,64,65]. Seasonal influenza vaccination targets the influenza HA
head which has been shown in the past to be the most immunodominant influenza antigen,
with NA, the second most abundant influenza surface glycoprotein, being overlooked
until recently [65]. Neuraminidase performs multiple functions in the influenza infection
cycle which gives rise to the many possible avenues where antibodies against NA can be
exploited to provide protection against influenza. Similar to HA, antibodies specific to the
conserved regions of NA have shown excellent breadth and are able to inhibit divergent
influenza viruses [60,66].

Although limited, knowledge of immunity based on inhibition of NA activity has been
building up. Several clinical studies have successfully shown that strong anti-NA inhibition
titers (either vaccination-induced or pre-existing through natural infection) decrease the
frequency of influenza infection and illness [67–69]. These NA inhibition titers (NAIs) were
found to be independent of hemagglutination inhibition (HAI) titers, both of which can be
used in conjunction to determine influenza sero-protection [67]. These findings warrant
further studies on anti-NA immunity with similar methods that allow us to study anti-HA
responses, solidifying NA’s important role in influenza prevention and control.

The function of NA and interactions in vivo with HA are increasingly being explored
especially in relation to the design and efficacy of novel vaccine or drug candidates. The
NA PV library we constructed can be utilized to this end in a similar fashion to the HA PV
library we previously described [41]. Our comprehensive library has representative strains
of IAV N1-11 and IBV B/Vic NA and B/Yam NA (Table S1), and the methods used to
produce these PV can easily be employed to include additional NA strains as required. The
PV library could be applied to research for human disease with emphasis on the zoonotic
potential of strains such as H10N3 reported recently in China [70] that may have pandemic
potential. We produced NA PV pseudotyped with an HA (in this case, H11) although it
was possible to produce the NA PV on its own (Figure 2A), as we found that when testing
inhibition capacity of mouse sera, an HA plasmid was required to maintain stability of
the PV as observed previously [71] and reduced background for use in the pELLA [34,38].
Additionally, this arrangement mirrors the influenza wild type virus surface that contains
both HA and NA, potentially providing a more accurate model for interactions between
these surface glycoproteins that can then be probed at lower containment.

All IAV PV (N1-N9) and both lineages of IBV (Victoria-like and Yamagata-like lineages)
showed NA enzymatic activity in our optimized pELLA (Figure 2C), suggesting that the
PV produced in this study have functional NA sialidase activity. We also showed that most
of the NA we tested was able to release the H5-NA(X) PV (Figure 2D). However, we report
an unusual case, where A/duck/MAN/1953 (N7) that had a lower H5 release capacity
compared to the other NA tested (Figure 2D) has demonstrated strong neuraminidase
activity (Figure 2C). This may be because this particular H5 from A/Indonesia/5/2005 has
not been shown to combine in nature with all the NA subtypes tested. It is known that the
length of the NA stalk region may possibly influence the overall enzymatic activity of the
virus by affecting its access to cellular sialic acid receptors [72,73]. This in turn may also
depend on the ratio of HA to NA molecules on virions [73]. This could possibly explain
the discrepancies we observed. Furthermore, our data imply that the role NA plays in HA
release (Figure 2D) and NA enzymatic activity, as measured via the pELLA (Figure 2C),
may be more complex than a direct correlation between enzymatic activity and HA release
capacity, warranting further investigation [74].

There is a limited number of subtype-specific anti-NA antisera available for testing as
there are very few NA subtypes that have infected humans in the past; nonetheless, we
demonstrated that the antisera we obtained could inhibit homologous subtype NA activity
in the pELLA (Figure 3A,B). For mAbs, we utilized CR9114, a broadly-neutralizing anti-HA
stem antibody that binds in a structurally similar manner to the HA stem region across
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HA subtypes 1–16, blocking the HA pH-induced conformational changes associated with
membrane fusion [44]. HA-stem-specific antibodies such as CR9114 inhibit NA activity
via steric hindrance [60], and detection of this activity may be critical for the advancement
of universal vaccines which utilize similar targets [24,75–77]. The data we presented
(Figure 3C) show CR9114 inhibiting the NA enzymatic activity of H11-N1 PV, affirming
that the pELLA can also be employed to detect this activity, similar to traditional ELLA
assays [60]. Additionally, we demonstrated that the inhibiting activity of mAbs which
directly targets epitopes of NA can also be assessed via this assay (Figure 3C,D). Although
we only had access to a limited selection of anti-NA N1 mAbs, we demonstrated that
our H1N1 pandemic strain (A/England/195/09) was preferentially inhibited by CD6, a
mAb raised against H1N1 2009 pandemic strain (A/California/7/09) compared to mAbs
raised against the seasonal influenza strain (A/Brisbane/59/07) (Figure 3C,D). These
findings concur with previous experiments conducted with traditional pELLA assays by
Wan et al. [43].

A broadly protective vaccine directed at NA epitopes is becoming an increasingly
plausible option. Previous studies have established that NAI antibody activity is an
independent correlate of protection in humans [68,69]. The breadth of immunity due to
NA has not been fully elucidated; however, a pertinent example of NA-based immunity
can be gleaned from the 1968 H3N2 pandemic. The H3N2 pandemic virus of 1968 replaced
the previous pandemic H2N2 subtype, as the H2 and PB1 gene segments were replaced by
reassortment with an avian-like H3 HA and PB1, with its NA remaining the same [78]. This
pandemic H3N2’s sporadic nature and milder impact in terms of morbidity and mortality
compared to its ancestors in different regions of the world is hypothesized to be mediated
by N2 immunity from the previous pandemic in all age groups and to the HA antigen
in the elderly [17,79,80]. Similarly, NA-mediated immunity between H1N1 and H5N1
viruses has also been observed, and this is due to conserved N1 epitopes between these
viruses [24,25,43,66,81]. Furthermore, mAbs isolated from H3N2 infected donors which
bind directly to the NA active site have demonstrated exceptional breadth against NA from
IAV and IBV and are broadly protective in vivo [82]. This indicates a molecular basis for
protection, and that these conserved protective epitopes can be ideal targets for a broadly
protective vaccine.

