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Abstract
Respiratory Syncytial Virus (RSV) is a single-stranded RNA virus that belongs to the Pneumovirus genus of the Pneumovirinae subfamily, which is part of the Paramyxoviridae family. It is the leading cause of lower respiratory tract disease in infants and young children, consisting of severe bronchiolitis and pneumonia (Glezen & Denny, 1973; Holberg et al., 1991; Krilov, 2001). Unfortunately, even after decades of research, no effective treatment is available, and prospects of a vaccine are meager so far. 

Currently, it has been established that RSV G protein binds to GAGs, specifically HS and CS-B, but also that the F protein on its own is able to determine the specificity of entry with G protein only enhancing the efficiency of F-mediated entry. Even though Hallak et al. (2000) suggest that HS or CS-B is a specific receptor for RSV, there is no definite receptor known yet beyond these speculations. However, in order to progress to further speculations on potential RSV receptors, it might be useful to look at receptors utilized by other single-stranded RNA viruses. 

Some of the Paramyxoviridae, such as hMPV, have also been implicated in GAG-binding. However, it is unlikely that cellular GAGs are the main determinants of species-specific infection by these viruses, and more species or cell specific receptors must be implicated in infection as well. So far, specific receptors have only been identified for several Paramyxoviridae, such as the Nipah Virus (ephrinB2), Measles Virus (SLAM/CD46) and Sendai Virus (specific gangliosides, such as ASGP-R). Even though some of the techniques used to identify these receptors might be useful to researchers trying to identify potential RSV receptors, the receptors utilized by the aforementioned single-stranded RNA viruses are unfortunately unrelated and therefore no distinct pattern has emerged from the information obtained. Insight into mechanisms of entry by other single-stranded RNA viruses has therefore not provided further clues on potential receptors for RSV.
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Respiratory Syncytial Virus (Pneumovirus)
Respiratory Syncytial Virus (RSV) is a single-stranded RNA virus that belongs to the Pneumovirus genus of the Pneumovirinae subfamily, which is part of the Paramyxoviridae family. It is the leading cause of lower respiratory tract disease in infants and young children, consisting of severe bronchiolitis and pneumonia (Glezen & Denny, 1973; Holberg et al., 1991; Krilov, 2001), for which they often require treatment and hospitalization (Hall et al., 1976; McIntosh et al., 1978). RSV also has the ability to cause mild upper respiratory tract infections in persons of all ages, and serious disease in some normal adults, elderly persons, and immunocompromised individuals. Unfortunately, even after decades of research, no effective treatment is available, and prospects of a vaccine are meager so far. 

RSV encodes three envelope glycoproteins, a small hydrophobic (SH) protein of unknown function, a glycoprotein (G) known as attachment protein, and a fusion (F) protein. The RSV F protein is structurally similar to F proteins from other Paramyxoviridae regarding the location of hydrophobic domains, heptad repeats, and cysteine residues, as well as the proteolytic activation resulting in the exposition of hydrophobic fusion peptide (Dutch et al., 2000). Regarding proteolytic activation, the inactive precursor F0 is firstly cleaved by the endoprotease furin into an N-terminal F2 subunit and a C-terminal, membrane-anchored F1 subunit carrying the fusion peptide.

Unlike the F protein, the RSV G protein actually has no sequence or structural similarity to Paramyxovirinae attachment proteins H (hemagglutinin) and HN (hemagglutinin-neuraminidase).

Glycosaminoglycans (GAGs)
To date, specific receptors for RSV are not yet known. However, cell surface glycosaminoglycans (GAGs), especially heparan sulfates, have been shown to be important for infection (Bourgeois et al., 1998; Feldman et al., 2000; 1999; Hallak et al., 2000; Karger et al., 2001; Martinez & Melero, 2000; Techaarpornkul et al., 2002). 

GAGs are unbranched polymers of repeating disaccharide units that consist of either glucoronic acid or its epimer, iduronic acid, linked to glucosamine or galactosamine, with further modifications such as sulfation at various positions. They are usually found on the outside of the cell membrane, in intracellular vesicles, and in the extracellular matrix. GAGs are expressed at varying levels on most animal tissues.
Of the seven types of GAGs that exist, five of these might be physiologically relevant for RSV infection because they are expressed on the surface of most cells, which are heparan sulfate (HS), chondroitin sulfate A (chondroitin-4-sulfate), B (dermatan sulfate), and C (chondroitin-6-sulfate) and hyaluronic acid (HA). GAGs can be distinguished by the composition of their disaccharide subunits and by postsynthetic modifications.
The composition of the five GAGs mentioned are as follows: HS consists of glucoronic acid or iduronic acid linked to N-acetylglucosamine; CS-A and CS-C contain glucuronic acid linked to N-acetylgalactosamine modified by sulfation on C4 or C6, respectively; CS-B contains iduronic acid linked to N-acetylgalactosamine modified by sulfation on C4; and HA contains glucuronic acid linked to N-acetylglucosamine but is neither sulfated nor covalently linked to a protein. Some GAG chains occur in copolymer forms, for example, CS-A is often present on the same chain as CS-B and/or CS-C.

GAG is not an unusual target protein for viruses. Heparin was the first GAG found to affect herpes simplex virus (HSV) replication, as it was able to limit its growth (Nahmias and Kibrick, 1964). Other viruses that have also been found to interact with GAGs include Sindbis virus (Klimstra et al., 1998; Byrnes and Griffin, 1998), foot-and-mouth disease virus (Mondor et al., 1998), human immunodeficiency virus type 1 (Jackson et al., 1996), vaccinia virus (Hsiao et al., 1999; Hsiao et al., 1998), and dengue virus (Chen et al., 1997). RSV has also been reported to interact with GAG, although the question that remains is whether the GAGs are on the virus envelope (Bourgeois et al., 1998) or on the target cell (Krusat and Streckert, 1997).
Role of GAGs in RSV infection
To answer this question, Hallak et al. (2000) decided to construct rgRSV, which is the RSV genome consisting of a GFP marker gene that can serve as a useful tracer (Baulcombe et al., 1995) for quantitatively studying the role of GAGs in mediating RSV infection of cultured cells. Using this system, Hallak et al. examined cells in which particular GAGs had been removed by mutation or enzymatic digestion, and they also studied purified GAGs for their ability to block infection.

The first method to test whether cell surface GAGs are involved in RSV infection would involve the use of cell lines deficient in individual enzymes needed to produce the various GAGs, as these cell lines would differ in their susceptibility to rgRSV infection. One such cell line, the mutant CHO cell line A-745, is deficient in xylosyltransferase, the enzyme required for the first sugar transfer reaction in GAG formation, and therefore does not express HS or CS (Esko et al., 1985). In comparison to the parental CHO K1, the CHO A-745 cells were five times less susceptible to rgRSV infection. 

Another mutant cell line, CHO pgsB-761, is deficient in galactosyltransferase I, which results in deficiencies in both CS and HS expression. These cells were three times less susceptible than CHO K1. A third cell line, CHO pgsD-677, is defective in both N-acetylglucosaminyl-transferase and glucoronosyltransferase (Lidholt et al., 1992), which are enzymes required for the biosynthesis of HS. These cells were approximately three times less susceptible to rgRSV infection in comparison to the parental strain.
Next, in order to confirm the previous results with the mutant CHO cell line and to further identify the GAG(s) that mediate RSV infection, Hallak et al. used GAG-specific enzymes to remove GAGs from the cell surface of HEp-2 cells and then tested the ability of rgRSV to infect these cells. They found that all enzymatic treatments, except for HA, reduced the susceptibility of HEp-2 cells to rgRSV infection, which indicates that cellular GAGs are involved in rgRSV infection. It also indicates that HA is not an important GAG for rgRSV infection. Unfortunately, several of the enzymes have overlapping specificities, which makes it difficult to determine with certainty the specific GAG responsible for the reduction in susceptibility. 
Nonetheless, it was found that CS-B lyase, which cleaves CS-B at its β-D-galactosamine-L-iduronic acid linkage (Michelacci and Dietrich, 1975), reduced rgRSV infection to 55%, and heparitinase, which cleaves HS in poorly sulfated regions (Lohse and Linhardt, 1992), reduced infection to 37%. These results suggest that both CS-B and HS (Godavarti and Sasisekharan, 1998; Forsberg et al., 1999) are involved in initiating rgRSV infection.
Heparinase I, which cleaves only heparin and HS, was able to reduce infection to 60%. However, since heparin is not found on the surface of cells, this effect must then be due to the release of HS, which is consistent with the heparitinase results. 
Then, in order to confirm that both CS-B and HS are involved in rgRSV infection and that heparitinase and CS-B lyase are removing separate entities rather than copolymers, Hallak et al. compared the effect of each enzyme alone to a combination of the two. There was 53% infection in CS-B lyase-treated cells, 35% infection in heparitinase-treated cells, and 14% infection when both enzymes were used together. As the combined effect of the two lyases is greater than that of either alone, it confirms that both HS and CS-B are involved in mediating rgRSV infection, but that the presence of one can partially, but not completely, substitute for the other.
Hallak et al. also used soluble HS and heparin to assess whether these are able to bind to the virus and block infection. Heparin was used because it has the same carbohydrate composition as HS except that it contains more iduronic acid, which is the more highly sulfated and less acetylated epimerized form of glucuronic acid (Lindahl et al., 1989; Lindahl, 1990b). They found that heparin strongly inhibits rgRSV infection, whereas bovine kidney HS did not have an effect at any of the concentrations used. 

The effect of soluble CS-A, B, and C and HA on infection were also tested. It was found that only CS-B reduced rgRSV infectivity, suggesting it contains an important component not present in the other two. This difference is that CS-B contains iduronic acid instead of glucuronic acid.
The preliminary conclusion that can be drawn from the above results is that only three GAGs, namely, heparin, HS, and CS-B were able to inhibit RSV infection, while CS-A, CS-C, and HA had no effect. Interestingly, heparin, HS, and CS-B all contain iduronic acid, whereas the others do not. 
In order to confirm this observation, Hallak et al. decided to test the effect of pretreatment of virus or cells with basic fibroblast growth factor (bFGF), which binds specifically to GAGs containing iduronic acid (Chintala et al., 1994; Westergren-Thorsson et al., 1993; Turnbull et al., 1992). bFGF was able to block infection when it was added before and washed out, or with the virus, indicating that bFGF acts on the cell surface to interfere with an initial step of binding/entry of RSV.
Lastly, the effect of protamine sulfate on infection was assessed. Protamine sulfate is a highly basic polyanion used clinically as an antagonist for heparin. It binds to heparin, reversing its anticoagulant properties (Byun et al., 1999). In addition, it can also neutralize HS (Hubbard and Jennings, 1985) and CS-B (Sie et al., 1989). Therefore, if HS and CS-B are indeed important on the cell surface in initiating rgRSV infection, then protamine pretreatment of the cells should bind and block these GAGs, which in turn should reduce the efficiency of infection. 
Hallak et al. found that protamine pretreatment of the cells did partially block infection. On the other hand, pretreatment of cells with CS-B or heparin did not inhibit infection, whereas preincubation with rgRSV did. Therefore, these results confirm that cell-associated HS and CS-B have an important role in RSV infection. 

