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Neuraminidase-dependent entry of influenza A virus is 
determined by hemagglutinin receptor-binding specificity
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ABSTRACT Influenza A viruses (IAVs) contain sialoglycan-binding hemagglutinin (HA) 
and sialoglycan-cleaving neuraminidase (NA) proteins, the concerted action of which is 
needed for escape from decoy receptors and for virion motility ultimately resulting in 
infection of epithelial cells of the respiratory tract. The importance of NA in egress of 
newly assembled virions has been well established, whereas its role in entry has yet to 
be fully elucidated. In this study, we systematically analyzed the role of NA in viral entry 
in relation to HA receptor-binding preference, the receptor repertoire displayed on cells 
and the presence of mucus decoy receptors. Utilizing recombinant viruses that differ 
only in their HA-NA composition, it was observed that the dependence on NA activity 
for IAV entry largely depends on HA and not NA, with entry of α2–6 sialoglycan-binding 
viruses being inhibited more by NA inhibitor (oseltamivir carboxylate; OsC) than α2–3 
sialoglycan-preferring viruses. In agreement with this, inhibition of virus entry by OsC 
could be modified by altering the sialoglycan receptor repertoire of cells. Entry inhibition 
by OsC correlated with the ability of mucus to inhibit infection, with the combination 
of the two having the largest effect. Our results indicate that the dependency of IAV on 
NA activity and, thus, virion motility for entry are determined by the receptor-binding 
properties of HA in combination with the receptor repertoire present on cells. This 
dependency is larger when fewer preferred receptors are displayed, which coincides with 
increased inhibition by mucus decoy receptors.

IMPORTANCE Influenza A viruses (IAVs) contain hemagglutinin (HA) proteins involved 
in sialoglycan receptor binding and neuraminidase (NA) proteins that cleave sialic acids. 
While the importance of the NA protein in virion egress is well established, its role 
in virus entry remains to be fully elucidated. NA activity is needed for the release of 
virions from mucus decoy receptors, but conflicting results have been reported on the 
importance of NA activity in virus entry in the absence of decoy receptors. We now 
show that inhibition of NA activity affects virus entry depending on the receptor-binding 
properties of HA and the receptor repertoire present on cells. Inhibition of entry by the 
presence of mucus correlated with the importance of NA activity for virus entry, with the 
strongest inhibition being observed when mucus and OsC were combined. These results 
shed light on the importance in virus entry of the NA protein, an important antiviral drug 
target.

KEYWORDS influenza A virus, hemagglutinin, neuraminidase, virus entry, mucus

R espiratory viruses including influenza A viruses (IAVs) target the epithelium of the 
respiratory tract. To infect the host, the virus must first penetrate a viscous gel-like 

mucus layer to reach the underlying susceptible epithelial cells. Mucus is a protective 
barrier comprising a myriad of biological components many of which may play a 
protective role against invading viruses including heavily glycosylated mucins abundant 
in terminal sialic acids (Sias), immune components such as antibodies and complement 
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proteins, extracellular vesicles, and other peptides and proteins, some of which have 
antiviral properties (1). Sialoglycans also constitute the functional IAV receptors 
found on permissive airway cells to allow Sia-dependent entry. To avoid being trap
ped by binding to unproductive decoy Sia receptors present on mucins and cells, 
IAV particles carry both receptor-binding (hemagglutinin; HA) and receptor-destroying 
(neuraminidase; NA) glycoproteins in their envelope. A functional balance between 
receptor-binding and receptor-destroying activities is required to escape decoy receptors 
and to efficiently infect target cells (2, 3).

IAV HA protein is involved in two stages of viral infection—receptor binding 
and virus-cell fusion. Avian viruses generally prefer binding to α2–3-linked Sia recep
tors, while human viruses prefer binding to α2–6-linked Sias (4–6). Upon binding of 
a virion via HA to functional sialoglycan receptors on the target cell surface, the 
virus is internalized into an endosome through receptor-mediated endocytosis (7–12). 
Subsequently, HA mediates the fusion of the viral envelope with the endosomal 
membrane when endosomal pH becomes acidic allowing delivery of the viral genome 
into the cytoplasm of the target cell. On the other hand, NA hydrolyzes terminal Sias of 
sialoglycans, and it is generally accepted that NA promotes the release of progeny virus 
from an infected host cell by destroying receptors on the host cell and the virus itself (13, 
14).

