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Abstract

Influenza neuraminidase (NA) is implicated in various aspects of the virus replication cycle
and therefore is an attractive target for vaccination and antiviral strategies. Here we investi-
gated the potential for NA-specific antibodies to interfere with A(H1N1)pdmO089 replication in
primary human airway epithelial (HAE) cells. Mouse polyclonal anti-NA sera and a monoclo-
nal antibody could block initial viral entry into HAE cells as well as egress from the cell sur-
face. NA-specific polyclonal serum also reduced virus replication across multiple rounds of
infection. Restriction of virus entry correlated with the ability of the serum or monoclonal anti-
body to mediate neuraminidase inhibition (NI). Finally, human sera with NI activity against
the N1 of A(H1N1)pdmO9 could decrease HEN1 virus infection of HAE cells, highlighting the
potential contribution of anti-NA antibodies in the control of influenza virus infection in
humans.

Introduction

Influenza viruses pose a serious public health threat. Influenza A and B viruses carry two
major surface glycoproteins: hemagglutinin (HA) and neuraminidase (NA). The HA binds to
sialic acid present on the surface of target cells. The NA has an opposing function, cleaving the
linkage between the sialic acid and the adjacent sugar residue [1]. NA activity aids in virion
entry into underlying cells by cleaving sialic acid residues from decoy receptors in the airways
[2, 3]. In concert with HA, NA may also allow the influenza virion to reach a suitable endocytic
patch on the cell surface by promoting a grasping and rolling mechanism [4, 5]. Furthermore,
NA activity has been shown to contribute to HA-mediated membrane fusion based on the use
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of HA pseudotyped lentiviral reporter viruses [6]. At a late stage in the influenza virus replica-
tion cycle, during virion budding, NA activity facilitates the release of newly produced virions
from the cell surface and prevents virion self-aggregation [7].

Preclinical and clinical studies have demonstrated that antibodies that can block NA activ-
ity contribute to protection against influenza. Vaccination with recombinant NA, for example,
can protect mice against a challenge with an otherwise lethal dose of homologous virus and
this protection has been shown to correlate with the levels of NA-inhibiting antibodies [8, 9].
Furthermore, administration of monoclonal antibodies with neuraminidase inhibition (NI)
activity fully protected mice from disease when challenged with influenza virus [10-13]. NA-
specific monoclonal antibodies without detectable NI, however, can also protect mice against
influenza A virus challenge by a mechanism that relies on the engagement of Fcy receptors
[14-17]. Importantly, controlled human influenza virus challenge studies have demonstrated
that a reduction in clinical symptoms correlated with the presence of NI antibodies [18, 19]. It
is well accepted that antibodies with NI activity can reduce the spread of the virus from
infected cells [20]. However, as NA plays several roles during the viral life cycle, it is likely that
NA antibodies could interfere at any of these steps. Indeed, small molecule NA inhibitors such
as oseltamivir and zanamivir prevent desialylation of innate soluble proteins by NA [3, 21] and
decrease viral entry into human cell lines [3, 4].

Human airway epithelial (HAE) cells harvested at the intrathoracic portion of the trachea
(distal trachea) and carina can form a pseudostratified epithelium consisting of tight junctions,
basal cells, ciliated cells and mucus-producing goblet cells upon differentiation in air-liquid
phase cultures [22]. Such differentiated HAE cultures represent the in vitro gold standard host
cell model to examine human influenza virus infection and accurately reflect the receptor
diversity found in humans [23]. Herein, we addressed the impact of NA targeting antibodies
upon influenza A virus infection using differentiated primary HAE cells. We used monoclonal
antibodies and polyclonal sera, directed to the NA of A(HIN1)pdm09 to investigate the possi-
ble role of NA antibodies during virus entry and replication in HAE cultures. Our data show
that antibodies with NI activity can reduce initial infection and delay the release of nascent
virus in HAE cells, highlighting the protective potential of anti-NA antibodies within the
human airways.

Methods

Mouse and human ethical statement

All mouse experiments complied with national (Belgian Law 14/08/1986 and 22/12/20333, Bel-
gian Royal Decree 06/04/2010) and European legislation (EU Directives 2010/63/EU, 86/
609EEG) on animal regulations. The ethics committee of the VIB and Ghent University Fac-
ulty of Science (Eth. Com No. 2014-068 and 2016-059) approved all mouse experiments.
Post-2009 human serum samples were collected under the ethical number EC UZG 20018/
0380, as approved by the commission for medical ethics, University Hospital Gent.

Viruses

We used a derivative of the HIN1 2009 pandemic virus strain A/Belgium/1/2009 (Bel/09) that
had been mouse-adapted (maBel/09) and shows a more robust growth phenotype on Madin
Darby canine kidney (MDCK) cells [24]. In addition, a 6:2 H6N1 reverse genetic (RG) strain
carrying the HA of the H6N1 virus A/mallard/Sweden/81/2002, the NA of Bel/09 and the
other 6 gene segments of A/PR/8/34 (PR8/34) was used in this study. Viruses were propagated
in MDCK cells in serum-free medium and infectious virus titers were determined by plaque
assay on MDCK cells under an 0.6% Avicel RC-591 overlay. Plaques were visualized by

PLOS ONE | https://doi.org/10.1371/journal.pone.0262873  January 31, 2022 2/16


https://doi.org/10.1371/journal.pone.0262873

PLOS ONE

Anti-neuraminidase antibodies restrict influenza virus in primary human airway epithelial cells

staining with polyclonal goat anti-influenza ribonucleoprotein (RNP) (1/3,000, obtained
through the NIH Biodefense and Emerging Infections Research Resources Repository, NIAID,
NIH: Polyclonal Anti-Influenza Virus RNP, A/Scotland/840/74 (H3N2), (antiserum, Goat),
NR-3133)) followed by secondary anti-goat IgG HRP-linked antibody (GE Healthcare) [13]. A
tissue culture infectious dose 50% (TCIDs5) assay was used to determine viral titers on super-
natants from infected HAE cells. In brief, MDCK cells in 96-wells plate were inoculated with
10-fold serial dilutions of HAE cell culture supernatant in serum-free DMEM containing 1 pg/
ml of TPCK-treated trypsin (Sigma Aldrich). Virus was detected after 7 days by agglutination
of chicken or turkey red blood cells.

Sera and monoclonal antibodies

One pg of recombinant soluble trimeric HA or tetrameric NA derived from the Bel/09 strain
[24] was used to immunize BALB/c mice by subcutaneous injection with a prime-boost strat-
egy in the presence of Sigma adjuvant system (SAS, Sigma Aldrich). Negative control sera
were prepared from mice that had been mock-vaccinated with buffer alone (PBS) plus SAS.
Three weeks after the boost vaccination blood was collected to prepare serum. Human sera
were obtained from healthy volunteers 7 days following vaccination with a licensed 2017-2018
seasonal quadrivalent influenza vaccine. The full vaccination and infection history of the
donors is unknown. Sera were heat-inactivated at 56°C for 1h and, for infection assays, also
treated with the receptor-destroying enzyme from Vibrio Cholera (Sigma Aldrich), in accor-
dance with the WHO protocol [25].

The N1-specific NA mouse monoclonal antibodies used were the previously described
N1-C4 and N1-7D3 [13], and the anti-NA rabbit monoclonal antibody HCA-2 [26]. A mouse
IgG1 monoclonal antibody directed against NBe of influenza B virus was used as an irrelevant
control.

