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1. Introduction

Until COVID-19, all recent pandemics of respiratory infections 
were caused by animal influenza A viruses (IAVs) that crossed 
the species barrier to humans. The surface of IAV is decorated 
with the glycoproteins hemagglutinin (HA) and neuraminidase 
(NA), that are together responsible for the surface interactions 

Understanding how influenza viruses traverse the mucus and recognize host 
cells is critical for evaluating their zoonotic potential, and for prevention and 
treatment of the disease. The surface of the influenza A virus is covered with 
the receptor-binding protein hemagglutinin and the receptor-cleaving enzyme 
neuraminidase, which jointly control the interactions between the virus and the 
host cell. These proteins are organized in closely spaced trimers and tetramers 
to facilitate multivalent interactions with sialic acid-terminated glycans. This 
review shows that the individually weak multivalent interactions of influenza 
viruses allow superselective binding, virus-induced recruitment of receptors, 
and the formation of dynamic complexes that facilitate molecular walking. 
Techniques to measure the avidity and receptor specificity of influenza viruses 
are reviewed, and the pivotal role of multivalent interactions with their emergent 
properties in crossing the mucus and entering host cells is discussed. A model 
is proposed for the initiation of cell entry through virus-induced receptor 
clustering. The multivalent interactions of influenza viruses are maintained in a 
dynamic regime by a functional balance between binding and cleaving.

of the virus with a host cell.[1,2] HA pro-
vides a means of host cell recognition to 
the virus by binding specifically to sialo-
glycan receptors, while NA prevents aggre-
gation and entrapment of the virus by 
cleaving off the sialic acid end groups from 
the same receptors.[3] The functional bal-
ance of receptor binding and cleaving has 
been recognized as a key factor of virus 
proliferation and adaptation to different 
hosts.[4,5] Only recently, however, the inter-
play of these two glycoproteins was shown 
to be responsible for the remarkable effi-
ciency with which IAV crosses the mucus 
barrier.[6] We believe that the multivalent 
character of IAV explains many of the 
complex interactions between virus and 
host in the initial stages of infection which 
remain only superficially understood.

This review aims to demonstrate that 
the behavior of IAVs in the initial stages of 
infection, starting with the interaction of the 

viruses at the host cell surface, is intrinsic to their multivalent pres-
entation of weakly binding ligands and receptor-cleaving enzymes. 
First, we discuss the concept of multivalency with its emergent 
properties, including how weak multivalency allows interactions 
that remain dynamic, and then “map” this concept onto the virus–
host cell interactions. Second, we discuss the available techniques 
that are used to quantify the multivalent virus–receptor interac-
tions of IAVs. Finally, we discuss how the virus uses multivalent 
interactions to traverse the mucus, to position itself onto a cell sur-
face, and to manipulate the cell surface forcing endocytosis.

2. The Influenza Virus is a Multivalent 
Nanoparticle
IAVs are nano-sized particles with diameters of 100–150 nm.[7] 
They can be spherical or elongated up to several µm. 
A  spherical virion has ≈290–340 HA trimers and 24–50 NA 
tetramers.[7,8] When IAVs bind to a cell, they form multiple 
interactions with glycoproteins and glycolipids on the cell 
membrane (Figure  1a).[9] Binding of the virus to the cell sur-
face is facilitated by HA, which binds to sialic acid-terminated 
glycans with millimolar affinities (Figure 1b), but controlled by 
NA, an enzyme that both binds to the same glycan receptors 
as well as cleaves off the terminal sialic acid from the glycan.[3] 
The glycans that act as receptors for IAV are most commonly 
branched structures that terminate in motifs containing sev-
eral N-acetyllactosamine (LN) repeats with sialic acid linked to 
the penultimate galactose by either an α2,3- or an α2,6-linkage 
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(Figure  1c).[10] Both types are found in humans, but the HA 
of human-adapted IAVs binds preferentially to those with the 
α2,6-linkage (6SLN, found in the upper airways of humans), 
whereas that of avian IAVs favors the α2,3-linkage (3SLN, found 
in the lower airways of humans and the intestines of birds).[2,11]

The high number and density of glycan-binding proteins on 
IAV make it a “multivalent particle,” meaning that it has the 
potential to form multivalent interactions. Multivalent receptor–
ligand interactions are reversible interactions between two parti-
cles (or a particle and a surface) that are constituted of multiple 
receptor–ligand pairs (Figure 2a).[14] When a multivalent complex 

is formed, it is usually more stable than any of the contributing 
individual interaction pairs.[15] In terms of kinetics, the disso-
ciation rates of individual receptor–ligand complexes are usu-
ally the same when they are part of a multivalent complex as 
when they are not. Yet, the overall dissociation rate decreases 
because the probability that all contributing bonds unbind at 
the same time decreases with increasing numbers of interac-
tion pairs. Moreover, when a tether between the ligands and 
receptors increases the local concentration, the association rate 
increases with it (Figure 2b). This local concentration is known 
as the effective molarity EM and can be estimated from the 

Figure 1. Interactions of IAV with sialoglycan receptors. a) IAV binds to glycoproteins and glycolipids on a host cell membrane through its surface 
glycoproteins HA and NA. The image is not to scale; the virus is 100–150 nm,[7] HA and NA are ≈14 and ≈16 nm long,[7] the lipid membrane is ≈5 nm 
thick,[12] glycans are 2–20 nm,[10,13] mucins and cilia (Figure 10) are omitted. b) HA forms reversible interactions with sialoglycan receptors, whereas NA 
can bind the same receptors and cleave the sialic acid. c) Structure of the avian-type 3SLN and human-type 6SLN receptors. In the most abundant sialo-
glycans, the terminal sialic acid Neu5Ac is linked by either an α2,3- or α2,6-linkage to the penultimate galactose.[10] This linkage is hydrolyzed by NA.

