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ABSTRACT. The term 'receptor' is generally accepted as the cell-surthce component that participates in virus binding and facilitates 

subsequent viral infection. Recent advances in technology have permitted the identification of several virus receptors, increasing our 

understanding of the significance of this initial virus-cell and virus-host interaction. Virus binding was previously considered to 

involve simple recognition and attachment to a single cell surface molecule by virus attachment proteins. The classical concept of these 

as single entities that participate in a lock-and-key-type process has been superseded by new data indicating that binding can he 

a multistep process, often involving different virus-attachment proteins and more than one host-cell receptor. 
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Abbreviations: 

AchR acetylcholine receptor HPTLC 

ASFV African swine fever virus ICAM 

Bgp biliary glycoprotein JEV 

BHK baby hamster kidney LDLR 

BVDV bovine viral diarrhea virus LESTR 

CAR coxsackie and adenovirus receptor 

CCR, CXCR chemokine receptors LFA 

CD cluster of differentiation MCAT 

CDR complementarity-determining region MHC 

CEA carcinoembryonic antigen MHV 

CHO chinese hamster ovary MuLV 

EMC encephalomyocarditis NA 

DAF decay accelerating factor PHA 

F fusion protein PRCV 

FMDV foot-and-mouth disease virus PVDF 

GaLV gibbon ape leukemia virus RCA 

GD 1 ganglioside D 1 RGD 

GNA Galanthus nivalis agglutinin SFV 

HA hemagglutinin SIN 

HAV hepatitis A virus SIV 

HBV hepatitis B virus TBE 

HCV hepatitis C virus TGEV 

HHV human herpesvirus VCAM 

HIV human immunodeficiency virus VEE 

HLA human leukocyte antigen VLA 

HN hemagglutinin-neuraminidase WGA 

HSV herpes simplex virus 

high performance thin-layer chromatography 

intercellular cell-adhesion molecule 

Japanese encephalitis virus 

low-density lipoprotein receptor 

leukocyte derived seven-transmembrane domain 

receptor 

leukocyte functional antigen 

murine cationic amino acid transporter 

major histocompatibility complex 

mouse hepatitis virus 

murine leukemia virus 

neuraminidase 

phytohemagglutinin 

porcine respiratory coronavirus 

polyvinylidenedifluoride 

regulator of complement activation 

arginylglycylasparagine 

Semliki forest virus 

Sindbis virus 

simian immunodeficiency virus 

tick-borne encephalitis 

transmissible gastroenteritis virus 

vascular cell-adhesion molecule 

Venezuelan equine encephalitis 

very late antigen 

wheat-germ agglutinin 

I I N T R O D U C T I O N  

Despite the importance o f  virus receptors,  the identities and host-cel l  functions o f  re la t ively few are 

presently known or  widely  accepted.  In addit ion,  there is only scant information avai lable concern ing  the 

molecular  mechanisms that underlie virus binding and entry. The earl ier  v iew that v i rus - recep to r  interactions 
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resemble the interactions of  simple ligands with their receptors has gradually given way to a view of a more 

dynamic multistep process. This means that initial binding might be followed by a secondary binding step 

involving other sites or components on the virus and the host-cell membrane. The secondary interactions 

might strengthen adhesion and permit penetration either by direct fusion or endocytosis. Initial binding bet- 

ween virus and host-cell membrane receptor is usually followed by major rearrangement of both counterparts. 

Cellular signaling pathways may participate in endocytotic processes required by some viruses for entry. 

Fusion of some viruses with a membrane changes its fluidity, permeability and other physical characteristics 

and may result in cell damage or even death, especially in case of enormous local viral load. 

In addition to the fundamental biological and clinical importance of virus receptors, they are also of 

practical significance because the rational design of drugs that inhibit virus-receptor interactions at the 

points of virus attachment or entry provides a novel approach to the therapeutic treatment of virus diseases. 

Although attempts to understand the growth of viruses in cells has occupied much of the efforts of 

virologists in recent years, viruses are still among the major causes of human and animal disease. The speci- 

ficity of virus-receptor interactions clearly affects the species specificity of  virus infection, and in some 

instances may be an important determinant of viral tissue tropism. An understanding of  the molecular basis 

of host specificity, vector competence, and tissue tropism of a particular virus would be greatly facilitated by 

a better understanding of virus-receptor interactions. 

This review emphasizes receptors for major groups of animal viruses. We provide the reader with 

some information about recent progress in receptor research, focusing mainly on new discoveries in this 

rapidly growing area. 

2 GENERAL TECHNIQUES FOR RECEPTOR IDENTIFICATION 

Several common approaches have been used in the past to identify viral receptors, including new 

progressive techniques. 

The availability of recombinant DNA technology and monoclonal antibodies provided powerful 

approaches to identification of  virus receptors. A common approach is to screen monoclonal antibodies 

against cell-surface antigens and determine whether any of the antibodies protect cells against viral infection. 

Virus overlay assays are often used to identify molecules, be it proteins or glycolipids, that are able to bind 

viral particles or purified viral proteins. The proteins of a cell or its membrane are separated by gel electro- 

phoresis, transferred to a solid support (nitrocellulose or PVDF membrane) and overlaid with the virus to 

determine whether the virus binds to any of the separated proteins. Similarly, glycolipids are separated on 

a thin-layer chromatogram (HPTLC) and overlaid with virus (Karlsson and Stromberg 1987). Glycolipids 

also can be incorporated into liposomes and then tested for their ability to bind the virus. The receptor 

activity of any polypeptide or glycolipid so identified can be confirmed by the other methods available. An 

anti-idiotypic antibody made against a monoclonal antibody which interacts with a virus at the site of virus 

binding to the host cell surface may provide an internal image of the cell attachment site and provide 

a reagent to identify the cellular receptor. Anti-idiotypic antibodies have proven useful in the identification of 

cellular receptors for polyomavirus, reovirus type 3, leukemogenic retrovirus, Sindbis virus and others (Ubol 

and Griffin 1991; Ardman et al. 1985; Kauffman et al. 1983; Marriot et al. 1987; Noseworthy et al. 1983). 

