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Abstract: Influenza A virus (IAV) is a widespread human respiratory pathogen that contributes significantly 

to morbidity and mortality worldwide. Adsorption of the virus to the cell surface is the earliest stage of its 

replication cycle. The key role of N-linked sialic acids as receptors for binding to IAV’s hemagglutinin has long 

been acknowledged. The molecular specificity of this interaction is a key factor in host range, pathogenicity 

and transmissibility of various IAV subtypes. Along with that, a number of recent studies have introduced 

significant complexity into the picture of the IAV adsorption and revealed a multitude of new molecules on 

host cell surface to serve as receptors and/or co-receptors for IAV attachment. For successful internalization of 

the adsorbed virus, a downstream signal transduction is necessary to activate effector endocytosis mechanisms. 

In recent years, our understanding of the sophistication and variability of signal transduction pathways in the 

virus attachment site has significantly expanded, with the help of such research techniques as fluorescence 

imaging of individual viruses in real time, dominant-negative mutants, siRNA knockdowns, protein kinase 

selective inhibitors, phosphoproteome profiling, and others. These approaches deepen our knowledge of the 

molecules involved in the early stages of the IAV life cycle, and also serve as the basis for the development of 

new effective antiviral drugs. In our review, we analyze recent publications on the mechanisms of IAV 

adsorption, newly discovered receptors for virus attachment, and signal transmission in the site of the adsorbed 

virion. Besides, we consider new data on the development of selective inhibitors as antiviral drugs aimed at 

both viral and cellular factors of IAV adsorption. 

Keywords: influenza A virus; hemagglutinin; neuraminidase; sialic acid; cell receptors; signal 
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1. Introduction. 

Influenza A virus is a widespread human respiratory pathogen which evokes both single cases 

and local outbreaks of the disease, as well as massive seasonal epidemics and pandemics. Circulating 

influenza A viruses annually lead to serious medical and socio-economic consequences [1]. 

Worldwide, these epidemics are estimated to cause between 3 and 5 million cases of severe illness 

and between 290 000 and 650 000 deaths each year [2]. 

Influenza A virus belongs to the Orthomyxoviridae family, is enveloped and characterized by 

segmented, single-stranded and negative-sense RNA genome [3]. Eight genomic IAV’s segments 

encode 10–18 proteins, depending on the virus strain [4]. Among these viral proteins, the surface 

glycoproteins hemagglutinin (encoded by segment 4) and neuraminidase (encoded by segment 6) are 

key players in the adsorption of the virus, and also represent the predominant targets for neutralizing 

antibodies. 

At all stages of the replication cycle, IAV interacts closely with a variety of effector and signaling 

systems of the host cell, hijacking numerous cellular functions for its own reproduction and 

reorganizing them for the smooth passage of the life cycle [5,6]. Meanwhile, the plasma membrane 

represents the main obstacle to be overcome by the enveloped IAV for successful infection of the cell, 
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and internalization of a virus through the plasma membrane barrier requires a complex, space- and 

time-coordinated combination of viral and cellular protein machinery [7,8]. 

Adsorption of the virus is the starting point of its reproduction cycle. Basically, it is determined 

by the interaction of viral hemagglutinin with N-acetylneuramic (sialic) acid (SIA) on the surface of 

the target cell. In addition, in recent years a number of new data have been accumulated that 

significantly expand our understanding of the repertoire of receptors available for the IAV 

attachment to the cell surface. These new receptors include both sialylated and non-sialylated 

membrane proteins and lipids, and interaction with them during viral attachment involves both 

hemagglutinin and neuraminidase. 

It should be noted that the attachment of the virus to the plasma membrane does not ensure its 

automatic endocytosis. The initiation of endocytosis requires a variety of intracellular signaling 

events, mainly phosphorylation cascades, to transmit a signal from receptor proteins to effector 

systems of endocytosis machinery [9]. 

Studies of signaling pathways preceding an IAV endocytosis require the synthesis of classical 

virology, cellular, molecular and structural biology methods. Among them, dominant-negative 

mutants, siRNA and selective inhibitor screens, phosphoproteomics should be highlighted as the 

most informative techniques. Besides, direct visualization of adsorption, endocytosis, and their 

individual components is of especial importance. Essentially, transmission electron microscopy 

(TEM) remains the only method for detailed visualization of viral particles and cell proteins with the 

nano-scale resolution, though it does not allow exploring living objects [10]. Studies of the dynamics 

of virus attachment and internalization inevitably require the use of multicolor time-lapse confocal 

microscopy, with fluorescent labeling of viruses and overexpression of fluorescent proteins of interest 

involved in signaling processes [11,12]. Techniques of ultra-high-resolution optical microscopy allow 

to visualize localization and dynamics of viruses at the level of individual viral particles and even 

individual molecules and, in principle, approach the resolution of an electron microscope [13]. 

Early stages of IAV infection are an attractive target for new chemotherapeutic intervention 

strategies [14,15]. Significantly, key cellular factors are promising targets for the development of new 

generation antiviral drugs, as an alternative to rapidly mutating viral target proteins [16]. Therefore, 

the most in-depth knowledge of the mechanisms of IAV reception and signal transduction, in 

addition to a better understanding of the fundamentals of infection, is of great practical interest for 

the development of novel approaches to the prevention and therapy of influenza. 

Our review concerns the recent data on the cellular mechanisms of the IAV adsorption by the 

host cell. We consider the receptor mechanisms involved, analyze recent results on the signaling 

cascades at the IAV attachment point. We pay special attention to the selective inhibitors of viral and 

cellular factors of IAV adsorption as the important research tool in the cell biology of IAV infection, 

and as new candidate anti-viral therapeutical agents. 