We further studied NA-based protection by immunizing groups of mice with different
NA subtypes (N1-N9) and looking for any cross-reactivity that may be present within
subtypes. Results were interesting, as antibodies in post-vaccination mouse sera were able
to bind to heterologous NA subtypes (Figure 4A), alluding to the probable presence of
conserved epitopes among these subtypes, especially in mice vaccinated with N1 and N4,
which are the closest relatives in the NA Group I phylogenetic tree (Figure 2B). Surprisingly,
mouse post-vaccination sera bound to H293T cells expressing N2 and N9 (Figure 4A). Em-
ploying the pELLA, we were able to successfully quantify NA inhibition in post-vaccination
mouse sera, an indirect measure of antibodies against NA (Figure 4B). These findings are
the first steps in identifying conserved regions or epitopes hidden in NA, followed by
elucidating the mechanisms by which these NA antibodies contribute to protection and
how these NAI antibody titers may be considered protective.

We then compared the results we obtained from the pELLA with the NA-Fluor™
Influenza Neuraminidase Assay Kit. The NA-Fluor™ assay is a fluorescence-based assay,
which quantifies the fluorogenic end product 4-methylumbelliferone released from the non-
fluorescent substrate 2′-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid (MUNANA)
by the enzymatic activity of neuraminidase. The amount of fluorescence directly relates
to the amount of enzyme activity. This assay is widely accepted for monitoring of the
effect of NA inhibitors on NA activity or monitoring NI sensitivity in cell-based virus
growth or inhibition assays [26]. Employing the NA-Fluor™, we showed that we produced
H11-NA(X) PV with neuraminidase activity (Figure 5A) that can be used in NA-Fluor™
inhibition assays.
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It is known that NA activity can be inhibited by antibodies binding directly to epitopes
within the enzyme active site or through steric hindrance when antibodies bind proximal
to the active site. However, NI through steric hindrance can only be observed when larger
substrates, such as fetuin, are used, as in ELLA [82–85], and this may not be the case when
smaller molecules are used as the substrate as in the NA-Fluor™. As such, antibodies that
do not bind directly to the active site might not inhibit NA activity. We were also unable to
show any NA inhibition activity in post-NA vaccination mouse sera (Figure 6), even if they
all strongly inhibited NA as seen via the pELLA (Figure 4B). These results are somewhat
disappointing as we could not find any correlation between the two methods and will
require further investigation in the future.

Nonetheless, for the first time to our knowledge, we demonstrated the utility of our
optimized PV enzyme-linked lectin assay (pELLA) employing neuraminidase pseudo-
typed viruses to evaluate serologic responses to vaccination with IAV NA1-NA9 and IBV
B/Victoria-like and B/Yamagata-like lineage NA. The pELLA was also useful in determin-
ing anti-NA directed monoclonal antibody and anti-NA reference antisera activity. The
assay as shown here is more accessible to laboratories without high containment facilities,
and low-resource environments, than traditional MUNANA assays. The pELLA was also
able to detect NA inhibition by a variety of samples more effectively than the commercially
available NA-Fluor™.

Neuraminidase is an important protein which is now recognized to have multiple
functions beyond its key role in viral budding during influenza infection [14], including
preventing aggregation of viral progeny [13] and neutralizing protective effects of human
mucus [2], and is capable of replacing functions of HA involved in viral entry [86–88]. In
the case of bat IAV, HA uses the major histocompatibility complex (MHC) for entry [55],
and therefore it follows that N10 and N11 have not demonstrated sialidase activity [50–53].
Recent data have shown that N11 is capable of downregulating cell surface expression of
MHC-II molecules; the exact mechanism for this has not yet been elucidated [54]. Currently
there are several licensed drugs and small molecules which target NA [89], such as neu-
raminidase inhibitors (NAIs) [90], strongly suggesting that a vaccine capable of eliciting
anti-NA responses would be beneficial to preventing disease from influenza. Addition-
ally, observations from natural immunity, including the broadly protective mAbs recently
described [82], and a growing number of recombinant NA-based vaccines demonstrating
protection in animal models [24,83,91,92] strengthen the need for further studies of NA as
a viable vaccine target. In order to properly assess the immunity provided by anti-NA vac-
cines, a toolbox of assays will be required to predict in vivo protective efficacy and establish
correlates of protection. We propose that the pELLA system described herein can form an
important part of this new generation of in vitro vaccine assessment options. The flexibility
of the PV production process ensures that immunity to a range of subtypes and strains can
be tested against heterologous NA in a format that displays surface glycoproteins in their
native conformation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/vaccines10091520/s1, Figure S1: Anti-NA activity of mouse sera
vaccinated with PBS (negative control) as tested against NA pseudotypes. Figure S2: Standard
Curve of 4-Methylumbelliferone sodium salt (4-MU(SS)). Table S1: List of influenza neuraminidase
pseudotypes (PV) available at the Viral Pseudotype Unit, University of Kent.

Author Contributions: Conceived and designed experiments—K.A.S.d.C., J.M.M.D.R., G.W.C., M.F.
and N.J.T.; Performed experiments—K.A.S.d.C., J.M.M.D.R., M.F. and G.W.C.; Plasmid construc-
tion; S.V., B.A. and R.W.; Analyzed the data—K.A.S.d.C., J.M.M.D.R., M.F., G.W.C. and N.J.T.;
Reagent provision, R.K., N.J.T. and J.L.H.; Wrote the paper—K.A.S.d.C. and J.M.M.D.R.; Revised the
paper—G.W.C., J.L.H., R.W. and N.J.T., K.A.S.d.C. and J.M.M.D.R. have contributed equally to this
work. All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/vaccines10091520/s1
https://www.mdpi.com/article/10.3390/vaccines10091520/s1


Vaccines 2022, 10, 1520 16 of 19

Funding: N.J.T., K.A.S.d.C., G.W.C. and J.L.H. received funding from the Bill and Melinda Gates
Foundation: Grand Challenges Universal Influenza Vaccines Award: Ref: G101404. N.J.T. and
J.M.M.D.R. received funding from Innovate UK, UK Research and Innovation (UKRI), for the project:
Digital Immune Optimized and Selected Pan-Influenza Vaccine Antigens (DIOS-PIVa) Award Ref:
105078. R.W. received funding from EC FETopen (Virofight, Grant 899619).