Figure 2. The differences between monovalent and multivalent interactions. a) The valency of receptor–ligand interactions is the number of connec-
tions that can be formed. b) A multivalent receptor–ligand equilibrium differs from a monovalent by an effective molarity EM in place of solution con-
centrations. c) The effective molarity EM can be approximated by estimating the volume that an unbound ligand in a partly bound complex can probe.
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volume that an unbound ligand in a partly associated complex 
can probe (Figure  2c).[16] The product of this effective molarity 
and the binding constant of the individual receptor–ligand inter-
action, KiEM, is known as the multivalent enhancement factor, 
the amount by which each additional interaction increases the 
stability of a multivalent complex. The overall binding affinity or 
avidity constant of a multivalent interaction, which is the inverse 
of the dissociation constant KD, can be calculated by

av i i
1K K K EM n( )= −  (1)

where n is the valency, that is, the maximum number of inter-
actions that can be formed simultaneously.[17] This assumes 
that the binding sites are independent, that is, no allosteric 
cooperativity between the binding sites occurs.[16]

Multivalent interactions cause emergent properties, such as 
molecular walking and highly selective recognition, which are not 
obvious from the individual interactions or from viewing the overall 
stability of the complex. These properties arise from how multiple 
individual interactions act together, regarding energetics, structure, 
and dynamics. Most relevant for the discussion of IAV are: superse-
lectivity, receptor recruitment, and dynamicity (Figure 3).

2.1. Superselectivity

The binding of a particle to a surface is called superselective 
when a particle with multiple ligands shows a more than linear 
increase in binding with the density of receptors on a sur-
face.[18] For an equilibrium between monovalent ligands in solu-
tion and receptors on a surface, the number of bound ligands 
cannot increase more than linearly with the number of recep-
tors, regardless of their affinity. But for multivalent particles 
that can bind multiple receptors simultaneously, their affinity 
depends exponentially on the number of interactions that can 
be formed (see Equation  1). Therefore, the fraction of bound 
particles is higher at high receptor densities, whereas at low 
receptor densities their binding is low and effectively monova-
lent (Figure 3a). This makes multivalent particles superselective 
toward higher receptor densities, and their selectivity can even 
approach “on–off” behavior.

Superselectivity can be applied for targeted delivery to cells 
with receptors that are not unique but instead are overexpressed 
compared to other cells.[19–21] The receptor density at which the 
selectivity is highest can be tuned by varying the interaction 
strength and the architecture of the particle.[22–24]

The receptor density is directly related to the multivalent 
binding affinity.[13] The highest selectivity is achieved with a 
high number of interactions that are individually weak, with 
binding energies on the order of the thermal energy kBT.[25] 
Additionally, even higher selectivities can be achieved when 
there are polymers on the particle or surface that give steric 
repulsion.[26,27]

We have developed a theoretical binding model based on the 
statistical thermodynamics of multivalent adsorption of IAV to a 
surface with short glycans.[13] The avidity constant is described by:
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where

 min ,contact L RN A σ σ( )= ×  (3)

Here, NA is Avogadro’s number, Vex is the volume excluded 
by a bound virus particle, Ki is the individual binding constant 
of an HA-glycan interaction, Vexplore is the volume accessible to 
a glycan, and Ñ is the average number of possible simultaneous 
interactions between HA on the virus and glycan receptors 
when the virus is adjacent to the surface. Acontact is the area of 
the receptor surface that can be reached by HA on a surface-
bound virus, and min(σL,σR) is the minimum of the density of 
receptors on the surface and that of receptor-binding domains 
on the virus. The virus binding is superselective, because the 
avidity constant depends exponentially on the number of pos-
sible interactions.

2.2. Receptor Recruitment

When a multivalent particle binds to mobile receptors (e.g., 
glycan-bound lipids present in a cell membrane or supported 
lipid bilayer, SLB), bound receptors remain associated with the 

Figure 3. Emergent properties of multivalent interactions. a) Superse-
lectivity means that multivalent particles bind more strongly at receptor 
densities above a certain threshold value above which they can form suf-
ficient numbers of simultaneous interactions. b) Receptor recruitment 
occurs when a multivalent particle binds to a surface with mobile recep-
tors. When these bind to the particle, the receptors accumulate into the 
contact area, which results in a depletion of receptors in other areas. 
c) Dynamic complexes are possible with multivalent reversible receptor–
ligand pairs. If the individual interactions are strong (I), it is more likely 
that the complex returns to the same state after one receptor–ligand pair 
detaches than when the individual interactions are weak (II). This results 
in complexes that alternate between different bound states in which dif-
ferent receptor–ligand pairs are bound or unbound at any given moment.
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particle as long as they are bound, whereas unbound recep-
tors remain freely mobile.[28] Because bound receptors need to 
unbind before they can move away from the particle, the contact 
area acts as a sink for diffusing receptors, leading to a higher 
local density of receptors inside the contact area and a lower 
density outside (Figure  3b).[28,29] This clustering of receptors 
strongly increases the number of interactions for already bound 
particles as well as decreasing the number of available recep-
tors for yet unbound particles.[28,30] Depending on the density 
of receptors and ligands, recruitment may either increase or 
decrease the binding.[31] This leads to a higher superselectivity 
and at lower receptor densities,[31] but also to a lower maximum 
density of particles on the surface.[28,30] If both the receptors on 
the surface and the ligands on the particle are mobile, recruit-
ment may occur on both sides.[28,30] Recruitment of ligands can 
enhance the recruitment of receptors because it increases the 
number of available ligands.[28] If sufficient receptor–ligand 
pairs are involved, recruitment of receptors and ligands can 
form a kinetic trap for otherwise reversible interactions.[30]