One of the most convincing methods is to transfer the gene for a potential receptor into a non per- 

missive cell line and demonstrate that the cell acquires the ability to bind the virus and be infected by it. 

Recent progress in receptor research supports our opinion that several independent approaches must 

lead to the same 'receptor' molecule before one can conclude, with some degree of certainty, that the mole- 

cule in question is a viral receptor. Virions are made of many identical molecules; therefore, even weak, 

nonspecific interactions may be strengthened by several orders of magnitude in the case of binding to a poly- 

meric counterpart with good conformational flexibility. Moreover, many viral-surface glycoproteins are 

extensively glycosylated and, therefore, may be proper targets for ubiquitous lectins, which may complicate 

the assays used. Indeed, many 'receptors' had a rather short 'half-life'. Thus, any definitive conclusions in 

receptor research must be done with extra care. For instance, apparent lack of saturable binding sites on the 

cell may in fact not necessarily mean the lack of receptors; binding of viruses to abundant proteoglycans 

(heparin, heparan sulfate) explains the inability of some viruses to saturate the binding sites on cells. Indeed, 

saturability may appear if ionic strength of incubation media increases. 
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3 NATURE OF VIRUS-RECEPTOR INTERACTIONS 

Members of the same virus family or even genus do not necessarily have similar receptors. Some of 

them recognize more than one receptor. This property appears to be common rather than exceptional. Multi- 

ple receptors could be co-receptors and act together either to modulate each other or to contribute comple- 

mentary functions. Alternatively, the receptors might act sequentially. Virus binding might be analogous to 

adhesion of lymphocytes to endothelium, which involves rapid binding to one receptor to capture the lym- 

phocyte followed by slower binding to a second receptor (Lawlence and Springer 1991). 

Some aspects of early events in virus-host-cell interaction have been reviewed (Haywood 1994). 

Present data suggest that binding is followed by a cascade of interactions that include changes in the nature 

of the binding and in the structure of the virion, but precise details and sequence of events are not yet fully 

understood. 

For most viruses, attachment to cell membranes via an interaction with cell surface proteins is the 

primary determinant of tropism, and many viral receptors are now well characterized. Echoviruses 1 and 8 

use integrin et2131 (VLA-2) (Bergelson et al. 1992); the Ctvl33/!35 integrins function as secondary receptors for 

adenovirus (Wickham et al. 1993); cytomegalovirus (Price 1994) and simian virus 40 (Breau et al. 1992) 

bind to MHC I proteins. Recently, Evander et al. (1997) reported identification of the ct 6 integrin as a can- 

didate receptor for papillomaviruses. 

Viruses with protein receptors usually have narrow host ranges and often a limited tissue tropism. 

A wide host range could result from using a highly conserved receptor that has domains invariant among the 

different organisms infected, or from using more than one protein as receptor, or both. Arthropod-borne 

alphaviruses and flaviviruses may serve as examples. 

At least two distinct pathways evidently operate in the entry of enveloped viruses into animal cells. 

Some viruses penetrate the cell by direct fusion of the viral envelope with the plasma membrane. Paramyxo- 

viruses, for example, fuse directly with the cellular plasma membrane under physiological conditions (Poste 

and Pasternak 1978). Other viruses fuse with plasma membranes only at a nonphysiologically, low pH level 

(Gonzales-Scarano et al. 1984; Helenius et al. 1980; Matlin et al. 1981; White et al. 1981). The second path- 

way for enveloped virus entry involves cellular uptake by endocytosis (Marsh and Helenius 1980; Marsh et 

al. 1982, 1983). 

Endocytosed virions travel to membrane-bound intracellular compartments where acidic conditions 

are maintained (Okhuma and Poole 1978; Tycko and Maxfield 1982). The low pH of this cellular compart- 

ment apparently facilitates fusion between the viral envelope and the vesicle membrane and results in release 

of the nucleocapsid into the cytoplasm. 

The involvement of cellular host factors other than cell-surface receptors in permissiveness to viral 

infection has been documented extensively. For instance, mouse cells expressing the HIV receptor CD4 are 

not permissive to HIV replication (Maddon et al. 1986; cf. Simeoni et al. 1998), and mouse and Chinese 

hamster ceils expressing decay-accelerating factor CD55 are not susceptible to infection with echovirus 7 and 

related viruses (Ward et al. 1994). 

Some retroviruses and most negative-stranded RNA viruses are known to incorporate cellular actin 

into the virion, which may account for 1-2 % of the total virion proteins. In addition, heat-shock protein 70 

and actin-binding band 4.1 superfamily proteins have been shown to incorporate themselves into many nega- 

tive-stranded RNA viruses (Sagara and Kawai 1992; Naito and Matsumoto 1978; Sagara et al. 1995). Their 

potential role in virus entry and/or maturation as well as their possible signaling ability remains questionable. 

Several reviews concerning animal viruses have appeared during the past few years (Haywood 

1994; Wimmer 1994; Norkin 1995; Weiss and Tailor 1995). 

4 RECEPTORS 

4.1 Picornavir idae 

For viruses transmitted in blood or gastrointestinal luminal contents, as in the case of hepatitis A virus 

(HAV), the initial binding should ideally effect rapid docking of the virus on the host cell. In this case, the 

binding rate may be more biologically relevant than affinity; thus, a virus might initially bind weakly to an 

abundant receptor and then, by alternately making and breaking this weaker bond interaction, browse over 

the cell surface until it finds a second high-affinity receptor. 

The recent report by Kaplan and colleagues (1996) represents the first significant step toward suc- 

cessfully identifying the functional receptor that mediates HAV infection. They have identified an attachment 
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receptor for HAV, termed HAVcr-I, which appears to be a novel mucin-like class-I integral membrane 

glycoprotein. This molecule contained a cysteine-rich region with homology to the variable domains of mem- 

bers of the immunoglobulin superfamily. As the HAVcr-l-like mucins appear to be ubiquitous on the cell- 

surface membrane, a model of a coreceptor or cofactors may be needed to explain the tropism of HAV for 

hepatocytes. Indeed, the almost universal presence of these mucin-like proteins on ceils could itself explain 

the earlier observations of the ubiquitous nature of binding of  HAV to a wide range of  cell types. 

