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ABSTRACT The influenza A virus (IAV) envelope protein hemagglutinin binds �2,6-
or �2,3-linked sialic acid as a host cell receptor. Bat IAV subtypes H17N10 and
H18N11 form an exception to this rule and do not bind sialic acid but enter cells via
major histocompatibility complex (MHC) class II. Here, we review current knowledge
on IAV receptors with a focus on sialoglycan variants, protein coreceptors, and alter-
native receptors that impact IAV attachment and internalization beyond the well-
described sialic acid binding.
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Influenza A virus (IAV) particles possess envelopes that are densely covered with the
viral glycoproteins hemagglutinin (HA) and neuraminidase (NA). HA is the viral

receptor-binding protein that mediates attachment to and entry into host cells. Binding
of IAV to a host cell is initiated by the interaction of HA with N-acetylneuraminic acid
(known as sialic acid) linked to galactose on plasma membrane-resident glycoproteins
or glycolipids (1, 2). The HA proteins of human and other mammalian IAVs preferentially
bind to sialic acid with an �2,6 linkage to the penultimate sugar, whereas avian strains
recognize �2,3-linked sialic acid (3–6). This difference in receptor binding specificity has
far-reaching consequences for viral tropism, pathogenicity, and transmissibility and has
been reviewed extensively (7–9). In addition, NA plays an important role in the IAV
entry process. Its receptor-destroying activity is required for the release of virus
particles from decoy receptors, which are present in respiratory mucus and on the cell
surface (10–12). Furthermore, NA reduces the number of available sialic acid molecules
near attachment sites and, thereby, mediates receptor gradient-dependent rolling of
the virus particle on the cell surface (13, 14). Therefore, HA and NA densities on the
virion surface, as well as their respective activities, are well balanced. This HA:NA
balance is believed to contribute to IAV infectivity, pathogenicity, and host adaptation
and is reviewed elsewhere (15, 16). The attachment of IAV to host cells is followed by
internalization, which can occur through multiple redundant routes, namely, clathrin-
dependent or clathrin-independent endocytosis as well as through macropinocytosis
(17–20).

In this review, we discuss sialoglycan variants and potential coreceptors, which
contribute to IAV attachment and internalization beyond the well-described �2,3- and
�2,6-linked sialic acid receptor specificities of HA. In addition, we summarize experi-
mental evidence suggesting that IAV binding and uptake can be mediated by host
proteins and glycans independent of the canonical sialic acid-HA interaction.

SIALOGLYCAN CHARACTERISTICS THAT AFFECT IAV ENTRY AND ATTACHMENT

Sialic acid describes an acidic nine-carbon amino sugar that, in place of the amino group
at position 5, contains either an N-acetyl or N-glycolyl group, yielding N-acetylneuraminic
(Neu5Ac) or N-glycolylneuraminic (Neu5Gc) acid, respectively. In the context of IAV receptor
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specificity, sialic acid usually refers to Neu5Ac, as this is the commonly recognized variant
of sialic acid. However, a number of HA proteins can also bind Neu5Gc, which is not present
in humans or ferrets but is commonly found in ducks, pigs, and horses (21–25). In particular,
the HAs of IAV isolates from ducks and pigs have been shown to display Neu5Gc binding,
and for both animals, this feature seems relevant in vivo (21, 26). For example, while duck
IAVs were found to bind efficiently to Neu5Ac and Neu5Gc and both sialic acid variants are
present abundantly in the duck intestine, only recognition of Neu5Gc was associated with
efficient replication in vivo. This might suggest that in ducks the functional IAV entry
receptor(s) carry glycosylations with terminal Neu5Gc rather than Neu5Ac (21).