HAE cells and influenza virus infection assay

HAE cells from healthy human donors were sourced from either Lonza or Epithelix, as speci-
fied in the figure legends. Lonza cells were differentiated and air-lifted in-house according to
the manufacturer’s directions. The Epithelix MucilAir system was already airlifted and differ-
entiated and thus ready for use. Differentiation was confirmed by visual inspection of the cells,
including the presence of beating cilia and mucus production. The cells were incubated at
37°C with 5% CO, in B-ALI"™ medium (Lonza) or MucilAir culture medium (Epithelix),
with media refreshment in the basal chamber every 2-3 days.

For fluorescent focus reduction assays, HAE cells were pre-washed with cell culture media
to remove the surplus amount of mucus that had accumulated over time on the apical side.
This washing step did not decrease the polysaccharide and mucin layer associated with the
HAE cells, as revealed by Periodic Acid-Schiff (PAS) staining (Sigma) (S1 Fig). HAE cultures
were subsequently infected at a multiplicity of infection (MOI) of 1 or 0.1 (based on MDCK
titration values) with the indicated viruses that had been pre-incubated for 30 minutes at 37°C
with (i) mouse or human sera, (ii) NA-specific or isotype control monoclonal antibodies, (iii)
Oseltamivir, or (iv) medium only. Subsequently, the pre-incubated viruses were allowed to
bind to the cells for 1 h at the apical side of the HAE cells. The virus inoculum was subse-
quently washed away, and the cells were cultured for a further 7 or 23 hours in the air-liquid
phase. Cells were then fixed with 4% paraformaldehyde (PFA) and permeabilized with 0.15%
Triton X100. In some experiments, prior to fixation, the cells were washed once with culture
media and the supernatant was kept for titration [13]. Following permeabilization, monolayers
were blocked with 3% bovine serum albumin (BSA) and stained with a goat polyclonal anti-
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influenza virus RNP (NR-3133, BEI resources, NIAID, NIH) and Alexa Fluor 488-labelled
donkey anti-goat IgG (Invitrogen). Hoechst co-stain was used to visualize the nucleus. Mem-
branes were finally cut from their supports and mounted on glass slides for microscopy. Slides
were imaged with a Zeiss 880 confocal microscope with 25x/0.8 numerical aperture multi-
immersion objective and the analysis of images was performed with Fiji (NIH) software or
with Volocity (Perkin Elmer).

For multi-step growth curves, virus inoculations were performed at MOIs of 0.1 or 0.01.
Viruses were pre-incubated for 1 hour at 37°C with either (i) NA-specific or control sera, (ii)
NA-specific or negative control monoclonal antibodies, (iii) Oseltamivir, or (iv) with medium,
as indicated. Preincubated viruses were then added to pre-washed HAE cells for 1 hour at
37°C, after which time the virus inoculum was washed away. In some setups the infection was
allowed to proceed in the air-liquid phase. At the indicated time-points virus was sampled
from the apical side by washing with 240 pl of medium, to determine viral titers using TCIDs.
In other setups, at the indicated time-points, the anti-NA antibody/inhibitor/serum was re-
added (in 50pl of medium) after sampling to maintain a constant concentration of antibody/
inhibitor/serum.

For transmission electron microscopy (TEM) experiments the virus inoculum (MOI 1) was
pre-incubated with mouse anti-NA serum (1/100 dilution), N1-C4 monoclonal antibody
(10 pg/ml), Oseltamivir (24 pg/ml), or medium and added to HAE cells for 1 h. The inoculum
was washed away and the treatment with anti-NA serum, N1-C4, Oseltamivir, or medium
without virus was re-added to the cells. The infection was allowed to proceed for 16 h, at which
point the cells were fixed with 4% PFA and 2.5% glutaraldehyde in 0.1 M cacodylate buffer pH
7,4 for 2.5 h at room temperature and then overnight at 4°C. Fixed membranes were removed
from their inserts and prepared for TEM as described previously [27]. All sera used in HAE
infection assays were heat-inactivated and RDE treated.

Neuraminidase inhibition (NI) assay

NI assays were performed using the enzyme-linked lectin assay (ELLA) [28]. Serial dilutions,
prepared in 2-(N-morpholino)ethanesulfonic acid (MES) pH 6.5 supplemented with 10 mg/
ml BSA, 1 mM CaCl,, 0.5 mM MgCl, and 0.5% Tween 20, of monoclonal antibodies or heat-
inactivated sera were added to influenza virus, dosed at an amount of virus that resulted in
70% maximal NA activity. Subsequently, the serial dilutions were added to the wells of a
96-well plate that were coated with fetuin (25 pg/ml, Sigma Aldrich) and the plates were incu-
bated for 16-18 hours at 37°C. Galactose residues that became exposed on the coated fetuin
due to NA activity were detected with horse radish peroxidase (HRP)-coupled peanut aggluti-
nin (PNA-HRP, 5 pg/ml, Sigma Aldrich).

Hemagglutination inhibition (HI) assay

Hemagglutination and HI tests were performed in a round bottom 96-well microtiter plate at
room temperature using 1% (vol/vol) chicken erythrocytes in PBS with 4 hemagglutinating
units (HAU) of virus according to the WHO manual for influenza research [25].

Statistical analysis

For comparison of two sets of values, a Student’s t-test (two-tailed, two sample equal variance)
was used. When comparing three or more sets of values, the data were analyzed with One-way
ANOVA followed by post-hoc analysis using Tukey’s multiple comparison test. Linear regres-
sion was used to assess correlations. All analysis was performed using GraphPad Prism soft-
ware. P values of < 0.05 were considered significant.
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Results

Antibodies directed against NA interfere with the early steps of influenza A
virus infection of HAE cells

Mucins that are present within the mucus layer that lines HAE cells can decrease the entry of
influenza viruses into cells [2]. We first established the HAE infection model with a pandemic
HI1N1 2009 virus strain. This strain, maBel/09, used at a MOI of 0.01 and 0.1, could establish

multi-cycle growth on the HAE cells, producing a peak virus release at 48 hours after inocula-
tion (Fig 1A). Next, HAE cells were infected at a MOI of 1 with maBel/09 and we determined
the presence of influenza virus ribonucleoprotein (RNP) positive cells at 8h after infection by

A

ma/Bel09

-o- 0.1
8- 0.01

Time post-infection

Nuclear RNP Merge

Fig 1. Infection of HAE cells by an A(HIN1)pdmO09 virus. (A) Differentiated HAE cells (Lonza) were inoculated
with a MOI of either 0.01 or 0.1 of maBel/09 for 1 h in triplicates. The inoculum was washed away and cells were
maintained in the air-liquid phase. At 0, 8, 24, 48, and 72 hours post-infection, the apical side was sampled and virus
was quantified by TCIDs,. Shown are the averages (+SD) of the TCIDs, titers at each time point. (B) Differentiated
HAE cells (Lonza) were infected with maBel/09 at a MOI of 1. The virus inoculum was removed after 1 hour of
incubation. The cells were subsequently washed and 7 hours later fixed, permeabilised, and immune-stained for RNP.
Hoechst was used to stain nuclei and cells were examined by widefield microscopy. Representative images taken with a
20x dry objective are shown in the bottom panel. Scale bar: 40 um. Significance was assessed using two-way ANOVA.

https://doi.org/10.1371/journal.pone.0262873.9001
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immune-fluorescence. This time point after infection was chosen to restrict the analysis to the
initial stages of infection (entry and start of viral transcription and replication) before a com-
plete replication cycle was established. At 8 hours after inoculation, RNP-positive foci were
clearly detectable in the HAE cells (Fig 1B).