Hallak et al. have therefore shown that only iduronic acid-containing soluble GAGs, heparin, HS, and CS-B, reduced RSV infection. Despite this, iduronic acid is clearly not the only GAG component necessary for RSV infection. This is because the amount of each GAG needed to inhibit rgRSV infection by 50% varied. It is therefore likely that other aspects of these GAGs, such as the type of aminosugar (i.e. glucosamine versus galactosamine) or sulfation, are important for binding as well.
Krusat et al. (1997) have demonstrated an interaction between the RSV G protein and heparin by affinity chromatography, and Langedijk et al. (1996) have shown that the G protein contains a positively charged lysine-rich region, from which peptides, of both RSV subgroups, bind to heparin, and pretreatment of cells with these peptides inhibits infection (Feldman et al., 1999). Therefore, it seems likely that the G protein binds to cell surface GAGs.
As Hallak et al. were able to establish that a GAG-RSV interaction on the cell surface is necessary for 80% of RSV infection, it might be possible that HS and/or CS-B is a specific receptor for RSV. This would not be unusual as past work by Shukla et al. (1999) has demonstrated that a particular sulfated form of HS is a receptor for HSV type 1. However, it is also possible that RSV interacts with more receptors other than these specific GAGs, because rgRSV still infects 20% of CHO A-745 cells despite their GAG deficiency. Perhaps the G protein has a second binding step that can proceed at 20% efficiency without GAG binding. 
Hallak et al. suggest that RSV binds to HS and/or CS-B chains on the cell surface, concentrating bound RSV on the plasma membrane, after which it is then able to search more efficiently for its receptor in two dimensions rather than three. The presence of a highly conserved region in the G protein has been suggested to be the binding site that might interact with a cellular receptor (Johnson et al., 1987). Perhaps in wtRSV, the G protein binds to cell surface GAGs, and then the F protein binds to a receptor before initiating fusion. 
Role of F protein in RSV Infection

Leaving these speculations, work done by Schlender et al. in 2003 was able to elucidate a distinct role for the RSV F protein. It is surprising that, unlike most members of the Paramyxovirinae subfamily, neither G nor SH is required for RSV infectivity. There, the glycoproteins H and HN are essential for binding to the receptor, but also for triggering conformational changes in the F protein (Dutch et al., 2000).
The absence of a role for the G and SH protein in infectivity was first brought to light after the isolation of an RSV mutant (cp52) lacking part of these genes (Karron et al. (1997). This was also confirmed by a series of studies using recombinant HRSV and BRSV SH and/or G deletion mutants (Bukreyev et al., 1997; Jin et al., 2000; Karger et al., 2001; Schlender et al., 2002; Techaarpornkul et al., 2001; Whitehead et al., 1999). In addition, in cells transfected with the RSV F gene alone, formation of multinucleated syncytia was observed, even though coexpression with G enhances fusion activity (Pastey & Samal, 1997).
Techaarpornkul et al. (2002) were able to show that recombinant HRSV expressing F as the sole membrane protein was able to retain considerable cell binding and fusion activity, even in the absence or after blocking of GAGs, which suggests a GAG-independent mechanism of entry and the presence of specific cell surface receptors.

In order to further investigate and determine the contribution of RSV envelope proteins in host cell entry, Schlender et al. (2003) utilized significant differences in the host tropisms of BRSV and HRSV in vitro. They found that monolayers of differentiated primary human respiratory epithelial cells grown under ambient airflow had a highly specific infection of HRSV, as immunostaining showed that more than 50% of the cells were infected. In addition, ongoing HRSV infection led to formation of large syncytia. On the other hand, only a few small clusters of infected cells were observed in cultures incubated with BRSV, and no formation of syncytia was observed. These results suggest that entry of BRSV in these cells is highly restricted. 

This species-specific entry was also observed with primary hematopoietic cells, as more than 90% of human PBLs and more than 85% of human macrophages were infected, whereas BRSV infection was not detectable. In contrast, more than 90% of bovine PBLs and more than 85% of bovine macrophages revealed infection with BRSV, whereas only minor populations of up to 2% of cells were infected with HRSV. It therefore appears that in PBLs and macrophages, virus entry is highly restricted to the homotypic virus, although species-specific differences in replication were not yet excluded.
In order to verify that this observed species-specific permissivity of primary cells is determined by the viral surface glycoproteins, Schlender et al. employed BRSV cDNA constructs lacking the SH gene, and which also allowed further deletion or swapping of individual F and G genes. In contrast to BRSV, the chimeric BRSV ΔSH/GhFh, which contains the human counterparts of the F and G protein, was able to infect human respiratory epithelial cells as efficiently as HRSV and caused extensive viral spreading indistinguishable from that with HRSV. This implies that the origin of G and F, rather than a potential restriction of virus gene expression and replication in heterotypic host cells, is responsible for these observations. Similar results were obtained in stimulated PBLs and macrophages.
The attribution of F protein to this species-specific infection of primary cells was analyzed by using a recombinant BRSV expressing either BRSV F or HRSV F as the only surface protein. Compared to BRSV or BRSV lacking SH and G (rBRSV ΔSHΔG/Fb), the recombinant virus expressing only HRSV F infected human epithelial cells effectively. This means that HRSV F is necessary and sufficient to mediate infection, but especially to determine the species specificity of infection. 
Interestingly, even though this recombinant HRSV F was able to specifically infect these cells, it was actually less effective in infection than HRSV. However, a recombinant BRSV expressing both HRSV F and G was indistinguishable from HRSV in the specificity and efficiency of infection, as well as in the extent of viral spread and syncytium formation. These results suggest a very important contribution of G to the efficiency of F-mediated infection.
In order to more quantitatively assess the contribution of F and G to the specificity and efficiency of infection, Schlender et al. decided to compare this ability of the recombinant viruses with that of the wild-type (wt) RSVs in freshly isolated human and bovine PBLs. They found that the wt HRSV and the recombinant BRSV carrying HRSV G and F (rBRSV ΔSH/GhFh) were able to infect almost equal numbers of cells at all time points, reaching approximately 80% of cells at 8 dpi. This also applied to infection of bovine PBLs with wt BRSV and BRSV ΔSH/GbFb. Moreover, in the absence of G, F-mediated infection was also species specific.
Recombinant BRSV expressing HRSV F as the only surface protein (rBRSV ΔSHΔG/Fh) was able to infect 20 to 30% of the human PBL population, whereas it was not able to infect bovine PBLs (<5%). Conversely, virus expressing only BRSV F (rBRSV ΔSHΔG/Fb) infected only bovine PBLs effectively (20%), whereas it was incapable of effectively entering human PBLs (<5%).

These results confirm that F on its own is able to determine the specificity of entry and implies that G protein only enhances the efficiency of F-mediated entry (by approximately fourfold). Supporting earlier work by Techaarpornkul et al. (2001), which challenged a role of HRSV SH protein in virus entry, these results also show that neither the specificity nor the efficiency of RSV entry is affected in the absence of SH.

Having clarified the role of F protein in species-specific infection, it would also be interesting to determine the specific responsible region of this protein. Schlender et al. therefore generated chimeric constructs in which the two F subunits, F1 and F2, were derived from different viruses. These chimeras consisted of a protein in which subunit F1 was derived from BRSV and subunit F2 from HRSV F (F1b2h), as well as its counterpart, F1h2b. It was found that the chimeric protein F1b2h specifically infected human PBLs. In contrast, F1h2b could only infect bovine, but not human PBLs. To be specific, infection by viruses with the heterotypic F2 subunit was less than 5% in all cases. Overall, this means that only the N-terminal F2 unit of F contains a domain responsible for mediating species specificity. 
Lastly, in order to exclude a possible contribution of G protein to the specificity of RSV infection, Schlender et al. generated recombinant BRSV expressing G proteins along with the above-described chimeric F proteins. One virus was constructed to encode HRSV-derived G and F1h2b (rBRSV ΔSH/GhF1h2b), which means that of all surface protein components, only the F2 subunit is of BRSV origin. For the other virus, rBRSV ΔSH/GbF1b2h, only the F2 subunit is of HRSV origin.
Human or bovine PBLs were infected with these viruses, but also with the viruses carrying only the chimeric F proteins, in order to directly measure the effect of G on infection. The chimeric F1b2h was still able to infect approximately 20% of human PBLs in the absence of G, whereas fewer than 5% of bovine PBLs were found to be infected. However, the additional presence of BRSV G led to markedly enhanced infection of human PBLs, namely more than 60% at 8 days postinfection (dpi), but it did not enhance infection of bovine PBLs. Similar results were obtained for F1h2b infectivity of bovine PBLs, as this was increased three-fold by the presence of HRSV G, whereas human PBL infection remained at background levels of <5%. Comparable values were obtained with human and bovine macrophages.
It can therefore be concluded that G is able to greatly support infection of heterotypic (with respect to G!) target cells but not infection of homotypic cells. This suggests that G only has a role in enhancing the F2-directed infectivity but does not have any influence on the species specificity. 

So far, no details about the specific receptor bound by the RSV F2 subunit have yet been obtained. As described previously, it has only been established that GAGs, in particular heparin sulfate and chondroitin sulfate B, (Feldman et al., 1999; 2000; Hallak et al, 2000; Karger et al., 2001; Krusat et al., 1997) are important for initiating RSV infection. Techaarpornkul et al. (2002) have reported that RSV G can bind to GAGs with high affinity, accounting for 50% of all viruses binding to cells. In addition, the F proteins of HRSV and BRSV can apparently bind to heparan sulfate (Feldman et al., 2000; Karger et al., 2001), which is approximately 25% of all virus binding. Most interestingly, however, the remaining 25% of the entire HRSV cell binding activity could be attributed to GAG-independent binding of HRSV F (Techaarpornkul et al., 2002). 
It has therefore been hypothesized that, similar to the case for herpesviruses, picornaviruses, alphaviruses, and flaviviruses, which use heparan sulfate proteoglycans on the cell surface as initial attachment receptors, cellular GAGs may serve as initial binding partners for RSV G, and maybe also for F, thereby facilitating access of the RSV F2 subunit to still unknown specific receptors required for membrane fusion and virus entry.
However, even though potential GAG binding sites have been identified in the F2 subunit, the fact that the enhancement of infection by HRSV and BRSV G was equal may indicate that GAGs do not contribute to the species specificity of RSV infection by cell surface GAGs binding to F2. Nonetheless, similar to GAGs, the specific receptors responsible for F2-directed infection of cells must be expressed on a broad variety of cells, as identical results were obtained for respiratory epithelial cells, T cells, and macrophages.
The fact that neither F1 nor the attachment protein G, but only the F2 subunit of the fusion protein is responsible for the specificity of HRSV and BRSV entry, might facilitate the identification of specific RSV entry receptors, which will hopefully lead to the development of inhibitors against RSV infection.