Besides its aforementioned traditional role in virion release, NA has also been 
proposed to be involved in the viral entry phase (15–19). The concerted action of HA 
and NA allows virion motility (18, 20) and escape from decoy receptors in respiratory 
mucus (15, 17, 21, 22) enabling the virus particle to traverse the mucus layer to reach the 
airway epithelium (15, 23). Also, in the absence of soluble decoy receptors, NA activity 
has been reported to be important for efficient cell entry (15, 17–19, 24, 25); however, 
inhibition of NA activity was shown not to appreciably affect virus entry in several other 
studies (10, 26–28). The use of different cell models and viruses makes it difficult to 
compare the outcomes of these different investigations.

In view of the disputed role of the NA protein in virus entry, we systematically 
analyzed the role of NA in viral entry in the absence and presence of mucus. To 
this end, we utilized a set of (isogenic) IAVs containing HAs with different sialoglycan-
binding affinity profiles and cells with different sialoglycan receptor repertoires. The 
results indicate that a critical role for NA activity in IAV entry depends on the combi
nation of HA receptor-binding specificity, cell surface sialoglycan repertoire, and the 
presence/absence of mucus. We propose a model in which IAV particles move on the 
cell surface in an NA-dependent fashion until they can bind to an appropriate set of 
receptors allowing endocytic uptake. With higher amounts of functional receptors on the 
cell surface, virions depend less on NA activity and are inhibited less by the presence of 
mucus.

MATERIALS AND METHODS

Cells

Madin-Darby canine kidney-II (MDCK-II) cells, human adenocarcinoma alveolar basal 
epithelial (A549) cells, and human cervical carcinoma cells (HeLa R19) were cultured in 
Dulbecco’s modified Eagle’s medium (Capricorn Scientific) supplemented with 10% fetal 
bovine serum (Thermo Fisher Scientific), 100 IU/mL penicillin, and 100 µg/mL streptomy
cin at 37°C, 5% CO2. MDCK-SIAT1 cells were obtained from Mikhail Matrosovich (29) and 
maintained in the aforementioned culture medium with the addition of 400 µg/mL G418 
(Gibco).

Influenza A viruses

Recombinant influenza A viruses generated in the background of A/Puerto 
Rico/8/34 H1N1 by reverse genetics were kindly provided by Ron Fouchier, Erasmus MC, 
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Rotterdam, the Netherlands, (30) or Ben Peeters, Wageningen BioVeterinary Research, 
Lelystad, the Netherlands (31, 32). Recombinant viruses contain either only the gene 
encoding HA (7:1) or both HA and NA genes (6:2) of A/Bilthoven/1791/1976 (H3N2 6:2 
and H3N1 7:1) or A/duck/Hunan/795/2002 (H5N1 6:2). The wild-type (WT) multi-basic 
cleavage site of the H5 is modified to encode a low-pathogenic cleavage site (31, 
33). Stocks of the recombinant and WT viruses A/Netherlands/602/09 (H1N1pdm09), 
A/Puerto Rico/8/34/Mount Sinai (H1N1 PR8), and A/Bilthoven/1791/1976 (H3N2) were 
propagated in MDCK-II cells in Opti-MEM (Thermo Fisher Scientific) containing 1 µg/mL 
TPCK-treated trypsin (Sigma-Aldrich) and stored at −80˚C until use. All experiments were 
performed under BSL-II conditions.

Infection assays

Cells were seeded in 96-well plates and, for luciferase read-outs, were then transfected at 
a 3:1 ratio of FuGENE 6 (Promega) to one of two pHH-GLuc plasmids expressing Gaussia 
luciferase (GLuc; 100 ng/well), under the control of either human (using HeLa R19 cells) 
or canine (using MDCK-II or MDCK-SIAT1 cells) pol I promoter (11, 34). At 24 or 48 h 
post-transfection, respectively, cells were infected with IAV at MOI 0.1–1 TCID50 units 
(as determined on MDCK-II cells) per cell (unless indicated otherwise) in the absence 
of TPCK-treated trypsin resulting in a single round of replication, with or without 1 µM 
oseltamivir carboxylate (OsC). For immunofluorescence analysis, cells were fixed at 8 or 
19 h post-infection (HPI). Care was taken so that multiplicities of infection (MOIs) used 
resulted in approximately similar numbers of infected cells in the absence of OsC. For a 
luciferase read-out, supernatant samples were collected at 16 HPI to assay for luciferase 
activity using the Renilla Luciferase Assay system (Promega) as per the manufacturer’s 
instructions. Luminescence readings as a measure of viral replication were obtained 
using a GloMax Discover System GM3000 luminometer microplate reader (Promega).

