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Annual outbreaks of influenza infection are an ongoing public health threat, which
kill thousands of people worldwide. Influenza A virus is the most clinically important
subtype of the influenza virus. It is the cause of the four pandemics that occurred in
the 20th and the 21st century and still causes thousands of deaths worldwide
annually. Understanding the life cycle of influenza virus is a prerequisite to
competing it. Inhibiting the virus before infecting the host cell eliminates the
need of drug delivery into cells and prevents the storm of cytokine expression
accompanying the virus infection, which is believed to be the cause of severe
consequences of influenza infection. Consequently, viral entry, the first step during
infection, is our interest. This is a systematic review where 110 manuscripts were
included. Google scholar was the search engine with keywords that included
influenza A virus, influenza A virus receptors, influenza A, and host cells. The
aim of this review is to give an overview of the multiplicity of factors and cofactors
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that orchestrate the process of viral entry and to mark its features.
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Introduction

Influenza virus is one of the members of the
orthomyxoviridae family which consists of influenza
A, B, C, and other genera [1]. Subtype A is the most
clinically important subtype. It is the cause of the four
pandemics that occurred in the 20th and the 21st
century and still causes around 500 000 deaths
worldwide annually from seasonal flu [2-4]. It
infects a vast variety of hosts such as human, swine,
whales, birds, and other mammals. This wide range of
hosts gives influenza A a chance to spread, mutate, and
reassort causing continuous changing in antigenicity.
Thus, it can easily escape the vaccine immunity and the
natural immune system [5-8]. Understanding the life
cycle of influenza virus is a prerequisite before
competing it. Inhibiting the virus entry before
infecting the host cell eliminates the need of drug
delivery into cells and prevents the storm of cytokine
expression accompanying the virus infection, which is
believed to be the cause of severe consequences of
influenza infection [9]. The aim of this review was
to give an overview of the multiplicity of factors and
cofactors that orchestrate the process of viral entry and
mark its features.

articles were retrieved from this database compared
with PubMed and Cochrane databases. Articles were
collected based on the inclusion criteria using
keywords, such as influenza A virus, influenza A
virus receptors, influenza A virus, and host cells.
Articles were collected from any journal, any time
periods, and any study type have the keywords but
should be full text only.

We collected 180 articles; 70 were excluded because the
data was not relevant to the core of the review, for
example, data including immunological responses to
viral infections, steps of viral replication and
transcription, viral exit, and host cell responses. The
data was extracted using the same data extraction
spreadsheet with a dropdown menu which had the
following questions: what is the main factor in viral
entry? What are the main host factors which help virus
entry regarding the topology, glycosylation of the
receptors? What are the other helping factors in
influenza virus entry? What are the viral factors
required for viral entry? Data had been extracted
without adding additional information, so it could
be readily compared. As an internal quality control,

Materials and methods

This is a systematic review. After approval of the ethical
committee of the department. Articles were collected
using the Google scholar database; a high number of
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each paper was reviewed by two reviewers. Each
separately,
compared afterwards, and any discrepancies had

reviewer completed data extraction

been resolved by a third reviewer.

Hemagglutinin, the main factor in viral entry

The main factor in viral entry is hemagglutinin (HA).
HA is a homotrimer glycoprotein on the viral envelope.
It is first synthesized as a precursor, HAO, and then
cleaved into HA1 and HA2, which remain linked by a
disulphide bond [10,11]. Although 18 HA subtypes
are currently well known, their corresponding receptors
are still under research. Sixteen subtypes are found in
waterfowls while HA17 and HA18 subtypes are found
in bats [12,13].

There are different viral and host cellular factors
involved in viral entry. Viral factors include the
receptor-binding domain (RBD) and glycosylation
sites around the receptor while host cellular factors
include sialic acid receptors, different linkages and
topologies, and desialylated receptors [14]. The
interaction between HA which exist on the viral
envelope and sialic acid on host cells is believed to
be the first step of viral entry; therefore, HA is the main
contributing factor in the entry step [15,16].