2. Influenza A Virus Adsorption. 

The lipoprotein envelope of the influenza A virus contains spikes of two viral glycoproteins, 

hemagglutinin (HA) and neuraminidase (NA). To date, 18 subtypes of HA (H1-H18) and 11 subtypes 

of NA (N1-N11) are known, corresponding to a variety of IAV subtypes. Of them, H1N1 and H3N2 

viruses circulate in the human population. Also, sporadic zoonotic humans’ infections by viruses of 

different subtypes, such as H5N1, H7N9, and others, were registered. These zoonotic infections are 

of especial concern, since they are often accompanied by a severe course of the disease and a relatively 

high mortality rate [17]. 

HA is a receptor-binding protein that mediates the attachment of viral particles to the host cell 

surface. The adsorption of the virus on the plasma membrane basically depends on the interaction of 

the H1 subunit of viral hemagglutinin with N-acetylneuramic (sialic) acid (SIA) on the surface of the 

target cell. The molecular specificity of this interaction is an extremely significant (but not the only) 

factor in viral tropism, pathogenicity and transmissibility of various IAV subtypes and strains and is 

being actively studied [18–20]. 
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On the cell surface, SIAs are linked to either N-glycan chains, which are asparagine bound, or 

O-glycan chains, which are serine or threonine bound. Typically, N-glycan bound sialic acids are 

considered to be the main hemagglutinin – interacting moieties. In general, hemagglutinins of IAV 

strains infecting humans preferentially bind to 2,6-linked SIAs (SIA C2 - galactose C6 linkage), while 

avian strains recognize 2,3-linked SIAs (SIA C2 - galactose C3 linkage) [21,22], though zoonotic 

transmission of infection can periodically break this rule [23]. A number of hemagglutinin point 

mutations were reported which can lead to a change in the IAV host from birds to humans [24,25]. In 

addition to the SIA terminal bond, the topology of the glycan itself (long umbrella-shaped or short 

cone-shaped glycan structure) makes a significant contribution to the receptor specificity of 

hemagglutinin [26]. 

The second IAV surface protein, neuraminidase, is an enzyme which ensures cleavage of α-

ketosidic linkage between the SIA and an adjacent sugar [27]. This function is vital for the successful 

budding completion and release of viral progeny from the surface of an infected cell [28]. Along with 

this, the activity of neuraminidase plays an equally important role in the early stages of the IAV life 

cycle. It is known that gel-forming mucins of the respiratory tract are the decoy receptors for 

influenza virions. Binding of virions to SIAs of these decoys with their subsequent elimination via 

the mucociliary clearance diminishes infection of respiratory epithelial cells. SIAs cleavage by NA 

facilitates the release of viral particles from decoy receptors in mucus of respiratory tract and helps 

the virions reach the target epithelial cells [29,30]. 

Another recently established important function of NA sialidase activity at the reception stage 

is to ensure lateral mobility of the adsorbed virion along the cell surface (virion rolling) for its 

movement to the membrane site with pronounced endocytic activity [31,32]. This receptor gradient-

dependent virion rolling is realized as a synergistic effect of the receptor function of HA and the 

sialidase activity of NA in the area of attachment [33]. In general, the functional balance between 

HA/NA activities largely affects the infectivity, pathogenicity and adaptation of IAV to the host 

[34,35]. 

N-glycan bound sialic acids are not the only receptor for hemagglutinin of the influenza virus. 

De Vries and co-authors demonstrated that H1N1 IAV is able to infect cells of several lines deficient 

in N-acetylglucosamine transferase 1 (GnT1) and completely devoid of sialylated N-linked glycans 

[36]. According to the authors, in GnT1- deficient cells the virus internalization nevertheless remained 

SIA-dependent, which suggests an important role of other receptors, such as sialylated O-linked 

glycans, in the entry of the virus [36]. 

In addition to that, there is repeated evidence in the literature that IAV is able to infect cells with 

completely enzymatically removed SIAs [37,38]; hence IAV attachment to the host cell may occur 

SIA-independently. 

Noteworthy, nonsialylated phosphoglycans were found to be an alternative molecular target for 

hemagglutinin, with the binding site different from the canonical HA receptor-binding domain [39]. 

These results suggest that IAV’s hemagglutinin is capable of coupling both sialoglycans and 

phosphoglycans on the cell surface, and has two separate binding sites for these interactions. 

Recent studies have also specified several cell proteins, which are capable of binding to IAV’s 

glycoproteins, HA and NA. These proteins include the Immunomodulatory CEA Cell Adhesion 

Molecule 6 (CEACAM6/CD66c) [40]. The authors demonstrated that CD66c serves as a cellular 

receptor for IAV, by binding to the neuraminidase of the virus. Overexpression of CD66c in A549 

cells significantly increases infection, while blocking of this protein by antibodies or its siRNA-

knockdown inhibits virus entry into cells. 

In another study, it was shown that the pattern-recognizing receptor TLR4 expressed on the 

surface of target cells binds to high mannose residues on the virus surface glycoproteins during the 

virus adsorption [41]. It is well known that TLR4-based signaling is an essential component of innate 

immunity response. At the same time, it is believed that the influenza virus has evolved in such a 

way to exploit this pathway to facilitate its entry into an infected cell [41]. 

In addition, several members of the calcium-dependent C-type lectins family were demonstrated 

to interact with IAV’s glycoproteins. These lectins include macrophage mannose receptor (MMR) 
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[42,43], macrophage galactose-type lectin 1 (MGL1) [43,44], langerin [45], DC-SIGN (CD209) [46–49], 

and L-SIGN (CD209L) [47,49]. The listed calcium-dependent C-type lectins are expressed in cells of 

the immune system, such as macrophages and dendritic cells, excluding L-SIGN, which is a primarily 

endothedial protein. It has long been known that the IAV is capable of infecting cells of these types 

[50–52]. Though such an infection is abortive, it stimulates the secretion of multitude 

proinflammatory cytokines by these immune cells to orchestrate an anti-viral response in lungs [53]. 