For mucus-infection inhibition assays, viruses were diluted in Opti-MEM with or 
without 2 µM OsC to 1.2 × 106 TCID50/mL. A mixed healthy donor nasal mucus sample 
(Epithelix Sàrl) was serially diluted twofold in Opti-MEM to give mucus concentrations of 
8%–0.5 %. For comparison with desialylated mucus, the mucus sample was first treated 
with Arthrobacter ureafaciens NA (AUNA; Roche) as per the manufacturer’s protocol. Virus 
and mucus dilutions were mixed 1:1, resulting in the final concentrations of 6.0 × 105 

TCID50/mL virus, with or without 1 µM OsC, and 4%–0.25 % mucus. The mixes were left to 
incubate at room temperature for 20 min before addition to confluent 96-well plates of 
pHH-GLuc-transfected MDCK-II and MDCK-SIAT1 cells.

Immunofluorescence analysis

Cells were fixed with 4% formaldehyde for 30 min at room temperature, before 
permeabilization and blocking with 3% bovine serum albumin (BSA), 0.2% Triton X-100 
in Dulbecco’s phosphate-buffered saline (PBS; Capricorn Scientific), or blocking only 
with 3% BSA in PBS (for lectin staining) for 1 h at 4°C. Primary mouse monoclonal 
antibody HB65 (11) was utilized along with secondary Alexa Fluor 488-conjugated 
goat anti-mouse IgG to visualize IAV nucleoprotein (NP). Biotinylated lectins Maackia 
amurensis lectin I (MALI; recognizing α2–3Sia-Galβ1–4GlcNAc) and Sambucus nigra lectin 
(SNA; recognizing α2–6Sia-Galβ1–4GlcNAc) from VectorLabs and Alexa Fluor 568-conju
gated streptavidin were used for glycotope immunofluorescence. Primary antibodies 
or lectins were diluted in blocking buffer, and cells were incubated in the dilutions 
overnight at 4°C. Cells were washed three times in PBS before incubating with secondary 
antibody and 4',6-diamidino-2-phenylindole (DAPI) dilutions in PBS for 1 h at room 
temperature. Cells were washed three times in PBS and imaged with an EVOS FL 
microscope (Invitrogen).
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NA enzymatic activity analysis

NA activity of IAVs was assessed using the synthetic monovalent substrate 4-methylum
belliferyl-N-acetyl-α-D-neuraminic acid (4-MU-NANA; Sigma Aldrich) in a fluorometric 
assay as previously described (35) in the presence and absence of 1 µM OsC.

Biolayer interferometry

Biolayer interferometry (BLI) assays to assess real-time virus binding were performed 
using an Octet RED348 (ForteBio) as described previously (36). All experiments were 
performed using PBS containing calcium and magnesium (Capricorn Scientific) at 30°C 
with plates shaking at 1,000 rpm. Streptavidin biosensors (SA, Pall-FortBio) were loaded 
to saturation with biotinylated synthetic glycans 3’S(LN)2 (α2–3-sialyl-N-acetyllactosa
mine-N-acetyllactosamine) or 6’S(LN)2 (α2–6-sialyl-N-acetyllactosamine-N-acetyllactosa
mine) that were kindly provided by Geert-Jan Boons, synthesized at the Department of 
Chemical Biology and Drug Discovery, Utrecht University, Utrecht, the Netherlands, and 
used previously to analyze IAV-receptor binding by BLI (37). Virus binding was monitored 
by moving receptor-loaded sensors to wells containing virus, 1 mM trypsin-like protease 
inhibitor (Sigma Aldrich; T6552), and 10 µM OsC (Roche) to inhibit all NA activity (20). 
Virus binding was calculated from virus association curves up to 300 s, at which point the 
curves are linear, and plotted relative to the highest binding level between 3’S(LN)2 and 
6’S(LN)2 per virus.