To examine the possible impact of anti-NA antibodies on the early stages of infection, we
tested a panel of NA-specific monoclonal antibodies. maBel/09 virus was pre-incubated with
monoclonal antibody HCA-2 [29], N1-C4 [13], N1-7D3 [13], a mouse IgG1 isotype control
monoclonal antibody, Oseltamivir, or buffer only. Preincubated viruses were then allowed to
bind to the HAE cells for 1 hour, after which the inoculum was washed away and the cells were
further incubated for 7 hours. The cells were subsequently fixed and the extent of infection
was examined with a RNP-specific immune-fluorescent focus reduction assay. Incubation of
the virus inoculum with N1-C4, which exhibits NI against maBel/09 virus, decreased viral
infection compared to the buffer-only treatment (N1-C4 vs buffer only; p < 0.01 one-way
ANOVA). Both HCA-2 and N1-7D3, which lacks NI activity, showed no significant reduction
in viral replication compared to the untreated and isotype control treated maBel/09 (Fig 2A
and 2B).

We next repeated the experiments using polyclonal mouse sera for virus pre-incubation,
comparing immune sera from mice that had been immunized with recombinant soluble tetra-
meric NA or trimeric HA derived from the maBel/09, or from mice that had been immunized
with adjuvant only. Both the NA and HA immune sera significantly reduced the number of
RNP immune-reactive foci visualized and quantified at 8 hours after inoculation (anti-NA vs
mock anti-serum; p < 0.001, one-way ANOVA, Fig 2C and 2D). To test if the ability of the
antibodies and sera to interfere with the early stages of infection aligned with their ability to
mediate NI, the antibodies and sera were tested in an ELLA at the same concentrations or dilu-
tions as used for the HAE cells. N1-C4 and the anti-NA serum, but not HCA-2, N1-7D3, and
the control immune serum, mediated NI against maBel/09 at the tested concentrations
(Fig 2E).

We next performed a dose titration experiment to try to correlate the requirement for NI
activity for the suppression of the early stages of maBel/09 infection of HAE cells. Anti-Bel/09
NA or control immune serum was diluted to 1:80, 1:240, 1:720, and 1:2160 before pre-incuba-
tion with maBel/09 virus that was used for inoculation. At a 1:80 to 1:720 dilutions, but not at
higher dilutions, the anti-NA serum suppressed virus infection (Fig 3A and 3B). A significant
correlation was observed between the optical density of the fetuin/PNA-HRP-based ELLA
assay, in which a low optical density reflects low NA activity (thus high NI activity), and the
total number of foci (P = 0.003, r* = 0.7, Spearman correlation) (Fig 3C). In summary, the data
suggest that monoclonal antibodies and polyclonal mouse sera with NI activity can restrict
influenza A virus entry in HAE cell cultures.

Antibodies towards NA can decrease replication over-time and restrict
egress from the cell surface

We next examined the ability of polyclonal anti-NA sera and monoclonal antibodies to alter
infection over time. Anti-NA, anti-HA, or mock control immune serum (1:100 final dilution)
and NA-specific monoclonal antibodies or irrelevant control monoclonal antibodies (10 pg/ml
final concentration), and Oseltamivir were pre-mixed with maBel/09 virus. After one hour of
incubation on HAE cells, the inoculum applied at a MOI of 0.01 was removed, and the cells
were incubated in the air-liquid phase. After the initial inoculum wash and after each sampling
step, antibodies were re-added to maintain a constant concentration of antibodies at the air-
liquid interface throughout the experiment. Anti-NA serum significantly delayed the
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Fig 2. Antibodies with NI can restrict A(HIN1)pdm09 infection of HAE cells. (A) Differentiated HAE cells
(Lonza), in triplicates, were inoculated with a MOI of 1 of maBel/09 that had been treated with either buffer alone, an
IgG1 isotype control (10 ug/ml), Oseltamivir (24 uM), HCA-2 (10 pg/ml), N1-C4 (10 ug/ml), or N1-7D3 (10 pg/ml).
The inoculum was washed away after 1h and 7h later the cells were fixed for immune-fluorescent imaging. Blue: DAPT;
green: RNP. (B) quantification of the RNP foci from (A). (C) HAE cells (Lonza) were inoculated with maBel/09 virus
that was preincubated with RDE-treated, and heat-inactivated mouse sera raised to PBS (mock), recombinant Bel/09

% Activity virus alone control
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HA (anti-HA) or recombinant Bel/09 NA (anti-NA) at a 1:100 dilution. Eight hours after infection, the cells were fixed
for immune-fluorescent imaging as in (A). (D) Quantification of the number of RNP foci from panel (C). Images in A
and C display representative Zeiss 880 confocal microscopy images that were made using a 25x/0.8 numerical aperture
multi-immersion objective. Scale bar: 40 pm. Image analysis was performed with Volocity (Perkin Elmer). HAE
experiments were performed twice, shown are representative results from one experiment. (E) NA inhibition activity
in anti-sera (heat inactivated) and the indicated monoclonal antibodies (10 pg/ml) determined by ELLA expressed as
the percentage of the signal compared to the virus alone control. Bars represent the mean of the assay performed in
triplicates where individual data points are overlayed. “p < 0.05, **p < 0.01, One-Way ANOVA in comparison to the
isotype treated or mock controls.

https://doi.org/10.1371/journal.pone.0262873.9002

production of new virus in comparison to mock serum-treated maBel/09 (Fig 4A, left panel).
In contrast, NA-specific monoclonal antibodies, at 10 ug/ml, did not significantly affect viral
replication over time, except for HCA-2, which resulted in slightly reduced maBel/09 replica-
tion compared to the isotype control at 24 hours (Fig 4A, right panel).

NA-specific antibodies with NI activity could also interfere with the release of nascent
viruses. For Oseltamivir this has been clearly demonstrated in MDCK cells [30] and there is
evidence that polyclonal NA anti-sera can hamper the release of H2N2 virus from chicken
embryonic fibroblasts [31]. To further examine if anti-NA antibodies could suppress viral
egress from HAE cells, TEM was used to image the cell surface 24 hours post infection with
maBel/09 (MOI 1) in the presence of buffer alone, Oseltamivir, anti-NA serum, or N1-C4. For
the buffer alone control little virus could be observed at the surface of the cells. In contrast, EM
photomicrographs of Oseltamivir-, anti-NA serum-, and N1-C4-treated and infected HAE
cells, revealed clusters of A(HIN1)pdm virions on the plasma membrane surface, indicating
that these treatments restricted newly produced virus egress from the infected cell surface
(Fig 4B).