Viral factors involved in viral entry

Receptor-binding domain and preference

The RBD are highly conserved in all HA subtypes;
they are located at the globular head at the distal end of
HA1 and are surrounded by glycosylation sites. Two
decades ago, it was believed that only eight conserved
residues are present in HA RBD and are responsible
for interactions with sialic acid and preference to
humans or non-humans. Their names are based on
H3 numbering which are 97, 98, 134, 139, 153, 183,
184, and 195 [17]. However, current studies prove that
this process is more complex and additional residues are
involved in binding.

Human and avian viruses differ in 226 and 228 residues
that are present in the RBD, which correlate with their
affinity for either 2,6 receptors in humans or a2,3
receptors in birds. Human viruses have a leucine and
serine residue at positions 226 and 228. On the other
hand, avian viruses have a glutamine and glycine at
those positions [18-20]. However, in HIN1 residues
226 and 228 do not seem to have an effect.
Substitutions from asparagine to glutamate at
position 190 and asparagine to glutamine at position
225 are responsible for the altered binding preferences
[21]. In subtype H3, residues 193 and 218 appear to
have higher importance in preference when compared

with residues 226 and 228 [22]. In another study,
sequencing of human and avian HI viruses showed
that they differ in their amino acid residues at position
186 and 225. Proline at position 186 and glycine at 225
prefer a2,3 receptor binding while serine and
asparagine at position 186 and 225 prefer binding to
a2,6 receptor, respectively [23]. Moreover, residues
226 and 228 do not play a direct role in binding as
they do not bind directly with the host cell receptor, but
they affect the contour of the pocket [24,25].
Therefore, residues 226 and 228 have an indirect
role in binding preference through altering the
pocket shape to correlate with the topology of
glycans. Alterations in the conserved residues (307,
310, 220, and 161) of subtype H5N1 (A/Vietnam/
1203/04) affect the tropism and binding process by
abolished binding, reduced binding, or changing
receptor preference [26]. The conserved residues
were substituted by alanines to test their binding
ability to red blood cells (RBCs) of three different
animal species. The RBCs of horses, swine, and
chicken express different sialic acid receptors on
their surface. Substitutions at position K307 and
/K310 in combination abolish binding for all RBCs
while R220A substitution only reduced the receptor
binding. Interestingly, substitution of tyrosine with
alanine at position 161 changes the affinity to V-
glycolylneuraminic acid of RBCs from RBCs of
horses and swine but not from chicken RBCs [27].
All these alterations and differences reflect the
complexity of the RBD and the variable behavior

among different subtypes of influenza A virus.

Glycosylation assisting in viral entry

Glycosylation are expressed around RBD and have
numerous functions for viruses. For instance,
glycosylation of the antigenic sites protect the virus by
interfering with the antibodies [28,29]. They can also
give rise to antigenic drift [30] or act as modulators for
proteolytic processes at the cleavage site of the flu virus
[31,32]. Moreover, glycosylation are required to
maintain the stability of HA and the fusion of HA
with the endosomal membrane [33]. Moreover,
glycosylation also greatly affect viral entry by their
significant variation in number and structure around
the RBD of HA in different influenza subtypes [34].
This has been shown in high pathogenic avian influenza
viruses after deletion of two N-linked oligosaccharides,
named ASN123 and ASN149. The affinity of HA to the
receptor strongly increased and could not be released by
neuraminidase. On the other hand, sialylation of these
oligosaccharides after expression and in the absence of
neuraminidase abolishes adsorption [34]. Consequently,
glycosylation are present around the receptor-binding
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site to control the affinity of binding. Glycosylation sites
are frequently mutated; therefore, the flu virus is adapted
to transmit from host to host which leads to subsequent
changes in receptor preference [35]. For example, HIN1
USSR/90/77 virus, changed Asn131 to Asp131 in the
glycosylation site, and subsequently lead to the abolished
preference to a2, 6 receptor [36].