RESULTS

NA-dependency for virus entry

Conflicting results have previously been reported concerning the role of NA in virus 
entry (10, 15, 17–19, 24–28), prompting us to study the importance of NA in virus entry 
using a panel of IAVs consisting of a range of subtypes; recombinant H5N1 (6:2; HA and 
NA of stated virus subtype in the backbone of PR8), laboratory-adapted human-derived 
H1N1 PR8, pandemic human H1N1pdm09, and WT and recombinant 6:2 human H3N2 
viruses. MDCK-II cells were infected in the absence or presence of the NA inhibitor OsC 
at a concentration of 1 µM that is expected to completely block NA activity. Infections 
were performed in the absence of trypsin, which is required to activate the HA proteins, 
resulting in a single round of replication (38) and in the number of infected cells—
visualized by IAV NP-staining—being a measure of virus entry at 19 HPI (Fig. 1A). It 
was observed that the number of H5N1(6:2)- and PR8-infected cells was not affected 
by the presence of OsC (Fig. 1B). However, in the presence of OsC, the number of 
H1N1pdm09-infected cells was severely reduced as well as that for the H3N2 WT and 
(6:2) viruses, suggesting that these viruses have a greater dependency on NA activity 
for entry than the H5N1(6:2) and PR8 viruses. Similar results were obtained when PR8 
and H3N2(6:2) viruses were used to infect A549 cells in that H3N2 was more inhibited 
by OsC than PR8 (Fig. 1C). To confirm that the inhibitory effect of OsC resulted from 
inhibition of virus entry, cells were also infected and fixed at 8 HPI (Fig. 1D). Similar, albeit 
smaller, virus-dependent effects of OsC on entry were observed. As the H5N1(6:2), PR8, 
and H3N2(6:2) viruses only differ in their HA and NA proteins, these results indicate that 
the observed difference in the number of infected cells does not result from the OsC 
preparation somehow inhibiting NP expression at a post-entry stage and rather reflects 
a differential NA-dependency for entry, which can be attributed to one or both of the 
glycoproteins.

IAV HA binding profiles

To confirm that the NA protein of the different viruses was completely inhibited by 
the concentration of OsC used in these experiments, IAV NA activity was assessed by 
MUNANA fluorometric assay in the absence and presence of 1 µM OsC using non-saturat
ing amounts of virus (Fig. 2A). The results, indeed, show that the NA activity of all viruses 
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FIG 1 IAVs differ in their NA-dependence for entry. (A) Representative images of single-round IAV infections in MDCK-II 

cells with and without 1 µM OsC. At 19 HPI, cells were fixed and stained for IAV nucleoprotein (NP) and nuclei using DAPI. 

NP-positive and total cells were quantified and shown in (B). The experiment was repeated in A549 cells for H1N1(PR8) 

and H3N2(6:2) and quantified in (C). (D) Similar experiment as in (B) except cells were fixed at 8 HPI. Bars represent means 

± standard error of two experiments each with two independent infections. Statistical significance (P) was calculated by 

one-way ANOVA using Tukey’s multiple comparison test (*P = < 0.05; **P = < 0.01; ***P = < 0.001).
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FIG 2 Characterization of IAV NA and HA activity. (A) NA proteins are efficiently inhibited by OsC. 

MUNANA assay using virus dilutions with highest NA activity, showing NA activity with and without 

1 µM OsC relative to the no-OsC control. Bars represent means (n = 2) ± standard deviation of a 

representative experiment. (B) Relative binding preferences of IAVs to 3’S(LN)2 (indicated by 2–3) and 

6’S(LN)2 (indicated by 2–6) synthetic glycans as determined by biolayer interferometry. Binding levels for 

each virus preparation for both glycans (loaded to saturation) were normalized to the highest binding 

level observed after 300 s.
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was effectively inhibited to the same extent by 1 µM OsC, suggesting that the difference 
in NA-dependent entry can be attributed to HA rather than NA. Therefore, we next 
analyzed to what extent the IAVs displayed differing affinities to α2–3- and α2–6-linked 
Sias. To determine the binding profiles of our viruses, we analyzed virus binding to 
synthetic glycans 3’S(LN)2 and 6’S(LN)2 by BLI. The binding data indicated that H5N1(6:2) 
and PR8 preferably bind α2–3-linked sialoglycans, while H1N1pdm09, H3N2(6:2), and 
H3N2 WT prefer binding to α2–6-linked sialoglycans (Fig. 2B), in agreement with 
previously published results (20, 32, 39). These differential binding preferences correlated 
with the viruses’ NA-dependency for entry into MDCK-II cells shown in Fig. 1, with the 
entry of the viruses that display preferential binding to α2–3-linked Sia—H5N1(6:2) and 
PR8—not being significantly affected with the addition of OsC, while the remaining 
viruses that preferably bind to α2–6-linked Sia are sensitive to the addition of OsC.