Single-stranded RNA viruses

When exploring potential candidates for the role of a specific RSV-entry receptor, it might be useful to look at other related viruses that belong to the Paramyxoviridae family. All members of this family have single-stranded RNA and a fusion (F) protein. This family is made up of the subfamilies Paramyxovirinae and Pneumovirinae. Genuses of the Pneumovirinae subfamily are Pneumovirus, consisting of human RSV and bovine RSV, and Metapneumovirus, consisting of avian pneumovirus and human metapneumovirus. Like RSV, these viruses also consist of the three envelope proteins, G, F and SH. 
Genuses of the Paramyxovirinae subfamily are Avulavirus, which consists of viruses that infect birds, and include Newcastle Disease Virus (NDV) amongst others, Henipavirus, which infects domestic animals and humans and include the Hendra Virus (HeV) and Nipah Virus (NiV), Morbillivirus, which consists of Rinderpest Virus and Measles Virus, Respirovirus, consisting of Sendai Virus and Human Parainfluenza Viruses type 1 and 3, and Rubulavirus, which includes Mumps Virus and Parainfluenza Viruses type 2, 4a and 4. Viruses in this subfamily possess HN and F proteins, or F and H or G proteins.
Therefore, learning more about other Paramyxoviruses and the receptors that they employ might give us more information about potential RSV receptors.
Nipah Virus (Henipavirus)
Nipah Virus (NiV), together with the related Hendra Virus (HeV), belongs to the newly defined Henipavirus genus, which is a part of the Paramyxovirinae subfamily and the Paramyxoviridae family. Nipah Virus can cause fatal encephalitis in up to 70 percent of infected patients (Hsu et al., 2004) and outbreaks of this virus have occurred since 1999, in countries such as Malaysia, Singapore and Bangladesh  (Hsu et al., 2004; Parashar et al., 2000). It is interesting that NiV has an unusually broad host range, which includes humans, pigs, dogs, cats, horses, guinea pigs, hamsters and fruit bats (Chua et al., 2000; Field et al., 2001; Wong et al., 2003). 

Endothelial cells are the major cellular target of this virus and the formation of syncytial endothelial cells in blood vessels are therefore characteristic of Nipah viral disease (Wong et al., 2003). 
It is known that the fusion (F) and attachment (G) proteins of NiV are involved in syncytia formation and that cell lines from many animal species are permissive for NiV-envelope-mediated fusion (Bossart et al., 2002; Tamin et al., 2002). This suggests that the receptor for NiV must be highly conserved and can bind the F or G protein. However, apart from this, very little was known about NiV cell entry mechanisms.
Role of ephrinB2 in NiV infection
In 2005, Negrete et al. were able to shed light upon these NiV cell entry mechanisms. In order to establish whether the NiV G protein determines its known cell line tropism, they generated an immunoadhesin by fusing the ectodomain of NiV-G with the Fc region of human IgG1 (NiV-G-Fc). They found that NiV-G-Fc bound to fusion-permissive 293T, HeLa and Vero cells (Bossart et al., 2002; Guillaume et al., 2004), but not to non-permissive Chinese hamster ovary (CHO-pgsA745), pig kidney fibroblast (PK13) (Bossart et al., 2002) and human Raji B cells. NiV-G-Fc was able to immunoprecipitate a 48 kDa band from the surface of permissive 293T and Vero cells, but not from non-permissive CHO-pgsA745 cells. 
Subsequent analysis then identified a deletion of 28 amino acids in the globular ectodomain of NiV-G, which is produced as an Fc-fusion dimer at wild-type levels, but no longer binds to the surface of permissive cells. This deletion mutant (Δ28NiV-G-Fc) could therefore serve as a negative control in preparative immunoprecipitation experiments to purify the putative NiV receptor. 
Using trypsin digestion and mass spectrometry to analyze the parallel portions of the gel containing the 48 kDa band immunoprecipitated by NiV-G-Fc but not by Δ28NiV-G-Fc, they were able to identify only one transmembrane protein in the NiV-G-Fc sample, which was not found in the control Δ28NiV-G-Fc sample. Two independent tryptic fragments of 12 and 17 amino acids each identified the protein as ephrinB2.
In order to establish that ephrinB2 is truly the receptor for NiV, further functional assays were carried out. First, by using a soluble HA-tagged ectodomain of NiV-G (sNiV-G-HA) in an enzyme-linked immunosorbent assay (ELISA), they were able to demonstrate that NiV-G binds directly to soluble ephrinB2-Fc, but not to ephrinB1-Fc. EphrinB1 was used as a control as this is the most closely related ephrin to ephrinB2.
In addition, they showed that ephrinB2-Fc, but not ephrinB1-Fc, competes readily for sNiV-G-HA-binding on permissive 293T cells, and that NiV-G-Fc binds to ephrinB2-transfected, but not to pcDNA3-transfected, CHO-pgsA745 and human Raji B cells.
As endothelial syncytia are an important characteristic of NiV disease (Wong et al., 2003), investigations were also carried out in order to determine whether ephrinB2 is required for NiV-envelope-mediated syncytia formation. Using a luciferase-reporter-based fusion assay driven by T7-polymerase, they showed that NiV-F/G proteins mediated fusion with permissive 293T or Vero cells, but not with non-permissive PK13 or human Raji B cells. Importantly, no fusion was seen in the absence of NiV-G. Again, they showed that soluble ephrinB2, but not ephrinB1, significantly inhibited NiV-F/G-mediated cell-cell fusion. 
Furthermore, transfecting ephrinB2 into human Raji B cells rendered them permissive for NiV-envelope-mediated fusion, which was not the case for ephrinB1 or green fluorescent protein (GFP). This fusion was inhibited by soluble ephrinB2 or EphB4 (a cognate receptor for ephrinB2), but not ephrinB1.
NiV-F/G-expressing cells were also able to fuse with human microvascular endothelial cells (HMVECs), a process also inhibited by soluble ephrinB2 or EphB4, but not ephrinB1. From these results it can be concluded that NiV fusion on cell lines, as well as on an in vivo target cell for NiV infection, is dependent on ephrinB2.
In order to determine whether ephrinB2 can mediate NiV infection, Negrete et al. developed a virion-based infection assay, in which heterologous viral envelopes are pseudotyped into a recombinant vesicular stomatitis virus (VSV) expressing red fluorescent protein (RFP), but lacking its own envelope, i.e. VSV-ΔG-RFP (Takada et al., 1997). So this vector bearing the NiV-F/G proteins was used to infect permissive 293T or Vero cells, resulting in cells expressing RFP. They discovered that viral entry was dependent on NiV-F/G as it was neutralized by NiV-F/G-specific antiserum. In addition, VSV-F/G-RFP infection was blocked by ephrinB2-Fc, but not ephrinB1-Fc, while infection by VSV-RFP bearing its own envelope (VSV-G) was not inhibited by either soluble ephrin.

Heparan sulphate has been identified as a common attachment or entry receptor for many viruses. Even though this could possibly be a receptor for NiV as well, transfection of ephrinB2 into non-permissive CHO-pgsA745 cells, which is a mutant cell line that does not express cell surface heparan sulphate proteoglycans (Esko et al., 1985), made these cells permissive for viral entry by NiV. This means that ephrinB2 can mediate viral entry in the absence of cell surface heparan sulphate, once again appointing ephrinB2 as a functional receptor for NiV entry.
The pseudotyped vector was also able to infect primary cortical rat neurons and HMVECs, which are two cell types that can be infected in vivo (Wong et al., 2003). This infection was inhibited by soluble ephrinB2, but not ephrinB1. In addition, soluble EphB4 and EphB2 were also able to significantly inhibit infection of HMVECs. These results suggest that ephrinB2 is also a functional receptor for NiV in vivo.
EphrinB2 is a transmembrane-anchored ligand of the receptor tyrosine kinases Eph2, Eph3 and Eph4 that is essential for vasculogenesis and axonal guidance (Poliakov et al., 2004; Palmer et al., 2003). It is expressed on endothelial cells, neurons and smooth muscle cells surrounding small arteries and arterioles (Gale et al., 2001; Shin et al., 2001). The ephrinB2 gene is critical in embryogenic development, and it is therefore not unusual that this gene is highly conserved and found in all animal species examined (Poliakov et al., 2004). NiV has an unusually broad cellular tropism, and the high conservation of the ephrinB2 gene offers a satisfactory explanation for this observation.
As exhaustive gain-of-function experiments were not conducted in all cell lines described to be non-permissive for NiV-envelope-mediated fusion (Bossart et al., 2002), it is still possible that other factors apart from ephrinB2 expression are needed for productive NiV entry and replication. It is also possible that PDZ binding domains, and other proteins known to interact with the cytoplasmic domain of ephrinB2, may play a role in the productive entry of NiV.
These results may also have implications for HeV, as this virus appears to have a similar cellular tropism to NiV (Bossart et al., 2002), even though NiV appears to be more pathogenic. This is why experiments determining whether HeV also uses ephrinB2, or ephrinB2-related molecules, are being conducted as well.
Measles Virus (Morbillivirus)
Measles Virus (MV) is part of the Paramyxovirinae subfamily, and belongs to the genus Morbillivirus. It is enveloped and has a non-segmented, negative-strand RNA genome (Griffin, 2001). The genome contains six genes that encode the nucleocapsid (N), phosphor- (P), matrix (M), fusion (F), hemagglutinin (H) and large (L) proteins. H and F are envelope glycoproteins, which are responsible for receptor binding and membrane fusion, respectively. 