Human sera with Bel/09 NA NI activity restrict the early stage of H6N1
infection of human airway epithelial cells

We next wondered whether human serum with NI antibodies could also interfere with entry
of influenza virus into HAE cells. To address this, sera were obtained from healthy volunteers
one week after they had received a quadrivalent 2017-2018 Northern hemisphere influenza
vaccine. Five sera were selected based on their ability to bind to purified recombinant Bel/09
NA in ELISA (S2 Fig) to assess their ability to inhibit NA activity of H6N1g,y/g9 virus. This
virus carries the NA segment of Bel/09 virus, the HA segment of A/mallard/Sweden/91/2001
and the other 6 segments from PR8. The H6 subtype has not circulated within the human pop-
ulation and, consistent with this, no HI titers could be detected against the H6N1g) 99 virus
with any of the five human sera (HAI titer < 20). Therefore, in a fetuin-based NI assay, the NI
response against NA of the H6N1 virus could be examined without interference from HA-
head specific antibodies. Human serum sourced prior to the 2009 HIN1 pandemic displayed
no meaningful ability to inhibit NA activity of the H6N1g,,g9 Virus. The 5 other selected
human sera could inhibit NA to varying levels (Fig 5A). Post-09 sera #2, #3, and #4 showed sig-
nificant ICs titers compared to Pre-09 serum, whereas sera #1 and #5 showed lower ICs, titers
which were not significantly different from the Pre-09 serum (Fig 5A).

We then used these human sera to examine their potential to inhibit HEN1g,y/q9 virus entry
into HAE cells. H6N1p,j 90 virus at a MOI of 0.1 was pre-incubated with a 1:40 dilution of the
human sera and foci were quantified 24 hours post-infection. Sampling from the apical side
was also performed to determine the amount of newly produced H6N1g,j/9 virus at 24 hours
post infection. Human post-vaccination serum samples #1, #2, #3, and #4 significantly reduced
the number of H6N 1,99 foci compared to pre-2009 human control serum, whereas serum #5
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Fig 3. NI titers correlate with the ability of anti-NA sera to restrict infection in HAE cells. Serial dilutions of the RDE-
treated and heat-inactivated sera raised in mice with adjuvanted PBS (mock) or recombinant Bel/09 NA (anti-NA) was
used to treat maBel/09 prior to infection. Treated virus was added at a MOI of 1 to HAE cells (Epithelix) in quadruplicate
and Bel/09 infection was assessed by a fluorescent focus reduction assay 8 h post-inoculation. (A) Randomly selected
images taken with a Zeiss 880 confocal microscopy with 25x/0.8 numerical aperture multi-immersion objective. Scale bar:
40 um. (B) Analysis of images was performed with Fiji (NIH) software and represented here as the percentage of positive
focus forming units (FFU) per DAPI counts. (C) NI of the mock and anti-NA sera. Heat-inactivated only sera were mixed
with a pre-determined amount of Bel/09 and added to fetuin coated wells. After 18 h, the amount of exposed galactose
residues was determined with PNA-HRP in an ELLA. The assay was performed in triplicate and is representative of 2
independent experiments. (D) Linear regression analysis between the total number of foci and the optical densities (O.D.)
measured in the ELLA and Spearman’s rank correlation coefficient. Each dot represents the total foci counts per HAE
membrane (n = 4 per serum dilution).

https://doi.org/10.1371/journal.pone.0262873.g003
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Fig 4. N1-specific anti-serum decreases replication of A(HIN1)pdmO09 in HAE cells. (A) maBel/09 at a MOI of 0.01
was pre-treated with (i) mock serum, (ii) anti-NA serum, (iii) anti-HA serum, (iv) IgG1 isotype control, (v)
Oseltamivir, (vi) monoclonal antibody HCA-2, (vii) N1-C4, or (viii) N1-7D3 and added to HAE cells (Lonza) for 1 h.
All sera were RDE treated and heat-inactivated. The sera were used at 1:100 dilution, monoclonal antibodies at 10 pg/
ml, and Oseltamivir at 24 pM. The inoculum was washed away and anti-sera, monoclonal antibodies, or Oseltamivir
were re-added. At 0, 8, 24, 36, and 46 h post inoculation, the presence of virus released at the air-liquid interface was
determined by TCIDs. The average viral titers from triplicate HAE cultures + SD is shown. The data is representative
of two independent experiments. “p < 0.05, ***p < 0.001, ****p<0.0001 two-way ANOVA in comparison to either
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mock sera or isotype control. (B) NA-specific polyclonal sera and N1-C4 restrict virus egress from the surface of HAE
cells. maBel/09 at a MOI of 1 was incubated with buffer alone, Oseltamivir (24 uM), anti-NA serum (1:100 final
concentration), or N1-C4 (10 pg/ml final concentration) and added to washed HAE cells (Lonza). The virus was
allowed to bind for 1 h, after which the inoculum was removed by washing. Buffer, Oseltamivir, anti-NA serum, or
N1-C4 was re-added for a further 24 h. The cells were fixed and processed for TEM. Shown are representative images
taken with a JEM1010 TEM microscope at 10,000x magnification. Scale bar: 1 um.

https://doi.org/10.1371/journal.pone.0262873.g004

did not (Fig 5B and 5C). In addition, human sera #2, #3, and #4 showed a modest reduction
on newly produced virus, sampled from the apical side of the HAE cultures, which was signifi-
cantly different from the pre-09 treated serum sample for serum sample #2 (p < 0.05, one way
ANOVA). Together this data suggests that human sera with strong NI activity can reduce
influenza A virus replication in differentiated primary airway epithelial cell cultures.

Discussion

Compared to HA-directed antibodies, the possible mechanisms of protection mediated by
anti-NA antibodies are less well defined. Studies by Sakai et al. [4] and Guo et al. [5] revealed
the need for NA in the influenza virus entry process, whereby NA in cooperation with HA
drives motility of the virus on the cell surface. The authors of these two studies speculated that
this process may allow the virus to reach a suitable endocytic patch that can trigger virion
internalization. Additional reports have also implicated NA in the HA mediated fusion process
[6, 32]. The addition of small molecule NA inhibitors has been shown to interfere in both of
these processes and decrease infection levels in cells [4, 33]. Here we report that antibodies
with NI activity can interfere with the initial round of infection in HAE cells. Whether NI anti-
bodies prevent or delay access to receptors on the cell surface, endocytosis and/or the fusion
process is not yet known and warrants further investigation. Unlike HA head-specific antibod-
ies, which can neutralize influenza viruses in vitro, infection of HAE cells in the presence of NI
antibodies is not completely prevented, since some RNP positive cells could be detected after 8
hours, albeit significantly lower number of cells than in control treated samples. However,
after multiple rounds of infection a restrictive effect of this early onset delay was no longer
detectable when anti-NA antibodies were not continuously present. When the anti-NA anti-
body concentrations were maintained throughout the HAE infection process, however, and
provided that a certain threshold of NI activity was present in the serum, infection of HIN1
maBel/09 and H6N 1,99 virus was significantly delayed. It would be expected that other NA
inhibitory mAbs such as 1G01 or CD6 would also be able to reduce HINI virus infection of
HAE cells [34, 35].

Human sera with NI antibodies reduced H6N1g,y/q9 virus replication into HAE cells. The
use of the H6N1-reverse genetics virus allowed to circumvent the interference of antibodies
directed to HA of HIN1 and H3N2 viruses that are present in the serum of adults, in the ELLA
assay. However, we cannot rule out the possibility that HA stalk-specific antibodies contrib-
uted to some extent to the inhibition observed in ELLA or the decreased H6NI1 virus entry
observed in HAE cells. Some stalk antibodies have been shown to interfere with NA activity in
ELLAs [36] and to also block the IAV fusion process, which suppresses replication [37, 38].