With advances in glycomics and structural methodologies over the past years, it has
become evident that the linkage between sialic acid and the penultimate sugar moiety
is not the sole determinant of HA binding. Structural studies have revealed that long
glycans with multiple repeats of lactosamine units that carry �2,6-linked terminal sialic
acid display an “umbrella-shaped” topology that is preferentially recognized by human-
adapted IAVs. In contrast, glycans with �2,3-linked sialic acid or short �2,6 glycans, such
as single lactosamine branches, adopt a “cone-like” topology and can be recognized by
certain avian-adapted IAV strains (27–33). This suggests that it is not the sialic acid
linkage per se but rather the glycan topology that determines the species specificity of
IAV. Moreover, modifications such as sialylation, sulfation, or fucosylation of the glycans
at position 2 (galactose), 3 (glucosamine or galactosamine), or even the core of the
glycan were found to affect binding of different HA proteins substantially (5, 34–37).
Consequently, one would predict that not every glycan with terminal �2,3- or �2,6-
linked sialic acid is recognized by every strain of IAV with �2,3 or �2,6 receptor
specificity, respectively. This was indeed observed when glycans isolated from pig or
human lungs were analyzed for their capacity to bind different strains of IAV (34, 37).
In summary, even though sialic acid and its linkage to galactose are essential for HA
binding, the composition and topology of the glycosylation structure contribute to the
receptor specificity of IAV.

SIALOGLYCAN-DEPENDENT CORECEPTORS

IAV can bind to sialoglycans in vitro in the absence of cellular proteins or lipids (38).
Thus, it is assumed that in vivo IAV binds the sialic acid portion of N- or O-linked glycans
on glycoproteins or on glycolipids. Not all binding events can lead to virus internal-
ization, but this rather depends on the nature of the glycoprotein or glycolipid that is
engaged by IAV. A study based on CHO lec1 cells that are deficient in complex N-linked
glycans initially suggested that entry of IAV is strictly dependent on N-linked glycans
(39). Furthermore, N-linked glycans terminating in sialic acid were found to be the
preferred ligand for IAV when diverse carbohydrates isolated from swine lungs were
tested in a glycan array (34). However, a later study showed that the strict dependence
of IAV entry on N-linked glycans could not be confirmed with cell lines deficient in
complex N-linked glycans other than CHO lec1 cells (40). Entry via endocytosis was only
blocked in CHO lec1 cells but not the other N-linked glycan-deficient cell lines, namely,
CHO 15B and HEK293S. Thus, N-linked glycans seem to be preferentially bound by IAV,
but they are not essential for the uptake of the virus into the host cell, at least not for
the endocytic route of internalization.

Moreover, several specific cellular glycoproteins have been implicated in IAV attach-
ment and subsequent internalization; cell surface-expressed nucleolin was demon-
strated to interact with IAV using a virus overlay protein binding assay (VOPBA), and
interaction with HA was confirmed by pulldown experiments (41). Nucleolin was further
shown to play a role during IAV internalization rather than attachment. In line with
these findings, small interfering RNA (siRNA)-mediated knockdown of nucleolin re-
duced endocytosis of epidermal growth factor (EGF), transferrin, and IAV, indicating
that nucleolin contributes to virus uptake after the virus attaches to host cells (41).
However, the study did not further interrogate whether the binding of HA to nucleolin
is sialic acid dependent. How, when, and where HA binding to nucleolin occurs and
how the interaction triggers IAV internalization are currently not known.
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For natural killer (NK) cells, the natural cytotoxicity receptors NK cell p44-related
protein (NKP44) and NK cell p46-related protein (NKP46) have been shown to interact
with HA in a sialic acid-dependent manner (42–44). Binding of the natural cytotoxicity
receptors by HA was reported to result in NK cell activation (44), but a direct role of
these receptors in virus attachment and internalization has not been described. Nev-
ertheless, NK cells can be infected by IAV (45, 46), and hence, NKP44 and NKP46 could
contribute to virus entry in this cell type.