HA is responsible for OsC sensitivity

To further decipher which viral glycoprotein is responsible for the observed sensitivity 
to OsC in virus entry, MDCK-II cells were also infected with recombinant virus H3N1(7:1) 
which only contains the H3 protein of the H3N2 WT virus in the backbone of PR8. 
Again, based on NP-staining quantification, H3N1(7:1) virus entry was significantly 
more inhibited compared to PR8 in the presence of OsC, compared to their respective 
no-OsC controls (Fig. 3A). To confirm the results based on NP-staining of infected cells, 
single-round infections of MDCK-II cells (Fig. 3B) and HeLa R19 cells (Fig. 3C) were 
also quantified using a GLuc-reporter system. GLuc expression driven by IAV infection 
was severely affected by inhibition of NA activity for H3N1(7:1) but not for PR8 in the 
presence of OsC. Together, these results indicate that the differential OsC sensitivity and, 
thus, NA-(in)dependent entry observed for these viruses can be attributed to their HA 
protein.

Preferred HA-receptor abundance influences NA-dependency for entry

If the observed difference in NA-dependent entry, indeed, depends on the HA protein 
and particularly on the receptor-binding preference thereof, one would predict that it 
should be possible to manipulate the OsC sensitivity of virus entry by changing the 
receptor repertoire displayed on the cell surface. To this end, we utilized MDCK-II cells 
and MDCK-SIAT1 cells, the latter which overexpresses α2–6-sialyltransferase ST6Gal1 (29). 
To confirm the increased presence of α2–6-linked Sia on MDCK-SIAT1 cells, cells were 
fixed, blocked, and incubated with MAL I which binds to α2–3-linked Sia or SNA which 
preferentially binds to α2–6-linked Sia. The lectin stains show that α2–6 Sia glycotopes 
are much more abundant on MDCK-SIAT1 than on MDCK-II cells and α2–3 sialoglycans 
appear to be slightly more abundant on MDCK-II than MDCK-SIAT1 cells (Fig. 4A) in 
agreement with previous reports (29, 40).

We then compared the difference in the OsC sensitivity of the viruses when infecting 
cells with differing α2–3 and α2–6 Sia abundances. Similar to Fig. 1A and B, IAV entry was 
studied in MDCK-II and MDCK-SIAT1 cells with and without OsC and at 19 HPI, cells were 
fixed and stained for NP and nuclei in order to determine the percentage of infected 
cells relative to controls. The amount of virus in the inoculum was adjusted so that 
approximately similar numbers of cells were infected in the absence of OsC. Comparing 
the infected cells in the presence of OsC to the no-OsC controls per cell line, it was 
observed that there was significantly higher H5N1(6:2) and PR8 entry in MDCK-II cells 
than in MDCK-SIAT1 cells in the presence of OsC (Fig. 4B). All viruses that had preferential 
binding for α2–6 Sia over α2–3 Sia infected a higher percentage of MDCK-SIAT1 cells 
compared to MDCK-II cells in the presence of OsC, which was significant for H1N1pdm09 
and H3N1(7:1). Similar findings were observed when infection was quantified using the 
GLuc system and measuring luciferase activity at 16 HPI. Inhibition of NA activity by 
OsC did not significantly affect the entry of H5N1(6:2) and PR8 in both cell lines. In 
contrast, infection with H3N1(7:1) in MDCK-SIAT1 cells is significantly less affected by the 
inhibition of NA activity than in MDCK-II cells (Fig. 4C).
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Increasing MOI overcomes NA-dependency for entry

Until now, all infections were performed with an MOI ranging from 0.1 to 1 TCID50 units 
per cell. To see whether a high MOI would allow the virus to overcome the NA-depend
ency for entry, HeLa R19 cells transfected with pHH-GLuc were infected at 24 h post-
transfection with different dilutions of H3N1(7:1) and PR8 (resulting in MOIs ranging from 
0.05 to 50), with and without 1 µM OsC. For both viruses, the NA-dependency for entry 
decreased with higher amounts of virus, with H3N1(7:1) being more NA-dependent for 
entry than PR8 as observed previously (Fig. 5). At the lowest virus dilution, increased 
entry of PR8 is observed with the inhibition of NA compared to the no-OsC control, 
perhaps a result of the inhibition of cleavage of functional Sia receptors, in accordance 
with previous findings (41–43).