MV causes a common, acute infectious disease characterized by fever, cough, conjunctivitis and a generalized maculopapular rash (Griffin, 2001; Rima & Duprex, 2006). Currently, an effective live vaccine is available; however, measles is still responsible for 4% of deaths in children younger than 5 years of age worldwide (Bryce et al., 2005). 
Initial infection is believed to be established in the respiratory tract, but primary target cells are not well defined yet. The virus is transported from the respiratory tract via the local lymphatics to the draining lymph nodes where amplification of virus occurs, resulting in viraemia. Monocytes and lymphocytes are the primary infected cells in the blood (Esolen et al., 1993; Osunkoya et al., 1990) and they carry the virus to a variety of organs throughout the body. Lymphoid tissues and organs are principal sites of virus replication, but many other organs, including the skin, conjunctivae, lung, gastrointestinal tract, liver, kidney and genital mucosa, are also affected (Hall et al., 1971; Kobune et al., 1996; McChesney et al., 1997; Sakaguchi et al., 1986). 
The incubation period is 10-14 days, after which clinical symptoms develop, accompanied by immunosuppression, which often leads to secondary bacterial infections. MV may also cause various types of neurological disease, namely post-infectious encephalitis, measles inclusion body encephalitis and subacute sclerosing panencephalitis (SSPE) (Griffin, 2001; Rima & Duprex, 2006). 
It is generally accepted that MV enters a cell by pH-independent membrane fusion at the cell surface. First, the H protein binds to a cellular receptor, which then most likely induces a conformational change of the H, as well as that of the adjacent F protein. Next, the hydrophobic fusion peptide inside the F protein is exposed and inserted into the plasma membrane of the target cell. It is then believed that further structural changes of the F protein instigate fusion of the viral envelope with the host-cell membrane. Infection of susceptible cells leads to MV cell-cell fusion, producing multinucleated giant cells, which is known to be the typical cytopathic effect of MV infection.

Role of SLAM and CD46 in MV infection
Even though the general mechanism of MV viral entry is known, the question that still remained was: which cellular receptor plays a key role? Eventually, two molecules, CD46 (also called membrane cofactor protein) and signaling lymphocyte activation molecule (SLAM; also called CD150), were identified as receptors for MV.

Firstly, Naniche et al., in 1993, obtained a mAb antibody that inhibited cell fusion induced by recombinant vaccinia virus encoding the H and F proteins of the Hallé strain of MV, and discovered that this antibody precipitated a cell-surface glycoprotein from human and simian cells, but not from murine cells. This glycoprotein was then identified as CD46, and when non-susceptible cells were transfected with the human CD46 gene, they became susceptible to MV. 
Dörig et al. (1993) were able to show that hamster cell lines expressing CD46 produced syncytia and virus proteins after infection with the Edmonston strain of MV, and also that polyclonal antisera against CD46 inhibited virus binding and infection.

Interestingly, strains isolated in B95a cells or human B-cell lines only grew in a limited number of lymphoid-cell lines (Kobune et al., 1990; Schneider-Schaulies et al., 1995; Tatsuo et al., 2000a). This, as well as other observations, suggested that B-cell line-isolated strains may not actually use CD46 as a receptor (Bartz et al., 1998; Buckland & Wild, 1997; Hsu et al., 1998; Lecouturier et al., 1996; Tanaka et al., 1998; Tatsuo et al., 2000a). In 2000, Tatsuo et al. were able to isolate a cDNA clone using functional expression cloning that could make a resistant cell line susceptible to B95a cell-isolated MV strains. This isolated cDNA was shown to encode human SLAM, a membrane glycoprotein expressed on various types of cells of the immune system, which is actually consistent with the lymphotropism of MV. 
Furthermore, the Edmonston strain was found to use both SLAM and CD46 as receptors, which suggests that SLAM acts as a cellular receptor for both B-cell line-isolated and laboratory-adapted strains of MV (Tatsuo et al., 2000b; Yanagi et al., 2002).
CD46 is mainly known as an inhibitor of complement activation and is also known to play a role in the modulation of T-cell functions (Marie et al., 2002), the generation of T regulatory cells (Kemper et al., 2003) and the control of IFN production (Katayama et al., 2000). In addition, CD46 is a functional receptor for many other viruses and bacteria, such as Human herpesvirus 6, adenoviruses of different serotypes, Streptococcus pyogenes and Neisseria spp. (Cattaneo et al., 2004).

SLAM is expressed on immature thymocytes, memory T cells, a proportion of B cells, macrophages and mature dendritic cells (DCs). After stimulation with antigens or mitogens, all T and B cells express SLAM (Aversa et al., 1997; Cocks et al., 1995; Sidorenko & Clark, 1993). 

There has been no MV strain reported to not use SLAM as a receptor. When Erlenhöfer et al. (2002) examined a panel of MV strains, including vaccine and wild-type strains with various passage histories, they found that all these strains used SLAM as a receptor.

B-cell line-isolated strains utilize SLAM, but not CD46, as a receptor, whereas the Edmonston lineage strains and Vero cell-isolated strains use both SLAM and CD46. 

Throat-swab samples from measles patients actually showed that the majority of the clinical viruses use SLAM, but not CD46, as a cellular receptor (Ono et al., 2001a). 

Manchester et al. (2000) reported that clinical isolates obtained in peripheral blood mononuclear cells (PBMCs) used CD46 as a receptor. However, according to Tatsuo et al. (2000b), these strains also replicate well in Chinese hamster ovary (CHO) cells expressing human SLAM, but then cannot productively infect CHO cells expressing human CD46 (Manchester et al., 2000). This indicates that entry of these strains via CD46 is very inefficient, and that the use of CD46 as a receptor is more or less the result of in vitro adaptation and is not an actual in vivo property of MV.
Considering the tissue distribution of SLAM, this appears to fit nicely with the lymphotropism of MV. However, MV also infects epithelial, endothelial and neuronal cells in vivo (Herndon & Rubinstein, 1968; Kimura et al., 1975; McChesney et al., 1997; Sakaguchi et al., 1986), of which none express SLAM. It is unlikely, however, that CD46 acts as the alternative receptor for these cells, as viruses using this receptor are barely detected in vivo.

Hashimoto et al. (2002) have shown using recombinant MVs expressing green fluorescent protein that SLAM- and CD46-independent entry of MV is possible. However, this mode does not actually induce multinucleated giant cells, and its efficiency is 100 to 1000 times lower than that of SLAM-dependent entry, and this inefficient entry might therefore not lead to apparent cell-cell fusion. It therefore appears that another unknown receptor (‘receptor X’) is expressed ubiquitously, as this type of entry is detected in almost any cultured cells of various species, and is capable of mediating MV entry in the absence of SLAM and CD46 (Hashimoto et al., 2002). 

Shingai et al. (2003) have shown that pseudotype viruses bearing the H and F proteins of SSPE strains of MV use SLAM, but not CD46, as a receptor, and that they can also infect various SLAM— cell lines, including Vero cells, independently of CD46. 
Furthermore, Lawrence et al. (2000) suggest that SSPE viruses sustain persistent infection in neuronal cells via this inefficient SLAM- and CD46-independent entry, and this may also explain receptor-independent MV spread in the brain.

As the Measles Virus is a member of the genus Morbillivirus, it would also be interesting to investigate whether other viruses in this genus, such as Canine distemper virus (CDV), Rinderpest virus (RPV), and Peste-des-petits-ruminants virus, are also associated with the SLAM and CD46 receptors, especially since all of these viruses are lymphotropic and cause devastating diseases in their respective host species, along with severe lymphopenia and immunosuppression. 
This observation led Tatsuo et al. (2001) to examine CDV and RPV strains for their receptor usage, and discovered that all CDV and RPV strains use canine and bovine SLAM, respectively, as receptors. Furthermore, Seki et al. (2003) were able to show that CDVs can be readily isolated (as early as 24 h after inoculation) in Vero cells stably expressing canine SLAM from the majority of diseased dogs, supporting the notion that CDV uses canine SLAM as the principal receptor in vivo.
It is, however, still unclear whether CDV also uses SLAM to infect cells in the CNS. 

Regarding RPV, Baron (2005) showed that a wild-type RPV uses bovine SLAM as a receptor, and that the Plowright vaccine strain, which can grow in many types of cell, uses heparan sulphate as an alternative receptor. This makes it tempting to suggest that SLAM could possibly be a common receptor for all morbilliviruses.

CD46 is the receptor for Edmonston lineage strains and most Vero cell-isolated strains. In order for MV to bind to CD46, the ectodomain of the MV H protein needs to interact with the most membrane-distal SCR1 and SCR2 of CD46 (Devaux et al., 1996; Iwata et al., 1995; Manchester et al., 1995). All of the CD46 isoforms can act as receptors for these MV strains, whereas SLAM can actually serve as a receptor for all MV strains.

The V domain of human SLAM is necessary and sufficient for MV receptor function (Ono et al., 2001b), and three amino acid residues at positions 60, 61 and 63 are critical for its function, as SLAM cannot act as an efficient receptor when changes at these positions are introduced. In addition, when these positions on the murine V domain are substituted with human-type residues, murine SLAM can suddenly act as an efficient receptor for MV. However, it is currently not known whether these residues interact directly with the H protein of MV.
It has been found that most of the MV strains that use both SLAM and CD46 as receptors (including the Edmonston and Hallé strains) have tyrosine (Y) at position 481, whereas most B-cell line-isolated strains have asparagine (N) at this position. Substitution of N481Y allows the H protein of B-cell line-isolated MV strains to interact with CD46, without affecting their ability to use SLAM as a receptor (Bartz et al., 1996; Erlenhöfer et al., 2002; Hsu et al., 1998; Lecouturier et al., 1996; Nielsen et al., 2001; Shibahara et al., 1994; Xie et al., 1999). In addition, when strains using SLAM, but not CD46 are adapted to growth in Vero cells, a substitution of N481Y is often observed after several passages (Nielsen et al., 2001; Schneider et al., 2002; Shibahara et al., 1994).
In 2000, Schneider et al. generated recombinant viruses that contained hybrid proteins consisting of the epidermal growth factor (EGF) or the insulin-like growth factor 1 (IGF1) linked to the extracellular carboxyl terminus of the H protein. They found that these recombinant viruses could enter SLAM— CD46— rodent cells expressing the human EGF or IGF1 receptor, respectively. Hammond et al. (2001) used single-chain antibodies to produce hybrid H proteins that were displayed on recombinant MVs. They could successfully enter cells expressing molecules recognized by the single-chain antibodies. In addition, the viruses still retained their ability to infect cells via authentic receptors, which could be abolished by altering SLAM- and CD46-relevant residues (Vongpunsawad et al., 2004; Nakamura et al., 2005). 
These experiments indicate that the H protein does not need to interact with the authentic receptors in order to induce a conformational change of the F protein, which is needed for membrane fusion. Interestingly, Buchholz et al. (1996) found that the receptor-protein length influences MV binding and determines fusion efficiency. Lastly, the studies also imply that signal transduction through SLAM or CD46 is not necessary for virus entry.