The above-mentioned macrophages’ and DCs’ lectins recognize N-linked glycans of viral 

glycoproteins, and apparently are able to bind to both hemagglutinin and neuraminidase glycans 

[54]. 

Additional cellular proteins were shown to be partners in coupling to HA of some specific IAV 

subtypes. Particularly, it was revealed that the H17N10 and H18N11 bat viruses do not bind SIAs 

[55,56]. Instead, they enter target cells via the main histocompatibility complex (MHC) class II 

coupling [57]. More recent data demonstrated that H2N2 viruses can bind MHC II, too, with dual 

receptor specificity of H2 hemagglutinin for SIAs and MHC class II [58]. Currently, there is no deeper 

information on the possible cofactors of this binding and on signaling pathways mediating MHC II -

dependent internalization of the virus. 

Thus, according to the sum of available data, sialylated N-glycan binding is the predominant 

way of IAV adsorption on the membranes of the respiratory tract epithelia. At the same time, IAV 

receptor specificity is not limited exclusively to sialic acids and involves several additional host cell 

protein factors and/or co-factors. Besides receptor specificity, the shape of virions is an essential factor 

in their successful attachment to the cell membrane. As known, virions of different strains can have 

various shapes, either rounded, with an average diameter of 120-150 nm, or filamentous, reaching a 

length of 10 microns or more. The genetic determinant of the assembly of virions with rounded or 

filamentous morphology is encoded by the M1 gene sequence. In addition, some cellular factors affect 

the shape of viral particles budding on the plasma membrane [59,60]. According to the recently 

published results, under pressure from the host's immune system, which tends to neutralize HA and 

NA, long filamentous virions containing multiple surface glycoproteins have a higher probability of 

attachment and further internalization compared to small rounded viral particles [61]. Even if 95% of 

its glycoproteins are compromised, filamentous virion can be successfully adsorbed and internalized 

[61]. 

3. Signal Transduction at the IAV Adsorption Site. 

Sialic acids on the apical surface of the epithelial cell are present as N-glycan bound and O-

glycan bound, being a part of either glycolipids or glycoproteins. Apparently, IAV's HA can provide 

initial attachment of the virus via SIA-coupling in any case, since hemagglutinin effectively binds to 

sialoglycans in vitro in the absence of cellular proteins or lipids, as was demonstrated by Weis and 

co-authors’ structural biology data [62]. 

However, by themselves, SIAs are not able to perform the downstream signaling for subsequent 

endocytosis machinery activation. In recent years, the efforts of researchers have been focused on 

figuring out which cellular factors are involved in the signal transduction in the earliest stages of IAV 

entry. As a result, several cellular membrane hemagglutinin binding proteins have been reported to 

be involved in subsequent initiation of IAV endocytosis. 

These signal-transmitting proteins include the EGF receptor (EGFR), a well-researched receptor 

tyrosine kinase abundantly expressed in the respiratory epitheliа. Several recent studies found that 

EGFR binds to IAV in a SIA-dependent manner, what triggers the EGFR tyrosine 

autophosphorylation activity, with following activation of several downstream pathways such as 

PI3K/Akt pathway [63], FAK pathway [64], PLC-1 signaling [65], which in turn trigger the protein 

machinery of endocytosis. The involvement of the listed signaling pathways in launching of IAV 

endocytosis has been shown using a number of inhibitors such as genistein (the broad-range tyrosine 

kinase inhibitor [63], anti-EGFR siRNA [62], FAK inhibitor I [64], U73122 (selective PLC-γ 1 inhibitor) 

[65], anti-PLC-γ 1 shRNA [65], M85 (EGFR and PIK3C2β inhibitor) [66], which significantly reduced 

IAV internalization in the above works. 
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The key role of EGFR in IAV internalization was further confirmed by bioinformatics, including 

integration transcriptome/proteome clustering and association network topology analysis [67]. 

Authors of this publication specify EGFR as bottleneck regulator with corroborating signals across 

transcript and protein expression data. They also provide experimental in vivo evidence of EGFR 

significance in IAV infection using gefitinib pharmacological inhibition of EGFR on the mouse model 

of infection [67]. 

Importantly, fluorescent microscopy revealed the presence of cholesterol-enriched lipid rafts co-

localized with attached IAV virions and EGFR, as local areas of downstream signal transduction [63]. 

A recent data from Sieben and co-authors obtained by ultra-high-resolution fluorescent STED and 

STORM imaging revealed the pre-formed EGFR clusters that existed before interaction with the virus 

particle [68]. It means that there are specialized endocytic active membrane domains that must be 

reached by lateral rolling of IAV virion for its further successful internalization. 

The voltage-dependent Ca2+ channel Cav1.2 has been reported to be another protein mediating 

signal transduction in the virion attachment region. This type of calcium channel is widespread in 

various tissues of the body, including myocardium, brain, smooth muscles of various localization, 

and lungs. Similar to EGFR, Cav1.2 is sialylated and binds to IAV’s hemagglutinin [69]. Cav1.2 binding 

to the influenza A virus promotes the influx of calcium into the cytoplasm and stimulates calcium 

oscillations, as shown by using the FRET-based Ca2+ sensor YC3.60. On the contrary, 

pharmacological Cav1.2 inhibition by calcium channel blockers, especially by diltiazem, or siRNA-

based Cav1.2 knockdown leads to a significant decrease in cell infection by IAV and, at the same time, 

to the cessation of calcium oscillations [70]. The key role of calcium influx for the successful entry of 

the influenza virus has been repeatedly noted [69,70]. 

Details of the downstream Ca2+ - mediated signaling following an IAV attachment were analyzed 

by Fujioka and co-authors [71]. The authors reported two axes of calcium-dependent signaling at the 

IAV entry, namely, RhoA-ROCK-PIP5K pathway leading to the clathrin-mediated endocytosis 

(CME) activation, and also Ras-PI3K-Rac1 pathway to stimulate clathrin-independent endocytosis 

(CIE), presumably macropinocytosis. Importantly, it is assumed that the CME and CIE pathways are 

redundant, and internalization of every viral particle occurs in a cell context- and condition-

dependent manner [71]. 

