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Highlights
The mucus layer of the respiratory tract
forms a barrier against viruses.

Mucins, which are heavily glycosylated in
a species-specific manner, form the
major structural and functional compo-
nent of mucus.

Glycan-binding virusesmay avoid immo-
bilization in mucus by carrying receptor-
destroying enzymes.

To successfully breach the host species
barrier, (zoonotic) viruses must reset the
Efficient penetration of the mucus layer is needed for respiratory viruses to avoid
mucociliary clearance prior to infection. Many respiratory viruses bind to glycans
on the heavily glycosylated mucins that give mucus its gel-like characteristics.
Influenza viruses, some paramyxoviruses, and coronaviruses avoid becoming
trapped in the mucus by releasing themselves by means of their envelope-
embedded enzymes that destroy glycan receptors. For efficient infection, receptor
binding and destruction need to be in balance with the host receptor repertoire.
Establishment in a novel host species requires resetting of the balance to adapt
to the different glycan repertoire encountered. Growing understanding of species-
specific mucosal glycosylation patterns and the dynamic interaction with respira-
tory viruses identifies the mucus layer as a major host-range determinant and
barrier for zoonotic transfer.
functional balance between binding and
cleaving of glycan receptors.

1Section Virology, Division Infectious
Diseases & Immunology, Department of
Biomolecular Health Sciences, Faculty
of Veterinary Medicine, Utrecht
University, Yalelaan 1, 3584 CL, Utrecht,
The Netherlands
2These authors contributed equally

*Correspondence:
e.devries@uu.nl (E. de Vries) and
c.a.m.dehaan@uu.nl (C.A.M. de Haan).
Respiratory mucus and viruses
All body surfaces exposed to the outside world are protected against environmental hazards by a
layer of closely connected epithelial cells. Themultiple layers of dead cells of the skin can be passed
by viruses only via animal bites, wounds or needles. However, 95% of epithelial surfaces are
mucosal surfaces consisting of a single layer of epithelial cells mostly covered by a gel-like layer
of mucus (see Glossary). They form semipermeable barriers enabling nutrient absorption and
waste secretion and provide a major route of entry and release for pathogens, including viruses.
The mucus layer contains a range of mucin glycoproteins as the main components; they are
secreted by specialized secretory epithelial cells. Mucus provides protection against dehydration,
abrasion, toxins, and pathogens, and is a reservoir for antimicrobial molecules [1]. In the respiratory
tract, heavily glycosylated and sialylated mucins form a barrier against glycan-receptor-binding
viruses, which are at risk of being expelled bymucociliary clearance (MCC) after immobilization
in the mucus layer [2]. This is counteracted by respiratory viruses – such as influenza viruses, some
coronaviruses, and paramyxoviruses – which release themselves from decoy receptors by the
action of their associated glycan-receptor-destroying enzymes (RDEs) [3].