Previous studies have shown that HAV binds to a wide range of cultured cells in a calcium-depen- 

dent manner. 

Further characterization of the HAVcr-I, its distribution and interaction with the HAV virion will 

help us to better comprehend the mechanisms of replication and pathogenesis of  this unique picornavirus. 

Encephalomyocarditis (EMC) virus belongs to the genus Cardiovirus of the Picornavirus family. 

The attachment molecule for EMC virus on human erythrocytes is glycophorin A, the major sialoglycopro- 

tein of the erythrocyte surface membrane, and sialic acid is the residue involved in the virus binding (Alia- 

way et al. 1986; Tavakhol and Burness 1990). However, human erythrocytes do not support EMC virus growth, 

in contrast to a number of human nucleated cells in which the virus readily replicates (Jungeblut and Kodza 

1957; McClintock et al. 1980; Pardoe et al. 1990). Madin-Darby bovine kidney cells do not express glyco- 

phorin A and are resistant to the EMC virus infection. However, transfection of  the cells with glycophorin A 

cDNA results in expression ofglycophorin on the cell surface, and cells become susceptible to infection with 

EMC virus (Grewal et al. 1991). Vascular cell-adhesion molecule 1 (VCAM-I) has been identified as a re- 

ceptor for the D strain of  EMC virus on murine vascular endothelial cells derived from heart (Huber 1994). 

Jin et al. (1994) identified 70-kDa sialoglycoprotein molecule(s) other than glycophorin A on the surface of 

HeLa and K562 cell lines serving as EMC receptor. 

Members of either the immunoglobulin or integrin superfamily are known to function as receptors 

for several picornaviruses. The poliovirus receptor (Mendelsohn et al. 1989), the major group human rhino- 

virus receptor (ICAM-I) (Greve et al. 1989; Staunton et al. 1989; Tomassini et al. 1989), and the receptor 

for the D variant of encephalomyocarditis virus (VCAM-1) (Huber 1994) are all members of the immuno- 

globulin superfamily. The receptor for echovirus types 1 and 8 has been identified as VLA-2 (Bergelson et 

al. 1992, 1993), and vitronectin receptor has been identified as a receptor for CAV-9 (Roivainen et al. 1994). 

These two receptors belong to the integrin superfamily. 

Human enterovirus coxsackievirus A9 has been shown to utilize the vitronectin receptor integrin 

Cry!33 as a receptor on monkey kidney cells (Roivainen et al. 1994), although there is evidence that this virus 

may also utilize a non-RGD-dependent alternative receptor (Roivainen et al. 1996). 

Foot-and-mouth disease virus (FMDV) (Picornaviridae, Aphthovirus)  utilize the same receptor on 

several cell lines as coxsackie A virus (CAV-9) and its conserved integrin-binding RGD motif is essential for 

infectivity (Berinstein et al. 1995). Recent data provide evidence for the role of the vitronectin receptor as an 

FMDV cell receptor (Sharma et al. 1997). 

It was suggested that FMDV may use alternative RGD-dependent integrins, since it can bind and 

replicate in some cells where CAV-9 cannot (Berinstein et al. 1995). Furthermore, heparan sulfate has been 

shown to be required for efficient infection of cells in culture (Jackson et al. 1996). Mutant cell lines defi- 

cient in heparan sulfate were unable to support plaque formation by FMDV, even though they remained 

equally susceptible to another picornavirus, the bovine enterovirus. 

Echoviruses are nonenveloped single-stranded positive-sense RNA viruses belonging to the Entero- 

virus genus of the Picomaviridae family. They are associated with a range of clinical conditions, including 

diarrhea, rashes, and most notably viral meningitis, being responsible for about 30 % of cases. The cellular 

receptors for some enteroviruses have been identified. The receptor for poliovirus is a member of  the immu- 

noglobulin superfamily, the function of which is not yet known, and the receptor for echoviruses I and 8 is 

the integrin VLA-2, which normally binds collagen and laminin (Bergelson et al. 1992, 1993). Receptors for 

other picornaviruses have also been identified. These include the intercellular adhesion molecule 1 (ICAM-1) 

which is the receptor for the major group of human rhinoviruses, and members of  the low-density lipoprotein 

receptor family, which appear to function as receptors for the minor group of  human rhinoviruses (Hofer et 

a/. 1994). Decay-accelerating factor (DAF) has been identified as a cell receptor for echoviruses 7, 13, 21, 

29, and 33 (Bergelson et al. 1994). DAF is a member of the RCA (__regulator of  complement activation) gene 

family, which plays a role in down-regulation of complement activity at the cell surface (Nicholson-Weller 

1982). It interacts with the C3/C5 convertase enzymes, which are critical in both the classical and alternative 

complement pathways, with the result that the convertases are disassembled and thus inactivated. 

Other picornaviruses that are known to be able to use two different receptors in their entry are minor 

group rhinoviruses (Hofer et al. 1994). In cells expressing the low-density lipoprotein receptor (LDLR) this 
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protein is the receptor for the minor group of rhinoviruses. However, in LDLR-deficient fibroblasts the 

alternative receptor, ct2-macroglobulin receptor, mediates efficiently virus binding and entry. 

Xu et al. (1994) identified coxsackievirus B3 receptor from mouse brain as a glycoprotein of 

46 kDa. Sugar residues were not the direct binding sites for virus, as found for other picornavirus-receptor 

interactions (Crowell and Tomko 1994). 

cDNA clones expressing the murine homolog (mCAR) of the human coxsackievirus and adenovirus 

receptor (CAR) were isolated. Nonpermissive CHO cells transfected with mCAR eDNA became susceptible 

to infection by coxsackieviruses B3 and B4 and showed increased susceptibility to adenovirus-mediated gene 

transfer. These results indicate that the same receptor is responsible for virus interactions with both murine 

and human cells (Bergelson et al. 1998). 