Institutional Review Board Statement: Mouse studies were approved by the AnimalWelfare Ethical
Review Body, University of Cambridge (Project license P8143424B).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We would like to thank Jerry Weir of the U.S. Food and Drug Administration
(10903 New Hampshire Avenue, Silver Spring, MD 20993, USA) for the anti-N1 monoclonal antibodies
we used in this study.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Liu, C.; Eichelberger, M.; Compans, R.; Air, G. Influenza type A virus neuraminidase does not play a role in viral entry, replication,

assembly, or budding. J. Virol. 1995, 69, 1099–1106. [CrossRef] [PubMed]
2. Cohen, M.; Zhang, X.Q.; Senaati, H.P.; Chen, H.W.; Varki, N.M.; Schooley, R.T.; Gagneux, P. Influenza A penetrates host mucus by

cleaving sialic acids with neuraminidase. Virol. J. 2013, 10, 321. [CrossRef]
3. Yang, X.; Steukers, L.; Forier, K.; Xiong, R.; Braeckmans, K.; Van Reeth, K.; Nauwynck, H.A. Beneficiary Role for Neuraminidase

in Influenza Virus Penetration through the Respiratory Mucus. PLoS ONE 2014, 9, e110026. [CrossRef] [PubMed]
4. Russell, C.J.; Hu, M.; Okda, F.A. Influenza Hemagglutinin Protein Stability, Activation, and Pandemic Risk. Trends Microbiol. 2018,

26, 841–853. [CrossRef]
5. Kirkpatrick, E.; Qiu, X.; Wilson, P.C.; Bahl, J.; Krammer, F. The influenza virus hemagglutinin head evolves faster than the stalk

domain. Sci. Rep. 2018, 8, 10432. [CrossRef]
6. Shih, A.C.C.; Hsiao, T.C.; Ho, M.S.; Li, W.H. Simultaneous amino acid substitutions at antigenic sites drive influenza A

hemagglutinin evolution. Proc. Natl. Acad. Sci. USA 2007, 104, 6283–6288. [CrossRef] [PubMed]
7. Shtyrya, Y.A.; Mochalova, L.V.; Bovin, N.V. Influenza Virus Neuraminidase: Structure and Function. Methods Mol. Biol. 2009, 1, 26.

[CrossRef]
8. Matrosovich, M.N.; Matrosovich, T.Y.; Gray, T.; Roberts, N.A.; Klenk, H.D. Human and avian influenza viruses target different

cell types in cultures of human airway epithelium. Proc. Natl. Acad. Sci. USA 2004, 101, 4620. [CrossRef]
9. Sriwilaijaroen, N.; Suzuki, Y. Molecular basis of a pandemic of avian-type influenza virus. Methods Mol. Biol. 2014, 1200, 447–480.
10. Kobasa, D.; Kodihalli, S.; Luo, M.; Castrucci, M.; Donatelli, I.; Suzuki, Y.; Suzuki, T.; Kawaoka, Y. Amino acid residues contributing

to the substrate specificity of the influenza A virus neuraminidase. J. Virol. 1999, 73, 6743–6751. [CrossRef]
11. Gulati, U.; Wu, W.; Gulati, S.; Kumari, K.; Waner, J.L.; Air, G.M. Mismatched hemagglutinin and neuraminidase specificities in

recent human H3N2 influenza viruses. Virology 2005, 339, 12–20. [CrossRef]
12. Air, G. Influenza neuraminidase. Influenza Other Respir. Viruses 2012, 6, 245–256. [CrossRef] [PubMed]
13. Palese, P.; Tobita, K.; Ueda, M.; Compans, R. Characterization of temperature sensitive influenza virus mutants defective in

neuraminidase. Virology 1974, 61, 397–410. [CrossRef]
14. Gamblin, S.; Skehel, J. Influenza hemagglutinin and neuraminidase membrane glycoproteins. J. Biol. Chem. 2010, 285, 28403–28409.

[CrossRef]
15. Webster, R.G.; Laver, W.G.; Air, G.M.; Schild, G.C. Molecular mechanisms of variation in influenza viruses. Nature 1982, 296,

115–121. [CrossRef]
16. Westgeest, K.B.; de Graaf, M.; Fourment, M.; Bestebroer, T.M.; van Beek, R.; Spronken, M.I.J.; de Jong, J.C.; Rimmelzwaan, G.F.;

Russell, C.A.; Osterhaus, A.D.M.E.; et al. Genetic evolution of the neuraminidase of influenza A (H3N2) viruses from 1968 to
2009 and its correspondence to haemagglutinin evolution. J. Gen. Virol. 2012, 93 Pt 9, 1996. [CrossRef]

17. Sandbulte, M.R.; Westgeest, K.B.; Gao, J.; Xu, X.; Klimov, A.I.; Russell, C.A.; Burke, D.F.; Smith, D.J.; Fouchier, R.A.; Eichelberger,
M.C. Discordant antigenic drift of neuraminidase and hemagglutinin in H1N1 and H3N2 influenza viruses. Proc. Natl. Acad. Sci.
USA 2011, 108, 20748–20753. [CrossRef]

18. Eichelberger, M.; Morens, D.; Taubenberger, J. Neuraminidase as an influenza vaccine antigen: A low hanging fruit, ready for
picking to improve vaccine effectiveness. Curr. Opin. Immunol. 2018, 53, 38–44. [CrossRef] [PubMed]

19. Sylte, M.; Suarez, D. Influenza neuraminidase as a vaccine antigen. Curr. Top. Microbiol. Immunol. 2009, 333, 227–241. [PubMed]
20. Hwang, H.S.; Chang, M.; Kim, Y.A. Influenza–Host Interplay and Strategies for Universal Vaccine Development. Vaccines 2020, 8, 548.