The currently licensed inactivated influenza vaccines do not contain a standardized level of
NA and induce reduced anti-NA responses compared to natural infections [39, 40]. Moreover,
there is evidence that serum anti-NA responses can persist for multiple seasons following vac-
cination of healthy volunteers with inactivated or live attenuated influenza vaccines [41]. Of
further interest would be to address if serum samples from recipients of high dose Fluzone®),
often administered to the elderly population and reported to induce higher levels of NI than
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Fig 5. Human sera restrict growth of H6N1 virus in HAE cells. (A) Heat-inactivated human serum samples were tested
for NI in an ELLA alongside a pre-2009 human serum sample. Shown is the ICs titer of the ELLA performed in triplicate
and is representative of two independent experiments. Bars represent the average of the triplicates which are overlaid. 1:20,
the lowest dilution tested, represents the cut-off of the assay. (B-D) Human sera with NI activity control H6N1 replication
in HAE cells. HAE cells (Epithelix) were inoculated with a MOI of 0.1 of RG H6N 13,0 that had been pre-treated with (i) a
human pre-2009 serum sample or (ii) human sera obtained one week after administration of a quadrivalent 2017-2018
season vaccine. One hour after infection the inoculum was washed away and 23 hours later, the apical side was sampled for
virus titration and the HAE cells subsequently fixed, permeabilised and examined for replication. Sera used was heat-
inactivated and RDE-treated at a final dilution of 1:40. The assay was performed in triplicate. (B) Average bar graphs with
individual triplicate points overlayed from the sum of vRNP-positive foci counted from the maximum intensity projections
from each membrane. Image analysis was performed with Volocity (Perkin Elmer). (C) Representative fluorescent
microscopy images of HAE cells grown on a membrane taken by a Zeiss 880 confocal microscopy with the 25x/0.8
numerical aperture multi-immersion objective. Scale bar: 50 um. (D) Virus titer sampled from the apical side of the HAE
cells at 24 h post-inoculation determined by TCIDs, *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001, one-way ANOVA
in comparison to pre-2009 serum.

https://doi.org/10.1371/journal.pone.0262873.9005
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standard dose inactivated influenza vaccine, may induce more robust suppression of influenza
virus replication in the HAE cells [42].

The presented TEM data showed the ability of N1-C4, Oseltamivir and polyclonal anti-NA
serum to restrict virus egress from the cell surface (Fig 4B). However, for N1-C4, the ability to
restrict virus release was not reflected in the virus sampled from the apical side of the culture
in the multistep growth curve. There may be multiple reasons for this observation. Firstly, the
polyclonal anti-NA serum displayed stronger NI activity than N1-C4, at the dilutions, respec-
tively, concentrations tested. Therefore, the effect of the anti-sera across multiple rounds of
infection would be stronger, resulting in significantly reduced viral titers. Secondly, the TEM
assessment is qualitative, not quantitative, and we imaged only a single time point after infec-
tion. Patches of viral egress inhibition may have been sparser in the N1-C4 setting compared
to polyclonal anti-NA serum. Finally, it cannot be ruled out that the method of sampling at the
apical side could release virus trapped at the surface of the cell in the glycocalyx resulting in
higher viral titers in the TCIDs, read-out.

The studies presented here focused on the A(HIN1)pdmO09 virus. Future studies are needed
to confirm whether antibodies directed to other NA subtypes can also control infection in this
manner. Matrosovich et al. reported that Oseltamivir could indeed inhibit the entry of various
subtypes of IAV into HAE or primary human nasal epithelial cells including seasonal H1NTs,
H7N1, and H7N7 viruses of avian origin and the A/Sydney/5/1997-like H3N2 strain [3]. The
HA of modern H3N2 viruses displays a decreasing affinity for sialic acid while the NA appears
to be compensating for this, displaying a higher affinity for sialic acid than in the past and
mediating entry into cells even in the presence of a HA that fails to bind sialic acid (reviewed
in [43]). It would be of interest to see if NI antibodies against contemporary H3N2 viruses
could also decrease the initial entry into cells. A N-glycosylation at position 245 near the cata-
Iytic site of recent N2 NAs has been reported to confer partial resistance to inhibition by sera
raised against NA that do not carry a N-glycan at this position [44]. N2 NA N-glycosylation
also affects the binding of mAbs HCA2, 235-1C02 and 229-1G03 [45]. It is therefore expected
that H3N2 viruses that have acquired an N-glycosylation at position 245 would be partially
resistant to inhibition by immune sera raised against NA derived from previously circulating
H3N2 viruses that lack this N-glycosylation site. Moreover, targeting NA may increase the effi-
cacy of next generation influenza vaccines, as antibodies against NA could help aid in the con-
trol of viruses which, for receptor binding, are becoming less-dependent on the HA, the
primary target of current vaccine strategies.

Supporting information

S1 Fig. Glycan rich composition is maintained on HAE cells after wash with PBS. A549 or
HAE cells washed 3x with PBS or non washed were stained with Periodic Acid-Schiff.
(PPTX)

S2 Fig. Anti-NA serum IgG titers. ELISA was performed using tetrabrachion stabilized NA
with sera from human donors. The end point titer was determined for each serum sample by
scoring the dilution that had an O.D. that was equal to or higher than two times the back-
ground O.D. obtained from the control sera (naive mice) dilution series.

(PPTX)

Acknowledgments

We thank Riet De Ryke from the VIB BioImaging Core Ghent for her expertise and assistance
for TEM work, Dr Sean Li (Health Canada) for providing HCA-2 monoclonal antibody, and

PLOS ONE | https://doi.org/10.1371/journal.pone.0262873  January 31, 2022 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0262873.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0262873.s002
https://doi.org/10.1371/journal.pone.0262873

PLOS ONE

Anti-neuraminidase antibodies restrict influenza virus in primary human airway epithelial cells

the NIH Biodefense and Emerging Infections Research Resources Repository, NIAID, NIH for
providing antiserum to influenza A RNPs.

Author Contributions

Conceptualization: Harry Kleanthous, Thorsten U. Vogel, Xavier Saelens, Emma R. Job.
Formal analysis: Amanda Gongalves, Thorsten U. Vogel, Emma R. Job.

Funding acquisition: Xavier Saelens.

Investigation: Anouk Smet, Joao Paulo Portela Catani, Tine Ysenbaert, Emma R. Job.

Methodology: Anouk Smet, Joao Paulo Portela Catani, Tine Ysenbaert, Amanda Gongalves,
Emma R. Job.

Supervision: Joao Paulo Portela Catani, Harry Kleanthous, Thorsten U. Vogel, Xavier Saelens,
Emma R. Job.

Visualization: Joao Paulo Portela Catani, Amanda Gongalves.
Writing - original draft: Xavier Saclens, Emma R. Job.

Writing - review & editing: Joao Paulo Portela Catani, Thorsten U. Vogel, Xavier Saelens.