Host species differ in the genetic makeup and expression of their glycan-modifying enzymes,
resulting in a species-specific sialoglycan repertoire on functional cell surface receptors as
well as soluble decoy receptors in the mucus [4–6]. Glycan-binding viruses usually have a re-
stricted host range invoked by optimal adaptation to the glycan repertoire of a specific host spe-
cies amongst other factors. Host-specific evolution – leading to well-balanced binding to, and
cleavage from, epithelial cell surface receptors – has been extensively documented for influenza
viruses [7–9] and others [10,11]. However, such a balance is also required to prevent immobiliza-
tion on mucus decoy receptors leading to virus expulsion before reaching the epithelial cells.
Thus, animal viruses that have successfully crossed the host species barrier to become human
viruses, will not only have adjusted the specificity and/or affinity of their glycan-receptor-
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Glossary
Glycan-receptor-binding protein
(RBP): a viral attachment protein
capable of binding to glycotopes
present on target cells. Enveloped
viruses may contain hemagglutinin (HA;
influenza A and B viruses),
hemagglutinin-esterase (HE; some
coronaviruses), hemagglutinin-esterase
fusion (HEF; influenza C and D viruses),
or hemagglutinin-neuraminidase (some
paramyxoviruses) proteins. Many
nonenveloped ('naked') viruses bind
glycans via their capsid proteins.
Glycan-receptor-destroying
enzyme (RDE): a viral protein which
cleaves or modifies specific glycotopes
that are recognized by the
corresponding glycan-receptor-binding
protein (RBP). Examples are
neuraminidase (NA; influenza A and B
viruses), hemagglutinin-esterase (HE;
some coronaviruses), hemagglutinin-
esterase fusion (HEF; influenza C and D
viruses), and hemagglutinin-
neuraminidase (some paramyxoviruses)
proteins.
Glycomics: the study of the entire
complement of glycans (glycome).
Glycotope: a glycan epitope that is
recognized by glycan-binding proteins,
including viral glycan-receptor-binding
proteins (RBPs).
Mucins: large network-forming, heavily
sialylated macromolecules that are the
main functional and structural
component of mucus.
Mucociliary clearance (MCC): a
process in the respiratory tract
(bronchioles, bronchi, trachea, nasal
cavity) in which the gel-like mucus layer
on top of the periciliary layer (PCL) is
transported by ciliary beating to the
pharynx where it is then swallowed or
coughed up.
Mucus: a gel-like liquid overlaying
epithelial surfaces. Air surface liquid
(ASL) that overlays the respiratory
epithelia consists of two layers: the gel
layer and periciliary layer (PCL). The gel
layer contains soluble mucins MUC5AC
and MUC5B. The PCL contains cilia
present on the epithelial surface that are
rich in transmembrane mucins.
Sialic acid (SIA): a nine-carbon
backbone saccharide that generally
occupies a terminal position of an
oligosaccharide (referred to as
sialoglycan). SIAs are generally attached
to a penultimate galactose via an α2,3-
or an α2,6-linkage (referred to as
α2,3SIA and α2,6SIA). SIAs may be
binding proteins (RBPs) and RDEs to match the sialoglycan repertoire of the epithelial cells but
also to the rather different glycan repertoire of the mucus layer. The mucus layer can therefore be
regarded as a major host-range determinant. In this opinion paper, we discuss our current under-
standing of the zoonotic barrier function of the mucus layer for glycan-binding respiratory viruses
and indicate the major gaps in our knowledge. Table 1 summarizes the properties of respiratory
viruses that bind to glycans, including all viruses that are discussed in more detail below.

The respiratory mucus layer and its protein constituents
Respiratory mucus, or airway surface liquid (ASL) is comprised of two distinct layers – the viscous
gel-like mucus layer that is situated on top of the periciliary layer (PCL) – described by a 'gel-on-
brush' model [12] (Figure 1). Mucins form the main constituents of both layers. They are large
macromolecules (200–1500 kDa in their monomeric state) that assemble into networks of up
to 200 MDa in size [2] that are conserved throughout the vertebrate kingdom. The protein back-
bone of mucins contains unique tandem repeats rich in proline, threonine, and serine – referred to
as PTS domains – which are extensively modified with a heterogeneous array of O-glycans con-
tributing to 50–80% of their molecular weight. Twenty-two mucins have been identified in
humans, 16 of which have been found in the respiratory tract.

The superficial gel layer (~2–10 μm) consists mainly of the large (~5800 amino acids) gel-forming
mucins MUC5AC and MUC5B that are secreted from goblet cells and mucous cells of the submu-
cosal glands, respectively (Figure 1). They multimerize into extended polymers (0.5–10 μm) by
disulfide bonds between the N- and C-terminal cysteine-rich von Willebrand factor (vWF) domains
(Figures 1 and 2), and along with mucin-interacting globular proteins form a dynamic, porous
molecular network with pores ranging from 100 to 500 nm that impede the penetration of invading
pathogens through the layer to the airway epithelia, thus facilitating removal by mucociliary clear-
ance [13]. The underlaying PCL is as deep as cilia are in height (~7 μm) and is reduced in viscosity,
providing a favorable environment for ciliary beating and cell surface lubrication. Membrane-
spanning mucins (MUC1, MUC4, MUC16, and MUC20) and mucopolysaccharides present on
cilia and airway epithelium form a meshwork that increases in density closer to the epithelial sur-
face, enabling the exclusion of molecules and nanoparticles through this ASL layer [12]. Mucus
covers the length of the respiratory tract, excluding the alveoli, with a thicker layer present in the
upper respiratory tract that decreases moving down to the bronchi and bronchioles of the lower
respiratory tract [14]. The mucus layer can vary in composition and properties due to changes in
physiology and health, including virus and bacterial infections, which may affect its barrier function.