Entry inhibition by mucus reflects that of OsC

IAVs must be able to penetrate the gel-like mucus barrier overlaying the epithelium of 
the respiratory tract to reach the underlying cellular receptors, for which it is known 
that NA activity plays a crucial role (15, 17, 21, 23). To assess how mucus affects 
IAV NA-dependent and -independent entry, MDCK-II and MDCK-SIAT1 cells transfected 
with pHH-GLuc were infected at 48 h post-transfection with 6.0 × 105 TCID50/mL 
virus incubated with respiratory mucus dilutions with and without 1 µM OsC. Entry 
of H5N1(6:2) was not affected much by the presence of OsC regardless of the cell line 
used (Fig. 6A) in accordance with previous results (Fig. 1B and 4C). The presence of 
mucus resulted in a relatively small but consistent non-significant decrease in entry 
(Fig. 6A). There was no significant difference in the effect of NA-inhibition on entry of 
PR8 between the MDCK-II and MDCK-SIAT1 cells (Fig. 6B) in agreement with previous 
results (Fig. 4C). The addition of increasing concentrations of mucus had a small effect 
in the absence of OsC, which was significant on MDCK-II cells but not MDCK-SIAT1 cells. 
Inhibition was more pronounced in the presence of both mucus and OsC on both cell 
lines. NA-independent H3N1(7:1) entry was lower in MDCK-II cells compared to MDCK-
SIAT1 cells in the absence of mucus (Fig. 6C) in agreement with previous results (Fig. 
4B and C). In MDCK-II cells, concentration-dependent inhibition by mucus was observed 
in the absence of OsC, which was much more pronounced in the presence of OsC. In 
α2–6 Sia-abundant MDCK-SIAT1 cells, increasing levels of entry inhibition were observed 
with increasing mucus concentrations but in the presence of OsC only. To compare the 

FIG 3 Differences in IAV OsC sensitivity largely depends on HA and not NA. (A) Single-round IAV infections in MDCK-II cells with and without 1 µM OsC. At 19 

HPI, cells were stained for IAV nucleoprotien (NP) and nuclei using DAPI and quantified. (B,C) Single-round IAV infections in (B) MDCK-II and (C) HeLa R19 cells 

transfected with the Gaussia luciferase reporter plasmid, with and without 1 µM OsC. Cells were infected at 24 h (HeLa R19) or 48 h post-transfection (MDCK-II) 

and luminescence read at 16 HPI. Bars represent means ± standard error of two experiments each with two independent infections. Statistical significance 

(P) was calculated using Student’s t-test (*P = < 0.05; **P = < 0.01; ***P = < 0.001).
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different virus-cell combinations, we determined the IC50 values of mucus (vol/vol %) in 
the absence of OsC (Fig. 6D), which confirmed that inhibition by mucus was limited for 
H5N1(6:2) and PR8 viruses and not significantly different between the cell lines used. In 
contrast, infection with H3N1(7:1) virus was much more inhibited by mucus on MDCK-II 
cells compared to the MDCK-SIAT1 cells and to infection with the other viruses on 
MDCK-II cells. Treatment of mucus with AUNA to remove Sia moieties from mucus decoy 
receptors reduced virus infection inhibition by mucus significantly (P < 0.001; Fig. 6E) 
in agreement with the hypothesis that sialylated mucus decoy receptors are inhibitory. 
The remaining inhibitory effect of AUNA-treated mucus may be attributed to incomplete 
desialylation of mucus constituents and/or the presence of other inhibitory molecules. In 
conclusion, the inhibitory capacity of mucus for the different virus-cell line combinations 
reflects the inhibition observed by OsC.

FIG 4 Cell lines with different receptor repertoires affect IAV OsC sensitivity. (A) Lectin stains showing the comparison of α2–6 Sia (SNA) and α2–3 Sia (MALI) 

abundances between MDCK-II and MDCK-SIAT1 cells. (B) Single-round IAV infections in MDCK-II and MDCK-SIAT1 cells with and without 1 µM OsC. At 19 HPI, 

cells were stained for IAV nucleoprotein (NP) and nuclei using DAPI. NP-positive and total cells were quantified. (C) Single-round IAV infections in MDCK-II 

and MDCK-SIAT1 cells transfected with the Gaussia luciferase reporter plasmid, with and without 1 µM OsC. Cells were infected at 48 h post-transfection 

and luminescence read at 16 HPI. Two experiments each with two independent infections were performed. Bars represent means ± standard error. Statistical 

significance (P) was calculated by one-way ANOVA using Tukey’s multiple comparison test. (*P = < 0.05; **P = < 0.01; ***P = < 0.001).
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DISCUSSION