As mentioned above, TLR4 has been reported to bind mannose-rich glycans of IAV glycoproteis 

[41]. In this article, Marchant et al. provided microscopic evidence of TLR4 clustering in tight co-

localization with attached viral particles. They also demonstrated fast activation of the p38-MAPK 

signaling at the site of IAV-TLR4 interaction. When p38-MAPK was inhibited by selective inhibitor 

SB203580, a reduction in virus entry was observed [41]. 

In addition to the aforementioned, there are several other proteins that bind to hemagglutinin 

and are possible factors (or cofactors) of IAV adsorption and further downstream signal transduction. 

These include nucleolin, a widespread protein with multiple functions and interaction partners. In a 

cell, nucleolin is localized both in the nucleus and in the cytoplasm. In the nucleus of an IAV infected 

cell, nucleolin interacts with the viral proteins NS1 [72], NP [73] and PA [74], performing multiple 

functions in the later stages of the virus reproductive cycle. Meanwhile, at the cell surface nucleolin 

binds IAV’s HA, and siRNA knockdown of nucleolin significantly reduces viral entry into A549 cells 

[75]. The authors of the article associate this interaction with the role of nucleolin in CME of IAV, 

although the details remain unspecified. 

Recently, Mazel-Sanchez et al. identified transferrin receptor 1 (TfR1) as one more candidate 

entry protein for IAV, using gain-of-function and loss-of-function genetic experiments as well as in 

vitro and in vivo chemical inhibition [76]. In respiratory tissue, TfR1 is expressed on macrophages 

and on the apical side of type I and II pneumocytes, and continuously circulates between the cell 

surface and the endosome. Mazel-Sanchez et al. showed that TfR1 recycling is vital for its role in IAV 

entry, by use of recycling-deficient TfR1 mutant [76]. Also, they showed by TIRF microscopy the tight 

co-localization of TfR1 with internalized fluorescently labeled IAV virus-like particles. 

In another recent study, metabotropic glutamate receptor subtype 2 (mGluR2), a G-protein-

coupled receptor, has been reported to bind hemagglutinin of several IAV subtypes, H1, H5 and H7 
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[77]. Using a variety of techniques such as siRNA knockdown, STED super-resolution microscopy, 

immunoelectron microscopy, endocytosis inhibitors, and others, Ni and co-authors demonstrated 

that mGluR2 serves as a cellular receptor for hemagglutinin. This interaction is of high significance 

for the IAV clathrin-mediated endocytosis, with the key role of the potassium calcium-activated 

channel subfamily M alpha 1 (KCa1.1) in the downstream signal transduction for the following F-

actin polymerization necessary to complete the CME [77].   

Similarly, free fatty acid receptor 2 (FFAR2), also being a G-protein-coupled receptor, was 

demonstrated to be an important cofactor for IAV entry into host cells [78]. According to this work, 

siRNA knockdown or chemical inhibition of FFAR2 blocks IAV internalization. The authors found 

that the FFAR2 binds to the hemagglutinin H1 subunit, and is phosphorylated by G protein-coupled 

receptor kinases, primarily GRK6. The subsequent transmission of the signal for the initiation of CME 

involves β-arrestin1–AP2B1 signaling cascade [78]. 

In addition to such cell targets of IAV infection as epithelial cells of the upper and lower 

respiratory tract, macrophages and dendritic cells, one more cell type known to bind IAV virions is 

natural killer cells (NKs). From the abundant repertoire of NK cell receptors, natural cytotoxicity 

receptors NKp46 and NKp44 were repeatedly demonstrated to bind HA of various subtypes [79–81]. 

NKp46 and NKp44 coupling to HA is SIA-dependent. Evidence of the involvement of both N-linked 

and O-linked sialylated glycans in the reception has been reported [82–84]. 

To our best knowledge, currently there is no direct data published on the pathways of 

downstream signal transduction in NK from NCRs at IAV infection. However, in general, signal 

transmission from activated NCRs has been investigated previously. It involves Syk/Zap70-PI3K-

Rac-PAK-MEK-ERK signaling which finally results in NK cell degranulation and release of multiple 

cytokines, as well as perforin and granzyme B to mediate NKs’ cytotoxic effect [85]. In context of 

influenza, NKs’ cytotoxic action eliminates IAV-infected respiratory epitheliocytes. At the same time, 

NKs’ infection with highly pathogenic IAV strains promotes apoptosis of these innate immunity cells 

and worsens the course of the disease [86]. 

The published data on the host cell proteins binding to IAV upon its attachment and on the 

downstream signaling pathways involved are summarized in the Table 1. 

Table 1. Host cell protein receptors/co-receptors for IAV binding and downstream signaling 

pathways involved. 

Receptor/co-receptor 

protein for IAV binding  

Protein normal 

function in the cell  

Downstream 

signaling 

upon IAV 

adsorption  

References  

CEA Cell Adhesion 

Molecule 6 

(CEACAM6/CD66c) 

Regulation of cell 

adhesion 
ns**  40 

TLR4 (CD284)  

PRR*, activation of 

innate immune 

response 

p38-MAPK  41  

Macrophage mannose 

receptor (MMR)  

PRR, activation of 

immune  

response 

ns 42, 43  

Macrophage galactose-type 

lectin 1 (MGL1) 

PRR, activation of 

immune  

response 

ns 43, 44 

Langerin 

PRR, activation of 

immune  

response 

ns 45 

DC-SIGN (CD209)  
PRR, activation of 

immune  
ns  46-49 
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response 

L-SIGN (CD209L) 

PRR, activation of 

immune  

response 

ns 47, 49 

Main histocompatibility 

complex class II (MHC II) 
Antigen presentation ns 57, 58 

EGF receptor (EGFR) 