Although mucins serve as the major functional and structural component of mucus, respiratory
epithelial cells secrete a myriad of nonmucin proteins, including enzymes, antimicrobial peptides,
protease inhibitors and oxidants which accumulate and play important functional roles in the
mucus layer [15]. Many of these mucus constituents have been identified from human broncho-
alveolar lavage fluid, fluid from primary human airway epithelial cultures, fluid from the serous
glands of the Calu-3 cell line, and nasal lavage fluid using proteomics mass spectrometry, chro-
matography, 2D PAGE and ELISA approaches [16,17]. Several of these proteins have been
found to have antiviral effects – such as human defensin-β [18], lactoferrin [19], palate lung and
nasal epithelium clone (PLUNC) [20], cathelicidins (specifically LL-37) [21], pulmonary surfactant
proteins A and D [22], deleted in malignant brain tumors 1 (DMBT1) [23], and galectins [24] –
although their ability to inhibit viruses when present at physiological levels within the mucus
layer in vivo is unclear. In addition, mucus appears rich in exosomes, which may also interfere
with virus infection of the epithelial cells [25,26]. Studies on the protein constituents of mucus
of other animal species are limited but available data suggest a similar composition as found in
human mucus [16,17,27–29]. It is not clear whether putative differences between species in
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differentially modified, for example by the
addition of O-acetyl, N-glycolyl
(Neu5Gc), or N-acetyl (Neu5Ac) groups.
Sialoglycan: sialylated
oligosaccharide.
protein composition and/or antiviral activities of proteins are important for the mucus layer func-
tioning as a host tropism barrier.

Penetration of mucus by nanoparticles
Permeability for nanoparticles and viruses is restricted by variousmeans, including size exclusion,
hydrogen bonding, electrostatic and hydrophobic interactions, andmore specific binding interac-
tions with (sialylated) glycans [30]. For virus particles that do not utilize glycans as receptors, the
ability to penetrate mucus is probably governed by physicochemical properties of mucus such as
pore size, viscoelasticity, pH, ionic strength, and charge. The mesh size of respiratory mucus is
highly heterogeneous (~100–500 nm); thus, for virus particles larger than the pore size, mucus
acts as a biological sieve, impeding the movement of particles regardless of surface chemistry
[13]. In the PCL, glycans present on cilia create an even denser network than the overlaying gel
layer. Particles greater than 40 nm cannot enter the PCL [12]. Smaller particles penetrate deeper
with decreasing particle size, indicating an increase in glycan density closer to the cell surface.
Particles with a net neutral charge havemuch greater mobility through themucus layer compared
to charged nanoparticles. A decrease in surface charge by PEGylation resulted in an 11-fold
increase in mobility rate of the nonglycan-binding porcine respiratory virus [31]. While it seems
clear that the mucus layer forms a formidable barrier against penetration of virus particles [13],
the physiochemical properties of mucus per se may not form a host species-specific barrier.

Species-specific differences in respiratory mucus glycosylation
Species-specific differences in the sialoglycan repertoire probably contribute to mucus being a host-
range determinant. The glycan repertoire of the respiratory tract mucus gel layer is present on secre-
tory gel-forming mucins MUC5AC and MUC5B, secretory non-gel-forming mucins (MUC7, MUC8,
MUC19), numerous globular proteins within the MUC5AC/5B meshwork, and secreted vesicles.