Sendai Virus (Respirovirus)
Sendai Virus (SeV), also known as murine parainfluenza virus type 1, is part of the Paramyxoviridae family, subfamily Paramyxovirinae and genus Respirovirus. Members of this group primarily infect mammals (Monroe et al, 2002), and SeV specifically infects mice, hamsters, guinea pigs, rats, and occasionally pigs, causing highly transmissible respiratory tract infections.
The only two glycoproteins present in the Sendai virus lipid envelope are the HN and F proteins. They form the viral spikes and are required for the adsorption-fusion phase of infection. The HN protein of paramyxoviruses contains the receptor-recognition and sialidase activities of the virus (Scheid et al., 1972; Tozawa et al., 1973; Seto et al., 1973).
Role of gangliosides in SV infection
The molecular nature of the Sendai virus receptor has always been extensively investigated, and eventually it was discovered that sialic acids of cell surface oligosaccharides are an essential feature of the viral receptor, as sialidase treatment of certain host cells can prevent viral infection (Stone et al., 1948; Marcus et al., 1959; Haff et al., 1964). However, more recent investigations showed that the specificity of Sendai virus for its host cell receptors is determined by more than just the presence of sialic acid. 

Markwell et al. (1980) were able to confer resistance to infection by Sendai virus to host cells by removing endogenous receptors with Vibro cholerae sialidase, and were again made fully susceptible when the cell surface was resialylated with β-galactoside α2,3-sialyltransferase but not with β-galactoside α2,6-sialyltransferase. However, Holmgren et al. (1980) found that an even higher affinity was exhibited by gangliosides containing the sequence NeuAcα2,8NeuAcα2,3Galβ1,3GalNAc, which makes it a much more likely candidate for the recognition-specific structure of the receptor for Sendai virus. Both oligosaccharide sequences are found on cell surface sialoglycolipids (gangliosides) and possibly on sialoglycoproteins.
Upon these findings, Markwell et al. (1980) decided to investigate whether gangliosides act as host cell receptors for Sendai virus during the adsorption-fusion phase of viral infection. First, MDBK cells were treated with V. cholerae sialidase to make them resistant to infection by Sendai virus, after which GD1a was added exogenously containing the sequence NeuAcα2,3Galβ1,3GalNAc, which restored the susceptibility of the cells to infection. The degree of restoration depended on the amount of ganglioside added. However, when sialidase-treated cells were incubated with GD1a after inoculation, no detectable restoration of susceptibility to infection was produced. This means that the effect of gangliosides is exerted during the adsorption-fusion stage of viral infection, and they must therefore be present at the cell surface as virus receptors.
Next, Markwell et al. decided to conduct a series of experiments that test whether GD1a needs to be incorporated into the cell surface membrane in order for it to function as a receptor for Sendai virus. First, sialidase-treated cells were incubated with GD1a at 0°C, which will not allow the insertion of gangliosides into the lipid bilayers as the membrane is not fluid at this temperature. No restoration of susceptibility to infection was seen. When shifting the temperature to 37°C during further incubation with GD1a, the same amount of virus was produced as by cells that had not undergone the cold treatment.
In order to determine which specific gangliosides function as receptors for Sendai virus, sialidase-treated cells were incubated with individual, highly purified gangliosides containing homogeneous carbohydrate moieties before inoculation with Sendai virus. They found that incubation of the cells with GD1a, GT1b, and GQ1b produced infection. Interestingly, all of these gangliosides contain the oligosaccharide sequence NeuAcα2,3Galβ1,3GalNAc.
Then, by varying the amount of ganglioside incubated with the cells, Markwell et al. managed to determine that the tetrasialoganglioside GQ1b was effective as a receptor at 1% of the concentration of any of the other gangliosides tested. When sialidase-treated cells were incubated with GM1 plus GQ1b, the same restoration of susceptibility to infection was produced, as did incubation with just GQ1b.

Lastly, it is essential to determine whether gangliosides with the proper carbohydrate sequence actually exist in sufficient quantities in native cells in order to function as receptors for Sendai virus. Therefore, the ganglioside content of MDBK cells was analyzed using a prepared membrane fraction. It was found that about 30% of the bound sialic acid is present in gangliosides, and about 11% of the gangliosides were of the type that has the proper oligosaccharide sequence to function as a receptor. About 20% of the total sialic acid was recovered in the membrane fraction.

In conclusion, gangliosides such as GD1a, GT1b, and GQ1b were found to be specific in their interaction with Sendai virus, as well as capable in conferring susceptibility to infection, and thus could be its potential receptor. 

Haywood et al. (1975) were already able to demonstrate that not all species of ganglioside serve equally well as receptors for Sendai virus, as they showed that commercially prepared di- and trisialogangliosides inhibited hemagglutination by Sendai virus more effectively than monosialogangliosides when they are incorporated into liposomes. Therefore, the study conducted by Markwell et al. (1981) is in perfect agreement with the finding by Holmgren et al. (1980) that gangliosides containing a terminal disialosyl linkage such as GQ1b are 100-fold more effective in serving as receptors for Sendai virus than are less complex gangliosides such as GD1a and GT1b. 

In order to establish whether MDBK cells are susceptible to infection by Sendai virus, the ganglioside content of native MDBK cells was analyzed. The amount of GD1a and GT1b turned out to be sufficient to account for the susceptibility of these cells to infection. Moreover, the cells contained substantial amounts of GQ1b which has 100-fold higher affinity for Sendai virus. Knowing the occurrence of higher levels of gangliosides in many mammalian cell types, it is not surprising that Sendai virus interacts with such a wide variety of cells, either as an infectious agent or as a cell fusogen.
When taking the binding study by Holmgren et al. (1980), the resialylation experiments (Paulson et al., 1979; Markwell et al., 1980), and this current study by Markwell et al. (1981), it appears that the minimal structure recognized by Sendai virus is the sequence NeuAcα2,3Gal, although the related sequence, NeuAcα2,8NeuAcα,2,3Gal confers maximal binding capacity.

In addition to gangliosides, oligosaccharides of cell surface glycoproteins also contain the NeuAcα2,3Galβ1,3GalNAc sequence. If only the sialyloligosaccharide portion is involved in the interaction with Sendai virus as with lectins, then both sialoglycoproteins and gangliosides may function as receptors, given that they contain the proper carbohydrate sequence. Haywood et al. (1974) suggested that the virus first adsorbs to outer glycoproteins and then attaches to membrane gangliosides in order to initiate penetration. However, the involvement of cell surface glycoproteins as Sendai virus receptors has not yet been demonstrated.
Entry of SV lacking attachment protein via asialoglycoprotein receptor 

Later, in 1984, Markwell et al. identified the gangliotetraose family of gangliosides as receptors for Sendai virus, and earlier, Suzuki et al. (1980) identified these gangliosides as substrate for the viral sialidase as well. However, after Huang et al. (1980) suggested that the action of the viral sialidase on the first host cell receptor for HN creates a second cell receptor for the F protein, Markwell et al. (1985) decided to explore this concept further. They used a temperature-sensitive mutant ts271, which will not display the HN attachment protein when produced at the restrictive temperature (38°C), but will display this protein when produced at 30°C, thus providing a system in which the role of HN and F can be separately examined during the processes of adsorption and membrane fusion. Unlike the wild-type, this mutant will not infect conventional host cells. 
According to Yoshima et al. (1981), the F protein contains a terminal galactose moiety and is therefore most likely a ligand for the hepatic asialoglycoprotein receptor (ASGP-R), a mammalian lectin that specifically recognizes proteins terminal in galactose or N-acetylgalactosamine (Ashwell et al., 1982). 
Markwell et al. therefore investigated infection of human hepatoma Hep G2 cells expressing abundant ASGP-R (Schwartz et al., 1981) with Sendai virus mutant (HN-) containing only the F protein as an attachment factor. The wt virus and the HN- mutant were able to infect >99% of Hep G2 cells, which retain the ASGP-R upon continuous culture (Schwartz et al., 1981). On the other hand, N-Hepa 1 cells, which like most hepatoma lines lose the ASGP-R upon continuous culture, were readily infected by the wt virus and ts271 (30°C) virus, but not by the HN- mutant. 

The interaction of the wt virus with Hep G2 cells was not changed when glycoproteins, carbohydrates, or antibody to ASGP-R were added, neither when cells were pretreated with Ca2+ chelators. However, extensive treatment of host cells with sialidase reduced their susceptibility to infection by hydrolysis of their endogenous sialic acid-containing receptors. These observations are in line with the notion that the wt virus enters cells via attachment to its normal gangliosides (Markwell et al., 1984). Similar results were obtained for the ts271 (30°C) virus.
On the other hand, it was found that the presence of galactose-terminated ligand ASOR, N-acetylgalactosamine, and antibody against the ASGP-R, as well as pretreatment of the cells with Ca2+ chelators, completely disrupted the interaction between the HN- virus and Hep G2 cells. 
When the cell surface was mildly treated with V. cholerae sialidase at 37°C, productive binding of the HN- virus to Hep G2 cells was blocked. The reason for this can be attributed to the fact that the ASGP-R is a sialoglycoprotein, which is consistent with previous observations to its nature (Stockert et al., 1977). Therefore, when the terminal sialic acid groups of the receptor are removed via sialidase, a galactose-terminated protein is generated on the cell surface, which effectively competes with exogenous ligands for its own ligand-binding site. Thus, even though the sialidase has an effect on both wt and HN- virus-induced infections, the observed time difference (120 vs. 30 min of exposure to sialidase) suggests entry by different sets of receptors.
As the above results suggest that the HN- virus uses the ASGP-R for attachment and entry into Hep G2 cells and consequently the assumption that solely F serves as the means for attachment to the ASGP-R, further investigations were conducted using binding experiments. Results showed that the whole wt virus, as well as the solubilized proteins themselves (HN and F), were able to effectively compete with 125I-labeled ASOR for the ASGP-R, as well as the whole HN- virus and the F protein solubilized from it.

As described earlier, Sendai virus normally infects its cells via the membrane fusion event at the cell surface (Yasuda et al., 1981), after which the viral nucleocapsid is directly released into the cytoplasm.