Further evidence for the requirement of specific glycoproteins for IAV entry stems
from a recent study by Fujioka and colleagues, which identified the voltage-dependent
calcium channel Cav1.2 as a cellular entry factor that interacts with HA on the cell
surface in a sialic acid-dependent manner (47). Interaction of IAV with Cav1.2 induced
Ca2� oscillations, which have been previously shown to contribute to virus internal-
ization and infection (48). Moreover, it was suggested that IAV-Cav1.2 engagement
might also occur in the absence of sialic acid, as mutations of potentially glycosylated
asparagine residues on Cav1.2 only partially abrogated IAV binding. However, mecha-
nistic insights into sialic acid-independent attachment of IAV to Cav1.2 and its conse-
quences for virus entry are currently lacking, and it remains unclear how IAV binding to
Cav1.2 induces Ca2� influx. Nevertheless, the concept that virus binding triggers
signaling cascades, which then orchestrate internalization of virus particles, is well
accepted (48–55). An entry factor solely responsible for initiating these signaling
cascades has not been described yet, and likely, several cellular factors contribute to
internalization in a redundant fashion. Besides the calcium channel Cav1.2 described
above, earlier studies have demonstrated a role for receptor tyrosine kinases (RTKs) in
virus uptake into target cells. For example, treatment with RTK inhibitors reduces
internalization of IAV virions (52). Epidermal growth factor receptor (EGFR) is a well-
studied RTK family member, which is believed to play a central role during IAV
internalization after virion attachment. The expression levels of EGFR positively corre-
late with IAV entry efficiency, and it was shown that EGFR and IAV colocalize on lipid
raft structures at the cell surface followed by internalization of both IAV and EGFR.
Disruption of lipid raft structures impaired IAV uptake and reduced subsequent viral
growth (52). IAV attachment-induced EGFR and phosphatidylinositol 3-kinase (PI3K)/Akt
activation was inhibited by sialidase treatment, and this was shown to hamper endo-
cytosis of IAV but not EGF-dependent endocytosis of EGFR. These findings suggest that
IAV and EGFR interact in a sialic acid-dependent manner (52). A recent study identified
M85, a compound that targets EGFR and PIK3C2�, a class II PI3K, to potently reduce IAV
internalization. Upon treatment with the inhibitor, IAV was retained at the cell surface
or in close proximity thereof (56). These data further link RTK and PI3K pathways to the
early stages of IAV uptake into target cells.

Another enzyme downstream of EGFR involved in IAV entry is phospholipase C-�1
(PLC-�1). Interestingly, EGFR-dependent phosphorylation of PLC-�1 occurs only in
response to infection with IAV of the H1N1 subtype but not with H3N2 viruses (57).
Indeed, activation of PLC-�1 positively influenced virus internalization (48, 57). These
data allow for speculation that the precise internalization routes might differ between
IAV subtypes.

In summary, a variety of cellular glycoproteins play important but seemingly redun-
dant roles in virus entry. Some of these entry factors, such as nucleolin, NKP44/46,
Cav1.2, and EGFR, could be considered coreceptors, as they might interact directly with
HA and contribute to virion attachment and clustering at the cell surface (Fig. 1). Other
factors could then be recruited to IAV-containing lipid raft structures and elicit signaling
events, which trigger virion uptake and sorting into early endosomal compartments, a
prerequisite for fusion and uncoating in late, acidified endosomes.

SIALIC ACID-INDEPENDENT RECEPTORS

Besides the well-described HA-sialic acid binding, it was also suggested that sialic
acid-independent interactions of the viral HA with the host cell can occur. In a recent
study, the N-glycome from human lungs was isolated and used to assess binding of a
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panel of IAV strains from different hosts in a glycan array (37). Unexpectedly, the
authors detected binding of IAV to nonsialylated phospho-glycans on this glycan array.
Sialidase treatment of the array strongly reduced IAV binding to sialylated glycans and
enhanced virus binding to phospho-glycans, whereas phosphatase treatment specifi-
cally blocked binding to phospho-glycans. Only a combination of both treatments
abrogated IAV binding to the glycan array completely. As preincubation of IAV with
sialic acid did not reduce IAV binding to phospho-glycans, the authors suggest that IAV
possesses a binding site for phospho-glycans that is different from the canonical
receptor binding site (RBS) in HA (37). While these exciting novel findings suggest that
IAV can recognize phospho-glycans as alternative attachment receptors to sialoglycans
in the human lung, it is so far unclear if such interactions would allow for internalization
of the virus and, thus, represent a different type of entry receptor.