[CrossRef]

http://doi.org/10.1128/jvi.69.2.1099-1106.1995
http://www.ncbi.nlm.nih.gov/pubmed/7815489
http://doi.org/10.1186/1743-422X-10-321
http://doi.org/10.1371/journal.pone.0110026
http://www.ncbi.nlm.nih.gov/pubmed/25333824
http://doi.org/10.1016/j.tim.2018.03.005
http://doi.org/10.1038/s41598-018-28706-1
http://doi.org/10.1073/pnas.0701396104
http://www.ncbi.nlm.nih.gov/pubmed/17395716
http://doi.org/10.32607/20758251-2009-1-2-26-32
http://doi.org/10.1073/pnas.0308001101
http://doi.org/10.1128/JVI.73.8.6743-6751.1999
http://doi.org/10.1016/j.virol.2005.05.009
http://doi.org/10.1111/j.1750-2659.2011.00304.x
http://www.ncbi.nlm.nih.gov/pubmed/22085243
http://doi.org/10.1016/0042-6822(74)90276-1
http://doi.org/10.1074/jbc.R110.129809
http://doi.org/10.1038/296115a0
http://doi.org/10.1099/vir.0.043059-0
http://doi.org/10.1073/pnas.1113801108
http://doi.org/10.1016/j.coi.2018.03.025
http://www.ncbi.nlm.nih.gov/pubmed/29674167
http://www.ncbi.nlm.nih.gov/pubmed/19768409
http://doi.org/10.3390/vaccines8030548


Vaccines 2022, 10, 1520 17 of 19

21. Paules, C.; Marston, H.; Eisinger, R.; Baltimore, D.; Fauci, A.S. The Pathway to a Universal Influenza Vaccine. Immunity 2017, 47,
599–603. [CrossRef] [PubMed]

22. Rejmanek, D.; Hosseini, P.R.; Mazet, J.A.K.; Daszak, P.; Goldstein, T. Evolutionary Dynamics and Global Diversity of Influenza A
Virus. J. Virol. 2015, 89, 10993. [CrossRef] [PubMed]

23. Tsai, K.; Chen, G. Influenza genome diversity and evolution. Microbes Infect. 2011, 13, 479–488. [CrossRef] [PubMed]
24. Liu, W.; Lin, C.; Tsou, Y.; Jan, J.; Wu, S. Cross-Reactive Neuraminidase-Inhibiting Antibodies Elicited by Immunization with

Recombinant Neuraminidase Proteins of H5N1 and Pandemic H1N1 Influenza A Viruses. J. Virol. 2015, 89, 7224–7234. [CrossRef]
25. Job, E.R.; Schotsaert, M.; Ibañez, L.I.; Smet, A.; Ysenbaert, T.; Roose, K.; Dai, M.; de Haan, C.A.M.; Kleanthous, H.; Vogel, T.U.; et al.

Antibodies Directed toward Neuraminidase N1 Control Disease in a Mouse Model of Influenza. J. Virol. 2018, 92, e01584-17.
[CrossRef]

26. Krammer, F.; Fouchier, R.A.M.; Eichelberger, M.C.; Webby, R.J.; Shaw-Saliba, K.; Wan, H.; Wilson, P.C.; Compans, R.W.;
Skountzou, I.; Monto, A.S. NAction! how can neuraminidase-based immunity contribute to better influenza virus vaccines? mBio
2018, 9, e02332-17. [CrossRef]

27. Memoli, M.J.; Shaw, P.A.; Han, A.; Czajkowski, L.; Reed, S.; Athota, R.; Bristol, T.; Fargis, S.; Risos, K.; Powers, J.H.; et al.
Evaluation of antihemagglutinin and antineuraminidase antibodies as correlates of protection in an influenza A/H1N1 virus
healthy human challenge model. mBio 2016, 7, e00417-16. [CrossRef]

28. Powers, D.C.; Kilbourne, E.D.; Johansson, B.E. Neuraminidase-specific antibody responses to inactivated influenza virus vaccine
in young and elderly adults. Clin. Diagn. Lab. Immunol. 1996, 3, 511. [CrossRef]

29. Laguio-Vila, M.R.; Thompson, M.G.; Reynolds, S.; Spencer, S.M.; Gaglani, M.; Naleway, A.; Ball, S.; Bozeman, S.; Baker, S.;
Martínez-Sobrido, L.; et al. Comparison of serum hemagglutinin and neuraminidase inhibition antibodies after 2010–2011
trivalent inactivated influenza vaccination in healthcare personnel. Open Forum Infect. Dis. 2015, 2, ofu115. [CrossRef]

30. Klasse, P.J.; Sattentau, Q.J. Occupancy and mechanism in antibody-mediated neutralization of animal viruses. J. Gen. Virol. 2002,
83, 2091–2108. [CrossRef]

31. Potier, M.; Mameli, L.; Bélisle, M.; Dallaire, L.; Melançon, S.B. Fluorometric assay of neuraminidase with a sodium (4-
methylumbelliferyl-α-d-N-acetylneuraminate) substrate. Anal. Biochem. 1979, 94, 287–296. [CrossRef]

32. Lambré, C.R.; Chauvaux, S.; Pilatte, Y. Fluorometric assay for the measurement of viral neuraminidase in influenza vaccines.
Vaccine 1989, 7, 104–105. [CrossRef]

33. Lambré, C.; Terzidis, H.; Greffard, A.; Webster, R. Measurement of anti-influenza neuraminidase antibody using a peroxidase-
linked lectin and microtitre plates coated with natural substrates. J. Immunol. Methods 1990, 135, 49–57. [CrossRef]

34. Eichelberger, M.; Couzens, L.; Gao, Y.; Levine, M.; Katz, J.; Wagner, R.; Thompson, C.I.; Höschler, K.; Laurie, K.; Bai, T.; et al.
Comparability of neuraminidase inhibition antibody titers measured by enzyme-linked lectin assay (ELLA) for the analysis of
influenza vaccine immunogenicity. Vaccine 2016, 34, 458–465. [CrossRef] [PubMed]

35. Gao, J.; Couzens, L.; Eichelberger, M. Measuring Influenza Neuraminidase Inhibition Antibody Titers by Enzyme-linked Lectin
Assay. J. Vis. Exp. JoVE 2016, 2016, e54573. [CrossRef]

36. Piepenbrink, M.; Nogales, A.; Basu, M.; Fucile, C.; Liesveld, J.; Keefer, M.; Rosenberg, A.F.; Martinez-Sobrido, L.; Kobie, J.J. Broad
and Protective Influenza B Virus Neuraminidase Antibodies in Humans after Vaccination and their Clonal Persistence as Plasma
Cells. mBio 2019, 10, e00066-19. [CrossRef]

37. Murtaugh, W.; Mahaman, L.; Healey, B.; Peters, H.; Anderson, B.; Tran, M.; Ziese, M.; Carlos, M. Evaluation of Three Influenza
Neuraminidase Inhibition Assays for Use in a Public Health Laboratory Setting During the 2011–2012 Influenza Season. Public
Health Rep. 2013, 128 (Suppl. 2), 75. [CrossRef]