The ubiquitous cell-surface molecule DAF is a major cell attachment receptor for eoxsackieviruses 

BI, B3, and B5. 

4.2 Alphavir idae 

Several investigators have identified potential alphavirus receptor proteins. Helenius et al. (1978) 

suggested that murine and human histoeompatibility antigens serve as alphavirus receptors. Ubol and Griffin 

(1991) identified two proteins of 110 kDa and 74 kDa that may serve the same function on mouse neuronal 

cells. Wang et at. (1992) suggested that the high-affinity laminin receptor functions as a receptor for SIN 

virus infection of BHK cells. 

The Venezuelan equine encephalitis (VEE) virus complex is a group of serologically related alpha- 

viruses. In nature, these viruses are transmitted between susceptible vertebrate hosts by a variety of mosquito 

species. 

The 32-kDa laminin-binding protein from the mosquito Aedes  albopictus C6/36 cell line is a likely 

candidate receptor for VEE (Ludwig et al. 1996). Other scientists have studied the characteristics of virus 

attachment to cells without attempting to identify the receptor molecule (Smith and Tignor 1980). 

Semliki forest virus enters the host cell by means of receptor-mediated endocytosis. It has been 

shown that cholesterol in the host-cell or a liposomal membrane is essential for fusion. Cholesterol-depleted 

cells retain their ability to bind, internalize and acidify the virus but are unable to undergo fusion and subse- 

quent replication. Other alphaviruses examined all appear to need cholesterol for fusion. It has been shown 

that this strict dependence on cholesterol for SFV fusion in addition requires sphingolipid in the target 

membrane (Nieva et al. 1994). Cholesterol is necessary and sufficient for the low-pH-dependent binding of 

the virus to the membrane, and the sphingolipid is confined to the actual fusion event. The low amounts 

needed for half-maximal fusion (10-20 mol/L), indicate that sphingolipids do not play a matrix role but 

rather are involved in a specific interaction with the fusion peptide. 

Laminin-binding proteins are ubiquitous, being found in cells from a variety of organs and tissues. 

Many forms of laminin-binding proteins with various biochemical characteristics have been identified (for 

review see Mecham 1991). The iaminin-binding proteins known as galaetoside-binding iectins are of par- 

ticular interest. These include 12-14-kDa, 31-35-kDa, and 67-kDa antigenically cross-reacting proteins. 

These represent receptors for SIN, VEE, and probably many other viruses with broad host range. 

4.3 Flaviviridae 

Japanese encephalitis virus (JEV), a member of the family Flaviviridae, is an important human 

pathogen that causes encephalitis in southeastern and far-eastern Asia. The entry of flaviviruses into cells 

occurs by an endocytotic mechanism. However, despite their extraordinary medical importance, receptors for 

flaviviruses remain unknown. JEV virus has been shown to bind to a 74-kDa molecule on the susceptible 

VERO cell line without further characterization (Kimura et al. 1994). 

At present, the best-known structural representative of the family Flaviviridae is the tick-borne 

encephalitis virus (TBE). The 3-D structure of its glycosylated surface protein E has been established (Rey et 

al. 1995). Its receptor-binding domain has the topology of the immunoglobulin superfamily proteins, being 

a constant-type fold (Bork et al. 1994). This is the first visualization of an lg-like domain in a viral structural 

protein. As there is considerable conservation of the amino acid sequence of the E protein across the flavivi- 

ruses, biological information from other viruses can be directly mapped to the TBE virus structure. 

Structurally, the glycoproteins of flaviviruses are obviously quite different from either influenza HA 

or alphavirus spikes. However, when they are triggered to penetrate a host cell, similarities emerge. Recent 

studies have shown that low pH causes the E homodimers to rearrange into homotrimerie assemblies (Rey et 

al. 1995). 
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Although the receptors for flaviviruses have not been identified, there is a remarkable RGD inser- 

tion in the FG loop of mosquito-borne flaviviruses, a characteristic motif of ligands for certain members of 

the integrin family of cell-surface receptors. We believe that this RGD motif plays a role in virus molecular 

ecology. Mosquito-borne viruses can be transmitted by ticks as well. 

Several attempts have been undertaken to identify TBE receptors. 'Anti-idiotype' polyclonal anti- 

bodies immunoprecipitated a 110-kDa protein from porcine kidney embryo cells, that Maldov et al. (1992) 

believed to be fibronectin. Virus overlay assays as well as monoclonal anti-idiotype antibodies were used by 

our group to approach this problem. Both techniques identified a dimeric molecule of 35-kDa composed of 

two noncovalently bound 18-kDa subunits on goose erythrocytes as well as on some susceptible cell lines. In 

addition, monoclonal anti-idiotypic antibodies, which mimic viral epitopes responsible for receptor binding, 

immunoprecipitated some additional membrane proteins. The anti-idiotypes used protect susceptible cell 

lines against viral infection in vitro and induce antiviral immunity in experimental animals (Kopecky et al. 

1999). 

Human VLA-3 integrin and 67-kDa nonintegrin laminin binding protein were identified as possible 

receptors for TBE on renal embryonal cells (Protopopova et al. 1997). 

A 65-kDa protein from susceptible mouse and human neuroblastoma cell lines has been identified as 

a possible receptor for Dengue 2 virus (Ramos-Castaneda et al. 1997). 

The bovine viral diarrhea virus (BVDV) is the prototype virus of the genus Pestivirus. Pestiviruses 

are pathogens of great economical importance for the farming industry. They infect pigs, sheep, cattle and 

a wide range of wild living even-toed ungulates. Multiple attachment sites for BVDV on bovine cells were 

identified using anti-idiotypic antibodies (Schelp et al. 1995). 

Hepatitis C virus (HCV) is a causative agents of chronic human infection. The HCV envelope pro- 

tein E2 binds human CD81, a tetraspanin expressed on various cell types including hepatocytes and B lympho- 

cytes. Binding of E2 was mapped to the major extracellular loop of CD81. Recombinant molecules contain- 

ing this loop bound HCV and antibodies that neutralize HCV infection in vivo inhibited virus binding to 

CD81 /n vitro (Pileri et al. 1998). 