The serine and threonine residues within the repeated PTS domains of mucins, including the gel-
forming MUC5AC and MUC5B, are extensively modified by a highly heterogeneous collection of
O-glycans that contribute over 50% to the molecular weight (Figure 2). Also, N-linked glycosylation
sites are predicted in the N- and C-terminal domains of MUC5AC (17 sites) and MUC5B (32 sites)
but, only for MUC5B, at least 10 N-glycans were shown to be present [32]. Mucin glycosylation
patterns are determined by cell type, tissue and species-dependent expression patterns of glyco-
syl transferases in the goblet cells and submucosal glands from which MUC5AC and MUC5B are
secreted, respectively. The large array of globular proteins and vesicles present in mucus are de-
rived from the many cell types in the respiratory epithelial layer, cells of the immune system present
in the respiratory lumen or from cell leakages in the underlying tissue and vasculature. Their glyco-
sylation pattern, as for mucins, depends on cell origin and is expected to be highly complex and
variable between species [33–37] or disease state [2,38,39] and to a large extent representing
the glycome as determined for respiratory epithelium of several species. In contrast to mucins, a
large amount of N-linked glycans is expected to be present.

Variations in glycan distribution in the respiratory tract between species and different locations/
tissues/cells within a host have been revealed by lectin staining [40] but this technique is, at
most, semiquantitative and misses a lot of detail on glycan structure. Glycan structures have
been quantitatively determined by mass spectrometry glycomics analysis for several species,
mostly for N-glycans. Species-specific modifications (Table 2) likely contribute to the potential
of respiratory mucus as a host tropism barrier. Most of these modifications were present on
glycoproteins from epithelial tissues, and their presence on glycoproteins within the mucus
layer is inferred, but has not yet been convincingly demonstrated. Comprehensive studies
describing the glycan composition of mucus are limited and mostly confined to humans. The
Trends in Microbiology, November 2021, Vol. 29, No. 11 985



Table 1. Sialoglycan-binding respiratory viruses

Family Genus Sub-genus Virusa Diameter
(nm)

Receptorb RBPc RDEc Host
species

Zoonotic
(Z)
Enzootic
(E)

Refs

Naked

Parvo Dependoparvo

AAV1

25

2,3/2,6 SIA Capsid No Human [64]

AAV6 2,3/2,6 SIA Capsid No Human [64]

AAV5
2,3 SIA
N-linked

Capsid No Human [65]

AAV4
2,6 SIA
O-linked

Capsid No Human [65]

Picorna Entero EV-D68 30
2,3SIA/2,6
SIA

Capsid No Human [66]

Adeno Mastadeno BAd3 90–100 2,3/2,6 SIA Capsid No Bovine [67]

Calici Vesi FCV 40
2,6 SIA
N-linked

Capsid No Feline [68]

Enveloped

Paramyxo

Orthorubula

HPIV2 HPIV4 150–250 2,3 SIA HN HN Human [67]

MuV BatMuV 100–600 2,3 SIA HN HN
Human
Noctilonine

[67]

Orthoavula NDV 150–400 2,3 > 2,6 SIA HN HN Avian [69]

Respiro

HPIV1

150–250

2,3 SIA HN HN Human [67]

HPIV3 2,3 > 2,6 SIA HN HN Human [70]

BPIV-3 2,3 SIA HN HN Bovine E [67]

PPIV-1 N.D. HN HN Porcine

CPIV-3 N.D. HN HN Caprine

Sendai 2,3/2,8 SIA HN HN Murine [67]

Corona
Beta

Embeco

HCoV-HKU1

80–120

9-OAc SIA
Spike
HE

HE Human Z [71]

HCoV-OC43 9-OAc SIA
Spike
HE

HE Human Z [71]

BCoV
9-OAc/7,
9-di-OAc SIA

Spike
HE

HE Bovine [71]

PHEV 9-OAc SIA
Spike
HE

HE Porcine [71]

Sarbeco SARS-CoV-2 2,3/2,6 SIA Spike No Human Z [72]

Merbeco MERS-CoV
2,3 SIA > 2,6
SIA

Spike No Human Z [73]

Gamma IBrV 2,3/2,6 SIA Spike No Avian [74]

Orthomyxo

Alphainfluenza IAV

90–110

2,3/2,6 SIA HA NA

Human
Avian
Porcine
Canine
Equine
Otarine

Z/E [67]

Betainfluenza IBV
2,6 SIA > 2,3
SIA

HA NA Human [67]

Gammainfluenza ICV
4-OAc/
9-OAc SIA

HEF HEF
Human
Porcine
Canine

Z/E [67]