The role of NA in IAV egress has been well established and acknowledged for decades 
although the full extent of—and the factors that influence—its role in entry has yet to 
be fully elucidated. In this study, we systematically analyzed the role of NA in viral entry 
in relation to HA receptor-binding preference. Taken together, our results depict that a 
virus’ dependency on NA for entry is determined by a complicated interplay between the 
virus’ HA receptor-binding preference, the receptor repertoire present on cells, and the 
presence/absence of mucus decoy receptors. Based on these results and previous studies 
[reviewed in references (1, 3)], we propose a model for this interplay (Fig. 7). When 
the activities of HA and NA are balanced to the receptor repertoire present, this will 
allow efficient virion motility through the mucus layer and escape from decoy receptors 
while enabling the binding of virions to the cell surface. In the absence of NA activity, 
virus entry may be inhibited even in the absence of mucus decoy receptors, particularly 
for α2–6 Sia-specific viruses on cells limited in the corresponding Sia receptors. This 
suggests that virion motility on the cell surface is required for these viruses to find the 
appropriate set of functional receptors, binding to which will enable the virus to signal 
its own endocytic uptake. Mucus by itself may already inhibit virus entry, particularly 
for α2–6 Sia-specific viruses on cells limited in the corresponding Sia receptors probably 
by being a more efficient competitor when available receptors are scarce. The greatest 
inhibition of virus entry is observed when the NA inhibitor is combined with mucus 
decoy receptors as in the presence of the NA inhibitor, self-elution of the virus from 
mucus decoy-receptors is inhibited.

NA is important for the release of virus progeny from infected cells (13) and decoy 
receptors (15) and for virion motility on receptor-coated surfaces and cells (18, 20). 
In view of the vast abundance of sialoglycans in vivo (44), virions are presumably 
always in a receptor-bound state via multiple HA-receptor interactions (3). The low 

FIG 5 NA-dependency for IAV entry is overcome by increasing MOI. Single-round H1N1(PR8) and H3N1(7:1) infections at 

different MOIs in HeLa R19 cells transfected with the Gaussia luciferase reporter plasmid, with and without 1 µM OsC. 

Cells were infected at 24 h post-transfection and luminescence read at 16 HPI. Bars represent means ± standard error of 

two experiments each with two independent infections. Statistical significance (P) was calculated by one-way ANOVA using 

Tukey’s multiple comparison test. (*P = < 0.05; **P = < 0.01; ***P = < 0.001).
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FIG 6 Mucus inhibition of IAV entry is receptor repertoire- and virus-dependent and reflects OsC sensitivity. Single-round (A) H5N1(6:2), (B) H1N1(PR8), and (C) 

H3N1(7:1) infections at MOI 1 in MDCK-II and MDCK-SIAT1 cells transfected with the Gaussia luciferase reporter plasmid, in the presence of 0%–4% mucus, with 

and without 1 µM OsC. Cells were infected at 48 h post-transfection and luminescence read at 16 HPI. Results were normalized to control infections in

(Continued on next page)

Full-Length Text Journal of Virology

October 2023  Volume 97  Issue 10 10.1128/jvi.00602-23 11

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
01

 N
ov

em
be

r 
20

23
 b

y 
13

1.
21

1.
12

.1
1.

https://doi.org/10.1128/jvi.00602-23


affinity of these interactions results in a dynamic-binding mode and access of NA to 
these previously bound receptors. The combination of multivalent low-affinity receptor 
interactions together with receptor-destroying activity results in virion motility similar to 
a burnt bridge molecular motor (18, 45, 46). Thus, the catalytic activity of NA reduces the 
local density of sialoglycans, resulting in virion motility toward higher receptor densities, 
while essentially no motility is observed in the absence of NA activity.

Our results indicate that NA activity and, hence, virion motility are required for 
efficient IAV entry, the extent of which is dependent on the HA receptor-binding 

FIG 6 (Continued)

the absence of both mucus and OsC. Means ± standard error of two experiments each with two independent infections are shown. (D) Non-linear regression 

analysis using GraphPad Prism software was used to determine the IC50 values of mucus (in vol/vol %) for each virus-cell combination in the absence of OsC. (E) 

Single-round H3N1(7:1) infections at MOI 1 in MDCK-II cells transfected with the Gaussia luciferase reporter plasmid, comparing inhibition between the presence 

of 0%–4% mucus and Arthrobacter ureafaciens NA (AUNA)-treated mucus. Means ± standard error of two experiments each with two independent infections are 

shown. Statistical significance (P) was calculated by one-way ANOVA using Tukey’s multiple comparison test (*P = < 0.05; **P = < 0.01; ***P = < 0.001).