38. Biuso, F.; Carnell, G.; Montomoli, E.; Temperton, N. A Lentiviral Pseudotype ELLA for the Measurement of Antibodies Against
Influenza Neuraminidase. BIO-PROTOCOL 2018, 8, 2936. [CrossRef]

39. Biuso, F.; Palladino, L.; Manenti, A.; Stanzani, V.; Lapini, G.; Gao, J.; Couzens, L.; Eichelberger, M.C.; Montomoli, E. Use of
lentiviral pseudotypes as an alternative to reassortant or Triton X-100-treated wild-type Influenza viruses in the neuraminidase
inhibition enzyme-linked lectin assay. Influ. Other Respir. Viruses 2019, 13, 504–516. [CrossRef]

40. Raab, D.; Graf, M.; Notka, F.; Schödl, T.; Wagner, R. The GeneOptimizer Algorithm: Using a sliding window approach to cope
with the vast sequence space in multiparameter DNA sequence optimization. Syst. Synth. Biol. 2010, 4, 215–225. [CrossRef]

41. Del Rosario, J.M.M.; da Costa, K.A.S.; Asbach, B.; Ferrara, F.; Ferrari, M.; Wells, D.A.; Mann, G.S.; Ameh, V.O.; Sabeta, C.T.;
Banyard, A.C.; et al. Exploiting Pan Influenza A and Pan Influenza B Pseudotype Libraries for Efficient Vaccine Antigen Selection.
Vaccines 2021, 9, 741. [CrossRef] [PubMed]

42. Wan, H.; Gao, J.; Xu, K.; Chen, H.; Couzens, L.K.; Rivers, K.H.; Easterbrook, J.D.; Yang, K.; Zhong, L.; Rajabi, M.; et al. Molecular
Basis for Broad Neuraminidase Immunity: Conserved Epitopes in Seasonal and Pandemic H1N1 as Well as H5N1 Influenza
Viruses. J. Virol. 2013, 87, 9290–9300. [CrossRef]

43. Wan, H.; Yang, H.; Shore, D.; Garten, R.; Couzens, L.; Gao, J.; Jiang, L.; Carney, P.J.; Villanueva, J.; Stevens, J.; et al. Structural
characterization of a protective epitope spanning A(H1N1)pdm09 influenza virus neuraminidase monomers. Nat. Commun. 2015,
6, 6114. [CrossRef]

44. Dreyfus, C.; Laursen, N.S.; Kwaks, T.; Zuijdgeest, D.; Khayat, R.; Ekiert, D.C.; Lee, J.H.; Metlagel, Z.; Bujny, M.V.; Jongeneelen, M.; et al.
Highly Conserved Protective Epitopes on Influenza B Viruses. Science 2012, 337, 1343. [CrossRef] [PubMed]

http://doi.org/10.1016/j.immuni.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/29045889
http://doi.org/10.1128/JVI.01573-15
http://www.ncbi.nlm.nih.gov/pubmed/26311890
http://doi.org/10.1016/j.micinf.2011.01.013
http://www.ncbi.nlm.nih.gov/pubmed/21276870
http://doi.org/10.1128/JVI.00585-15
http://doi.org/10.1128/JVI.01584-17
http://doi.org/10.1128/mBio.02332-17
http://doi.org/10.1128/mBio.00417-16
http://doi.org/10.1128/cdli.3.5.511-516.1996
http://doi.org/10.1093/ofid/ofu115
http://doi.org/10.1099/0022-1317-83-9-2091
http://doi.org/10.1016/0003-2697(79)90362-2
http://doi.org/10.1016/0264-410X(89)90045-5
http://doi.org/10.1016/0022-1759(90)90255-T
http://doi.org/10.1016/j.vaccine.2015.12.022
http://www.ncbi.nlm.nih.gov/pubmed/26707221
http://doi.org/10.3791/54573
http://doi.org/10.1128/mBio.00066-19
http://doi.org/10.1177/00333549131280S212
http://doi.org/10.21769/BioProtoc.2936
http://doi.org/10.1111/irv.12669
http://doi.org/10.1007/s11693-010-9062-3
http://doi.org/10.3390/vaccines9070741
http://www.ncbi.nlm.nih.gov/pubmed/34358157
http://doi.org/10.1128/JVI.01203-13
http://doi.org/10.1038/ncomms7114
http://doi.org/10.1126/science.1222908
http://www.ncbi.nlm.nih.gov/pubmed/22878502


Vaccines 2022, 10, 1520 18 of 19

45. Miller, M.A.; Pfeiffer, W.; Schwartz, T. Creating the CIPRES Science Gateway for Inference of Large Phylogenetic Trees; Gateway
Computing Environments Workshop, GCE: New Orleans, LA, USA, 2010; pp. 1–8. [CrossRef]

46. Zhang, Y.; Aevermann, B.; Anderson, T.; Burke, D.; Dauphin, G.; Gu, Z.; He, S.; Kumar, S.; Larsen, C.N.; Lee, A.J.; et al. Influenza
Research Database: An integrated bioinformatics resource for influenza virus research. Nucleic Acids Res. 2017, 45, D466–D474.
[CrossRef] [PubMed]

47. Del Rosario, J.M.M.; Smith, M.; Zaki, K.; Risley, P.; Temperton, N.; Engelhardt, O.G.; Collins, M.; Takeuchi, Y.; Hufton, S.E.
Protection From Influenza by Intramuscular Gene Vector Delivery of a Broadly Neutralizing Nanobody Does Not Depend on
Antibody Dependent Cellular Cytotoxicity. Front. Immunol. 2020, 11, 627. [CrossRef]

48. Naldini, L.; Blömer, U.; Gallay, P.; Ory, D.; Mulligan, R.; Gage, F.; Verma, I.M.; Trono, D. In vivo gene delivery and stable
transduction of nondividing cells by a lentiviral vector. Science 1996, 272, 263–267. [CrossRef]

49. Zufferey, R.; Nagy, D.; Mandel, R.; Naldini, L.; Trono, D. Multiply attenuated lentiviral vector achieves efficient gene delivery
in vivo. Nat. Biotechnol. 1997, 15, 871–875. [CrossRef]