2.3. Dynamic Complexes

The third emergent property of multivalent complexes is that 
they are dynamic. If the concentration of a multivalent par-
ticle is higher than its dissociation constant, the stable state of  
the particle is bound, even though the bound state may not be the  
favored state for its ligands individually (Figure 3c). For a mul-
tivalent complex with short tethers and receptor–ligand pairs of 
moderate affinity, such as cyclodextrin and adamantane, KiEM 
can be easily as high as 104.[32] In such systems, the fully bound 
complex is the most probable state and simultaneous unbinding 
of more receptor–ligand pairs in a complex becomes increas-
ingly improbable. When the multivalent enhancement factor 
KiEM is between 0.1 and 10, between 10% and 90% of ligands 
are bound at equilibrium.[33] We call such systems “weakly mul-
tivalent.” In a weakly multivalent system, all receptor–ligand 
pairs exchange rapidly and reside for significant fractions of the 
time in both the bound and unbound states. As a result, there 
is a significant probability that one or more receptor–ligand 
pairs in the complex are unbound at any given time, while the 
probability of complete unbinding of the complex remains low 
due to a relatively high number of interactions.

This combination of stability and dynamicity is called on by 
molecular walkers. A molecular walker is a particle with “feet” 
that can bind to and release from a surface sequentially. Exam-
ples of molecular walkers include the biological walkers kinesin 
and myosin V motor enzymes that transport cargo along micro-
tubules and actin filaments,[34–36] as well as many different syn-
thetic walkers.[37] Such walkers must be multivalent because 
by definition one “leg” must remain bound when other legs 
detach to make a step. To allow lateral mobility, the individual 
interactions must be sufficiently weak to allow the walker to 
step to an adjacent receptor, otherwise, the walker is kinetically 
trapped.[38] High surface-restricted mobility is achieved with 
a high number of weakly multivalent interactions.[39]

An interplay exists between superselectivity, receptor recruit-
ment, and dynamicity. All three properties depend on multiva-
lency and are enhanced if a particle can form more interactions. 

Yet, more receptor recruitment is expected when the individual 
affinity of receptor–ligand pairs is higher[28] whereas a higher 
superselectivity and dynamicity are observed when the indi-
vidual interactions are weak.[18] In particular, superselectivity 
is optimal, as has been simulated in a quantitative manner,[18] 
when the valency is high and the individual affinity is weak, 
while their combination is such that efficient binding occurs. 
Under these conditions, the system is weakly multivalent, as 
explained above, with comparable on and off rates of the indi-
vidual binding partners at the interface,[33] thus permitting 
dynamic behavior. When a particle binds in a superselective 
manner, receptor recruitment is only observed at high receptor 
densities as complexes below the threshold receptor density are 
short-lived. Under some conditions, receptor recruitment can 
lower the threshold receptor density.[31] Dynamic exchange of 
receptor–ligand pairs on a surface-bound particle requires the 
presence of multiple receptors and a sufficiently long residence 
time of the particle and is therefore also observed more clearly 
at higher receptor densities. The exchange of receptor–ligand 
pairs is enhanced if receptors are mobile.[6]

The affinity of influenza HA is in the mm range and its 
multivalent enhancement factor KiEM is estimated to be 5–12, 
making it weakly multivalent.[33] Despite its weak individual 
interactions, IAV binds irreversibly to the surface of cells when 
its NA is inhibited.[40] The weakly multivalent nature allows the 
exchange of receptors from HA to NA, which allows the virus 
to detach from a surface after off-target binding.[6] Because IAV 
is both weakly multivalent and superselective, minor changes 
in the number of interactions or their individual affinity can 
drastically affect virus binding. Combined with the intrinsic 
structural variability of the virus, this allows efficient adaptation 
of the virus to environmental pressure, causing escape from 
immunity and loss of drug responsivity.[8,41]

3. Techniques to Measure the Binding  
of Influenza Viruses
Because receptor recognition by IAV is considered a key determi-
nant in host specificity of the virus and an indicator for zoonotic 
potential,[2,42–44] several techniques have been developed to measure 
the receptor specificity of influenza HA or its avidity for a receptor. 
To unravel the contribution of individual HAs to the multivalent 
binding of IAV, titrations in solution are used. In this case, the 
binding is measured with techniques such as NMR and microscale 
thermophoresis,[45,46] but we will not discuss these here further.

3.1. Hemagglutination Assay

The hemagglutination assay (Figure  4) is commonly used as 
a rough estimate of virus concentration and avidity. It is per-
formed by mixing chicken red blood cells with a serial dilu-
tion of the virus and observing until what dilution the virus 
can agglutinate the red blood cells.[47–49] The highest dilution at 
which no agglutination takes place is the “titer,” a concentra-
tion that depends on the avidity of the virus. To study receptor 
specificity, the red blood cells are treated with sialidases that 
are specific for either 3SLN or 6SLN before adding the virus 
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solutions.[50] Specificity is observed when the virus agglutinates 
3SLN or 6SLN at higher dilutions than the other. The assay 
is simple and does not require specialized equipment, but 
the output is not easily translated into biophysical properties, 
and the glycan structure of chicken red blood cells is not rep-
resentative for either mammalian lungs or avian intestines.[51] 
The differences in glycan structures show clearly in seasonal 
IAV H3N2, which has lost its ability to agglutinate chicken red 
blood cells by prolonged adaptation to the human population 
so that cells from turkeys and guinea pigs are used instead.[52]