4. 4 Coronaviridae 

Substantial progress has been made in the identification of molecules used by coronaviruses for 

gaining entry into cells. Several glycoproteins of the murine carcinoembryonic antigen family have been 

reported to be functional receptors for mouse hepatitis virus porcine enteric coronavirus (Williams et al. 

1991; Yokomori and Lai 1992). The transmissible gastroenteritis virus (TGEV) and human respiratory 

coronavirus 229E both utilize a membrane-bound metalloproteinase, the aminopeptidase N, as specific 

receptor (Delmas et al. 1992; Yeager et al. 1992). 

Porcine and human coronaviruses utilize aminopeptidase N as receptor but in a species-specific 

manner. Mouse hepatitis virus uses several rodent glycoproteins in the CEA family as receptors. In addition, 

some coronaviruses can interact with saccharide moieties on the cell surface. 

Sialic acid has been shown to serve as a ligand for binding of TGEV to erythrocytes. The virus is 

able to recognize N-acetylneuraminic acid but more efficient binding to receptors containing another type of 

sialic acid, N-glycolylneuraminic acid, was observed (Schultze et al. 1996). The biological importance of 

sialic-acid-binding activity is not known. Interestingly, a related virus, porcine respiratory coronavirus, lacks 

HA activity. Coronaviruses like TGEV are exceptional among enterotropic viruses because they contain 

a lipid envelope. Both TGEV and PRCV grow well in cell culture with aminopeptidase N as receptor (Del- 

maset al. 1992, 1993). 

Murine coronaviruses, such as mouse hepatitis virus (MHV) infect mouse cells via cellular receptors 

that are isoforms of biliary glycoprotein (Bgp) of the carcinoembryonic antigen gene family. The Bgp iso- 

forms are generated through alternative splicing of the mouse Bgp l  gene that has two allelic forms called 

MHVR (or mmCGMI), expressed in MHV-susceptible mouse strains, and mmCGM2, expressed in SJL/J 

mice, which are resistant to MHV (Dveksler et al. 1991, 1993). The Bgp2 member of the same family of 

glycoproteins has been shown to function as a less efficient receptor for MHV (N6dellec et al. 1994). CEA- 

related glycoproteins are expressed on epithelial surfaces of the gastroenteric and respiratory tracts, which 

are major portals for entry of viruses and other pathogens. There is a great variety of CEA-related glycopro- 

teins which are expressed by complex splicing patterns from many closely related genes. Given the complex, 

temporally regulated, and tissue-specific patterns of expression of the many similar CEA-related murine 

glycoproteins, defining the number of isoforms that can serve as MHV receptors and determining their roles 

in virus infection in vivo constitute an exciting challenge. 
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Bovine coronavirus isolates studied in some detail agglutinate erythrocytes of rodents and thus 

belong to the hemagglutinating coronaviruses. Uniquely, the envelope of these coronaviruses has three glyco- 

proteins. Acetylesterase activity is associated with E3 hemagglutinin (Vlasak et al. 1988). This virus pene- 

trates its host cell by direct fusion with the plasmalemma and does not require an acidic intracellular com- 

partment for infectious entry (Payne et al. 1990). 

4.5 Filoviridae 

Ebola, Marburg and Reston viruses are the members of the Filoviridae family of negative-strand 

RNA viruses with non-segmented genomes (Mononegavirales) besides the Paramyxoviridae and Rhabdo- 

viridae. Becket et al. (1995) observed that the asialoglycoprotein-receptor may serve as a primary receptor 

for Marburg virus in the liver, the main target organ for infection. Remarkably, binding of virus to hepatocyte 

cells was calcium-dependent. From their data it cannot be ruled out that a second, minor, receptor exists in 

hepatocytes, a receptor that may not necessarily be tissue-specific. Several cell lines and endothelial cells 

which lack the asialoglycoprotein receptor are able to support viral growth (Schnittler et al. 1993). 

4. 6 Rhabdovir idae 

Although binding of rabies virus to the e~-subunit of the muscle-type nicotinic acetylcholine receptor 

(AchR) has been demonstrated (Gastka et al. 1996), it remains unknown whether the AChR is an essential 

host-cell receptor in vivo. Other components of the cell surface might act as rabies virus receptors. These 

constituents include phospholipids or glycolipids, gangliosides, sialic acid and other saccharides. In BHK-21 

cells, the VOPBA showed specific rabies virus binding to a high-molar-mass "fibronectin-like" protein as 

well as at least four other proteins migrating between 66 and 200 kDa (Broughan and Wunner 1995). Rabies 

viruses probably utilize several types of cell receptors. 

4. 7 Paramyxovir idae  

Worldwide, measles is still a life-threatening disease, causing almost two million human deaths per 

year. The .tropism of measles virus (MV) (Paramyxoviridae, Morbil l iv irus)  is widespread, leading to infec- 

tion not only of epithelial cells of the respiratory tract and peripheral blood mononuclear cells but also of 

endothelial cells and cells in various organs, including the central nervous system. Studies in the past have 

suggested that the cell receptors for MV might be functionally associated with the substance-P receptor (Har- 

rowe et al. 1990, 1992) or the acetylcholine receptor (Yoshikawa et al. 1991). Two cell surface molecules, 

CD46 (Doting et al. 1993; Naniche et al. 1993) and moesin (Dunster et al. 1994), have been identified to be 

functionally associated with MV susceptibility. CD46 (membrane cofactor protein) is a classical transmem- 

brahe protein binding the complement proteins C3b and C4b and inhibiting complement lysis of host cells. 

The other putative receptor molecule, the membrane-organizing external spike protein, moesin, a member of 

the ERM (=ezrin, radixin, moesin) family of proteins was characterized as a heparin-binding protein which is 

localized mainly at the inner, but also at the outer, surface of the plasma membrane (Lankes and Furthrnayer 

1991; Lankes et al. 1988). The CD46-moesin complex is functionally involved in the uptake of MV into cells. 