50. Zhu, X.; Yang, H.; Guo, Z.; Yu, W.; Carney, P.J.; Li, Y.; Chen, L.M.; Paulson, J.C.; Donis, R.O.; Tong, S.; et al. Crystal structures of
two subtype N10 neuraminidase-like proteins from bat influenza A viruses reveal a diverged putative active site. Proc. Natl. Acad.
Sci. USA 2012, 109, 18903–18908. [CrossRef]

51. Li, Q.; Sun, X.; Li, Z.; Liu, Y.; Vavricka, C.J.; Qi, J.; Gao, G.F. Structural and functional characterization of neuraminidase-like
molecule N10 derived from bat influenza A virus. Proc. Natl. Acad. Sci. USA 2012, 109, 18897–18902. [CrossRef]

52. Tong, S.; Zhu, X.; Li, Y.; Shi, M.; Zhang, J.; Bourgeois, M.; Yang, H.; Chen, X.; Recuenco, S.; Gomez, J.; et al. New World Bats
Harbor Diverse Influenza A Viruses. PLoS Pathog. 2013, 9, e1003657. [CrossRef] [PubMed]

53. Tong, S.; Li, Y.; Rivailler, P.; Conrardy, C.; Alvarez Castillo, D.A.; Chen, L.M.; Recuenco, S.; Ellison, J.A.; Davis, C.T.; York, I.A.; et al. A
distinct lineage of influenza A virus from bats. PNAS 2012, 109, 4269–4274. [CrossRef] [PubMed]

54. Ciminski, K.; Ran, W.; Gorka, M.; Lee, J.; Malmlov, A.; Schinköthe, J.; Eckley, M.; Murrieta, R.A.; Aboellail, T.A.; Campbell, C.L.; et al. Bat
influenza viruses transmit among bats but are poorly adapted to non-bat species. Nat. Microbiol. 2019, 4, 2298–2309. [CrossRef]

55. Giotis, E.S.; Carnell, G.; Young, E.F.; Ghanny, S.; Soteropoulos, P.; Wang, L.F.; Barclay, W.S.; Skinner, M.A.; Temperton, N. Entry of
the bat influenza H17N10 virus into mammalian cells is enabled by the MHC class II HLA-DR receptor. Nat. Microbiol. 2019, 4,
2035–2038. [CrossRef] [PubMed]

56. Böttcher-Friebertshäuser, E.; Garten, W.; Matrosovich, M.; Klenk, H. The hemagglutinin: A determinant of pathogenicity. Curr.
Top. Microbiol. Immunol. 2014, 385, 3–34. [PubMed]

57. Temperton, N.J.; Hoschler, K.; Major, D.; Nicolson, C.; Manvell, R.; Hien, V.M.; Ha, D.; de Jong, M.; Zambon, M.; Takeuchi, Y.; et al. A
sensitive retroviral pseudotype assay for influenza H5N1-neutralizing antibodies. Influenza Other Respir. Viruses 2007, 1, 105–112.
[CrossRef] [PubMed]

58. Taubenberger, J.K.; Morens, D.M. Influenza: The Once and Future Pandemic. Public Health Rep. 2010, 125 (Suppl. 3), 16–26.
[CrossRef]

59. Neumann, G.; Kawaoka, Y. Predicting the Next Influenza Pandemics. J. Infect. Dis. 2019, 219 (Suppl. 1), S14–S20. [CrossRef]
60. Chen, Y.Q.; Lan, L.Y.L.; Huang, M.; Henry, C.; Wilson, P.C. Hemagglutinin Stalk-Reactive Antibodies Interfere with Influenza

Virus Neuraminidase Activity by Steric Hindrance. J. Virol. 2019, 93, e01526-18. [CrossRef]
61. Eichelberger, M.C.; Hassantoufighi, A.; Wu, M.; Li, M. Neuraminidase activity provides a practical read-out for a high throughput

influenza antiviral screening assay. Virol. J. 2008, 5, 109. [CrossRef]
62. Hassantoufighi, A.; Zhang, H.; Sandbulte, M.; Gao, J.; Manischewitz, J.; King, L.; Golding, H.; Straight, T.M.; Eichelberger, M.C.

A practical influenza neutralization assay to simultaneously quantify hemagglutinin and neuraminidase-inhibiting antibody
responses. Vaccine 2010, 28, 790–797. [CrossRef] [PubMed]

63. Leang, S.; Hurt, A. Fluorescence-based Neuraminidase Inhibition Assay to Assess the Susceptibility of Influenza Viruses to The
Neuraminidase Inhibitor Class of Antivirals. J. Vis. Exp. JoVE 2017, 2017, e55570. [CrossRef]

64. Sautto, G.A.; Kirchenbaum, G.A.; Ross, T.M. Towards a universal influenza vaccine: Different approaches for one goal. Virol. J.
2018, 15, 17. [CrossRef]

65. Mathew, N.R.; Angeletti, D. Recombinant Influenza Vaccines: Saviors to Overcome Immunodominance. Front. Immunol. 2020, 10, 2997.
[CrossRef] [PubMed]

66. Rijal, P.; Wang, B.B.; Tan, T.K.; Schimanski, L.; Janesch, P.; Dong, T.; McCauley, J.W.; Daniels, R.S.; Townsend, A.R.; Huang, K.A.
Broadly Inhibiting Antineuraminidase Monoclonal Antibodies Induced by Trivalent Influenza Vaccine and H7N9 Infection in
Humans. J. Virol. 2020, 94, e01182-19. [CrossRef] [PubMed]

67. Park, J.K.; Han, A.; Czajkowski, L.; Reed, S.; Athota, R.; Bristol, T.; Rosas, L.A.; Cervantes-Medina, A.; Taubenberger, J.K.; Memoli,
M.J. Evaluation of preexisting anti-hemagglutinin stalk antibody as a correlate of protection in a healthy volunteer challenge with
influenza A/H1N1pdm virus. mBio 2018, 9, e02284-17. [CrossRef]

68. Couch, R.B.; Atmar, R.L.; Franco, L.M.; Quarles, J.M.; Wells, J.; Arden, N.; Niño, D.; Belmont, J.W. Antibody correlates and
predictors of immunity to naturally occurring influenza in humans and the importance of antibody to the neuraminidase. J. Infect.
Dis. 2013, 207, 974–981. [CrossRef]