3.2. Glycan Microarrays

Glycan microarrays are small islands of different glycan types 
that are printed on a surface in an array so that the binding 
to each glycan type can be measured relative to the others 
(Figure  5). With glycan microarrays, the receptor specificity 
can be further analyzed to account for the wide variety of gly-
cans that exists on cells.[53] A library of glycans ranging from 
several to hundreds of different glycans is printed on amine-
reactive glass.[54,55] These glycans can be synthetic or obtained 
from natural sources.[56] The binding of HA is quantified by 
conjugating recombinant-HA trimers to fluorescently labeled 
antibodies and measuring the fluorescence intensity at each 
glycan spot.[57] This technique has proved to be a powerful tool 
to study the evolution of receptor specificity.[58,59] The signifi-
cance of knowing the HA specificity for synthetic glycans is 
limited by our understanding of the glycan structure of influ-
enza host cells.[57,60] For that reason, shotgun microarrays use 
glycans, purified by high performance liquid chromatography 
(HPLC), that are released from host tissue.[61] This combi-
nation of glycomics and virus binding studies has revealed 

previously unknown receptors of IAV.[62] As another way to 
improve glycan arrays, it has been suggested that the architec-
ture of the glycocalyx is better represented when the glycans  
are bound to polymer chains rather than flat surfaces.[63]  
A more representative presentation of HA is achieved when 
whole viruses are used instead of recombinant-HA constructs.[13]

3.3. Surface Plasmon Resonance

For quantitative measurements of the affinity of influenza HA 
to cell surface mimics, surface plasmon resonance (SPR) can 
be used (Figure 6). Suenaga et al. modified commercial strepta-
vidin-coated gold chips with a polymeric scaffold with grafted 
glycans and biotin to create a receptor surface.[64] They titrated 
recombinant-HA to this chip and measured the response to 
determine the KD of the trimeric HA. Because this technique 
aspires to be quantitative, it is important that the surface archi-
tecture and presentation of HA are representative. Because they 
used a densely modified surface, this method does not account 
for changes in avidity with receptor density. It is therefore 
important to combine such SPR studies with substrate chemis-
tries that allow receptor density variation.[65]

3.4. Biolayer Interferometry

Biolayer interferometry (BLI) uses a fixed concentration of virus 
and varies the glycan density on the surface (Figure 7).[45,46,66] 
The virus binding is measured by the wavelength shift in the 
interference pattern of white light reflected from the surface 
of a biosensor tip. The biosensor tip with glycans is suspended 
into a virus solution. A BLI machine can process 96- or 384-well 

Figure 4. Hemagglutination assay to measure the multivalent binding of IAV. a) Example of the result of a hemagglutination assay. The titer in this 
example is 128 HA units. Reproduced under the terms and conditions of the CC-BY license.[49] Copyright 2012, Public Library of Sciences. b) Schematic 
representation of agglutinated and non-agglutinated red blood cells in the presence of a virus.

Figure 5. Example of virus binding data in relative fluorescence units (RFU) for a glycan array of 12 glycans. Reproduced with permission.[13] Copyright 
2020, American Chemical Society.
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sample plates, conveniently allowing measurements with 
varied surface modification. The biosensor tips are usually 
functionalized with streptavidin. Receptors can be biotinylated 
monovalent glycans, polymers with grafted glycans, or glycopro-
teins.[45,66] The density of receptors can be controlled by varying 
the loading time or concentration, or by diluting the receptors 
with a dummy receptor.[13,45,66] The resulting binding profiles 
as a function of relative sugar loading are used as a relative 
measure of virus avidity. When a virus is titrated to determine 
KD, values can differ by two orders of magnitude, depending on 
the relative sugar loading.[5]

3.5. Quartz Crystal Microbalance with Dissipation Monitoring

To mimic the structure of a cell membrane, we developed a 
method to display glycans on SLBs (Figure  8).[33] We mixed 
antifouling zwitterionic lipids with a small percentage of 
biotinylated lipids, and subsequently immobilized strepta-
vidin and biotinylated glycans to obtain a well-defined sur-
face that mimics a membrane with glycoproteins and retains 

some lateral mobility of the receptors. We used quartz crystal 
microbalance with dissipation monitoring (QCM-D) to monitor 
the surface modification and measure the virus binding. The 
QCM-D measures binding and the stiffness of bound layers by 
frequency and dissipation shifts in a resonating quartz crystal 
with a modified surface inside a flow cell. With this technique, 
we studied the binding of multivalent recombinant-HA nano-
particles to glycans on a polymer backbone that was bound onto 
an SLB with lateral mobility. The glycan-modified polymers 
were displayed on the surface in varying densities. Because the 
HA nanoparticles were closer in size to the glycan-modified poly-
mers than to IAV, we saw that the local glycan density rather 
than the average glycan density determined the Kav. When 
biotinylated monovalent glycans and whole viruses were used 
instead, we observed the superselective binding of IAV.[13,67]

3.6. Multivalent Affinity Profiling

More recently, we developed a method called “multivalent 
affinity profiling” (MAP) that uses the superselectivity of IAV 
binding to quantify the avidity of IAV by measuring its binding 
profile on receptor density gradients (Figure 9).[13] The receptor 
density gradients were prepared by immobilizing streptavidin 
and biotinylated glycans on biotinylated lipids in gel-state SLBs. 
These biotinylated lipids were arranged in an electrophoretic 
gradient using a microfluidic device that was designed for that 
purpose.[68,69]