Monoclonal antibodies against both constituents efficiently block infection with MV, but not with viruses as 

closely related as canine distemper virus in tissue culture. 

Although CD46 would appear to be the cell receptor for vaccine strains of MV, recently there has 

been an accumulation of data suggesting that CD46 does not play this role for MV wild-type strains 

(reviewed in Buckland and Wild 1997). 

Sendai virus, an enveloped paramyxovirus, possesses two surface glycoproteins, hemagglutinin- 

neuraminidase (HN) and the fusion protein (F). The virus fuses with the host-cell plasma membrane in a pH- 

independent way. It is likely that receptor binding by HN causes a conformational change that activates the 

F protein (Dallocchio et al. 1995). The following multistep mechanism was proposed for paramyxovirus 

entry into host cells. HN binds to the sialic acid receptor and undergoes a conformational change, to expose 

an allosteric site. This binds to F, resulting in the inhibition of neuraminidase and in strengthening of virus- 

cell binding. By interacting with HN, F undergoes a conformational change, exposing the N-terminal fusion 

peptide. Thus, the receptor-induced interaction of HN and F according to this model is analogous to the Iow- 

pH-induced conformational change undergone by influenza hemagglutinin. 

Using phospholipid liposomes and fusion with Sendai virus, it has been shown that fusion is par- 

ticularly sensitive to the presence ofganglioside GD1 a (Epand et al. 1995). 
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4.8 Orthomyxoviridae 

Influenza virus hemagglutinin (HA) is the viral surface glycoprotein responsible for host-cell attach- 

ment and membrane fusion. The molecule is trimeric and characterized by a long, triple-helical coiled coil 

that supports the globular lectin domains responsible for binding sialic acid-containing cell-surface receptors. 

X-ray crystal structures of the HA in complex with sialyllactose and several synthetic sialic acid derivatives 

(Sauter et al. 1992; Weis et al. 1988) have defined two (c~-2,3) sialyllactose-binding sites on each monomer 

that result in a three-fold symmetric array of six potential receptor-binding sites. Subunit multivalency is 

likely to play an important role in HA function. 

There exist three types of influenza virus, A, B and C. The ssRNA genome of type A and B virus 

encodes two surface glycoproteins, neuraminidase (NA) and hemagglutinin (HA), which interact with the 

same sugar, sialic (or neuraminic) acid. HA binding to sialic acid on the surface of the target cell is the first 

step of infection. NA hydrolyzes the terminal glycosidic bond of sialylated cell-surface glycoproteins, yield- 

ing free sialic acid. This process is thought to be important for the release of the virus from the cell surface 

and thus for propagation of the infection (Air and Laver 1989). 

The second glycoprotein spike on the virus is neuraminidase. The role of the essential viral enzyme 

may be to prevent viral aggregates by removing sialic acid from the virus envelope. Alternatively, it may 

release newly assembled virus particles from the cell surface, or remove sialic acids from, for example, 

mucin to lower the viscosity and allow the virus to reach the epithelial cells. 

An influenza virus A mutant that lacks neuraminidase activity has been shown to be infectious in 

cell cultures and when administered intranasally to mice (Liu et al. 1995). Formation of viral aggregates in 

the cell culture, which could be prevented by adding enzyme, was the only defect of the mutant that could be 

demonstrated. 

NA, a homotetrameric 240-kDa molecule, consist~ of a box-like head which is anchored to the virion 

membrane by a stalk. 

Influenza A and influenza B NA share less than 25 % sequence identity in the head region, yet the 

overall structures of the two enzymes are very similar. Also, the architecture of the active-site pocket and the 

binding mode of sialic acid are very well conserved, so that X-ray crystallographic studies on both viruses 

reached the same conclusions (Varghese et al. 1983, 1992; Baker et al. 1987; Burmeister et al. 1992). Despite 

knowledge of the structures of the sialic acid complexes, the enzymic mechanism of NA remains unclear. 

The crystal structure of the complex with sialyllactose, reported by Wiley and co-workers in 1988, 

defined the conserved and retracted receptor-binding site as being too narrow to be accessible for recognition 

by immunoglobulin molecules. 

With the ultimate aim of designing effective inhibitors of viral attachment, four high-affinity sialic 

acid analogs were determined in complex with hemagglutinin (Watowich et al. 1994). 

Binding to sialylated cell-surface receptors is a prerequisite for viral infection via fusion with the 

host cell membrane at the low pH of the endosome. However, the structures referred to cannot explain this 

phenomenon. The trimeric spikes that carry at their tips the receptor-binding sites have a length of 13.5 nm, 

which would seem to disqualify the membranes from any closer approach. Furthermore, the fusion peptide, 

which is assumed to insert into the host membrane, is located 10 nm from the distal tip and 3.5 nm from the 

viral membrane, and is buried in the spike. 

The atomic structure of a soluble fragment of the Iow-pH form of the hemagglutinin shows a massi- 

ve rearrangement, compared with the high-pH form, involving movement of the N terminus of the hem- 

agglutinin some 10 nm towards the target membrane (Bullough et al. 1994). However, hemagglutinin in this 

changed conformation still holds the two viral and host-cell membranes about 10 nm apart. A studyby Gyu et 

al. (1994) suggests that the long coiled-coil trimer of hemagglutinin may insert into membranes; further 

rearrangement of the peptide through melting into the lipid bilayer may finally bring the two membranes 

together and facilitate fusion. 

Huang et al. (1996) reported annexin V (33 kDa) to be needed for influenza A and B virus infectiv- 

ity, probably as a second receptor. The hemagglutinin binds to the first receptor, sialie acid, when the virus 

initially encounters the cell. Reaction with annexin probably occurs after the virus is drawn to its proximity 

by sialic acid. Annexins have been reported to fuse membranes at neutral pH. This occurs by a different 

mechanism than the acid-triggered fusion mediated by influenza virus hemagglutinin. It is of interest that 

hepatitis B virus and human cytomegaiovirus have also been shown to use annexins as receptors. 