References

1. Varghese JN, Colman PM. Three-dimensional structure of the neuraminidase of influenza virus A/
Tokyo/3/67 at 2-2 A resolution. Journal of Molecular Biology. 1991; 221: 473-486. https://doi.org/10.
1016/0022-2836(91)80068-6 PMID: 1920428

2. Cohen M, Zhang XQ, Senaati HP, Chen HW, Varki NM, Schooley RT, et al. Influenza A penetrates host
mucus by cleaving sialic acids with neuraminidase. Virology Journal. 2013; 10: 321. https://doi.org/10.
1186/1743-422X-10-321 PMID: 24261589

3. Matrosovich MN, Matrosovich TY, Gray T, Roberts NA, Klenk H-D. Neuraminidase Is Important for the
Initiation of Influenza Virus Infection in Human Airway Epithelium. Journal of Virology. 2004; 78: 12665—
12667 . https://doi.org/10.1128/JV1.78.22.12665-12667.2004 PMID: 15507653

4. Sakai T, Nishimura Sl, Naito T, Saito M. Influenza A virus hemagglutinin and neuraminidase act as
novel motile machinery. Scientific Reports. 2017; 7: 45043. https://doi.org/10.1038/srep45043 PMID:
28344335

5. Guo H, Rabouw H, Slomp A, Dai M, van der Vegt F, van Lent JWM, et al. Kinetic analysis of the influ-
enza A virus HA/NA balance reveals contribution of NA to virus-receptor binding and NA-dependent roll-
ing on receptor-containing surfaces. Lowen AC, editor. PLOS Pathogens. 2018; 14: e10072383. https://
doi.org/10.1371/journal.ppat.1007233 PMID: 30102740

6. SuB, Wurtzer S, Rameix-Welti M-A, Dwyer D, van der Werf S, Naffakh N, et al. Enhancement of the
Influenza A Hemagglutinin (HA)-Mediated Cell-Cell Fusion and Virus Entry by the Viral Neuraminidase
(NA). Geraghty RJ, editor. PLoS ONE. 2009; 4: e8495. https://doi.org/10.1371/journal.pone.0008495
PMID: 20041119

7. Palese P, Tobita K, Ueda M, Compans RW. Characterization of temperature sensitive influenza virus
mutants defective in neuraminidase. Virology. 1974; 61: 397—410. https://doi.org/10.1016/0042-6822
(74)90276-1 PMID: 4472498

8. Deroo T, Min Jou W, Fiers W. Recombinant neuraminidase vaccine protects against lethal influenza.
Vaccine. 1996; 14: 561-569. https://doi.org/10.1016/0264-410x(95)00157-v PMID: 8782356

9. Wohlbold TJ, Nachbagauer R, Xu H, Tan GS, Hirsh A, Brokstad KA, et al. Vaccination with adjuvanted
recombinant neuraminidase induces broad heterologous, but not heterosubtypic, cross-protection
against influenza virus infection in mice. Griffin DE, editor. mBio. 2015; 6: €02556. https://doi.org/10.
1128/mBio.02556-14 PMID: 25759506

10. Wohlbold TJ, Podolsky KA, Chromikova V, Kirkpatrick E, Falconieri V, Meade P, et al. Broadly protec-
tive murine monoclonal antibodies against influenza B virus target highly conserved neuraminidase epi-
topes. Nature Microbiology. 2017; 2: 1415-1424. https://doi.org/10.1038/s41564-017-0011-8 PMID:
28827718

PLOS ONE | https://doi.org/10.1371/journal.pone.0262873  January 31, 2022 14/16


https://doi.org/10.1016/0022-2836%2891%2980068-6
https://doi.org/10.1016/0022-2836%2891%2980068-6
http://www.ncbi.nlm.nih.gov/pubmed/1920428
https://doi.org/10.1186/1743-422X-10-321
https://doi.org/10.1186/1743-422X-10-321
http://www.ncbi.nlm.nih.gov/pubmed/24261589
https://doi.org/10.1128/JVI.78.22.12665-12667.2004
http://www.ncbi.nlm.nih.gov/pubmed/15507653
https://doi.org/10.1038/srep45043
http://www.ncbi.nlm.nih.gov/pubmed/28344335
https://doi.org/10.1371/journal.ppat.1007233
https://doi.org/10.1371/journal.ppat.1007233
http://www.ncbi.nlm.nih.gov/pubmed/30102740
https://doi.org/10.1371/journal.pone.0008495
http://www.ncbi.nlm.nih.gov/pubmed/20041119
https://doi.org/10.1016/0042-6822%2874%2990276-1
https://doi.org/10.1016/0042-6822%2874%2990276-1
http://www.ncbi.nlm.nih.gov/pubmed/4472498
https://doi.org/10.1016/0264-410x%2895%2900157-v
http://www.ncbi.nlm.nih.gov/pubmed/8782356
https://doi.org/10.1128/mBio.02556-14
https://doi.org/10.1128/mBio.02556-14
http://www.ncbi.nlm.nih.gov/pubmed/25759506
https://doi.org/10.1038/s41564-017-0011-8
http://www.ncbi.nlm.nih.gov/pubmed/28827718
https://doi.org/10.1371/journal.pone.0262873

PLOS ONE

Anti-neuraminidase antibodies restrict influenza virus in primary human airway epithelial cells

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Wan H, Gao J, Xu K, Chen H, Couzens LK, Rivers KH, et al. Molecular Basis for Broad Neuraminidase
Immunity: Conserved Epitopes in Seasonal and Pandemic H1N1 as Well as H5N1 Influenza Viruses.
Journal of Virology. 2013; 87: 9290-9300. https://doi.org/10.1128/JVI.01203-13 PMID: 23785204

Wilson JR, Guo Z, Reber A, Kamal RP, Music N, Gansebom S, et al. An influenza A virus (H7N9) anti-
neuraminidase monoclonal antibody with prophylactic and therapeutic activity in vivo. Antiviral
Research. 2016; 135: 48-55. https://doi.org/10.1016/j.antiviral.2016.10.001 PMID: 27713074

Job ER, Schotsaert M, Ibafiez LI, Smet A, Ysenbaert T, Roose K, et al. Antibodies directed towards
neuraminidase N1 control disease in a mouse model of influenza. Journal of Virology. 2017;
JVI1.01584—-17. hitps://doi.org/10.1128/jvi.01584-17 PMID: 29167342

Job E.R., Ysenbaert T., Smet A., Van Hecke A., Meuris L, Kleanthous H., et al. Fcy Receptors Contrib-
ute to the Antiviral Properties of Influenza Virus Neuraminidase-Specific Antibodies | mBio. mBio. 2019;
Volume 10: e01667-19. https://doi.org/10.1128/mBio.01667-19 PMID: 31641082

Yasuhara A, Yamayoshi S, Kiso M, Sakai-Tagawa Y, Koga M, Adachi E, et al. Antigenic drift originating
from changes to the lateral surface of the neuraminidase head of influenza A virus. Nature Microbiology.
2019; 4: 1024-1034. https://doi.org/10.1038/s41564-019-0401-1 PMID: 30886361

Gilchuk IM, Bangaru S, Gilchuk P, Irving RP, Kose N, Bombardi RG, et al. Influenza H7N9 Virus Neur-
aminidase-Specific Human Monoclonal Antibodies Inhibit Viral Egress and Protect from Lethal Influ-
enza Infection in Mice. Cell Host and Microbe. 2019; 26: 715-728.€8. https://doi.org/10.1016/j.chom.
2019.10.003 PMID: 31757769