We used fluorescent dye-labeled virus and streptavidin 
(which signals the presence of receptors) and determined 
their colocalization with fluorescence microscopy, from which 
we obtained virus binding profiles as a function of receptor 
density. The superselective binding profile exhibits a step at 
the threshold receptor density. The threshold receptor density 
is related to the avidity by Equation  2 and is the point where 
Kav∙[virus]  =  1. We could estimate the number of interactions  
and their individual contribution to the avidity by fitting  
Equation 2 to the virus binding profile. This technique allows 
a complete receptor density titration in a single pair of micro-
graphs. In a pair of micrographs, the fluorescence intensities of 
each pixel represent a datapoint of virus binding and receptor 
density. Because the fluorescence intensity is normalized, data  
from multiple areas in a micrograph, multiple micrographs, 
and multiple experiments can be combined to improve the 

Figure 6. Example of a surface architecture for measuring influenza HA binding with SPR and results from a titration with HA. A polymeric scaffold with 
grafted glycans and biotin is immobilized on a commercial streptavidin-modified gold chip (Step 1). The SPR response is measured while increasing 
concentrations of HA are passed over the chip (Step 2). Reproduced with permission.[64] Copyright 2011, Elsevier B.V.

Figure 7. Example of a surface architecture for measuring the binding 
of IAVs with BLI and results from a titration with fractional loading of 
glycans. Biotinylated glycans are loaded onto commercial streptavidin-
coated biosensor tips while measuring the level of loading to control the 
receptor density. A titration is performed by measuring the virus binding 
to an array of biosensor tips with various levels of glycan loading. Repro-
duced under the terms and conditions of the CC-BY license.[66] Copyright 
2019, Public Library of Sciences.
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resolution. This makes it an especially powerful technique in 
comparison to other techniques that require separate experi-
mental steps for each data point.

4. Dynamic Interactions during the Initial  
Stages of Infection
We have described how the structure and receptor–ligand inter-
actions of IAV make it a weakly multivalent nanoparticle, and 
how multivalent binding can lead to superselectivity, receptor 
recruitment, and the formation of complexes that retain 
dynamic properties. We then discussed several techniques that 
have been used to measure the multivalent binding of IAV. In 
this section, we will first discuss how NA controls the binding 
of the virus and how this can be measured. Then, we will dis-
cuss the role of multivalent interactions and the HA/NA func-
tional balance during the passage of IAV through the mucus 
and across the cell surface, concluding with how the physical 
process of multivalent binding can elicit a biological response 
from the host cell that leads to endocytosis of the virus.

4.1. The Influence of Neuraminidase on Binding

In the initial stages of influenza infection, both HA and NA 
play a role in receptor recognition. HA binds receptors, and 
NA binds and cleaves. In the absence of catalytic activity, 
NA can bind sialic acid with similar or even higher affinity 
compared to HA.[70,71] The receptor-binding function and the 
receptor-cleaving function of these two glycoproteins must 
be balanced for efficient transmission and proliferation of 
the virus.[3,4,72] This functional balance is also reflected in the 
evolution of HA and NA.[73–77] Likely, when a mutation in HA 
or NA affects their binding or cleaving function, the restora-
tion of this balance forms a driving force in the adaptation 
of the other.[73,74,78,79] In vivo studies showed that both lower 
NA  activity and stronger binding by HA can lead to less 
efficient virus replication.[80] If NA is too active, it prevents 
viruses from binding to their host cell, whereas too low NA 
activity leads to virus aggregation and entrapment of progeny 
viruses on the surface of host cells.[2,3,81]

In most techniques that assess the multivalent binding of 
IAV, the influence of NA on the virus binding is ignored as 

Figure 8. Example of a surface architecture for measuring the binding of HA rosettes with QCM-D and results from a titration with rosettes. A sup-
ported lipid bilayer containing biotinylated lipids is formed on a SiO2-coated QCM chip. Streptavidin and a polymeric scaffold with grafted glycans and 
biotin are subsequently immobilized. The frequency shift and dissipation are measured while increasing concentrations of HA rosettes are passed over 
the chip. Reproduced with permission.[33] Copyright 2019, American Chemical Society.

Figure 9. Schematic representation of how the threshold receptor density is determined in multivalent affinity profiling, and an example of a virus 
binding profile as a function of receptor density. The virus binding profile shows Equation 2 fitted (yellow S-curve) over a density map of data points 
(N ≈ 400 000 from three pairs of micrographs). Reproduced with permission under CC-BY-NC-ND 4.0.[13] Copyright 2020, American Chemical Society.
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they require either the use of isolated HA or addition of an NA 
inhibitor. Benton et  al. showed that BLI could also be used to 
measure the time-dependent binding of IAV in the absence of 
an NA inhibitor to determine the residence time of the virus 
when allowed to cleave its receptors.[5] The residence time 
measured this way could be used to assess the HA/NA balance 
of a virus strain on different receptor types.[5,66,82] Additionally, 
it was shown that NA can contribute to the initial binding rate 
of viruses.[66,82] This is partly due to the substrate binding at 
the catalytic site, and partly to the presence of a second sialic 
acid-binding site on NA next to the catalytic site, which is also 
affected by NA inhibitors and contributes to the catalytic activity 
of NA.[66,82–84]