Stimulation of 

epithelial cell growth 

and differentiation 

PI3K/Akt 63 

FAK 64 

PLC-1 65 

 67, 68 

Voltage-dependent Ca2+ 

channel Cav1.2 

Transmembraneous  

Ca2+  influx 

RhoA-ROCK-

PIP5K 

Ras-PI3K-

Rac1 

69, 70 

Nucleolin  

Decondensation of 

intranucleolar 

chromatin  

ns 75 

Transferrin receptor 1 

(TfR1)/CD71 

Transport of iron into 

the cell 
ns 76 

Metabotropic glutamate 

receptor subtype 2 

(mGluR2) 

Modulation of the 

synaptic  

transmission in the 

CNS 

Potassium 

calcum-

activated 

channel 

subfamily M 

alpha 1 

(KCa1.1)  

77 

Free fatty acid receptor 2 

(FFAR2) 

Regulation of 

metabolic  

homeostasis   

β-arrestin1–

AP2B1  
78 

NKp46 and NKp44 
Activation of NK’s  

cytotoxic effect 
ns 79-81 

*PRR – pattern recognizing receptor, **ns – not specified. 

Thus, to date, a number of both epithelial and non-epithelial cell surface proteins have been 

proposed as signal-transmitting receptors for the initiation of IAV endocytosis. Despite the close 

attention of the research community, precise roles of these receptor proteins and especially the 

hypothetical functional interplay between them in the context of IAV internalization still remain 

elusive. Apparently, when infecting a cell, IAV has a number of opportunities for receptor binding 

and several signaling cascades for the launching of endocytosis, and the triggered endocytic 

pathways turn out to be different, both clathrin-dependent and clathrin-independent. In addition, 

the shape of viral particles is of importance for the pathway of their endocytosis. According to 

immunofluorescence and electron microscopy data, IAV strains forming long filamentous virions up 

to 10 microns in length, such as A/Udorn/72 (H3N2), are endocytosed by macropinocytosis, without 

significant participation of CME [87], while in the case of rounded virions, about 60% of them are 

internalized via CME, while the remaining 40% penetrate via CIE [88]. 

4. Inhibitors of IAV Adsorption in Research and Therapy. 

Currently, cell physiology and molecular medicine have in their arsenal a huge number of 

selective inhibitors of cellular functions and individual molecules. These inhibitors are represented 

by compounds of a different nature, such as small molecules, peptides, inhibiting antibodies. They 

are widely used in research, including in most above-referenced publications analyzing the 

adsorption of the influenza A virus. Functional dissection of cellular processes in viral infection by 
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selective inhibitors, particularly by such informative high throughput techniques as protein kinase 

inhibitor library screen [89], as well as genome-wide siRNA screen [90] or CRISPR screen [91] is a 

very advantageous research strategy. This approach has revealed a number of novel cellular proteins 

to be involved in virus replication, for further in-depth analysis. Selective inhibitors of host cell factors 

exhibiting a pronounced reduction of viral replication represent a powerful tool in studying the 

molecular aspects of viral pathogenesis and, at the same time, straight come into focus of attention as 

potential antiviral drugs. In terms of drug development, the adsorption of the influenza virus, as the 

earliest stage of its replicative cycle, is actively investigated for the possibility of pharmacological 

inhibition. Researchers consider both viral and cellular factors of viral adsorption as candidate 

molecular targets. 

4.1. Pharmacological Inhibition of Viral Factors of IAV Adsorption. 

IAV’s surface glycoproteins NA and HA are key factors of adsorption and are being actively 

investigated as targets for inhibition. Neuraminidase inhibitors (NAIs) are a group of globally 

approved etiotropic anti-influenza drugs that are most actively marketed worldwide. Currently, this 

group includes four drugs, namely, zanamivir, oseltamivir, peramivir and laninamivir. Of them, 

zanamivir and peramivir are administered in active form, while oseltamivir and laninamivir are 

prodrugs which need to be metabolized in the body into the active agent. Namely, oseltamivir is 

administered orally as oseltamivir phosphate salt which is hydrolyzed into active oseltamivir 

carboxylate by hepatic esterases. Laninamivir formulation is registered in Japan. The prodrug 

laninamivir octanoate is administered as an inhalation powder and is hydrolyzed in lungs [92]. 

Mechanistically, NAIs bind to the NA catalytic center, thereby blocking its enzymatic activity [28]. In 

general, the frequency of occurrence of IAV strains resistant to NAIs is estimated as relatively low, 

although they are regularly reported to be found in circulation [93]. 

As discussed above, NA plays a significant role both at the earliest and at the latest stages of the 

IAV replicative cycle. In 2006, Ohuchi and co-authors demonstrated that NAIs dose-dependently 

reduce IAV infection of MDCK and A549 cells in the early stage of viral life cycle, in the first hour of 

viral infection [31]. In addition, direct microscopic observations have been published showing that 

zanamivir stops the lateral rolling of the viral particles, thereby blocking their movement to the 

endocytosis-active sites of the plasma membrane [32]. Thus, NAIs are effective blockers of the earliest 

stages of the IAV life cycle and with timely early admission, they are able to significantly diminish 

infection of the epithelium of the respiratory tract with a virus. 

HA, as the receptor-binding IAV protein, is an attractive molecular target for the 

pharmacological inhibition and is being actively investigated in this regard. There are two functional 

activities of the hemagglutinin that are potentially promising for inhibition. The first one is a HA1 

subunit-based host cell receptor binding, while the second one is a HA2 subunit-mediated membrane 

fusion, which is dependent on endosomal low pH. Typically, membrane fusion blockers bind to the 

HA2 subunit to stabilize HA structure at low pH of the endosome and thereby prevent HA 

conformational change required for the exposure of the fusion peptide and the performance of 

membrane fusion. This group of compounds includes such molecules as arbidol (approved for use 

in Russia and China), Tert-butyl hydroquinone (TBHQ), JNJ4796, CBS1116, positively charged fusion 

peptide analogues (pFPs), human monoclonal antibodies VIS410 and CR6261, and some others, 

reviewed elsewhere [93,94]. 