The abundance of these glycosylation sites may be
another factor for viral entry as high glycosylated
viruses show better entry than their low glycosylated
peers. In particular, this was obvious in cells expressing
entry receptors other than sialic acid [37]. The type of
oligosaccharides might also play a role as viruses of high
mannose oligosaccharides show increased entry into
macrophage cells that express the macrophage

mannose receptor (MMR) [38,39].

Other proteins on the virion surface

Furthermore, neuraminidases NA and M2 are other
proteins on the virion surface that have active roles in
the process of entry and cooperate with HA to help in
the entry. Neuraminidase surface proteins on the viral
envelope are known for their importance in influenza
virus egress [40] and also have a role in viral entry. In
fact, they are necessary for the binding activity of HA
[23] to its receptor. HA of the highly pathogenic avian
influenza was unable to be adsorbed to the cell surface
but treatment of the cell line with bacterial NA results
in extensive hemadsorption. HIN1 A/WSN/1933viral
strain with an oligosaccharide of a complex type beside
the RBD showed enhancement of hemadsorption of
HA after treatment by NA [34]. In contrast, HA RBD
hemadsorption of the Hong Kong type was not
affected by NA treatment. This virus has an
oligosaccharide of high mannose type besides the
RBD. The affinity of fowl plague virus HA to the
receptor is negatively affected by the adjacent
oligosaccharides; this interaction allows binding and
elution from the receptor to take place. Furthermore,
neuraminidases may have an enhancement role by
acting on the plasminogen and sequestering it to the
plasmin which then cleaves HA and leads to active
infection [41,42]. However, another study using the
1918 NA virus did not support this role and suggested
that this function might be virus specific [42,43].

M2 is the third surface protein on the viral envelope
which helps in uncoating in order to complete the entry
process. Proton channel protein (IM2) is presented as a
homotetramer and serves as a proton-selective ion
channel protein. It becomes active at low pH and
allows an influx of H" ions [44] into the virion.
This disrupts the attachment between the matrix

protein (M1) and the ribonucleoprotein complex.
This disruption facilitates the uncoating process and
releases ribonucleoprotein into the cytoplasm which
marks the completion of the entry process.

Host factors involved in viral entry

Host cell receptors

The interaction between viral envelope HA and
receptors on the host cell surface is the initiation
step for viral infection [45]. Hence, the surface of
host cell receptors has a great role in viral entry.
Around 60 years ago, Gottschalk and colleagues
established a link between influenza entry and sialic
acid [46]. Nowadays, it is well known that the
minimum binding requirement for viral entry is the
presence of terminal sialic acid on the host cell
[47-49]. Sialic acid is a nine carbon monosaccharide
family linked to the surface of host cells by glycolipids
or glycoproteins [16]. Over the last few decades,
extensive research has been done to explore the fine
structure and interaction between HA and sialic acid.
More than 20 different types of sialic acid have been
tfound, making the structure of sialic acid in glycolipids
and  glycoproteins  highly diverse [50], and
consequently affects viral preference. N-acetyl-
nuraminic acid and N-glycolylneuraminic acid are
the most common sialic acids in mammals and both
are influenza ligands. V-glycolylneuraminic acid is not
synthesized in humans due to the lack of the
responsible gene; however, the gene is present in
other mammals, such as apes [51]. The three most
prevalent sialic acid types, called N-acetylneuraminic
acid, N- glycolylneuraminic N- acid and 9-O-
acetylneuraminic acid, were tested on 18 different
influenza A different species of humans, swine,
equine and avian viruses [52]. It has shown that all
18 viruses are able to agglutinate RBCs carrying V-
acetyl neuraminic acid 2,3 (NeuAc a2,3) or N-acetyl
neuraminic acid «2,6 (NeuAc 2,6). Changing the
receptor to N-glycolylneuraminic acid makes a
difference in binding, some have no effect on the
binding of human, swine, equine, or avian viruses
while others lose binding [52]. Alteration of the
receptor site to 9-O-acetyl-N-acetyl neuraminic acid
results in loss of agglutination for all viruses except one
avian H3 type virus named A/duck/Mallard/NY/
6874/78 [52]. The presentation of sialic acid in
either glycoprotein or glycolipid may somehow
affects viral entry. Influenza virus shows preference
to the expression of sialic acid in glycoprotein but still
has the ability to bind to both [23]. Glycolipid is not
essential for infection iz wivo and the level of flu
infection is not affected in cell lines deficient in
glycolipid, such as the GM 95 cell line [53].
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N-linked glycosylation