4.2. Binding and Cleaving in the Mucus

The role of NA is especially important in the mucus, which acts 
as the first barrier of a potential host against respiratory path-
ogens such as IAV. The mucus consists of a mucus layer on 
top of the periciliary layer (Figure  10a).[85] The mucus layer is 
a dense gel of high molecular weight proteins called “mucins,” 
which are decorated with 50–80 wt% of glycans that are rich in 
sialic acid.[86] This gel is propelled by cilia that extend from the 
epithelial cells of the respiratory tract.[85,87] It can therefore easily 
entrap and remove sialic acid-binding viruses such as IAV.[88] 
To prevent this entrapment and clearance by the mucus, influ-
enza NA cleaves the sialic acid when the virus binds to mucins. 
In the human airways, mucins are rich in 3SLN, whereas the 

cells underneath express more 6SLN.[89] The HA/NA balance of 
human IAV, therefore, favors cleaving of 3SLN but binding to 
6SLN.[1,3,90]

Recently, Vahey and Fletcher demonstrated another function 
of this HA/NA balance.[6] They showed that the asymmetric 
organization of HA and NA on filamentous IAV imparts direc-
tional motility in mucus, which would help the virus to cross 
the mucus (Figure 10a,b). However, such motility has also been 
observed in egg-adapted IAV X-31 and PR8 strains,[66,92] which 
are highly spherical[93] so that the binding and cleaving func-
tions are less separated. Therefore, we compared the motility 
of IAV with the behavior of artificial and simulated molecular 
walkers and argued that directional motility is intrinsic to 
receptor-cleaving multivalent particles, rather than a result of 
asymmetric organization alone.[94] The enhancement of direc-
tionality by asymmetric organization in filamentous viruses 
would allow motility over longer distances, which is consistent 
with the observation that the filamentous phenotype is more 
abundant in patient samples than in viruses from eggs or in 
cell cultures without mucus.[95]

Underneath the mucus layer, the periciliary layer forms an 
even stricter barrier. It was shown that while the mucus permits 
diffusion of inert particles of the size of a virus, the periciliary 
layer excludes even 40 nm particles.[85,88] This barrier is formed 
by tethered mucins that extend in a bottle-brush shape from 
the cilia.[91] Simply cleaving the sialic acids that would entrap 
the virus, would not undo the steric protection. We and others 
therefore proposed that IAV must use an active molecular walk 
to cross the periciliary layer (Figure 10b).[94,96]

Figure 10. Structure of the mucus and overview of the mechanisms that IAV use during the initial stages of infection. a) Structure of the mucus 
in human airways.[85,91] Shown are one ciliated cell and one non-ciliated cell. IAV crosses the mucus layer and periciliary layer by receptor-cleaving 
molecular walking (I). Cleaved glycans that mark the path of the virus are shown in red. Then, the viruses move along the surface of the cells by a com-
bination of molecular walking (II) and lateral diffusion with receptors (III). Endocytosis (IV) takes place by either macropinocytosis, which depends on 
voltage-dependent calcium channel Cav1.2 and receptor tyrosine kinases (RTKs), or by clathrin-mediated endocytosis, which depends on Cav1.2, Epsin1 
and nucleolin. b) Active motility is needed to cross the mucus and periciliary layer. When there is no interaction, particles are repelled by the charged 
brush (I). Particles that have an affinity for sialic acid are entrapped (II). IAV, which binds and cleaves sialic acid, can walk over the mucins (III). c) On 
the cell surface, IAV can use its receptor-cleaving molecular walk to move across immobile areas or from cell to cell. d) IAV can diffuse laterally with 
mobile receptors in fluidic membranes. e) Model of how multivalent interactions induce cellular uptake. The functional balance of receptor binding 
and cleaving prevents kinetic traps but allows a long enough residence time at locations suitable for cell entry (I). A bound IAV can bind to additional 
receptors that diffuse laterally in the lipid membrane so that they accumulate in its contact area (II). The clustering of glycolipids and some membrane 
glycoproteins can induce membrane curvature, whereas other membrane glycoproteins are activated by clustering and act as a trigger for the endocytic 
machinery of the host cell (III). IAV is taken up by either macropinocytosis or clathrin-mediated endocytosis. Both pathways may be triggered by the 
recruitment of Cav1.2 elsewhere on the cell surface.
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4.3. Dynamic Interactions of Influenza on Host Cells

After having crossed the mucus layer and periciliary layer, an IAV 
must find a suitable place for endocytosis on a suitable host cell. 
The favored cell types differ between IAVs, with highly pathogenic 
avian IAV infecting in humans primarily the lower airways and 
human seasonal IAV infecting the upper airways.[97,98] In tracheal 
and bronchial cell cultures, most human IAVs and some avian 
favor non-ciliated cells over ciliated cells,[99,100] which was initially 
attributed to the presence of more 3SLN on ciliated cells and 
more 6SLN on non-ciliated cells.[99] But this idea is challenged 
in more recent literature that claims a more uniform distribution 
of 3SLN and 6SLN over the different cell types.[2] Additionally, 
Richard et  al. found that human rather than avian IAVs bound 
readily to the ciliated cells of nasal epithelial tissue culture,[101] 
and Davis  et  al. found that mutants of the 1918 pandemic IAV 
bound and infected bronchial epithelial cells comparably, regard-
less of their preference for 3SLN or 6SLN receptors.[102]

Sakai  et  al. suggested that IAV is unlikely to enter the cilia 
themselves, because they are full of microtubules and their 
diameter is only slightly larger than a virus (Figure  10a).[92] 
Therefore, IAV must cross the full depth of the periciliary layer 
to reach the cells underneath. A preference for non-ciliated 
cells then suggests that some IAVs cross from cell to cell by 
moving from receptor to receptor. The receptor-cleaving mole-
cular walk that allows IAV to move through the mucus may also 
provide a method to move efficiently across the surface of the 
cells (Figure 10c).