DiLillo DJ, Palese P, Wilson PC, Ravetch J V. Broadly neutralizing anti-influenza antibodies require Fc
receptor engagement for in vivo protection. Journal of Clinical Investigation. American Society for Clini-
cal Investigation; 2016. pp. 605—610. https://doi.org/10.1172/JCI84428 PMID: 26731473

Park JK, Han A, Czajkowski L, Reed S, Athota R, Bristol T, et al. Evaluation of preexisting anti-hemag-
glutinin stalk antibody as a correlate of protection in a healthy volunteer challenge with influenza A/
H1N1pdm virus. mBio. 2018;9. https://doi.org/10.1128/mBio.02284-17 PMID: 29362240

Memoli MJ, Shaw PA, Han A, Czajkowski L, Reed S, Athota R, et al. Evaluation of Antihemagglutinin
and Antineuraminidase Antibodies as Correlates of Protection in an Influenza A/H1N1 Virus Healthy
Human Challenge Model. Moscona A, editor. mBio. 2016; 7: €00417-16. https://doi.org/10.1128/mBio.
00417-16 PMID: 27094330

Seto JT, Chang FS. Functional Significance of Sialidase During Influenza Virus Multiplication: an Elec-
tron Microscope Study. Journal of Virology. 1969; 4: 58—66. https://doi.org/10.1128/JV1.4.1.58-66.1969
PMID: 5817556

Job ER, Bottazzi B, Gilbertson B, Edenborough KM, Brown LE, Mantovani A, et al. Serum Amyloid P Is
a Sialylated Glycoprotein Inhibitor of Influenza A Viruses. Chan MCW, editor. PLoS ONE. 2013; 8:
e59623. https://doi.org/10.1371/journal.pone.0059623 PMID: 23544079

Gray TE, Guzman K, Davis CW, Abdullah LH, Nettesheim P. Mucociliary differentiation of serially pas-
saged normal human tracheobronchial epithelial cells. American Journal of Respiratory Cell and Molec-
ular Biology. 1996; 14: 104-112. https://doi.org/10.1165/ajrcmb.14.1.8534481 PMID: 8534481

Davis AS, Chertow DS, Moyer JE, Suzich J, Sandouk A, Dorward DW, et al. Validation of Normal
Human Bronchial Epithelial Cells as a Model for Influenza A Infections in Human Distal Trachea. Journal
of Histochemistry and Cytochemistry. 2015; 63: 312—-328. https://doi.org/10.1369/0022155415570968
PMID: 25604814

Schotsaert M, Ysenbaert T, Smet A, Schepens B, Vanderschaeghe D, Stegalkina S, et al. Long-Lasting
Cross-Protection Against Influenza A by Neuraminidase and M2e-based immunization strategies. Sci-
entific reports. 2016; 6: 24402. https://doi.org/10.1038/srep24402 PMID: 27072615

WHO global influenza surveillance network. Manual for the laboratory diagnosis and virological surveil-
lance of influenza. 2011.

Gravel C, Li C, Wang J, Hashem AM, Jaentschke B, Xu Kwei, et al. Qualitative and quantitative analy-
ses of virtually all subtypes of influenza A and B viral neuraminidases using antibodies targeting the uni-
versally conserved sequences. Vaccine. 2010; 28: 5774-5784. https://doi.org/10.1016/j.vaccine.2010.
06.075 PMID: 20621113

Osorio F, Tavernier SJ, Hoffmann E, Saeys Y, Martens L, Vetters J, et al. The unfolded-protein-
response sensor IRE-1a regulates the function of CD8a + dendritic cells. Nature Immunology. 2014; 15:
248-257. https://doi.org/10.1038/ni.2808 PMID: 24441789

Gao J, Couzens L, Eichelberger MC. Measuring influenza neuraminidase inhibition antibody titers by
enzyme-linked lectin assay. Journal of Visualized Experiments. 2016; 2016: 54573. https://doi.org/10.
3791/54573 PMID: 27684188

Doyle TM, Hashem AM, Li C, Bucher DJ, Van Domselaar G, Wang J, et al. A universal monoclonal anti-
body protects against all influenza A and B viruses by targeting a highly conserved epitope in the viral
neuraminidase. BMC Genomics. 2014; 15: P8. https://doi.org/10.1186/1471-2164-15-s2-p8

PLOS ONE | https://doi.org/10.1371/journal.pone.0262873  January 31, 2022 15/16


https://doi.org/10.1128/JVI.01203-13
http://www.ncbi.nlm.nih.gov/pubmed/23785204
https://doi.org/10.1016/j.antiviral.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27713074
https://doi.org/10.1128/jvi.01584-17
http://www.ncbi.nlm.nih.gov/pubmed/29167342
https://doi.org/10.1128/mBio.01667-19
http://www.ncbi.nlm.nih.gov/pubmed/31641082
https://doi.org/10.1038/s41564-019-0401-1
http://www.ncbi.nlm.nih.gov/pubmed/30886361
https://doi.org/10.1016/j.chom.2019.10.003
https://doi.org/10.1016/j.chom.2019.10.003
http://www.ncbi.nlm.nih.gov/pubmed/31757769
https://doi.org/10.1172/JCI84428
http://www.ncbi.nlm.nih.gov/pubmed/26731473
https://doi.org/10.1128/mBio.02284-17
http://www.ncbi.nlm.nih.gov/pubmed/29362240
https://doi.org/10.1128/mBio.00417-16
https://doi.org/10.1128/mBio.00417-16
http://www.ncbi.nlm.nih.gov/pubmed/27094330
https://doi.org/10.1128/JVI.4.1.58-66.1969
http://www.ncbi.nlm.nih.gov/pubmed/5817556
https://doi.org/10.1371/journal.pone.0059623
http://www.ncbi.nlm.nih.gov/pubmed/23544079
https://doi.org/10.1165/ajrcmb.14.1.8534481
http://www.ncbi.nlm.nih.gov/pubmed/8534481
https://doi.org/10.1369/0022155415570968
http://www.ncbi.nlm.nih.gov/pubmed/25604814
https://doi.org/10.1038/srep24402
http://www.ncbi.nlm.nih.gov/pubmed/27072615
https://doi.org/10.1016/j.vaccine.2010.06.075
https://doi.org/10.1016/j.vaccine.2010.06.075
http://www.ncbi.nlm.nih.gov/pubmed/20621113
https://doi.org/10.1038/ni.2808
http://www.ncbi.nlm.nih.gov/pubmed/24441789
https://doi.org/10.3791/54573
https://doi.org/10.3791/54573
http://www.ncbi.nlm.nih.gov/pubmed/27684188
https://doi.org/10.1186/1471-2164-15-s2-p8
https://doi.org/10.1371/journal.pone.0262873

PLOS ONE

Anti-neuraminidase antibodies restrict influenza virus in primary human airway epithelial cells

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Mori K, Murano K, Ohniwa RL, Kawaguchi A, Nagata K. Oseltamivir Expands Quasispecies of Influenza
Virus through Cell-to-cell Transmission. Scientific Reports. 2015; 5: 9163. https://doi.org/10.1038/
srep09163 PMID: 25772381