FIG 1 Models for IAV attachment and uptake. Attachment of conventional IAV to sialoglycans and phospho-
glycans on cellular glycoproteins and glycolipids is mediated by the viral HA. Well-balanced HA and NA activity
allows the virus to “roll” along the cell surface until appropriate entry receptors are engaged. Sialic acid-
independent IAV attachment may occur via C-type lectins (DC/L-SIGN, MMR, and MGL) and natural cytotoxicity
receptors (NKP44/46) that are mainly expressed on immune cells. For virus internalization, IAV needs to bind to
internalization receptors that initiate signaling events and facilitate IAV uptake. Internalization of conventional IAV
may occur via sialic acid-dependent interactions with RTKs, nucleolin, and Cav1.2 and/or sialic acid-independent
interactions with DC/L-SIGN, MGL, and MMR. In addition, yet unidentified entry receptors may exist. In contrast, bat
IAV attachment and internalization are independent of sialoglycans and other glycans but strictly depend on major
histocompatibility complex class II (MHC-II) expression. Clustering of MHC-II proteins by multivalent interactions
with the bat IAV HAs might allow attachment and trigger uptake of virions. Other cofactors that might act in
concert with MHC-II and contribute to bat IAV attachment and internalization remain to be identified.
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In addition to phospho-glycans, distinct cell surface proteins were described to bind
IAV and facilitate virus infection in the absence of sialic acid. Interestingly, these
proteins proposed as sialic acid-independent IAV receptors belong to the family of
calcium-dependent (C-type) lectins and are mainly found on immune cells (58–63).
Probably the most extensively studied cellular protein that has been implicated in sialic
acid-independent IAV binding and infection is the dendritic cell-specific intercellular
adhesion molecule-3-grabbing nonintegrin (DC-SIGN). DC-SIGN is known to bind com-
plex mannose- and fucose-containing glycoconjugates and functions as a cellular
adhesion molecule as well as pattern recognition receptor (PRR) to recognize fungal,
bacterial, and viral pathogens (reviewed in reference 64). DC-SIGN has been described
to promote the infection of various viruses, including phleboviruses (65), dengue virus
(66), HIV (67), and hepatitis C virus (HCV) (68). Initially, Wang and colleagues observed
that binding and infection of an avian H5N1 IAV positively correlated with expression
levels of DC-SIGN on DCs and B cell lines (59). The authors proposed that N-linked
glycans present on HA facilitate the interaction with DC-SIGN as an attachment factor
and, thereby, enhance virus infection. Indeed, other IAV subtypes, including H1 and H3
viruses, were shown to bind and infect DC-SIGN-expressing cells in the absence of sialic
acid (61, 62, 69). In addition to DC-SIGN, liver/lymph node-specific intercellular adhe-
sion molecule 3-grabbing nonintegrin (L-SIGN), a protein that shares high sequence
homology to DC-SIGN but is expressed on endothelial cells of liver and lymph nodes,
has been demonstrated to bind IAV (61). IAV binding to DC-SIGN and L-SIGN is not
necessarily subtype specific but rather depends on the extent of glycans present on HA
and NA. Indeed, the amount of HA glycosylation correlates with virus infectivity on cells
overexpressing DC-SIGN (62). In line with these results, a recombinant H1N1 virus with
RBS mutations that abolish sialic acid binding was only rescued and propagated in cells
that overexpressed DC-SIGN (62). Moreover, endocytosis-deficient L- and DC-SIGN were
shown to retain IAV binding but strongly reduced susceptibility to IAV infection,
suggesting that L-and DC-SIGN can act as authentic endocytic receptors for IAV (70).