Because cell membranes are largely fluidic, they allow lateral 
diffusion of receptors (Figure 10d). The diffusion coefficient of a 
membrane-bound particle decreases with the number of recep-
tors that bind to the particle.[103] Müller et al. studied the relation-
ship between mobility and dissociation of IAV on SLBs with up 
to 1% glycolipids.[104] They found a peak in the dissociation rate 
constant, koff, for viruses with a diffusion constant of around 
0.2  µm²  s−1, suggesting that NA has the strongest effect on 
viruses that formed neither too many nor too few interactions. In 
their work on directional motility of IAV, Vahey and Fletcher sim-
ulated a virus on a surface with mobile receptors and also found 
an optimum in the directional bias for moderate diffusion coef-
ficients of sialic acid.[6] While it is tempting to compare numbers, 
these systems are too different to draw conclusions beyond the 
existence of an interplay of lateral mobility and HA/NA balance.

4.4. Recognition and Endocytosis through Multivalent 
Interactions

When an IAV meets a suitable location for endocytosis, it can 
enter the host cell via multiple pathways. Macropinocytosis is the 
primary pathway for filamentous IAV and accounts for 35% of 
the uptake of spherical virions (Figure 10a).[105,106] The remaining 
65% of the uptake of spherical virions is accounted for by 
clathrin-mediated endocytosis.[105] Interestingly, if the clathrin-
mediated pathway was inhibited, macropinocytosis increased 
such that the effect on the total virus uptake was limited.[107–109]

Early drawings suggest that the multivalent binding of 
IAV to a cell leads to a progressively increasing number of 
interactions that deform the membrane and thus trigger endo-

cytosis through the physical deformation.[14] But even for a 
simplified system where the receptor–ligand interactions are 
strong, the number of interactions and membrane deformation 
find a balance due to the mobility of receptors.[110] Therefore, 
SV40, a virus that binds glycolipids with much higher affinity 
than IAV, relies on lipid phase separation as a result of receptor 
recruitment to induce sufficient membrane deformation for 
cell entry.[111] For IAV, such strong deformations appear unfa-
vorable, as cryo-transmission electron micrographs of bound 
viruses show that IAVs are largely wrapped by the membrane 
in the presence of NA inhibitor, but induce little membrane 
deformation without NA inhibitor.[112] As physical deformation 
of the membrane appears insufficient to trigger endocytosis, 
there must be a trigger that induces a biological response to the 
binding of IAV, such as an entry receptor. Several glycoproteins 
appear to be involved in the endocytosis of IAV, but most are not 
essential, suggesting that there is redundancy in the receptors 
as well as the pathways. A shared feature of these glycoproteins 
is that they may be clustered upon multivalent binding to IAV.

4.4.1. Epsin and Nucleolin are Involved in Clathrin-Mediated 
Endocytosis

Clathrin-mediated endocytosis does not rely on existing clathrin-
coated pits or places where they form frequently.[105] Instead, the 
clathrin-coated pits where IAV is taken up form newly upon the 
binding of viruses. This suggests that the endocytosis of IAV 
requires the presence of specific biomolecules that both interact 
with IAV and induce the formation of clathrin-coated pits. The 
protein epsin 1, which plays a role in membrane deformation, 
was identified as a cargo-specific receptor for IAV that could 
initiate the formation of clathrin-coated pits.[107] When epsin 
1  was knocked down by 87%, the fraction of viruses that used 
the clathrin-mediated pathway decreased by 68%. Another pro-
tein, nucleolin, which is expressed ubiquitously and plays a role 
in molecular transport in cells, was also observed to bind IAV, 
and its knockdown led to inhibition of clathrin-mediated endo-
cytosis.[108] On the cell surface, nucleolin displays both 3SLN and 
6SLN suggesting that it has the capacity to be recruited by IAV 
(Figure 10e).[113]

4.4.2. Receptor Tyrosine Kinases are Involved in Macropinocytosis

Eierhof  et  al. showed that IAV uses several receptor tyrosine 
kinases (RTKs) for cell entry, which are a family of transmem-
brane receptor proteins that play a role in regulating cellular 
processes by dimerization upon binding specific ligands.[114] The 
multivalent binding of the virus to sialic acid on these receptors 
induces clustering and activates the RTKs which undergo cell 
entry together with the virus[114] by macropinocytosis.[109]

4.4.3. Clustering of the Voltage-Dependent Calcium Channel  
Cav1.2 Activates Both Pathways

Another glycoprotein that plays a role in both pathways was iden-
tified by Fujioko et al. who found that IAV induced oscillations in 

Small 2021, 17, 2007214



www.advancedsciencenews.com www.small-journal.com

2007214 (10 of 13) © 2021 The Authors. Small published by Wiley-VCH GmbH

cytosolic Ca2+ concentrations activated both clathrin-mediated and 
clathrin-independent endocytosis.[115] They identified a sialylated 
voltage-dependent calcium channel (Cav1.2) that is responsible for 
these oscillations.[116] These channels are organized in the mem-
brane in clusters of eight that work cooperatively and are activated 
through clustering by intracellular Ca2+ that binds to the C-ter-
mini of these proteins.[117] A similar activation may be induced 
by IAV when it binds to sialic acid on multiple channels of a 
cluster simultaneously (Figure 10e). Fujioko et al. did not report 
whether Cav1.2 is taken up together with the virus.[116] Because 
Ca2+ spreads over the whole cell during these virus-induced oscil-
lations, endocytosis may be upregulated anywhere on the cell so 
that Cav1.2 does not necessarily act as an entry receptor but may 
trigger the uptake of viruses elsewhere on the cell membrane.