Compans RW, Dimmock NJ, Meier-Ewert H. Effect of Antibody to Neuraminidase on the Maturation
and Hemagglutinating Activity of an Influenza A2 Virus. Journal of Virology. 1969; 4: 528-534. https://
doi.org/10.1128/JV1.4.4.528-534.1969 PMID: 5823234

Sakai T, Ohuchi M, Imai M, Mizuno T, Kawasaki K, Kuroda K, et al. Dual Wavelength Imaging Allows
Analysis of Membrane Fusion of Influenza Virus inside Cells. Journal of Virology. 2006; 80: 2013-2018.
https://doi.org/10.1128/JV1.80.4.2013-2018.2006 PMID: 16439557

Ohuchi M, Asaoka N, Sakai T, Ohuchi R. Roles of neuraminidase in the initial stage of influenza virus
infection. Microbes and Infection. 2006; 8: 1287—1293. https://doi.org/10.1016/j.micinf.2005.12.008
PMID: 16682242

Wan H, Yang H, Shore DA, Garten RJ, Couzens L, Gao J, et al. Structural characterization of a protec-
tive epitope spanning A(H1N1)pdm09 influenza virus neuraminidase monomers. Nature communica-
tions. 2015; 6: 6114—6114. https://doi.org/10.1038/ncomms7114 PMID: 25668439

Stadlbauer D, Zhu X, McMahon M, Turner JS, Wohlbold TJ, Schmitz AJ, et al. Broadly protective
human antibodies that target the active site of influenza virus neuraminidase. Science. 2019; 366: 499—
504. https://doi.org/10.1126/science.aay0678 PMID: 31649200

Rajendran M, Nachbagauer R, Ermler ME, Bunduc P, Amanat F, I1zikson R, et al. Analysis of anti-influ-
enza virus neuraminidase antibodies in children, adults, and the elderly by ELISA and enzyme inhibi-
tion: Evidence for original antigenic sin. mBio. 2017;8. https://doi.org/10.1128/mBio.02281-16 PMID:
28325769

Tan GS, Krammer F, Eggink D, Kongchanagul A, Moran TM, Palese P. A Pan-H1 Anti-Hemagglutinin
Monoclonal Antibody with Potent Broad-Spectrum Efficacy In Vivo. Journal of Virology. 2012; 86:
6179-6188. https://doi.org/10.1128/JVI.00469-12 PMID: 22491456

Ekiert DC, Bhabha G, Elsliger MA, Friesen RHE, Jongeneelen M, Throsby M, et al. Antibody recognition
of a highly conserved influenza virus epitope. Science. 2009; 324: 246—251. https://doi.org/10.1126/
science.1171491 PMID: 19251591

Koroleva M, Batarse F, Moritzky S, Henry C, Chaves F, Wilson P, et al. Heterologous viral protein inter-
actions within licensed seasonal influenza virus vaccines. npj Vaccines. 2020;5. https://doi.org/10.
1038/s41541-019-0149-x PMID: 31969991

Chen YQ, Wohlbold TJ, Zheng NY, Huang M, Huang Y, Neu KE, et al. Influenza Infection in Humans
Induces Broadly Cross-Reactive and Protective Neuraminidase-Reactive Antibodies. Cell. 2018; 173:
417-429.e10. https://doi.org/10.1016/j.cell.2018.03.030 PMID: 29625056

Petrie JG, Ohmit SE, Johnson E, Truscon R, Monto AS. Persistence of antibodies to influenza hemag-
glutinin and neuraminidase following one or two years of influenza vaccination. Journal of Infectious Dis-
eases. 2015; 212: 1914-1922. https://doi.org/10.1093/infdis/jiv313 PMID: 26014800

Dunning AJ, DiazGranados CA, Voloshen T, Hu B, Landolfi VA, Talbot HK. Correlates of Protection
against Influenza in the Elderly: Results from an Influenza Vaccine Efficacy Trial. Clin Vaccine Immunol.
2016; 23: 228-235. hitps://doi.org/10.1128/CVI1.00604-15 PMID: 26762363

Allen JD, Ross TM. H3N2 influenza viruses in humans: Viral mechanisms, evolution, and evaluation.
Human Vaccines & Immunotherapeutics. 2018; 14: 1840—-1847. https://doi.org/10.1080/21645515.
2018.1462639 PMID: 29641358

Wan H, Gao J, Yang H, Yang S, Harvey R, Chen YQ, et al. The neuraminidase of A(H3N2) influenza
viruses circulating since 2016 is antigenically distinct from the A/Hong Kong/4801/2014 vaccine strain.
Nature Microbiology. 2019; 4: 2216-2225. https://doi.org/10.1038/s41564-019-0522-6 PMID:
31406333

Powell H, Pekosz A. Neuraminidase antigenic drift of H3N2 clade 3c.2a viruses alters virus replication,
enzymatic activity and inhibitory antibody binding. PLOS Pathogens. 2020; 16: 10084 11. https://doi.
org/10.1371/journal.ppat.1008411 PMID: 32598381

PLOS ONE | https://doi.org/10.1371/journal.pone.0262873  January 31, 2022 16/16


https://doi.org/10.1038/srep09163
https://doi.org/10.1038/srep09163
http://www.ncbi.nlm.nih.gov/pubmed/25772381
https://doi.org/10.1128/JVI.4.4.528-534.1969
https://doi.org/10.1128/JVI.4.4.528-534.1969
http://www.ncbi.nlm.nih.gov/pubmed/5823234
https://doi.org/10.1128/JVI.80.4.2013-2018.2006
http://www.ncbi.nlm.nih.gov/pubmed/16439557
https://doi.org/10.1016/j.micinf.2005.12.008
http://www.ncbi.nlm.nih.gov/pubmed/16682242
https://doi.org/10.1038/ncomms7114
http://www.ncbi.nlm.nih.gov/pubmed/25668439
https://doi.org/10.1126/science.aay0678
http://www.ncbi.nlm.nih.gov/pubmed/31649200
https://doi.org/10.1128/mBio.02281-16
http://www.ncbi.nlm.nih.gov/pubmed/28325769
https://doi.org/10.1128/JVI.00469-12
http://www.ncbi.nlm.nih.gov/pubmed/22491456
https://doi.org/10.1126/science.1171491
https://doi.org/10.1126/science.1171491
http://www.ncbi.nlm.nih.gov/pubmed/19251591
https://doi.org/10.1038/s41541-019-0149-x
https://doi.org/10.1038/s41541-019-0149-x
http://www.ncbi.nlm.nih.gov/pubmed/31969991
https://doi.org/10.1016/j.cell.2018.03.030
http://www.ncbi.nlm.nih.gov/pubmed/29625056
https://doi.org/10.1093/infdis/jiv313
http://www.ncbi.nlm.nih.gov/pubmed/26014800
https://doi.org/10.1128/CVI.00604-15
http://www.ncbi.nlm.nih.gov/pubmed/26762363
https://doi.org/10.1080/21645515.2018.1462639
https://doi.org/10.1080/21645515.2018.1462639
http://www.ncbi.nlm.nih.gov/pubmed/29641358
https://doi.org/10.1038/s41564-019-0522-6
http://www.ncbi.nlm.nih.gov/pubmed/31406333
https://doi.org/10.1371/journal.ppat.1008411
https://doi.org/10.1371/journal.ppat.1008411
http://www.ncbi.nlm.nih.gov/pubmed/32598381
https://doi.org/10.1371/journal.pone.0262873