Deltainfluenza IDV
4-OAc/
9-OAc SIA

HEF HEF
Bovine
Ovine
Caprine

E [67]
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Figure 1. Schematic diagram of the respiratory mucus layer. The airway surface liquid (ASL) overlays the respiratory epithelia and consists of two layers: the gel layer
and the periciliary layer (PCL). The gel layer contains soluble mucins MUC5AC and MUC5B, secreted primarily from goblet cells and mucous cells within submucosal
glands (not shown), respectively. The soluble mucins are major contributors to the viscosity and gel-like properties of this layer which enables the impediment of airway
pollutants to be cleared by mucociliary clearance. Compared to the gel layer, the PCL – the height of which is approximately that of outstretched cilia – is free of soluble
mucins and is therefore less viscous, which provides favorable conditions for ciliary beating. Cilia present on the epithelial surface are rich in transmembrane (TM)
mucins (MUC1, MUC4, MUC16, and MUC20) which create a glycan meshwork that increases in density closer to the cell surface, aiding the exclusion of molecules
and invading pathogens. This figure represents a general schematic representation of the ciliated respiratory epithelium, thus the term 'secretory cell' may refer to
different cell types including club or dense-core granulated cells of the airway epithelium [76].

Trends in Microbiology
potential complexity of O-linked glycans is extensive [41], and over 250 different O-linked gly-
cans have been detected on mucins purified from human respiratory mucus [39]. About half of
the total O-linked glycans were sialylated and/or sulfated. The masses of sialylated O-glycans
corresponded to (extended) core 1 to core 4 structures (Figure 2B) [39]. Sialic acid (SIA) link-
age type, number of LacNAc repeats, sulfation, fucosylation and other modifications of terminal
and subterminal residues are known to affect binding and/or cleavage by respiratory viruses.
These terminal glycotopes vary between species and tissues [35] and thereby affect the rela-
tive abundance and local density of each other (Table 2). Table 2 displays typical terminal struc-
tures identified on O- and N-linked glycans from mucus and respiratory tissues. SIA linkage
type (α2,3 or α2,6) is the hallmark structural element governing binding affinity of influenza A
viruses (α2,3SIA binding by avian viruses; α2,6SIA binding by human and swine viruses).
Whereas mucus is assumed to be abundant in α2,3SIAs because of its high content of
α2,3SIA-rich O-linked glycans [35,38], a detailed quantification of the α2,3/α2,6SIA ratio in-
cluding the contribution of N-linked glycans is lacking. Sulfation of O-linked glycans (especially
GlcNAc-6-Sul, Gal-6-Sul, and Gal-3-Sul) on human mucins accounts for more than 50% of
charged glycans, being even more abundant than sialylation [39]. Sulfation has been shown
Notes to Table 1:
aAbbreviations: AAV, adeno-associated virus; EV, enterovirus; BAd3, bovine adenovirus 3; FCV, feline calicivirus; HPIV, human parainfluenzavirus; MuV, mumps virus;
NDV, Newcastle disease virus; B/P/CPIV3, bovine/porcine/caprine parainfluenzavirus 3; H/BCoV, human/bovine coronavirus; PHEV, porcine hemagglutinating encepha-
lomyelitis virus; IBrV, infectious bronchitis virus; IAV/IBV/ICV/IDV, influenza A/B/C/D virus. This table is not a complete list of respiratory viruses binding to sialoglycans. For
more glycan-binding viruses, see https://sugarbind.expasy.org.
bAbbreviations: SIA, sialic acid; 2,3 SIA, α2,3-linked SIA; 2,6 SIA, α2,6-linked SIA; 2,8 SIA, α2,8-linked SIA; N-linked and O-linked refers to SIAs attached to N-linked or O-
linked glycan chains; N.D., not determined; 9-OAc SIA, 9-O-acetylated SIA; 7,9-di-OAc SIA, 7,9-di-O-acetylated SIA; 4-OAc SIA, 4-O-acetylated SIA.
cAbbreviations: RBP, receptor-binding protein; RDE, receptor-destroying enzyme; HN, hemagglutinin-neuraminidase; HE, hemagglutinin-esterase; HA, hemagglutinin; HEF,
hemagglutinin-esterase fusion protein; NA, neuraminidase.