4.4.4. Other Cell Membrane Components May Contribute to Avidity

Sialic acid groups that are displayed on membrane glycopro-
teins appear pivotal in the recruitment of endocytic machinery, 
but other membrane components may also play a role in 
the efficient uptake of IAV. Chu and Whittaker showed that 
N-linked sialoglycans are required for cell entry of IAV,[118] 
but De Vries  et  al. showed that in absence of competition 
from serum components, IAV could enter cells that only had 
O-linked glycans and glycolipids.[119] Eierhof  et  al. found that 
the RTKs responsible for cell entry of IAV were associated with 
lipid raft domains, which are rich in cholesterol and sialic acid-
displaying ganglioside GM1.[114] Removal of cholesterol with 
methyl-β-cyclodextrin impaired virus uptake. Conversely, it 
was shown that cholesterol could cluster gangliosides to pro-
vide areas of higher local receptor density, which increases the 
binding of IAV.[120] Cells without gangliosides can be infected by 
IAV, but less efficiently.[121] Byrd-Leotis et al. showed that human 
IAVs bound not only to sialic acid, but also to phosphorylated 
high-mannose glycans, presumably using a different receptor-
binding site.[62] These additional attachment points may provide 
additional avidity and longer residence time for a virus during 
the recruitment of its entry receptors. The irreversible binding 
of viruses in the presence of NA inhibitors suggests that these 
additional attachment points can also block the recruitment 
of entry receptors.[112] The selectivity of NA may therefore be 
an important factor in maintaining a functional balance that 
allows a virus to remain bound on a cell surface while sam-
pling different receptors. Here, the linkage of the sialoglycans is 
again important as BLI studies showed that the residence time 
on 6SLN is often dramatically longer than on 3SLN.[5,82]

5. Conclusion

Multivalency may be best known for the increase in binding 
strength, but in a biological context, it plays a role in superse-
lective binding, recruitment of receptors, and the formation of 
dynamic complexes. The example of IAV shows that (super)
selectivity and maintaining dynamicity may be even more 
important in living systems than binding strength. The com-
bined actions of HA and NA ensure that viruses are not trapped 
in off-target binding.

A range of techniques and surface chemistries are available 
to assess the avidity and receptor specificity of HA. Because 
the way receptors are presented can determine the observed 
avidity and specificity, the selection of a representative surface 
chemistry is key to understanding the IAV–glycan interactions 
at a molecular level. Although the importance of the functional 
balance between binding and cleaving is widely acknowledged, 
only a few studies include NA in IAV binding assays. Avidity 
and specificity are quantified by Kav, threshold receptor den-
sity, or relative binding. To quantify the functional balance of 
binding and cleaving, the residence time and the initial binding 
rate appear promising parameters.

The ability of IAV to form transient complexes of multiple 
weak interactions allows it to efficiently cross the mucus bar-
rier and to use redundant cell entry pathways by binding to 
common glycan motifs. We propose that the virus-induced 
receptor clustering of membrane glycoproteins, in particular 
Cav1.2, translates the physical effect of multivalent binding into 
a biological signal that leads to virus uptake by the host cell. 
The HA/NA functional balance may also control the recruit-
ment of receptors for endocytosis.

The multivalency of IAV is key to understanding its bio-
physical properties. The techniques that are used to evaluate 
the multivalent binding of IAV may be improved by attuning 
the surface chemistry of sensors to the presentation of gly-
cans in the glycocalyx. Because both the role and presentation 
of decoy glycans and glycans that participate in endocytosis 
differ, different surface chemistries may be needed to answer 
different scientific questions. Because NA has a role in the 
selectivity of IAV, assays that include NA may be more pre-
dictive for host specificity and tissue tropism than traditional 
assays.

A better understanding of how IAV traverses the mucus, 
binds glycans, and enters host cells can help in the develop-
ment of antivirals.[122] The redundancy in cell entry pathways 
of IAV forms a challenge for blocking cell entry against which 
combination therapies may be effective.[123,124] Therefore, mul-
tivalent virus inhibitors that block the binding of IAV and 
interfere with its transport in the mucus may be still more 
effective.[14,125,126] Such multivalent inhibitors can use sialic 
acid or more complex glycan motifs as decoy receptors to 
block the receptor-binding domains on HA and NA. Glycans 
or monovalent antivirals that bind NA but are not cleaved by 
it, like transition state analogs of regular enzymes, could play 
a role as interaction motifs as well. The density of these recep-
tors on the antiviral should be higher than the corresponding 
threshold receptor density in order to provide efficient mul-
tivalent binding,[13] but further increasing their density may 
reduce the effectivity of the antiviral due to steric repulsion.[127] 
When a virus and a multivalent inhibitor form a dynamic 
complex, the decoy receptors are in competition with cellular 
receptors and cleavable receptors may be cleaved by NA.[128] 
To ensure irreversible inhibition, antivirals may be used that 
combine multivalent binding with inhibition of NA[129] or a 
virucidal activity.[130,131]

The multivalency of IAV may play similar roles in its interac-
tion with the immune system.

For example, the B cell receptors, which control the activa-
tion of B cells, are embedded in cell membranes and may 
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therefore be subject to virus-induced clustering like other recep-
tors. Further study of how IAV and other viruses induce adap-
tive immune responses by interacting with immune cells as 
multivalent particles may help in the development of vaccines.
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