Recently, Palomino-Segura et al. showed direct binding of recombinant HA proteins
from different IAV strains to a recombinant SIGN-R1 protein, the murine homologue of
DC-SIGN, and as expected, N-linked glycosylations on HA were shown to be essential
for this interaction (69). As recombinant NA was also shown to bind SIGN-R1, it was
suggested that both IAV glycoproteins contribute to IAV binding to C-type lectin
receptors (69). The same study also provides evidence that SIGN-R1 on inflammatory
DCs is required to capture virus particles in vivo, which leads to DC activation and
secretion of inflammatory cytokines that recruit natural killer cells to control IAV
infection in the murine tracheal mucosa.

Furthermore, several studies have described other C-type lectins, such as the
macrophage mannose receptor (MMR) (58, 60), the macrophage galactose-type lectin
1 (MGL1) (60, 63), and langerin (71), to be exploited by IAV as entry receptors. MMR and
MGL are both endocytic receptors expressed on macrophages and DCs (72, 73), which
were shown to interact directly with IAV in a predominantly sialic acid-independent
manner (60). Differences in glycosylation patterns of the surface glycoproteins from
different IAV strains were shown to determine sensitivity to MMR and MGL binding in
the absence of sialic acid receptors (58, 60, 63). Studies with sialic acid-deficient cell
lines and internalization-defective MGL or langerin mutants revealed that both C-type
lectins, besides mediating virus attachment, can also facilitate IAV internalization in a
dynamin-dependent manner (63, 71).

Unlike HAs from conventional IAVs, bat-derived IAV HA subtypes (H17 and H18) are
unique in their inability to bind sialic acid or other glycans (74–77). Consequently, bat
IAVs significantly differ from conventional IAVs in terms of entry characteristics and
receptor usage. Sialidase treatment of susceptible cell lines increased bat IAV entry and
infection, suggesting that either removal of negatively charged sialic acid residues
reduces electrostatic repulsion between the viral and cellular membrane (78) or en-
hances accessibility to the putative receptor (79). Recently, work from our group has
identified the major histocompatibility complex class II (MHC-II) human leukocyte
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antigen DR isotype (HLA-DR) as an essential entry determinant for bat IAVs (80). Of
note, HLA-DR homologs from multiple species, as well as other classical MHC-II pro-
teins, namely, HLA-DQ and -DP, can confer susceptibility to bat IAV, and MHC-II
expression was crucial for bat IAV infection in the nasal epithelium of mice (80). While
bat IAV replication in mice was restricted to the upper respiratory tract, in fruit bats,
H18N11 replication takes place in the follicle-associated epithelium of the gut lymphoid
tissue and was shed at high titers in fecal samples, allowing transmission to naive
contact bats (81). Moreover, the promiscuity of bat IAV HA regarding the use of MHC-II
from several species suggests a risk for zoonotic transmission of bat IAV to other
species. Indeed, bat IAV replication was experimentally shown in fruit bats, mice, and
ferrets (80, 81). However, efficient virus replication and transmission of bat IAV were
only observed in bats but not in other species, suggesting that bat IAV is poorly
adapted to nonbat species (81). Unfortunately, large-scale serological studies in bats
and other species are lacking, which complicates the assessment of the zoonotic
potential of these IAV subtypes.

Even though proximity ligation assays (PLAs) and polykaryon formation assays
indicate binding of bat IAV HA and MHC-II (80), the interaction sites on either MHC-II or
bat IAV HA remain unknown. Direct binding of bat IAV HA to MHC-II has not been
demonstrated, and detailed studies characterizing the MHC-II-dependent entry process
of bat IAV have yet to be reported. Evidently, MHC-II is crucial for infection, but it is
currently unclear whether interaction between H18 or H17 and MHC-II alone is the sole
determinant of susceptibility to bat IAV infection or whether other, so far unknown
cofactors are required to mediate MHC-II-dependent entry of bat IAV.