N-linked glycans is another significant factor that
affects viral entry. Infections by the viral subtypes A/
WSN/33(H1N1), A/Udorn/307/72(H3N2), and B/
Yamagata/78 in mutant Chinese hamster ovary cells
with absent glycans (Lecl cells), lead to infection
abortion [54]. The absence of infection in these
cells, which are deficient in Gn77 gene required for
N-linked glycans, highlights the importance of N-
linked glycans because the virus can attach to the
cells in the presence of sialic acid but does not
become endocytosed or internalized from the plasma
membrane [55]. Infection and replication of the virus is
restored in Lecl cells after the expression of wild type

of GnT1 [55].

Sialic acid linkage

Sialic acid linkage is another important factor altering
viral entry into host cells. Twenty years ago, the basic
rules for influenza virus binding has been set clearly:
human viruses recognize the SAa2,6 receptor; avian
viruses recognize the SAa2,3 receptor, and swine
viruses recognize both [17,48,56,57]. These rules
correlate well with the distribution of sialic acid
linkages in different hosts. The epithelium of the
human airway expresses Neu5SAc «2,6 Gal, while the
epithelium of duck intestine expresses Neu5SAc 2,3,
and the epithelium of swine trachea expresses both
[57,58]. In 1998, H5N1 was first appeared to be able to
replicate in humans [59,60] in spite of lacking affinity
to human receptors [24]. Then, it became clear that the
human respiratory epithelium expresses both receptors
and has a sufficient level of a2,3 expression for making
productive avian infection [61,62]. This explains the
outbreak of avian flu HSN1(A/HK/156/97) in humans
in Hong Kong in 1997; the virus did not change
preference and remained bind to the «2,3 receptors.
The preference of H5N1 to a2,3 receptor persisted
until the isolation of variants in 2003 (A/Vietnam/
3026211104 and A/Vietnam/30281104). It was
discovered that HA has mutations at position 182
and 192; thus, it has the ability to bind to both a2,3
and a2,6 receptors [24,60]. However, the specificity of
the receptor is not absolute, and it could be overcome
by using a high viral load. Horimoto and Kawaoka [63]
explained the ‘specificity leakiness’ and stated that the
specificity of the receptor is only preferential and not
absolute [58]. This clarified the ability of some avian
viruses to act as human flu viruses in receptor binding.
For instance, HYN2 poultry lineage virus has the ability
to bind to ®2,6 receptors [64]. The reverse could also
happen as the replication of human «2,6 virus in the
respiratory tract of mice is possible after knocking
down sialyltransferase and in the absence of 2,6

receptors. This elevates the attention toward the
presence of other moieties or the ability to bind to

«2,3 by low affinity [65].

Interestingly, the quail and chicken intestinal epithelial
cells contain both types of receptors, 2,3 and 2,6,
whereas duck epithelial cells express only the o2,3
receptors  [66—68]. Extensive studies on the
respiratory tract, the primary target for flu viruses,
were done in order to elucidate the distribution of
the receptors which help in viral infection [69].
These studies were done using either human or
ferret respiratory tissue [70] which are highly similar
in their receptors. Flow cytometry studies were done
using lectins for the identification of 2,6 and a2,3
receptors, and fluoresceinated viruses H3 for
identification in the human bronchial tree [58]. The
studies showed that the two linkages are present in the
human respiratory system with more abundance of
®2,6 in the upper respiratory epithelium
[57,58,71,72]. They also showed the presence of
®2,6 receptor in ciliated and nonciliated cells, as well
as the occurrence of «2,3 in ciliated, goblet and basal
cells, and one-third of ciliated cells express both
receptors [70]. Furthermore, they demonstrated the
presence of a2,3 in bronchial mucin, which inhibits the
binding of ®2,3 viruses more than «2,6 viruses [16].
Another study confirmed the detection of «2,6 O-
linked glycans also in goblet cells at the apex of the
tracheal epithelium [73].