Another group of HA inhibitors prevents HA1 subunit-dependent reception of SIAs and IAV 

adsorption. This group includes a number of compounds. Among them, there are several natural 

substances, such as epicallocatechin-3 gallate (EGCG) from green tea [95], curcumin [96], Isatis 

indigotica root crude extract [97]. These natural substances were shown to effectively reduce viral 

infection at the earliest stages. In addition, they prevent the reaction of erythrocyte agglutination. 

These data lead to the conclusion that the binding of HA to sialoglycans of the host cell surface is 

blocked by these compounds. Further molecular details of the interactions of these natural 

compounds with hemagglutinin have not yet been clarified. 
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Some small molecules are able to effectively block the binding of the IAV to sialic acids of the 

cellular surface. Of them, oleanolic acid, which is a pentacyclic triterpenoid, effectively inhibits 

replication of a broad spectrum of IAV subtypes at an early point in the replication cycle [98], as was 

shown by time-of-addition assay. Effective inhibition of erythrocyte agglutination by oleanolic acid 

has proved that HA is a molecular target for it. With the help of surface plasmon resonance (SPR) 

assay, the authors further confirmed the fact of oleanolic acid binding to hemagglutinin. In addition, 

they directly showed by SPR the blocking of SIA-HA interaction by the oleanolic acid in a dose-

dependent manner. Molecular docking also suggested that the SIA- binding receptor pocket within 

HA is the domain targeted by oleanolic acid [98]. 

Similarly, prenylated indole diketopiperazine alkaloid Neoechinulin B proved to be a powerful 

inhibitor of viral infection at the earliest stages [99]. In addition to standard tests such as 

hemagglutination inhibition, plaque formation assay, time-of-addition experiment, authors of this 

work also performed a SPR assay to directly demonstrate the dose-dependant inhibition of the SIA-

HA binding by the Neoechinulin B. 

According to Sacramento et al., another small molecule aureonitol, a tetrahydrofuran derivative, 

has found similar virus-inhibiting properties [100]. Aureonitol inhibits IAV-based hemagglutination 

and effectively blocks virus adsorption on the host cell’s membrane. Molecular docking revealed that 

aureonitol enters in the SIA-binding site of hemagglutinin, forming hydrogen bonds with highly 

conserved residues. 

In addition, hemagglutinin-binding DNA- and RNA- aptamers which passed through several 

rounds of selection show effective inhibition of the hemagglutination reaction, with prospects for 

their further therapeutic or diagnostic use in influenza treatment [101–103]. 

Peptides are another group of substances being studied as possible inhibitors of IAV attachment. 

Jones and co-authors reported that 20-amino-acid peptide EB binds to hemagglutinin and suppresses 

viral infection of several subtypes in vitro [104]. Using a FITС-labeled virus, authors demonstrated 

directly that this peptide blocks the adsorption of viral particles on the cell surface. In addition, EB 

peptide effectively protects mice from H5N1 infection [104]. Later, a similar array of results was 

obtained for another 12 aa long peptide, called FluPep, or Tkip [105]. The authors reported that 

FluPep and some related peptides effectively suppress the replication of several subtypes of IAV 

(H1N1, H3N2 and H5N1), bind to hemagglutinin and prevent the adsorption of the virus on the cell 

surface. Also, these peptides were able to protect mice from lethal H1N1 infection.  

Several neutralizing monoclonal antibodies, such as CH65 [106], C05 [107], S139/1 [108,109] were 

found to provide cross-reactivity with multiple IAV subtypes. Crystal structures of these antibodies 

in complex with HA, as well as escape mutant analysis, revealed highly conserved epitopes in HA 

receptor binding pocket and its surrounding sites. In vivo experiments demonstrated that passive 

immunization of mice with mAb S139/1 provides effective heterosubtypic protection against H1 and 

H3 viruses [108]. 

Information on pharmacological inhibitors of viral protein factors of adsorption is summarized 

in Table 2. 

Table 2. Pharmacological inhibitors of viral factors of IAV adsorption. 

Inhibitor Type of molecule Viral target References 

Zanamivir Small molecule 

NA, 

catalytic  

center 

32, 92  

Oseltamivir 
Small molecule, 

prodrug 

NA, 

catalytic  

center  

32, 92 

Laninamivir 
Small molecule, 

prodrug 

NA, 

catalytic  

center 

92  
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Peramivir Small molecule 

NA, 

catalytic  

center 

92 

Epicallocatechin-3 gallate 

(EGCG)  

Natural substance 

from green tea 

HA, H1 

subunit 

Epicallocatec

hin-3 gallate 

(EGCG)  

Curcumin Natural substance 
HA, H1 

subunit 
96 

Isatis indigotica root crude 

extract 
Natural substance 

HA, H1 

subunit 
97 

Oleanolic acid 

Small molecule, 

tentacyclic 

triterpenoid 

HA, H1 

subunit  
98 

Neoechinulin B 

Small molecule, 

prenylated indole 

diketopiperazine 

alkaloid 

HA, H1 

subunit 

99 

 

Aureonitol 

Small molecule, 

tetrahydrofuran 

derivative 

HA, H1 

subunit 
100 

D-12, D-26 RNA-aptamers 
HA, H1 

subunit 
101 

Aptamer 1 DNA-aptamer 
HA, H1 

subunit 
102  

UHA-2 DNA-aptamer 
HA, H1 

subunit 
103 

EB  Peptide 
HA, H1 

subunit 
104 

FluPep  Peptide 
HA, H1 

subunit 
105 

CH65  Monoclonal antibody 
HA, H1 

subunit  
106  

C05 Monoclonal antibody 
HA, H1 

subunit 
107 

S139/1 Monoclonal antibody 
HA, H1 

subunit 
108, 109 

Thus, the receptor-binding pocket of hemagglutinin and conservative epitopes close to it are 

promising targets for blocking the adsorption of the virus by various compounds, including small 

molecules, peptides and antibodies. The search for new inhibitors is actively continuing, in particular 

on the basis of high-throughput screening protocols for large libraries of small molecules [110]. 