Trends in Microbiology, November 2021, Vol. 29, No. 11 987
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Figure 2. Mucins and their glycosylation. (A) The domain structure of the soluble mucins MUC5B (5762 amino acids) and MUC5AC (5654 amino acids). The N- and
C-terminal von Willebrand factor (vWF)-like regions and cysteine-rich domains are highly conserved between MUC5B and MUC5AC as well as between species. The four
central proline/threonine/serine-rich (PTS) regions consist of imperfect repeats (aa; amino acids). PTS repeats are densely decorated with O-linked glycans and their low
sequence conservation between species will result in spatial differences in glycan presentation that could potentially affect the binding of a specific virus. (B) Diversity of
sialylated O-linked glycan structures present on high-molecular-weight human mucins. Structures were interpreted from the glycan compositions reported in the most
extensive analysis of glycans on mucus to date [39]. Note that di-sialylated bi-antennary structures with multiple LacNAc repeats are present. Such structures on mucins
are likely to have differential effects on the binding of viruses as has been reported for N-linked glycans [77]. Sulfation of the sialoglycans shown here was also abundant
[39] but is not indicated. Abbreviations: Gal, galactose; GalNAc, N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; Neu5Ac, N-acetyl-neuraminic acid.

Trends in Microbiology
to reduce or enhance the binding of specific viruses [42] and affects SIA density as addition of
3- and 6-O-linked sulfate is in competition with α2,3 and α2,6 sialylation at terminal Gal resi-
dues. Fucosylation is another abundant modification affecting specific virus binding affinity
[43] and terminal SLeX and/or SLeA terminal glycotopes (containing fucose) are frequently
988 Trends in Microbiology, November 2021, Vol. 29, No. 11
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found on O-linked glycans of human mucus and N-glycans of respiratory epithelium. Glycotopes,
like the Sda antigen [blocking influenza A virus (IAV) binding to α2,3SIA [35]] and α2,6SIALacdiNAc,
are abundant in ferrets whereas the terminal α-Gal epitope (Galα1,3Galβ1,4GlcNAc) that
cannot be sialylated is abundant in swine, ferrets, and avian species. Other glycotopes concern
modifications of the SIA itself such as Neu5Gc and O-acetylation at the C-4, -7, -8, and/or -9
positions. O-acetylation of SIA is known to vary considerably between species [6,44] and to
affect virus binding to sialoglycans [4,10,11]. Viruses may also display preference for Neu5Ac
or Neu5Gc [45]. Loss of function of CMAH, responsible for the production of Neu5Gc,
occurred at least eight times in mammals – in humans and mustelids among others (but not
in swine) – while also an entire avian lineage lacks Neu5Gc [46–48]. The absence or presence
of glycotopes mentioned above, including SIA modifications, are likely to affect the zoonotic
potential of SIA-binding viruses.

Respiratory mucus penetration by glycan-binding viruses
Themobility of viruses interacting with glycans is likely to be affected by heavily glycosylated mucus in
a host species-specific manner. For viruses lacking RDE activity (Table 1) it is not well studied how
they prevent being immobilized in the mucus layer. These viruses may bind at very low affinity and/
or with very high specificity, thereby preventing high-avidity binding to glycans abundantly present
in mucus. Viruses displaying RDE activity (Table 1), such as IAV, have been shown to require this ac-
tivity to avoid immobilization in mucus [49–51]. These also include members of Orthomyxo-,
Paramyxo-, and Coronaviridae. Influenza A and B viruses and embeco-coronaviruses contain
receptor-binding [hemagglutinin (HA) and spike (S)] and -cleaving [neuraminidase (NA) and hemagglu-
tinin-esterase (HE)] functions in separate proteins. These activities are combined in a single protein for
influenza C and D viruses and several paramyxoviruses [hemagglutinin-esterase fusion (HEF) and
hemagglutinin-neuraminidase (HN) proteins]. Influenza A and B viruses and some paramyxoviruses
prefer binding to either α2,3- or α2,6-linked SIAs, while embecoviruses, influenza C and D viruses
bind to specifically O-acetylated SIAs (Table 1).