The inner structure of receptors

Inner structures include three factors: bond types
between the galactose and the following sugar residue
(B1-3 or P1-4), the residue nature of N-acetyl
galactosamine(GalNAca) or N-acetyl glucosamine
(GleNAc) and changing the constituents at the ring
of GlcNAc [74]. These differences and their effect on
binding affinity are detected by testing different viruses
using competitive solid phase-binding assays [64]. Wild
duck viruses show high affinity to f (1-3)linkage, equal
affinity for nonsulfate and sulfate receptors, and no
affinity to fucosylation. It can also bind to GIcNAc or
GalNAc [75]. American avian (H7N2) and Eurasian
human (H7N7) show enhanced affinity to sulfate
receptors, 1-4 linkage, and GlcNAcp core. Human
isolate viruses A/Hong Kong/1073/99(HIN2), A/
USSR/039/68, and A/Canada/228/68 bind strongly
to Neu5ca2-6Gal but not to a2,3 linkages [64]. Four
types of swine viruses were tested and show affinity to1-4
linkage, fucosylated and sulfated GlcNAcp, o2,3
receptors and moderate affinity to a2,6 receptors [76].
Interestingly, the ability of many poultry viruses to bind
to the common receptor [6 sulfo sialyl lewis x
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(Neu5Aca2,3 Galp1-4)] is accompanied also by having
the affinity to bind to the human-type (NeuAS5ca2-
6Gal) receptor. This dual affinity has been shown for
H1, H3, H9 avian-like viruses, HON2 Eurasian poultry
virus, and North American and Eurasian H7 viruses. All
of these enhance the potential threat of transmission of
avian viruses to humans [64]. H5N1 subtypes show high
affinity to «2,3 sulfate receptors with some of them
showing increasing affinity by an added fucose in the

1-4 linkage GIcNAcp [64].

Sialic acid topology

The topology of sialic acid is another important factor
in receptor specificity, which was discovered by analysis
of the co-crystal structures of HA-glycan. The
topology and conformation of receptors play an
important role in the specificity of human and avian
viruses [73,77]. Molecular dynamic simulations, using
different H3, H5, and H9 viruses, proved topological
differences between avian and human receptors on
binding to HA. This topology determined the
specificity of HA and showed that the dynamic
properties of the receptor is strictly related to its
structure [78].

Avian viruses prefer sialic acid in the shape of cone; it
exists in both a2,3 and a2,6 receptors with short
glycans. Human viruses, however, prefer umbrella-
shaped SA which only occurs in 2,6 receptors with
long glycans [73]. This explains the limitation of
HS5N1 virus in human-to-human transmission as
H5N1 can only bind to a2,3 or a2,6 receptor with
short glycans, but not to a2,6 receptors with long
glycans. On the other hand, Nicholls ez al [79]
demonstrated that H5N1 can infect the upper and
lower respiratory tract with or without «2,3 receptors.
In addition, binding of H5N1 to a2,6 receptors with
long glycans was detected with very high viral
concentration. Nevertheless, the affinity is minimal
compared to 2,3 receptor in the concentration
range of the entire virus [79].

In 02,3 receptors, the Neu5Ac at the non-reducing end
of the receptor is responsible for the major contact with
avian HA [73]. After binding to the HA-binding
pocket, the remaining residues in the trisaccharide
start to make torsions at their glycosidic junctions,
so that the glycan forms a cone shape. In contrast,
the longer glycans in human receptors give more
torsion and free movement that lead to the
configuration of umbrella topology. The receptors
form these configurations only after binding to the
HA, while in their free states their shapes depend on
the connectivity of their non-reducing ends [73,80].