4.2. Pharmacological Inhibition of Host Cell Targets of IAV Adsorption. 

In general, cellular targets for the development of new antiviral medicines are favorable because 

they significantly reduce the problem of emergence of viral resistance and provide the broad-

spectrum protection, compared to traditional viral targets. In addition, when inhibiting cellular 

targets to suppress the IAV infection, in some cases it is possible to re-purpose already known small 

molecules previously approved for the treatment of other diseases [111,112]. With that, 

pharmacological manipulation by cellular factors requires especial precaution in terms of safety and 

possible side effects, given the obvious fact that these molecules have normal functions outside of 

viral pathogenesis. Despite extensive research, no molecules aimed at cellular targets have been 

approved and implemented in the clinical practice of influenza treatment to date. 
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The most evident cellular target for inhibiting of IAV adsorption is sialic acid, as the main 

receptor moiety for virus attachment. For this purpose, the DAS181 protein, also known as Fludase, 

has been developed as a SIA-directed inhibitor of the virus adsorption. DAS181 is a fusion protein 

composed of a sialidase catalytic domain derived from Actinomyces viscosus fused with a cell surface-

anchoring sequence [113]. This recombinant sialidase was demonstrated to effectively cleave both 2-

6-linked and 2-3-linked SIAs from the cell surface, thereby providing protection against a wide range 

of IAVs, both in vitro and in vivo [113,114]. DAS181 has successfully passed phase 2 of clinical trials 

in US [115]. 

Another compound that has been shown to bind to the host cell’s SIAs is a synthetic peptide 

SALP PEP 19-2.5. Hoffman and colleagues showed that SALP PEP 19-2.5 has low cytotoxicity. Being 

administered to epithelial cells, this peptide binds to SIAs with high affinity and thus prevents in 

vitro and in vivo infection by a number of IAV subtypes, including protection against lethal H7N7 

infection in mice [116]. 

As discussed above, the influenza virus uses a number of host cell membrane proteins for 

adsorption, with following multiple signal transduction events in the area of its attachment. These 

intense protein interactions launched by IAV attachment are localized in lipid rafts, specialized 

cholesterol-enriched microdomains of the membrane [63,117]. In this regard, lipid rafts are of interest 

as a potential target for antiviral agents. The raft-disrupting agent Methyl-β-Cyclodextrin, widely 

used in research, revealed significant reduction in IAV binding to host cells [117]. In addition, several 

statins (atorvastatin, fluvastatin) approved for use as cholesterol level-normalizing substances clearly 

have a protective effect in IAV infection [118]. Similarly, U18666A, an amphipathic cationic amine 

which inhibits cholesterol biosynthesis and its intracellular transport, reduces IAV entry in a dose-

dependent manner [119]. 

Protein receptors or co-receptors which mediate viral adsorption and internalization, themselves 

can be considered as promising targets for pharmacological inhibition. In that way, Fujioka and co-

authors identified the voltage-dependent Ca2+ channel Cav1.2 as a receptor for IAV’s hemagglutinin 

binding [69]. In that study, the authors successfully used a calcium channel blocker diltiazem to 

suppress the virus entry into the host cell. Diltiazem is widely assigned in cardiology to reduce 

hypertension and cardiac arrhythmias, which allows considering the fundamental possibility of its 

re-purposing as an antiviral drug. 

Similarly, EGFR was reported to be an IAV attachment and entry receptor [63], and gefitinib 

treatment was shown to successfully inhibit the infection in mice [67]. Gefitinib and several new 

generations of EGFR tyrosine kinase activity inhibitors are approved in oncology, and also could be 

examined for re-purposing as antiviral drugs. 

In addition, there are some laboratory use inhibitors of IAV receptor/co-receptor proteins that 

were shown to dramatically reduce infection. Such effective inhibition of viral entry was shown for 

ferristatin II, TfR1 blocker [76]. Likewise, 4-CMTB and compound 58 (Cmp58), which are FFAR2-

binding molecules, diminish IAV infection at early time points [78]. 

At all stages of the life cycle, IAV actively uses numerous protein kinases of the host cell as 

regulatory and signal-transmitting elements [120,121]. As discussed above, downstream signal 

transduction in the IAV attachment site also involves several protein kinase signaling pathways. 

These kinases are being actively investigated as potential targets for pharmacological inhibition in 

order to stop the virus penetration. Of them, PI3K is activated shortly after attachment of the virus. 

Recent studies have shown that PI3K inhibitors are able to effectively block viral infection at the stage 

of IAV entry into the host cell. These PI3K inhibitors include such molecules as wortmannin, 

LY294002 [122], PIK-75 [112], M85 [123] and Pictilisib, an approved anti-cancer drug [124]. 

Akt kinase is a downstream component of the PI3K/Akt signaling pathway. Accordingly, 

pharmacological inhibition of Akt also dramatically reduces IAV infection in the entry stage. 

Pronounced antiviral effect was demonstrated for such Akt inhibitors as TCL-1 peptide, named “Akt-

in” [125], and small molecule inhibitor MK2206 [126]. 

Focal adhesion kinase (FAK) pathway is also an important component of signaling in the 

attachment site of the virus. FAK regulates the reorganization of the actin cytoskeleton during IAV 
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infection. Bergmann and Elbahesh demonstrated that in case of lethal infection of mice with a H1N1 

virus, treatment with a FAK inhibitor Y15 significantly reduces viral load and increases survival [127]. 