In view of the differences observed and anticipated between the sialoglycan repertoires of differ-
ent host species, glycan-binding and -cleaving viruses likely need to adapt their sialoglycan inter-
actions to successfully breach the host species barrier. Upon zoonotic transfer, animal IAVs not
only adapt HA receptor binding (e.g., for avian viruses by switching receptor preference from
α2,3- to α2,6-linked SIAs, the latter of which are abundantly present at the surface of epithelial
cells in the upper respiratory tract of humans and swine) but also their NA-cleaving properties
(reviewed in [7,52]). These latter adaptations may include changes that affect NA catalytic activity
directly or indirectly, the latter for example by loss of a functional second SIA binding site, which is
observed in all human viruses [53]. NA activity can also be adjusted by modification of the stalk
length as frequently observed when viruses of wild waterfowl adapt to poultry [54]. Likewise, bo-
vine coronaviruses that jumped into humans to become the novel human coronaviruses OC43
and HKU1 also reset their binding–cleaving balance to adapt to the human repertoire and/or den-
sities of O-acetylated sialoglycans [11]. Analogous to the loss of a functional second SIA binding
site in IAV NA, CoV-OC43 and -HKU1 lost the lectin function in HE as an adaptation to humans.
Essentially nothing is known about the importance of balanced receptor-binding and -cleaving for
the host range of paramyxoviruses.

For IAVs, the importance of well-balanced receptor-binding and -cleaving activity in enabling virus
motility within respiratory mucus is demonstrated by several studies [49–51]. Inhibition of NA ac-
tivity decreased IAV infection of mucus-secreting human tracheobronchial epithelial cultures [55]
and increased inhibition by mucus in other IAV infection assays [51]. NA activity was furthermore
shown to drive mobility of IAV particles in/on mucus [49,50]. The extent to which N-glycan-rich
Trends in Microbiology, November 2021, Vol. 29, No. 11 989



Table 2. Terminal glycotopes in the respiratory tract

Glycotopea Structurea Mucus Respiratory tract Absent/
N.D./traceb

O-linked O-linked N-linked

sLeX Human [39] Human [38]
Avian [37]

Swine (N.D.)
Ferret (N.D.)
Horse (N.D.)
Cow (N.D.)

Sda-epitope Ferret
[35]

Ferret [35] Human
(trace)
Swine (N.D.)
Ferret (N.D.)
Avian (N.D.)

NeuGc Cow [4] Swine [34,36] Human
Avian
Ferret (N.D.)

αGal-epitope Swine
[34]

Swine
[33,34,36]
Ferret [35]
Avian [75]

Human

Neu5Ac-O-Ac
(4/7/8/9-O)

Human (9-O) [4]
Horse
(4-O/7-O/8-O/9-O/7,9-O)
Cow (7-O/8-O/9-O/7,9-O)

Neu5Gc-O-Ac
(7/8-O)

Swine (8-O) [4]
Cow (7-O/8-O)

2,6SIA-LacdiNAc Ferret [35] Human (N.D.)
Swine (N.D.)

Sulfation (3S, 6S) Human [39]

aTerminal structures at the non-reducing end of O- and N-linked glycan chains detected by mass spectrometry on epithelial
cells or respiratory mucus in the indicated species. Differential expression at different locations along the respiratory tract
has been analyzed in some cases but is not shown here. Neu5Ac (purple diamond), Neu5Gc (light blue diamond),
N-acetylglucosamine (blue square), N-acetylgalactosamine (yellow square), galactose (yellow sphere), fucose (red triangle).
S indicates sulfation.
bSpecies in which a structure was not detectable (N.D.) or hardly detectable (trace) in extensive studies are indicated.
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exosomes [26] contribute to the inhibitory effect of mucus deserves greater attention. IAV binds,
permanently but dynamically, via HA to receptor-coated surfaces, resulting in directional rolling-
type motility that depends on NA activity [50,56,57]. Such motility has also been proposed for
influenza C viruses [58] and coronaviruses [11,59,60], and the model can probably be extended
to other viruses containing receptor-binding and -cleaving activities. We hypothesize that
extended MUC5AC and MUC5B polymers provide a glycan track towards the epithelial cell
surface for such motility [61]. The inhibition or support of virus transport by a mucus layer is
fully dependent on the balance of receptor-binding and -destroying activity of a particular virus
and on the mucus layer of a specific host. As such, the host- and organ-specific mucus glycome
may facilitate infection by viruses that have coevolved with, and adapted to, their host for many
years. Clearly, mucus can also function as an important barrier for zoonotic transfer that can
only be overcome by much more rapid adaptations restoring the balance.