Different virus variants have acquired a substrate specificity complementary to the hemagglutinin 

receptor specificity, with a parallel drift through evolution. Human influenza B virus isolates investigated 

during the period 1940-90 demonstrated a successive shift in preference toward a sialyl-6 over a sialyl-3 

linkage in glycolipids, both for hemagglutinin and sialidase (Xu et al. 1994). 
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In the case of influenza C virus, the hemagglutinin receptor is 9-O-acetyl-Neu5Ac, and the enzyme 

is an esterase. Madin-Darby canine kidney cells, which are resistant to infection, were made sensitive by 

enzymic transfer of 9-O-acetyl-Neu5Ac. However, transfer of the receptor analog (9-thioacetamido-Neu5Ac) 

did not result in infection but only in binding (Brossmer et al. 1993). The investigators concluded that the 

receptor-destroying enzyme plays an important role at the post-adsorption stage of the infection for this 

virus, possibly facilitating virus transfer from glycoproteins to glycolipids to afford closer contact between 

viral and host-cell membranes. Polyglycosylceramides, complex glycolipids containing up to 50 or more sugar 

residues, are recognized as the minor components of the cell surface membranes. However, a knowledge on 

their tissue distribution, structure and function is limited. The identity of the biological receptors for influ- 

enza viruses on the target cells, be they glycoproteins or glycolipids, nevertheless remains unknown. Prepa- 

rations of polyglucosylceramides from human erythrocytes were found to support binding of A and B 

influenza virus strains at a much lower concentration than sialyl-6-paragloboside and to be somewhat better 

receptors for these viruses compared to the sialylglycoprotein, fetuin (Matrosovitch et al. 1996). 

Fusion peptides structurally related to that of influenza HA are found in many other viral fusion 

proteins, including the F protein of Sendai virus (a parainfluenza virus), the E-protein complex of Semliki 

forest virus, and gp41 of human immunodeficiency virus. A putative fusion peptide is also present in PH-30, 

a protein involved in sperm-egg fusion. Putative fusion domains in the envelope glycoprotein of rabies and 

vesicular stomatitis viruses have been identified (Durrer et al. 1995). Although there are obvious parallels in 

the behavior of rhabdovirus glycoprotein and influenza virus HA, it is also important to refer to striking dif- 

ference that may be relevant in defining viral fusion mechanisms. In the case of rhabdoviruses, the confor- 

mational changes from the native toward the active and inactive conformation at low pH are completely 

reversible after readjusting the pH to above 7.0. 

An advanced knowledge about host cells receptors for influenza viruses help to explain the emer- 

gence of pandemic influenza viruses. Ito et al. (1998) showed that some avian-like swine influenza viruses 

acquired ability to recognize human virus receptors, raising the possibility of their direct transmission to 

hurnan populations. 

4. 9 Reov ir idae  

Rotaviruses belong to the Reoviridae family. These nonenveloped viruses have a complex icosahed- 

ral structure with two protein capsids and an inner core containing a segmented double-stranded RNA genome. 

The mechanisms ofrotavirus binding and penetration into cells are not fully understood. Attempts to identify 

rotavirus receptors have been made. Binding studies have revealed the presence of at least two families of 

putative receptors: one sialic-acid-dependent, for animal rotaviruses, the other sialic-acid-independent, for 

human rotaviruses (Fukudome et al. 1989; Keljo and Smith 1988; Mendez et al. 1993; Svensson 1992; 

Yolken et al. 1987). Rhesus rotavirus seems to bind to a large sialic acid-containing glycoprotein of brush- 

border membranes from suckling-mice enterocytes (Bass et al. 1991). The interaction between enveloped 

virions and biological membranes is believed to involve fusion between the lipid phases of both membranes. 

Such fusion, however, cannot take place with rotaviruses, which lack a lipid membrane. Rather, rotavirus- 

membrane interactions may be expected to involve only the readily exposed proteins of the outer capside and 

either the membrane lipids, membrane proteins, or both. Viral protein-membrane interactions have been 

shown to occur between rotaviruses and membrane glycosphingolipids (Willoughby et al. 1990) and between 

rotaviruses and liposomes (Nandi et al. 1992). Lipid composition, presence or absence of membrane pro- 

teins, may determine the kinetics of virus-membrane interactions. Protein-protein interactions of the ligand- 

receptor type have been found in African green monkey kidney cells and in murine enterocytes. Ruiz et al. 

(i 994) suggested that rotaviruses are capable of bypassing the membrane protein receptor to interact directly 

with membrane lipids in the different types of membranes assayed. Strong evidence that specific receptors 

can be bypassed has been presented by Mendez et al. (1993). They have shown the existence of at least two 

sites on the VP4 protein of animal rotaviruses: a sialic-acid-binding site in the VP8 moiety, and a sialic-acid- 

independent site that might involve the fusion peptide within VP5 (VP5 and VP8 are cleavage products of 

VP4). The first binding reaction is not necessary for infection, as demonstrated by the isolation by these 

workers of sialic-acid-independent mutants in which the interaction of VP8 with the membrane receptor can 

in fact be bypassed. 

However, like the wild-type viruses, the mutants were able to hemagglutinate in a sialic-acid-depen- 

dent manner, which was inhibited by adding sialidase or glycophorin. Several membrane glycoconjugates 

that contain sialic acid have been proposed as binding sites for animal rotaviruses in epithelial cells; how- 

ever, human rotaviruses are not dependent for their binding on the presence of sialic acids on target cells. 
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Both human and animal rotaviruses have been shown to bind to non-acid glycolipids, including ganglioside 

GgO4. Asialo-GMl mediates the binding ofrotavirus to polarized epithelial cells (Srnka et al. 1992). 

Rotavirus binding and entry is evidently a complex phenomenon that is still poorly understood. 

4. l O Re t rov i r idae  

Lentiviral infections have a number of clinical features in common: long incubation periods, persis- 

tence in the face of vigorous immune responses, multiorgan disease, and an invariably fatal outcome. The lenti- 

viruses can be divided into two groups on the basis of their tropism for different host cells. Equine infectious 

anemia virus, the ovine lentiviruses (including ovine progressive pneumonia viruses and maedi-visna virus), 

and the caprine lentiviruses (caprine arthritis-encephalitis virus) replicate predominantly in macrophages. In 

contrast, the human, simian, and feline viruses replicate in both lymphocytes and macrophages. This differ- 

ence in cell tropism is responsible for the differing disease manifestations of these two virus groups. 