Markwell et al. (1985) have shown that Hep G2 cells can be infected by a mutant of Sendai virus lacking its normal HN attachment protein, and by a route that bypasses its normal ganglioside receptors. However, they were also able to demonstrate that adding Sendai virus at a high multiplicity of viral particles per cell still resulted in cell-cell fusion, a known result of envelope-cell fusion. This means that the virus can retain its ability to cause membrane fusion in the absence of its HN protein.

As both the wt virus and the HN- mutant were able to infect >99% of Hep G2 cells, this suggests that both receptor systems in Hep G2 cells are equally effective in virus adsorption. Most importantly, the fact that the mutant virus lacking its HN protein was still successful in infecting Hep G2 cells via membrane fusion, suggests that the F protein alone is sufficient for fusion events and that the role of HN is restricted to adsorption only. In addition, this host system also shows that no interaction between HN and F, nor viral sialidase activity, are apparently needed during viral entry.

Lastly, the ability of the HN- virus to cause cell-cell fusion of Hep G2 cells in the neutral pH range shows that attachment of the HN- virus to the ASGP-R produces membrane fusion. This phenomenon would seem rather unique to Sendai virus, as all of the other galactose- or N-acetylgalactosamine-terminated ligands recognized by the ASGP-R are internalized by adsorptive endocytosis (Schwartz et al., 1984).

It can therefore be concluded that Sendai virus lacking its HN attachment protein can infect Hep G2 cells through an alternative route by circumventing its normal interaction with ganglioside receptors, and instead taking advantage of the lectin capability of the ASGP-R for attachment using the F protein, as well as maintaining the normal mode of viral entry by membrane fusion at the cell surface.

Using this knowledge, another possibility has opened up for enveloped viruses, namely that they can utilize naturally occurring lectins in addition to their normal receptors as a means of attachment to host cells.

Newcastle Disease Virus (Avulavirus)
Newcastle Disease Virus (NDV) is a member of the Paramyxoviridae family and Paramyxovirinae subfamily and encodes two transmembrane glycoproteins, namely an attachment protein (HN), and a fusion protein (F). It is one of the known causes of avian respiratory diseases and economic losses in the poultry industry.
Even though Lamb & Kolakofsky (2001) have elucidated that HN binds to sialic acid-containing receptors at the cell surface, after which the F protein allows fusion between the viral envelope and the target membrane, the complete mechanism of NDV-induced membrane fusion is still unknown. However, speculations suggest that the interaction of HN with the cellular receptor(s) elicits conformational changes in the HN protein, which in turn activates the F protein fusion activity. The exact nature of the host cell receptor for NDV has always been unknown, even though different studies have pointed to a sialoglycoconjugate in the NeuAc form (Markwell, 1991). 

Role of gangliosides and N-glycoproteins in NDV infection
Ferreira et al. (2004) further investigated the biochemical nature of the cellular receptor for NDV by evaluating the relative contribution of N- and O-linked oligosaccharides on NDV infectivity and fusion, as well as the possible role of cell surface glycolipids. This was done by treating COS-7 cells with specific inhibitors of glycosylation or glycolipid biosynthesis prior to viral infection.
Inhibitors for N-glycosylation consisted of tunicamycin, which inhibits the early step of the transfer of N-acetylglucosamine to dolichol monophosphate (Duksin & Mahoney, 1982), and deoxymannojirimycin, which disrupts a later step in glycan processing by blocking the conversion of high mannose to complex mannose glycans by inhibiting mannosidase I in the Golgi complex (Pan & Elbein, 1995). To inhibit O-glycosylation, benzylGalNAc was used, which blocks the enzyme N-acetylα-D-1galactosaminyl transferase that catalyzes the first step in the biosynthesis of O-linked glycans (Kuan et al., 1989). 
Another inhibitor, PPMP, was also used, which inhibits the biosynthesis of glycosphingolipids by inhibiting the enzyme glucosylceramide synthase, which blocks the glucosylation of ceramide to form glucosylceramide (Abe et al., 1992).
Following this, cells pretreated with the inhibitors were infected with NDV at 1 moi and the extent of syncytium formation between NDV-infected cells was analyzed.
Tunamycin inhibited fusion by about 56%, and deoxymannojirimycin decreased the number of syncytia by about 25%. In contrast, benzylGalNAc did not have any effect on syncytium formation. PPMP was effective, as it blocked fusion by about 70%.
The four inhibitors were also tested for their effect on viral production. First, COS-7 cells were pretreated with the inhibitors, and then infected with NDV at 5 moi. Tunicamycin and deoxymannojirimycin produced reductions in the virus titer of 42 and 35%, respectively, whereas treatment with benzylGacNAc resulted in a reduction of only 13%. PPMP reduced the virus titer in cell supernatants by 47%.
Interestingly, the inhibition of infection by all inhibitors, except deoxymannojirimycin, was smaller than the inhibition of syncytia (42% versus 56% for tunicamycin; 47% versus 70% for PPMP). These differences suggest that the cell-cell fusion would have different receptor requirements, especially for gangliosides, than the virus spread, as has been proposed for other paramyxoviruses (Moscona & Peluso, 1992).

In order to confirm that cell-surface sialic acid is involved in NDV attachment, COS-7 cells were incubated with Clostridium perfringens sialidase to eliminate sialic acid residues from the cell surface glycoconjugates, after which fusion was tested using dequenching and syncytium assays. Results indicated that treatment with sialidase completely blocked fusion between sialidase treated cells and NDV. In addition, enzyme-treated COS-7 cells that were infected with NDV at 1 moi had no syncytia formation in comparison to controls. As expected, these results confirm that sialic acid residues in target cell membrane glycoconjugates are critical for NDV fusion.
These inhibitory experiments indicate that the N-linked oligosaccharides of glycoproteins are essential for NDV attachment, as the inhibitory effect of tunicamycin and deoxymannojirimycin on fusion and infectivity was the highest. Accordingly, it can be said that O-linked glycans are not crucial for NDV binding, as benzylGalNAc had very little effect on fusion and infection. Lastly, the inhibitory effect of PPMP insinuates that glycolipids are involved in NDV entry.

Virus overlay assays were then performed to assess the binding specificity of NDV to different gangliosides, which included ganglioside mixtures isolated from bovine brain and COS-7 cells. In the case of bovine-brain gangliosides, NDV bound to GT1b, GD1b, GD1a and GM1. Regarding the COS-7 gangliosides, NDV bound to GM3, GM2, GM1 and GD1a. This suggests that NDV may bind to several types of gangliosides, as it exhibits a broad specificity for the sugar chain and the number and position of the sialic acid.

Further experiments analyzed the ability of NDV to bind to known concentrations of gangliosides and neutral glycolipids, namely GM3, asialoGM1, lactosyl ceramide and sulphatides. Results indicated that NDV only binds to sulphatides and asialoglycolipids such as asialoGM1, and not to cerebrosides like lactosyl ceramide. 

The overall conclusion that can be drawn from the results obtained by Ferreira et al. (2004) is that NDV binds specifically to glycolipids, interacting with different gangliosides ranging from the simplest GM3 and GM2 to the more complex GT1b. To be more specific, NDV binds to gangliosides with three carbohydrate residues, as in GM3; four residues, as in GM2, or five or more, as in GM1, GD1a, GD1b or GT1b, or sialic acid attached to internal sugars, as in GM2, GM1 or GD1b. NDV therefore binds gangliosides with sialic acid residues attached to internal and external sugars and, for gangliosides, a minimal neutral oligosaccharide structure does not seem to be required.
In addition to gangliosides, NDV also appears to interact with sulphatides and asialoGM1.

An interesting result obtained by Ferreira et al. (2004) is that NDV did not interact with GQ1b, even though this ganglioside is known to support both terminal and internal disialic acid residues, and has also appeared to bind tightly to Sendai virus (Markwell et al., 1981). This could be explained by the presence of an additional sialic acid residue in the oligosaccharide chain of the ganglioside, which interferes with the binding site of NDV.
The clearly broad variety of gangliosides that NDV appears to interact with may explain its ability to infect a large range of cultured cells. It is possible that NDV does not possess a preference for a specific pattern of gangliosides as viral receptors, which has also been described for the Rabies virus, which apparently binds to GT1b, GQ1b and GD1b, and to a lesser extent, to GM1 and GM3.
The only requirement that NDV appears to need is a minimum carbohydrate length for binding to neutral glycolipids or the presence of a negative charge (sulphatides).
It is possible that not all the species of gangliosides and glycoproteins would play similar roles in the virus-cell attachment step, meaning that NDV might bind with different affinities and at different times of the adhesion step. In light of this, Ferreira et al. (2004) were able to detect a partial conformational change of the HN protein during its interaction with free gangliosides acting as receptor mimics. This suggests that interactions with gangliosides are not part of the final step in the interaction between the virus and the cell surface. 
Instead, Ferreira et al. (2004) propose that NDV interacts with gangliosides only as primary receptors, after which the HN glycoprotein undergoes a partial conformational change, rendering it suitable for interaction with second receptors, namely the N-glycoproteins. This interaction then triggers an additional conformational change in the HN protein, which then ultimately leads to changes in the F protein, allowing for complete virus-cell fusion. Ferreira et al. therefore believe that NDV binding consists of two stages, an early ganglioside-dependent phase, and a later N-glycoprotein-dependent phase.
Human Metapneumovirus (Pneumovirinae – Metapneumovirus)
Human metapneumovirus (hMPV) is a newly discovered paramyxovirus (van den Hoogen et al., 2001) that belongs to the Pneumovirinae subfamily and is part of the Metapneumovirus genus. From the paramyxoviruses, respiratory syncytial virus is the most closely related human virus to hMPV. Even though hMPV belongs to a different genus, it shares many epidemiological and clinical features with RSV (Kahn, 2006). hMPV is associated with both upper and lower respiratory tract infections, mainly in young children, elderly subjects, and immunocompromised patients (Boivin et al., 2002). Infections caused by this virus have been reported worldwide and are responsible for 5 to 10% of hospitalizations of young children (Deffrasnes et al., 2007). Specific vaccines and monoclonal antibodies (Buchholz et al., 2006; Cseke et al., 2007; Ulbrandt et al., 2006; Williams et al., 2007) have been developed, but unfortunately, no prophylactic or therapeutic tools have yet been approved for hMPV infections.
The hMPV genome consists of a single strand of negative-sense RNA, which codes for nine viral proteins. Three of these are envelope glycoproteins, namely, the fusion (F), attachment (G), and small hydrophobic (SH) proteins. The F protein is the main antigenic determinant of the virus (Skiadopoulos et al., 2004) and is highly conserved, but the G protein shows a high level of genetic diversity. This hMPV G protein is a type II membrane protein comprised of extracellular, transmembrane, and intracellular domains (Bastien et al., 2004; van den Hoogen et al., 2002) and is heavily glycosylated with O- and N-linked sugars (Bastien et al., 2004; Biacchesi et al., 2004; Peret et al., 2002). 