DC-sign and L-sign receptors

The interactions between the flu virus and the receptor
as well as viral attachment are proved to be a multistep
process that requires multiple factors [23]. Other
receptors that mediate entry are still unknown and/
or under research. On the contrary, cell receptors that
depend on calcium to help viral entry have been
recognized [81,82]. DC-sign and L-sign are type II
transmembrane proteins that contain a domain rich in
C-type carbohydrate, and can interact with viral
receptors that are rich in oligosaccharides [38,39].
The expression of these proteins on a mutant cell
line Lec2 Chinese hamster ovary cells, which is
deficient in sialic acid and resistant to flu virus
infection, rendered the cell permissible for infection
by H3N2(BJx109). In contrast, PR8 (H1N1) with low
levels of mannose glycans showed low efficiency in
infecting these cells [37]. Human cells that express C-
type lectins can support infection efficiently. Without
the help of SA, DC-sign and L-sign receptors act as
viral entry receptors of many other viruses, such as
Ebola [83], dengue [84], SARS Cov [85,86], HIV-1
[87,88], West Nile virus [89], and hepatitis C virus
[90]. Subsets of the human lung stem cells, lung
endothelial cells, alveolar cells type II and epithelial
cells of the bronchiole express L-sign [91,92] and can
be infected by viruses as well [93,94]. Thus, the L-sign
is most probably recognized by the virus and leads to
success of entry and virus spread. On the other hand,
the DC-sign is expressed by populations of dendritic
cells in the lung and macrophages of the alveoli
[95-97], and recognizes mannose-rich glycans.
Moreover, the DC-sign has only an affinity to
oligosaccharides with fucosylation [98]; therefore,
differences in glycosylation around the viral RBD
may have a role in the recognition and
internalization by these receptors.Several studies
proposed that the presence of abundant sialic acid
on the cell surface and the attachment of the virus
to it is not necessarily followed by viral entry and
infection [99]. Despite the role of sialic acid in flu
virus binding, the entry of flu virus into asialated cells
has been reported [14].

Macrophages as viral targets

Macrophages, as part of the innate immune system,
detect the flu virus in early stages of infection
[100,101]. Reports indicate the capability of the
human macrophage to prevent productive viral
infection [102-104]. Macrophages do not support
viral replication or release of progeny [105].
Macrophages also release inflammatory cytokines
and interferons against flu virus are considered the
end stage for viral infection. The MMR, a mannose
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C-type lectin, was recognized as a calcium-dependent
receptor on the surface of macrophages which allows
viral entry and infection but not causing the disease
[106,107]. Infection by MMR involves virus
attachment to sialic acid on the MMR followed by
recognition of viral oligosaccharide by the lectin
activity of MMR [108]. Another C-type lectin
receptor on macrophages is the macrophage
galactose-type lectin [108]. This integral membrane
glycoprotein  allows virus internalization into
macrophages [109,110]. Poorly glycosylated virus A/
PR/8/34 shows a lower level of infection than the
highly glycosylated siblings, even though the virus
attaches equally to the surface of the cell by SA.
This confirms that high mannose C-type lectins play

a significant role during macrophage infection [107].

Final remarks

All the previous interactions between the virus and
cellular receptors give us an idea about the complicated
process of viral attachment and subsequent entry and
the multiplicity of factors affecting it. The ability of
these viruses to reach their targets and infect the cells
are due to the genetic drift and shift. The envelope of
the influenza virus is engendered from the infected
cellular membranes during virus egress which may
explain its ability to use many cellular factors for
interaction with cells. The complexity of these
interactions raises the need for continuous research
to deepen our understanding of viral entry and
hopefully will help in finding newly therapies against

viral infections.
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