FIG 7 Model for NA-dependent IAV entry. Inhibition of virus entry in MDCK-II cells by NA inhibitor OsC is more pronounced for viruses preferring binding 

to less-abundantly present α2–6-linked sialoglycans compared to viruses preferentially binding to α2–3-linked sialoglycans. Inhibition by decoy receptor-rich 

mucus correlates with sensitivity toward OsC and is increased in the presence of both mucus and OsC. Increased preferred-receptor abundance results in 

reduced inhibition of virus entry by decoy receptors and by OsC. The latter implies that NA-dependent virion mobility (virus rolling) is required more for efficient 

entry when fewer preferred receptors are present. Presumably mobility of IAV particles allows increased interaction with functional receptors, which is required 

for endocytic uptake. Inhibition of virus entry is generally more pronounced when NA inhibitor is combined with mucus, hindering self-elution of virus particles 

from mucus decoy receptors. Figure was generated using BioRender.
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preference and abundance of preferred receptors present (Fig. 7). These findings are 
consistent with previous studies that have also shown that NA is required for viral entry 
on cell lines (15–19, 24, 25) and may provide an explanation for the apparent lack 
of effect of NA inhibition on virus entry reported by others (10, 26–28). We conclude 
that virion motility plays a larger role in virus entry when limited numbers of preferred 
sialoglycan receptors are present on the cell surface. The need for virion motility can 
be overcome by increasing preferred receptor abundance, by using an HA with altered 
receptor-binding specificity, or by increasing the MOI. Furthermore, we hypothesize that 
the smaller inhibitory effect of OsC after 8 HPI compared to 19 HPI (Fig. 1B and 1D) can 
be attributed to asynchronous infection. Prolonged infection of some viruses was more 
efficient in the absence of OsC, when viruses are motile. Presumably virion motility is 
less important for entry when the probability of finding an appropriate set of functional 
receptors is increased, binding to which will result in endocytic uptake and fusion. In 
agreement herewith, NA inhibitors do not suppress the binding of virus particles to 
receptors (19, 20) but rather inhibit fusion (18).

Here, we show that inhibition of virus entry by mucus derived from primary 
differentiated epithelial cell cultures corresponds with that of OsC. Somewhat surpris
ingly, in view of the presumed high abundance of α2–3 sialoglycans on mucins (1, 47), 
viruses with an HA-receptor-binding preference to α2–3 Sia (PR8 and H5N1[6:2]) were 
less inhibited by mucus (and by OsC) compared to a virus with a α2–6 Sia-binding 
preference (H3N1[7:1]) (Fig. 6 and 7). The limited inhibition of PR8 and H5N1(6:2) can be 
explained by the limited competition of mucus components with receptor binding of 
these viruses and/or by these viruses containing an NA that efficiently cleaves sialogly
cans in mucus to which these viruses bind. When NA activity was inhibited in the 
presence of mucus, a slightly greater but still limited inhibition was observed, indicat
ing that mucus components acted as decoy receptors to a limited extent under these 
conditions. The absence of infection inhibition by OsC is not linked to the presence 
of a second sialic acid binding site in NA as such a site is present in H5N1(6:2) but 
not in PR8. In contrast, H3N1(7:1) virus preferring binding to α2–6 sialoglycans was 
severely inhibited by the presence of mucus unless the number of α2–6 sialoglycans 
was increased on the cell surface. The combination of mucus and OsC resulted in strong 
inhibition also on MDCK-SIAT1 cells. Due to the complexity of mucus, it is not yet 
known which component—or more likely multiple components—is responsible for entry 
inhibition. Mucus is not only abundant in O-glycan-rich mucins MUC5AC and MUC5B but 
also in N-glycan-rich exosomes, both of which have been suggested to inhibit viruses 
due to their high-Sia content (17, 48). To what extent each component may be contribu
ting to IAV entry inhibition individually remains largely unexplored. Interestingly, it was 
previously shown using a similar H3N2 virus as used here, that the α2–6 sialoglycan-rich 
exosome fraction of mucus inhibited virus infection in MDCK cells (48).

Presumably, IAVs must evolve their HA-NA balance within conflicting binding 
interests to penetrate and escape respiratory mucus while still being able to bind to 
(functional) receptors on cells. The complexity is further increased by recent observations 
that low-affinity receptors may contribute to the binding of IAVs to surfaces displaying 
a heterogenous receptor repertoire (32). The HA-NA balance, which may be regarded 
as a host tropism determinant, will be finely tuned to the host species glycome, i.e. the 
combined abundances of functional and decoy sialoglycans present. As different species 
have differing sialoglycomes (1), re-tuning of this balance will be needed for viruses to 
successfully breach the species barrier.
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