As discussed above, p38MAPK is a downstream signal-transmitting kinase to be activated by 

TLR4 binding to the IAV. p38MAPK can be inhibited by a small molecule SB203580, with significant 

decrease in viral entry into infected cells [41]. 

PLC-γ1 is one more enzyme playing a key role in IAV post-binding signaling. Being activated 

by RTKs or GPCRs, PLC-γ1 cleaves the phosphatidyl inositol 4,5-bisphosphate (PIP2) into two active 

molecules, diacyl glycerol (DAG) and inositol 1,4,5-trisphosphate (IP3), both being tightly involved 

into further regulation of IAV life cycle. It was revealed by Zhu and co-authors that treatment of A549 

cells with PLC-γ1 inhibitor U73122 effectively blocks H1N1 virus entry [65]. 

Data on inhibitors of cellular protein factors of IAV entry are summarized in Table 3. 

Table 3. Pharmacological inhibitors of host cell factors of IAV adsorption. 

Inhibitor Type of molecule Viral target References 

DAS181 protein / Fludase 
Recombinant fusion 

protein 
SIA 113, 115 

SALP PEP 19-2.5 Peptide SIA 116 

Methyl-β-Cyclodextrin Small molecule Lipid rafts 117 

Atorvastatin  Small molecule Lipid rafts 118 

Fluvastatin Small molecule Lipid rafts 118 

U18666A Small molecule  Lipid rafts 119 

Diltiazem Small molecule 
Calcium 

channels 
69 

Gefitinib Small molecule EGFR  67 

Ferristatin II Small molecule TfR1 76 

4-CMTB  Small molecule FFAR2 78 

Compound 58 (Cmp58) Small molecule FFAR2 78 

Wortmannin Small molecule PI3K 122 

LY294002 Small molecule PI3K 122 

PIK-75 Small molecule PI3K 112 

M85  Small molecule PI3K 123 

Pictilisib Small molecule PI3K 124 

TCL-1 / “Akt-in”  Peptide Akt 125 

MK2206 Small molecule Akt 126 

Y15 Small molecule FAK 127 

SB203580 Small molecule p38MAPK 41 

U73122 Small molecule PLC-γ1 65 

In addition to the above-listed, there are a number of other signaling molecules playing an 

important roles in the IAV replication cycle, such as PKC, ERK, NF-κB pathway, and many others, 

also having an extensive set of selective inhibitors The functional activity of these molecules is carried 

out at later, post-endocytosis stages of the virus life cycle and, for all its obvious importance, is 

beyond the scope of our review and is discussed elsewhere [120,121]. 

5. Conclusions 

In a number of recent studies considered in our review, a tremendous variety of cellular 

receptors for binding the influenza A virus has been revealed. These recently identified new 

hemagglutinin- and neuraminidase- binding proteins have a very different nature, functionally being 

receptor tyrosine kinases, ion channels, C-lectins, antigen-presenting MHS II molecules, pattern-

recognizing receptors, etc. Such a variety of IAV receptors as well as the different signaling cascades 

associated with them indicates the incredible evolutionary sophistication of this dangerous pathogen. 
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Currently, the key issue remains unclear about the possible functional interplay between these 

multiple receptor mechanisms and signaling pathways in the context of IAV infection. It is unclear, 

whether they are competitive or mutually complementary when an IAV particle is adsorbed to the 

host cell. 

Plenty of recent data concern the development of new molecules inhibiting IAV adsorption, 

which would have therapeutic potential for the treatment and prevention of influenza. For future 

clinical implementation of new candidate compounds, further optimization of their chemical 

structure is necessary in order to increase their bioavailability and safety. In addition to chemical 

modification, nanotechnology approaches are prospective, such as encapsulation of active molecules 

in various nanocontainers, as well as designing 3D scaffolds carrying multivalent active moieties 

[128,129]. 

In addition to traditional viral targets for inhibition (NA and HA), researchers pay much 

attention to cellular factors of virus reception and associated signal transmission as perspective new 

approaches to the development of drugs to combat influenza. Such new approaches include attempts 

to therapeutically affect lipid rafts as sites of internalization of the virus, and blocking a number of 

protein kinases and other enzymes involved in the early stages of infection. In the context of influenza 

therapy, an attractive cost- and time-saving strategy is to search for regulatory enzyme inhibitors 

among molecules already approved for the treatment of other diseases, with the perspective of their 

future re-purposing as antiviral drugs. 
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Abbreviations 

IAV - Influenza A virus 

SIA - N-acetylneuramic (sialic) acid 

TEM - transmission electron microscopy 

HA - hemagglutinin 

NA - neuraminidase 

GnT1N - acetylglucosamine transferase 1 

CEACAM6 - CEA Cell Adhesion Molecule 6 

TLR4 – toll-like receptor 4 

PRR - pattern-recognizing receptor 

MMR - macrophage mannose receptor 

MGL1 - macrophage galactose-type lectin 1 

DC – dendritic cell 

MHC II - main histocompatibility complex class II 

EGFR – epidermal growth factor receptor 

CME - clathrin-mediated endocytosis 

CIE - clathrin-independent endocytosis 

TfR1 - transferrin receptor 1 

mGluR2 - metabotropic glutamate receptor subtype 2 

FFAR2 - free fatty acid receptor 2 

NK - natural killer cell 

NAI - Neuraminidase inhibitor 

pFPs - positively charged fusion peptide analogues 

EGCG - epicallocatechin-3 gallate 

SPR - surface plasmon resonance 
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FAK - focal adhesion kinase 

PLC – phospholipase C 

PIP2 - phosphatidyl inositol 4,5-bisphosphate 

DAG - diacyl glycerol 

IP3 - inositol 1,4,5-trisphosphate 

PKC – protein kinase C 

ERK - extracellular signal-regulated kinase 
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