A comparison of inhibition of IAVs by mucus from different host species is mostly lacking. Human
mucus was shown to inhibit swine and human viruses much more than swine mucus [62], which
may be related to increased content of Neu5Gc and αGal epitope-containing glycans, at the expense
990 Trends in Microbiology, November 2021, Vol. 29, No. 11
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Outstanding questions
To what extent does the mucus
glycome differ between species?
Detailed glycomic analysis of the
mucins of species other than human
is urgently required. Information on
the SIA-linkage type (especially on
LacNAc repeats present on O- and
N-linked glycans) is highly relevant.
The proteome and glycome of the
globular proteins is largely unknown
for any species. Virus-binding studies
to the identified glycans, as well as to
mucins and soluble proteins, should
complement these studies.

How does virus motility in a mucus
layer depend on the balance between
mucus glycan receptors and viral
RBP and RDE activity? To quantify
this balance, the binding affinity/avidity
and RDE activity/specificity of viruses
with mucus of different species needs
to be determined and correlated to
the corresponding glycome as well as
to motility and the dynamics of the in-
teraction between viruses and mucin
networks.

Is there a host-specific RBP/RDE/
of Neu5Ac-containing functional epitopes. The inhibitory potential of bovine submaxillary mucin was
affected by the removal of O-acetyl groups from SIAs in an IAV subtype-specific manner [4], which
demonstrates the importance of host-specific glycosylation of mucus for its inhibitory potential.
Viruses that breach the host species barrier presumably evolve towards variants with decreased
affinity for abundant mucus decoy sialoglycans as was similarly observed previously for acquiring
serum resistance of IAVs. For example, swine-serum-resistant variants displayed a markedly
decreased affinity for total swine serum sialylglycoproteins, while equine-serum-resistant viruses
lost the ability to bind the NA-resistant 4-O-acetylated SIA moieties of equine α2-macroglobulin
[63]. Similar studies on this topic using mucus from different species are absent thus far.

Concluding remarks
While there is ample evidence for the protective function of mucus against glycan-binding viruses,
as well as for the counteracting function of viral RDEs, relatively little is still known on the species-
specific properties of mucus against the establishment of zoonotic and enzootic infections.
Numerous observations discussed in this paper are, however, indicative for such a function.
With the advent of more sensitive and quantitative glycomic methods, as well as increasing
knowledge and expanding techniques for the analysis of virus–receptor interaction dynamics
and specificity, rapid progress on this issue can in principle be made. See Outstanding
questions for the most urgent open questions. The principal importance of such studies lays in
the acquisition of a better assessment of the zoonotic threats posed by animal viruses.
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receptor balance to which viruses have
to adapt to become established in a
novel host species? In other words, can
we prove that the mucus layer is a
major zoonotic barrier? Adaptation of a
virus to the functional cell-surface recep-
tors in a novel host has been described
in detail for influenza and coronaviruses.
However, the extent to which adaptation
to decoy receptors in the mucus layer, if
at all, has taken place, and has actually
been a requirement for establishment
in another species, has hardly been
described.

How do glycan-binding viruses that
lack a RDE prevent immobilization in
the mucus? Few data are available on
the motility of such viruses in a mucus
layer. It is expected that motility is
mainly dependent on a receptor/RBP
balance and therefore on the kinetic
binding parameters (KD, koff of mono-
meric interactions) and binding
polyvalency of such viruses. Whether
there is any directionality in their move-
ment is unknown.

What is the role of mucus in the
formation and egress of infectious
particles? Little is known about the
role of mucus in respiratory virus
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