Regarding host cell entry, the G protein is thought to play an important role in viral attachment, and recombinant virus lacking G protein has reduced replicative ability in vivo (Biacchesi et al., 2005; 2004). On the other hand, the F protein plays a role in fusion, where it first needs to be activated by proteolytic cleavage by a furin-like enzyme of the host cell, after which the hydrophobic fusion peptide is inserted into the target cell membrane, followed by a refolding of the F protein. 
Role of GAGs in hMPV infection
Several viruses, including RSV, have been shown to utilize GAGs, particularly heparan sulfate (HS), for cellular attachment and entry (Baba et al., 1988; Feldman et al., 1999; Hosoya et al., 1991; Zhu et al., 1995). Previous studies have shown that RSV infection is inhibited by soluble GAGs such as heparin, and also by the enzymatic removal of GAGs from the cell surface (Krusat et al., 1997). Eventually it was deduced that the RSV G protein binds specifically to heparin, after which a linear heparin binding domain was identified (Feldman et al., 1999; 2000). Wyde et al. (2004) have shown that hMPV infection is also inhibited by heparin, suggesting that cellular attachment of this virus may also be mediated by a G protein-GAG interaction.

Thammawat et al. (2008) therefore decided to adopt a similar experimental approach as used for RSV in order to determine the role of GAGs in hMPV infection. In addition, they used recombinant G proteins and mutants to characterize functional domains in the hMPV G protein involved in this interaction.
Firstly, using a cell infectivity ELISA, Thammawat et al. (2008) discovered that hMPV infection was inhibited by soluble heparin by about 60%. Then, to examine if hMPV G protein plays a role in infectivity by binding to cellular GAGs, they expressed a recombinant hMPV-G protein consisting of the extracellular domain of the hMPV G protein subtype B2 in P. pastoris. When the purified recombinant G protein was applied to a heparin agarose column, the hMPV G protein was found to bind to this column and was detected in the elution fractions, indicating that hMPV G protein binds to heparin. 

Next, the ability of the G protein to bind directly to cells was examined by incubating HEp-2 with increasing concentrations of biotinylated protein. Thammawat et al. found that G protein binds to HEp-2 cells in a saturable manner, and that this binding was inhibited by about 70% with an eightfold excess of unlabeled G protein and 90% with soluble heparin, which confirms the specificity of G protein binding.
As a consequence of these results, the effect of other soluble GAGs on hMPV infection and G protein binding were examined, including porcine intestinal HS, CS-A, CS-B, CS-C, and dextran sulfate. Treatment of HEp-2 cells with these GAGs inhibited hMPV infection in a dose-dependent manner, while the pretreatment of virus with unsulfated dextran had no effect. In addition, when HEp-2 cells were incubated with biotinylated G protein in the presence or absence of HS, CS-A, CS-B, CS-C, dextran sulfate, or dextran, the binding of G protein was inhibited by all of these molecules, except dextran, in a dose-dependent manner, with 70 to 80% maximal inhibition observed.
Considering that dextran was not able to markedly inhibit hMPV infection and G protein binding of HEp-2 cells, whereas dextran sulfate was able to provide an inhibitory effect, an important role for sulfate groups in hMPV infectivity and G protein binding has been indicated. This is similar to RSV, where dextran sulfate but not dextran has also been able to efficiently inhibit RSV infection (Hallak et al., 2000).
On the other hand, the broad range of GAGs that can inhibit hMPV infection stands in contrast to RSV, where only cell surface glycans containing iduronic acid (HS and CS-B) but not GAGs lacking iduronic acid (CS-A, CA-C, and hyaluronic acid) can inhibit infection (Hallak et al., 2000). 

In order to confirm that cell surface GAGs are involved in hMPV infection, the effect of removing cellular GAGs by treatment with heparinase I, heparitinase, or chondroitinase ABC, was examined. Heparinase I cleaves highly sulfated domains of both heparin and HS, while heparitinase specifically cleaves HS within poorly sulfated domains (Hallak et al., 2000; Linhardt et al., 1999; Techaarpornkul et al., 2002). They found that heparinase I inhibits infection by 90%, while heparitinase inhibits infection by 97%. Chondroitinase ABC inhibited virus infection by 56%. To extend on these findings, G protein binding to GAG lyase-treated cells was also examined. All enzymatic treatments inhibited the binding of G protein to HEp-2 cells. These results together confirm that cellular GAGs play a role in hMPV infectivity, which may be mediated by an effect on G protein.
As Hallak et al. (2000) and Techaarpornkul et al. (2002) have demonstrated that the linkage of heparin sulfate groups is important in RSV infection, Thammawat et al. decided to determine the roles of N-sulfated and O-sulfated GAGs in hMPV infection by studying the effect of chemically modified heparin with N-sulfate groups replaced by N-acetyl groups or heparin in which O-sulfated groups had been removed. They found that de-O-sulfate heparin largely retained its ability to inhibit infection, while inhibition by de-N-heparin was markedly reduced. Similar results were obtained when the effect of modified heparins on G protein binding was examined. These results suggest that the N-sulfated domains of heparin are more important in mediating hMPV-cellular GAG interactions than O-sulfated domains. 

To determine the role of iduronic acid in hMPV infection, HEp-2 cells were pretreated with bFGF, which binds specifically to GAGs containing iduronic acid (Hallak et al., 2000; Techaarpornkul et al., 2002; Teng et al., 2001). bFGF was able to inhibit hMPV infection and binding of G protein in a dose-dependent manner.
To confirm that the interaction of G protein and cells is mediated via cellular GAGs, the binding of biotinylated G protein to CHO cells was compared to binding to mutant CHO-pgsA745 cells, which lack xylosyltransferase activity and are therefore deficient in cellular GAGs (Esko et al., 1985). They found that G protein bound to wild-type CHO cells in a dose-dependent manner, but not to GAG-deficient cells. 
Eventually, Thammawat et al. were able to identify two adjacent regions of positively charged amino acids that were considered potential heparin binding sites (149EKKKTRA155 and 159QRRGKGKE166). Two truncated G fragments (hMPV-G1 and hMPV-G2) were cloned and expressed in P. pastoris, and the first fragment (hMPV-G1), which lacks the putative heparin binding sites, did not bind to heparin, whereas the hMPV-G2 fragment, which contains both positively charged regions, did bind to heparin.
Alanine substitutions of selected residues were then made in the two positively charged clusters, and alanine substitutions in the first cluster showed a substantial, but not complete, loss of binding to heparin, whereas substitutions in the second cluster abolished all heparin binding. This indicates that the second cluster on G protein is essential for binding. The results were similar when the binding ability of the two clusters to HEp-2 cells was tested.

Regarding the RSV G protein, this protein contains a lysine-rich region (Langedijk et al., 1996), of which the peptides can bind to heparin, and pretreatment of cells with these peptides inhibits infectivity (Feldman et al., 1999). Given these results, electrostatic interactions appear to be important in protein binding to cellular GAGs for both hMPV and RSV.
Lastly, the effect of treating cells with G protein prior to inoculation was tested, and revealed that recombinant hMPV-G protein inhibited virus infection of HEp-2 and LLC-MK2 cells by 80 and 68%, which confirms the role of G protein and GAGs in hMPV infection. However, the inability of G protein to inhibit hMPV infectivity to the level observed with competing GAGs suggests that the more complete inhibition also reflects GAG interactions with other virion proteins, which is most probably the F protein (Thammawat et al., 2008).
Despite current achievements, the identification of the specific cellular receptor for hMPV is still under further investigation. It is not actually clear yet whether the binding of hMPV to GAGs is specific or related to nonspecific electrostatic interactions, or whether it is part of the first step in a multivalent receptor process.
Human Parainfluenza Virus (Respirovirus)
This paramyxovirus is part of the Paramyxovirinae subfamily and belongs to the genus Respirovirus. It has two spike glycoproteins embedded in its envelope, namely the hemagglutinin-neuraminidase (HN) glycoprotein and the fusion (F) glycoprotein. Human parainfluenza virus type 1 (hPIV-1) is the cause of most cases of laryngotracheobronchitis (croup) in children, and human parainfluenza virus type 3 (hPIV-3) is second only to RSV as a cause of pneumonia and bronchiolitis in infants younger than 6 months old (Collins et al., 1996; Murphy, 1998). The parainfluenza viruses replicate in the epithelium of the upper respiratory tract from where they spread to the lower respiratory tract. As a result, epithelial cells of the small airways become infected, which is followed by the appearance of inflammatory infiltrates.
The first step in the current model of parainfluenza virus infection is the binding of HN to its sialic acid-containing receptor on target cells (Markwell et al., 1991; Scheid et al., 1972; Tozawa et al., 1973). It is believed that both sialoglycoproteins (Suzuki et al., 1984; Wybenga et al., 1996) and gangliosides (Holmgren et al., 1980; Markwell et al., 1980, 1981, 1986; Suzuki et al., 1985; Umeda et al., 1984) can act as viral receptors. Upon binding its ligand, HN then possibly undergoes a conformational change that, in turn, triggers a conformational change in F protein to release the hydrophobic fusion peptide (Lamb et al., 1993). In fact, structural studies of HN have actually revealed that binding to sialic acid induces its conformational change (Crennel et al., 2000).
From the respiroviruses, the receptor determinants have only been characterized in detail for Sendai Virus (SV) (see pp. 14-17). To recapitulate, SV binds to both ganglio-series (Galβ1-3GalNAc containing) and neo-lacto-series (Galβ1-4GlcNAc containing) gangliosides with terminal NeuAcα2-3Gal as isoreceptors (Holmgren et al., 1980; Markwell et al., 1980, 1981, 1986; Suzuki et al., 1985; Umeda et al., 1984). Even though the deduced amino acid sequences of the HNs of hPIV-1 and hPIV-3 are similar to that of the HN of SV (e.g. 72 and 62% identical, respectively) (Gorman et al., 1990; Morrison et al., 1991), there is still little information about the receptor specificities of human parainfluenza viruses. 
Role of gangliosides in hPIV infection

Suzuki et al. (2001) therefore decided to use the receptor specificities of SV for exploring the abilities of hPIV-1 and hPIV-3 in binding to different types of gangliosides. They first determined whether human respiroviruses recognize receptors different from those bound by SV. Ganglioside mixtures isolated from bovine, human placenta and human meconium were tested for their reactivity with SV, hPIV-1 and hPIV-3 using chromatography and immunostaining. SV bound strongly to purified NeuAcα2-3PG, NeuAcα2-3I containing terminal NeuAcα2-3Gal, and the human placenta ganglioside mixture (containing the neolacto-series ganglioside with terminal NeuAcα2-3Gal), a smaller amount bound to the bovine brain ganglioside mixture (containing the ganglio-series gangliosides GD1a, GT1b and GQ1b), and weak binding was present to the human meconium (containing neolacto-series gangliosides with terminal NeuAcα2-6Gal). 
In contrast, hPIV-1 and 3 only bound to purified NeuAcα2-3I and gangliosides from the human placenta. Interestingly, hPIV-3 recognized the gangliosides from the human meconium, but hPIV-1 did not. For the rest, hPIV-1 and 3 did not bind any of the other gangliosides tested. This suggests that hPIV-1 and 3 recognize only limited types of neolacto-series gangliosides as receptors, whereas SV can bind to various types of neolacto- and ganglio-series gangliosides.
Further binding properties were evaluated by use of a solid-phase binding assay with microtiter plates coated with various purified gangliosides. Suzuki et al. found that the two human viruses preferentially bound to NeuAcα2-3I but not to any of the ganglio-series gangliosides tested, i.e. GQ1b, GT1b, GD1a or GM3. In addition, they bound to NeuAcα2-3i and NeuAcα2-3PG containing NeuAcα2-3Gal; however, these binding reactions were weaker than those with NeuAcα2-3I.