69. Monto, A.S.; Petrie, J.G.; Cross, R.T.; Johnson, E.; Liu, M.; Zhong, W.; Levine, M.; Katz, J.M.; Ohmit, S.E. Antibody to influenza
virus neuraminidase: An independent correlate of protection. J. Infect. Dis. 2015, 212, 1191–1199. [CrossRef]

http://doi.org/10.1109/GCE.2010.5676129
http://doi.org/10.1093/nar/gkw857
http://www.ncbi.nlm.nih.gov/pubmed/27679478
http://doi.org/10.3389/fimmu.2020.00627
http://doi.org/10.1126/science.272.5259.263
http://doi.org/10.1038/nbt0997-871
http://doi.org/10.1073/pnas.1212579109
http://doi.org/10.1073/pnas.1211037109
http://doi.org/10.1371/journal.ppat.1003657
http://www.ncbi.nlm.nih.gov/pubmed/24130481
http://doi.org/10.1073/pnas.1116200109
http://www.ncbi.nlm.nih.gov/pubmed/22371588
http://doi.org/10.1038/s41564-019-0556-9
http://doi.org/10.1038/s41564-019-0517-3
http://www.ncbi.nlm.nih.gov/pubmed/31358984
http://www.ncbi.nlm.nih.gov/pubmed/25031010
http://doi.org/10.1111/j.1750-2659.2007.00016.x
http://www.ncbi.nlm.nih.gov/pubmed/19453415
http://doi.org/10.1177/00333549101250S305
http://doi.org/10.1093/infdis/jiz040
http://doi.org/10.1128/JVI.01526-18
http://doi.org/10.1186/1743-422X-5-109
http://doi.org/10.1016/j.vaccine.2009.10.066
http://www.ncbi.nlm.nih.gov/pubmed/19887135
http://doi.org/10.3791/55570
http://doi.org/10.1186/s12985-017-0918-y
http://doi.org/10.3389/fimmu.2019.02997
http://www.ncbi.nlm.nih.gov/pubmed/31998299
http://doi.org/10.1128/JVI.01182-19
http://www.ncbi.nlm.nih.gov/pubmed/31748388
http://doi.org/10.1128/mBio.02284-17
http://doi.org/10.1093/infdis/jis935
http://doi.org/10.1093/infdis/jiv195


Vaccines 2022, 10, 1520 19 of 19

70. WHO. Human Infection with Avian Influenza A(H10N3)—China. 2021. Available online: https://www.who.int/emergencies/
disease-outbreak-news/item/human-infection-with-avian-influenza-a(h10n3)-china (accessed on 11 August 2021).

71. Chen, B.J.; Leser, G.P.; Morita, E.; Lamb, R.A. Influenza Virus Hemagglutinin and Neuraminidase, but Not the Matrix Protein,
Are Required for Assembly and Budding of Plasmid-Derived Virus-Like Particles. J. Virol. 2007, 81, 7111–7123. [CrossRef]

72. McAuley, J.L.; Gilbertson, B.P.; Trifkovic, S.; Brown, L.E.; McKimm-Breschkin, J.L. Influenza Virus Neuraminidase Structure and
Functions. Front. Microbiol. 2019, 10, 39. [CrossRef]

73. Matsuoka, Y.; Swayne, D.E.; Thomas, C.; Rameix-Welti, M.A.; Naffakh, N.; Warnes, C.; Warnes, C.; Altholtz, M.; Donis, R.;
Subbarao, K. Neuraminidase Stalk Length and Additional Glycosylation of the Hemagglutinin Influence the Virulence of
Influenza H5N1 Viruses for Mice. J. Virol. 2009, 83, 5. [CrossRef] [PubMed]

74. Kosik, I.; Yewdell, J.W. Influenza hemagglutinin and neuraminidase: Yin–yang proteins coevolving to thwart immunity. Viruses
2019, 11, 346. [CrossRef] [PubMed]

75. Fukuyama, H.; Shinnakasu, R.; Kurosaki, T. Influenza vaccination strategies targeting the hemagglutinin stem region. Immunol.
Rev. 2020, 296, 132–141. [CrossRef] [PubMed]

76. Margine, I.; Krammer, F.; Hai, R.; Heaton, N.S.; Tan, G.S.; Andrews, S.A.; Runstadler, J.A.; Wilson, P.C.; Albrecht, R.A.; García-
Sastre, A.; et al. Hemagglutinin Stalk-Based Universal Vaccine Constructs Protect against Group 2 Influenza A Viruses. J. Virol.
2013, 87, 10435–10446. [CrossRef]

77. Krammer, F.; Pica, N.; Hai, R.; Margine, I.; Palese, P. Chimeric Hemagglutinin Influenza Virus Vaccine Constructs Elicit Broadly
Protective Stalk-Specific Antibodies. J. Virol. 2013, 87, 6542–6550. [CrossRef]

78. WHO. Avian Influenza: Assessing the Pandemic Threat. 2005. Available online: https://apps.who.int/iris/handle/10665/68985
(accessed on 17 August 2021).

79. Viboud, C.; Grais, R.F.; Lafont, B.A.P.; Miller, M.A.; Simonsen, L. Multinational impact of the 1968 Hong Kong influenza pandemic:
Evidence for a smoldering pandemic. J. Infect. Dis. 2005, 192, 233–248. [CrossRef]

80. Schulman, J.L.; Kilbourne, E.D. The antigenic relationship of the neuraminidase of Hong Kong virus to that of other human
strains of influenza A virus. Bull. World Health Organ. 1969, 41, 425–428.