SUMMARY

For conventional IAV, attachment takes place mainly through interactions of viral HA
with sialic acid, which can be found in two different variations, namely, Neu5Ac or
Neu5Gc, depending on the host species. The binding preferences of HA to one or the
other sialic acid variant, to the �2,6 or �2,3 linkage type, and to the composition and
topology of the recognized glycan largely determine viral binding to host cells.
Consequently, the presence or absence of sialoglycan variants has an impact on the IAV
host range and tissue tropism. A small number of cellular entry factors have been
described to contribute to IAV attachment through sialic acid-dependent interactions
with HA (nucleolin, Cav1.2, and NKP44/46) and to internalization of attached particles
(Cav1.2 and RTKs) (Table 1). IAV uptake is then largely dependent on second messen-
gers and signaling pathways, which trigger endocytosis and macropinocytosis of
attached virions. In addition, sialic acid-independent interactions with the host cell can
occur through binding to phospho-glycans by a so far unknown mechanism, which is
thought to be independent of the canonical RBS on the HA. Studies with IAV subtypes
originating from bats revealed an MHC-II-dependent entry mechanism of bat IAV,
which is entirely independent of sialic acid and further exemplifies the structural
plasticity of the IAV HA. On immune cells, C-type lectins (DC-SIGN, MMR, MGL, and

TABLE 1 Reported influenza A virus receptors

Receptor Reported role in IAV entry Reference(s)

N-acetylneuraminic acid Attachment receptor 1–6
N-glycolylneuraminic acid Attachment receptor 21–26
Nucleolin Internalization receptor 35
Cav1.2 Attachment and internalization receptor 41
NKP44/46 Putative attachment and internalization receptor 36–38
RTK Internalization receptor 46
Phospho-glycans Attachment receptor 31
DC/L-SIGN Attachment and internalization receptor 53, 55, 56, 63
MMR Attachment and internalization receptor 52, 54
MGL Attachment and internalization receptor 54, 57
Langerin Attachment and internalization 65
MHC-II Entry determinant for bat IAV 74
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langerin) can contribute to sialic acid-independent virus attachment and internaliza-
tion, which might be largely influenced by the virion glycosylation pattern.

We, hence, propose a model of conventional IAV entry (Fig. 1) in which the virus
utilizes a variety of different mechanisms to gain access to its target cells. Likely, for
establishing contact with the host cell and for “rolling” along the cellular surface, no
specific protein coreceptors are required. Instead, interactions of HA with sialoglycans
and phospho-glycans present on various glycoproteins and glycolipids likely suffice for
the early stages of virus entry. Of note, the affinity of HA for monovalent sialic
acid-containing glycans is very low, with a dissociation constant (Kd) in the millimolar
range (82, 83). Multivalent interactions between multiple HAs and sialic acid moieties
increase binding strength and, thus, IAV attachment. Likely, the initial glycan-
dependent attachment is followed by a secondary receptor engagement. In this second
entry stage, multivalent attachment of IAV leads to clustering of specific cellular
proteins with potentially redundant functions in lipid raft structures, which subse-
quently trigger and mediate uptake of virus particles. The identity of internalization
receptors and the mechanism of uptake triggering remain to be discovered. This will
likely require the application of novel technologies, including combinatorial CRISPR/
Cas9 screening, and chemoproteomic approaches that cross-link virus-receptor inter-
actions, such as HATRIC-based ligand receptor capture (HATRIC-LRC) (84, 85). Further-
more, much is left to learn about bat IAV entry. While we know that MHC-II plays a
major role, no direct binding of H17 or H18 to MHC-II has been demonstrated, and it
is unclear which other cellular proteins are involved in virus attachment and internal-
ization.
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