As NeuAcα2-3I contains N-acetyllactosaminoglycans (blood group I-type antigens) in its core structure, and NeuAcα2-3i and NeuAcα2-3PG do not, Suzuki et al. subsequently decided to determine the core structure of gangliosides recognized by the respiroviruses. Erythrocytes from different animal species whose oligosaccharide compositions of glycoproteins and glycolipids vary (Ito et al., 1997) were used. hPIV-1 and 3 did not agglutinate equine erythrocytes, which are rich in sialic acid linked to Gal through an α2-3 linkage (Ito et al., 1997). It therefore appears that equine erythrocytes do not contain the oligosaccharide core structure that hPIV-1 and hPIV-3 recognize. 
In order to characterize the oligosaccharide core of various erythrocytes, reactivity with human anti-I serum and biotin-labeled R. communis agglutinin was determined using FACS analysis. It was found that equine erythrocytes contain practically no blood group I-type antigens, whereas erythrocytes of humans, cows, and guinea pigs contained blood group I-type antigens with sialic acids. These results agree with the findings of the solid-phase binding assays, which showed that branched N-acetyllactosaminoglycans make up an important part of the receptors recognized by hPIV-1 and 3. 
As human viruses preferentially bind to α2-6-linked NeuAc, whereas avian and equine viruses prefer the α2-3 linkage, Suzuki et al. decided to test whether parainfluenza viruses show any preference for the terminal sialic acid sequence (i.e. the molecular species of sialic acid and its linkage to Gal). Using a solid-phase binding assay, they found that hPIV-3 strongly bound to NeuAcα2-6I, while hPIV-1 did not bind to NeuAcα2-6I or NeuAcα2-6PG. Then, using a TLC virus overlay assay, they showed that hPIV-3 bound to both NeuAcα2-3I and NeuGcα2-3I. In contrast, hPIV-1 did not bind to NeuGcα2-3I. However, when a solid-phase binding assay was used, hPIV-1 did bind to NeuGcα2-3I, albeit weakly, but with a similar strength as hPIV-3. This difference might have been due to a difference in sensitivity of the binding assays. 
Suzuki et al. also tested the binding specificities of hPIV-1 clinical isolates in order to establish whether preferential binding to NeuAcα2-3I is the general character of hPIV-1. They found that all of the isolates bound to NeuAcα2-3I but not to other gangliosides containing a NeuAcα2-6Gal linkage. These results indicate that hPIV-1 preferentially recognizes N-acetyllactosaminoglycans with a terminal NeuAcα2-3Gal linkage, and that binding to NeuAcα2-6Gal-containing receptors is not a requirement for infection and maintenance in a human population. However, the fact that hPIV-1 causes only mild infection limited to the upper respiratory tract may actually be explained by this lack of binding to NeuAcα2-6Gal-containing receptors.
Lastly, it was also important to test the ability of the gangliosides to inhibit viral infection. The respiroviruses were preincubated with different types of gangliosides before their adsorption to LLC-MK2 cells. NeuAcα2-3I showed the strongest binding to respiroviruses, and was able to inhibit infection by each virus in a dose-dependent manner. NeuAcα2-6I and NeuGcα2-3I inhibited hPIV-3 infection; however, NeuAcα2-6I did not prevent hPIV-1 infection. These results agree with the above findings for binding specificities as determined by solid-phase binding assays.
It can be concluded that in contrast to SV, hPIV-1 and hPIV-3 do not bind to ganglio-series gangliosides, which suggests that instead they recognize the oligosaccharide core and the terminal sialic acid. To be specific, hPIV-1 and hPIV-3 preferentially recognize oligosaccharides containing branched N-acetyllactosaminoglycans with terminal NeuAcα2-3Gal as receptors, and that hPIV-3 also recognizes NeuAcα2-6Gal- or NeuAcα2-3Gal-containing receptors. Interestingly, as hPIV-1 and 3 preferentially bind to blood group-I type gangliosides containing lactosamine-repeating units, these viruses may also use sialylglycoproteins as host cell receptor determinants, such as GP-2, in addition to neolacto-series gangliosides.
Discussion
So far, it has been established that RSV G protein binds to GAGs, specifically HS and CS-B, but also that the F protein on its own is able to determine the specificity of entry with G protein only enhancing the efficiency of F-mediated entry. Even though Hallak et al. suggest that HS or CS-B is a specific receptor for RSV, there is no definite receptor known yet beyond these speculations. However, in order to progress to further speculations on potential RSV receptors, would it be useful to look at other members of its family? 

One important aspect of the members of the Paramyxoviridae family is that they do not all use the same receptors for attachment, for example, some use G protein and others use HN protein. In addition, there is actually no homology between the RSV G attachment protein and other Paramyxoviridae attachment proteins (H and HN) (Schlender et al., 2003). This means that even if the attachment protein of each Paramyxoviridae member binds to a specific host cell receptor, it is unlikely to provide useful information because the type of attachment receptor used is not consistent amongst the species. The only outer surface protein that the family members have in common is the F protein. Therefore, looking at other Paramyxoviridae to give further insight into potential RSV receptors will only be useful if the F protein is the one protein that utilizes a specific receptor in most, if not in all, of the Paramyxoviridae species. 
However, sometimes viruses across families employ the same receptor. For example, herpesviruses and picornaviruses can both use heparan sulfate proteoglycans as an initial attachment receptor, which means that relatedness does not necessarily determine the receptor used. Therefore, despite the fact that members of the Paramyxoviridae do not all possess the same surface glycoproteins, it is still possible that common receptors are utilized.
One important difference between RSV and Paramyxovirinae is that for the latter, the glycoproteins H and HN are essential as receptor binding proteins and for triggering conformational changes in the F protein (Dutch et al., 2000), whereas the RSV F protein can initiate virus infection in the absence of the attachment G (and SH) protein (Schlender et al., 2003). This implies that the RSV F protein could have a completely different mechanism to the fusion proteins of other members of the family and that comparison might therefore be futile to begin with.
To date, some of the Paramyxoviridae, such as hMPV, have already been implicated in GAG-binding. However, it is unlikely that cellular GAGs are the main determinants of species-specific infection by these viruses, and more species or cell specific receptors must be implicated in infection as well. So far, specific receptors have only been identified for several Paramyxoviridae, such as the Nipah Virus (ephrinB2), Measles Virus (SLAM/CD46) and Sendai Virus (specific gangliosides, such as ASGP-R). Unfortunately, these receptors are completely unrelated and therefore no distinct pattern has emerged from the information obtained.
The virus most closely related to RSV is hMPV as they have the same surface glycoproteins. Unfortunately, very little is still known about the binding mechanisms of hMPV, and an experimental approach used for RSV was actually adopted by Thammawat et al. (2008) in order to elucidate the role of GAGs in hMPV infection. Therefore, hMPV could eventually serve as a model for RSV, however, advances in research currently appear to be more progressed in RSV than hMPV and it is therefore unlikely that we can learn something from hPMV to date.  
It thus seems that this incomplete picture regarding virus binding mechanisms is common to a large part of the family, and not just to RSV. This means that a lot of research still needs to be done on many of the Paramyxoviridae, and eventually, when more information has been obtained, it might be possible that more apparent patterns will arise that can provide clues for uncovering even more information on other Paramyxoviridae. However, so far, too little receptor mechanisms are known and thus no distinct pattern exists in order to be very useful to further research on RSV receptors.
Nonetheless, a possible hypothesis, which has also been suggested by several authors, for example, by Hallak et al. (2000), Schlender et al. (2003) and Ferreira et al. (2004), is that the H, HN and G attachment receptors first bind to the more general GAGs, which then allows conformational changes of F protein to occur, after which this protein is able to bind to a specific receptor on the host cell. Therefore, for some of the viruses, the H, HN and G proteins might function mainly to bind nonspecifically to the host cell, bringing F protein in closer proximity to the cell surface receptors, as well as initiating conformational changes, which ultimately enables F protein to bind to its specific receptor on the cell surface. 
This hypothesis specifically supports the observations made by Schlender et al. (2003) that the F2 subunit in particular determines the specificity of host cell entry, and that the G protein merely facilitates infection in a non-species-specific manner. It appears that the F protein is not completely dependent on the G protein for binding to its specific receptor, and virions possessing the F protein will actually be able to do so simply by coming into very close proximity to the cell. Of course, this is not very efficient and infection of human PBLs, as observed by Schlender et al., was therefore only 20%. 

However, the additional presence of G means that the chance of the F protein coming into close contact with its specific receptor is increased because the G protein can bind nonspecifically to GAGs, which are probably expressed more abundantly on the cell and do not need a conformational change to allow for easy binding, bringing the entire virion close to the host cell, thus facilitating infection. In other words, the chance of G protein binding aspecifically to GAGs is higher than the chance of F protein binding to its specific receptor. This lies in concordance with the fact that 60% of human PBLs were infected when G protein was added to the construct, in addition to F protein.
Even though the F protein determines the specificity of RSV and its specific receptor is therefore more likely to be isolated when studying this protein in particular, it might actually be useful to focus on F in combination with G, mainly due to its ability to enhance infection, which simulates an in vivo scenario more closely. 
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