81. Easterbrook, J.D.; Schwartzman, L.M.; Gao, J.; Kash, J.C.; Morens, D.M.; Couzens, L.; Wan, H.; Eichelberger, M.C.; Taubenberger, J.K.
Protection against a lethal H5N1 influenza challenge by intranasal immunization with virus-like particles containing 2009
pandemic H1N1 neuraminidase in mice. Virology 2012, 432, 39–44. [CrossRef]

82. Stadlbauer, D.; Zhu, X.; McMahon, M.; Turner, J.S.; Wohlbold, T.J.; Schmitz, A.J.; Strohmeier, S.; Yu, W.; Nachbagauer, R.;
Mudd, P.A. Broadly protective human antibodies that target the active site of influenza virus neuraminidase. Science 2019, 366,
499–504. [CrossRef]

83. Wohlbold, T.J.; Podolsky, K.A.; Chromikova, V.; Kirkpatrick, E.; Falconieri, V.; Meade, P.; Amanat, F.; Tan, J.; ten Oever, B.R.;
Tan, G.S.; et al. Broadly protective murine monoclonal antibodies against influenza B virus target highly conserved neuraminidase
epitopes. Nat. Microbiol. 2017, 2, 1415–1424. [CrossRef]

84. Wetherall, N.T.; Trivedi, T.; Zeller, J.; Hodges-Savola, C.; McKimm-Breschkin, J.L.; Zambon, M.; Hayden, F.G. Evaluation
of neuraminidase enzyme assays using different substrates to measure susceptibility of influenza virus clinical isolates to
neuraminidase inhibitors: Report of the neuraminidase inhibitor susceptibility network. J. Clin. Microbiol. 2003, 41, 742–750.
[CrossRef] [PubMed]

85. Chen, Y.Q.; Wohlbold, T.J.; Zheng, N.Y.; Huang, M.; Huang, Y.; Neu, K.E.; Lee, J.; Wan, H.; Rojas, K.T.; Kirkpatrick, E.; et al.
Influenza Infection in Humans Induces Broadly Cross-Reactive and Protective Neuraminidase-Reactive Antibodies. Cell 2018,
173, 417–429.e10. [CrossRef] [PubMed]

86. Gulati, S.; Smith, D.F.; Cummings, R.D.; Couch, R.B.; Griesemer, S.B.; St George, K.; Webster, R.G.; Air, G.M. Human H3N2 In-
fluenza Viruses Isolated from 1968 To 2012 Show Varying Preference for Receptor Substructures with No Apparent Consequences
for Disease or Spread. PLoS ONE 2013, 8, e66325.

87. Laver, W.G.; Colman, P.M.; Webster, R.G.; Hinshaw, V.S.; Air, G.M. Influenza virus neuraminidase with hemagglutinin activity.
Virology 1984, 137, 314–323. [CrossRef]

88. Lin, Y.P.; Gregory, V.; Collins, P.; Kloess, J.; Wharton, S.; Cattle, N.; Lackenby, A.; Daniels, R.; Hay, A. Neuraminidase Receptor
Binding Variants of Human Influenza A(H3N2) Viruses Resulting from Substitution of Aspartic Acid 151 in the Catalytic Site: A
Role in Virus Attachment? J. Virol. 2010, 84, 6769–6781. [CrossRef] [PubMed]

89. Hurt, A.C. Antiviral therapy for the next influenza pandemic. Vol. 4, Tropical Medicine and Infectious Disease. Trop. Med. Infect.
Dis. 2019, 4, 67. [CrossRef]

90. Dobson, J.; Whitley, R.J.; Pocock, S.; Monto, A.S. Oseltamivir treatment for influenza in adults: A meta-analysis of randomised
controlled trials. Lancet 2015, 385, 1729–1737. [CrossRef]

91. Smith, G.E.; Sun, X.; Bai, Y.; Liu, Y.V.; Massare, M.J.; Pearce, M.B.; Belser, J.A.; Maines, T.R.; Creager, H.M.; Glenn, G.M.; et al.
Neuraminidase-based recombinant virus-like particles protect against lethal avian influenza A(H5N1) virus infection in ferrets.
Virology 2017, 509, 90–97. [CrossRef]

92. McMahon, M.; Kirkpatrick, E.; Stadlbauer, D.; Strohmeier, S.; Bouvier, N.M.; Krammer, F. Mucosal immunity against neu-
raminidase prevents influenza B virus transmission in Guinea pigs. mBio 2019, 10, e00560-19. [CrossRef]

https://www.who.int/emergencies/disease-outbreak-news/item/human-infection-with-avian-influenza-a(h10n3)-china
https://www.who.int/emergencies/disease-outbreak-news/item/human-infection-with-avian-influenza-a(h10n3)-china
http://doi.org/10.1128/JVI.00361-07
http://doi.org/10.3389/fmicb.2019.00039
http://doi.org/10.1128/JVI.01987-08
http://www.ncbi.nlm.nih.gov/pubmed/19225004
http://doi.org/10.3390/v11040346
http://www.ncbi.nlm.nih.gov/pubmed/31014029
http://doi.org/10.1111/imr.12887
http://www.ncbi.nlm.nih.gov/pubmed/32542739
http://doi.org/10.1128/JVI.01715-13
http://doi.org/10.1128/JVI.00641-13
https://apps.who.int/iris/handle/10665/68985
http://doi.org/10.1086/431150
http://doi.org/10.1016/j.virol.2012.06.003
http://doi.org/10.1126/science.aay0678
http://doi.org/10.1038/s41564-017-0011-8
http://doi.org/10.1128/JCM.41.2.742-750.2003
http://www.ncbi.nlm.nih.gov/pubmed/12574276
http://doi.org/10.1016/j.cell.2018.03.030
http://www.ncbi.nlm.nih.gov/pubmed/29625056
http://doi.org/10.1016/0042-6822(84)90223-X
http://doi.org/10.1128/JVI.00458-10
http://www.ncbi.nlm.nih.gov/pubmed/20410266
http://doi.org/10.3390/tropicalmed4020067
http://doi.org/10.1016/S0140-6736(14)62449-1
http://doi.org/10.1016/j.virol.2017.06.006
http://doi.org/10.1128/mBio.00560-19

	Introduction 
	Materials and Methods 
	Production and Transformation of Plasmids 
	Production of Influenza H11-NA(X) Pseudotypes 
	H5 Release Assay 
	Reference Antisera, Monoclonal Antibodies and Serum Samples 
	Titration of NA PV via Enzyme-Linked Lectin Assay (pELLA) 
	Inhibition of NA PV by Antisera and Monoclonal Antibodies 
	Flow Cytometry Binding Assay 
	NA-Fluor™ Influenza Neuraminidase Assay 
	Statistical Analysis 
	Bioinformatic Analysis 

	Results 
	NA PV Production and Functionality 
	In Vitro Inhibition of NA Pseudotypes by Antisera and Monoclonal Antibodies 
	Inhibition of Neuraminidase Activity by post-NA Vaccination Mouse Sera 
	Comparison of pELLA with NA-Fluor™ to Evaluate NA Activity and Inhibition 

	Discussion 
	References