In their natural hosts the simian lentiviruses appear to be relatively nonpathogenic; however, transfer 

of these viruses to other species naturally free of the virus results in disease. This has been observed previ- 

ously with the epidemic of maedi-visna disease in Iceland after the introduction of foreign sheep and may 

also account for the emergence of A1DS in Africa. This is supported by the genetic relationship of the HIV-2 

to SIVma c and SIVsm isolates and of HIV-I to the SIVcp z isolates (Hirsch and Johnson 1994). Lentiviruses 

can be relatively nonpathogenic in their natural hosts, as evidenced by widespread infections of nonhuman 

African primates with strains of SIV and worldwide infections of goats and sheep with lentiviruses. Lenti- 

viral infections do not always result in clinically evident diseases, and diseases, when manifested, have long 

incubation periods. Thus, it is conceivable that there are other species that harbor specific lentiviruses, and 

these may be the causative agents for other chronic-progressive disease syndromes. 

One exception to the relative species specificity of the lentiviruses is the bovine immunodeficiency 

virus. Rabbit and mouse models have been established for bovine immunodeficiency virus-induced disease 

(Gonda et al. 1994; Pifat et al. 1992). 

Several retroviral receptors have been identified to date. The receptors for human and simian immu- 

nodeficiency viruses CD4 (Dalgleish et al. 1984; Klatzmann et al. 1984; Sattentau et  al. 1988), avian leuko- 

sis virus type A, Yval (Young et  al. 1993), and bovine leukemia virus Blvr (Ban et  al. 1993) are organized 

with a hydrophilic globular extracellular domain linked to an intracellular portion by a single membrane- 

spanning sequence. Receptors for feline immunodeficiency virus, CD9 (Hosie et al. 1993), ecotropic murine 

leukemia viruses MCAT (Albritton et al. 1989), amphotropic murine leukemia viruses Ram-l, Pit-2 (Miller 

et al. 1994; van Zeijl et al. 1994), and the common receptor, Glvr-1, Pit-1 for gibbon ape-leukemia virus, 

GaLV (O'Hara et al. 1990), feline leukemia virus group B (Takeuchi et al. 1992), and simian sarcoma-associa- 

ted virus (Sommerfelt and Weiss 1990) span the cell membrane several times. Mcat, Glvr-1, and Ram-I are 

transport proteins, with MCAT serving as a cationic amino acid transporter (Kim et  al. 1991; Wang et al. 

1991), while Ram-1 and Glvr-1 are both sodium-dependent phosphate symporters (Kavanaugh et al. 1994). 

The gene encoding the cell receptor for subgroup A avian leukosis and sarcoma viruses has been 

cloned from chicken and quail cells (Bates et al. 1993; Young et al. 1993). The extracellular domain of the 

ALSV-A receptor contains a region that is related in sequence to the seven ligand-binding domains of the 

low-density lipoprotein receptor. 

The major cell receptor for primate lentiviruses is the CD4 molecule on the surface of T lympho- 

cytes and monocytes/macrophages. Galactosylceramide has been identified as a potential receptor for HIV-1 

in cells derived from the central nervous system (Bhat et al. 1992; Harouse et  al. 1989). Identification of 

receptors for other lentiviruses is still tentative. Two reports have identified putative receptors for maedi- 

visna virus, one suggesting that sheep class II histocompatibility antigen may be involved in virus-cell inter- 

action and the other identifying a cell surface molecule of 50 kDa (Crane et al. 1991 ; Dalziel et al. 1991). 

In addition, cell factors play a crucial role in the post-binding steps since there is a host restriction 

observed for many lentiviruses at this stage. Despite the introduction of the human CD4 gene into mouse 

cells, HIV-I is unable to infect such cells. 

The ability of lentiviruses to replicate in nondividing cells distinguishes them from other groups of 

retroviruses. In all of the lentiviruses, productive replication in macrophages is linked to cell maturation. Pro- 

monocytes and monocytes in the bone marrow and blood are infected, but viral replication in these cells is 

restricted and the virus remains in the form of proviral DNA. Upon maturation and differentiation to macro- 

phages, either in tissue or in cell culture, cell transcriptional factors that initiate viral transcription and sub- 

sequent production of viral proteins and virions are produced (Anderson et  al. 1983; Narayan et al. 1983). 

Myers and Lenroot (1992) note that the amino acid sequence of the external Env protein of HIV-1 

(gpl20) ranks fourth in the density of potential N-glycosylation sites, among some 10000 glycoprotein 
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sequences in the SW1SS-PROT library. In the gpl20 of studied HIV isolates these sites are all occupied 

(Mizuochi et al. 1988, 1990; Geyer et al. 1988; Holschbach et aL 1990; Leonard et al. 1990). It has been 

argued that glycosylation of gp120 is essential for folding of the glycoprotein but not for its binding to C D4 

(Bahraoui et al. 1992; Li et al. 1993; Fenouillet et al. 1993, 1994). HIV should be a likely target for interact- 

ion with lectins via its conjugated saccharides. It has been suggested that a 'postbinding event' is involved in 

the neutralization obtained with mannose-specific lectins (Balzarini et al. 1991; Gattegno et  al. 1992). 

Alternatively, the lectin may affect membrane fluidity and fusion capability by capping phenomena. Whereas 

other mitogenic lectins such as PHA and WGA may enhance expression of HIV provirus or virus-induced 

syncytium formation, GNA acts in the opposite direction and blocks infection. 

HIV infection is inhibited by monoclonal antibodies recognizing diverse cell surface antigens inclu- 

ding CD4, CD7, MHC class I and 11, LFA-I and ICAM-3. However, there appear to be several distinct me- 

chanisms by which such antibodies achieve their inhibitory effect. Inhibition of virus entry may be mediated 

by direct neutralization of the virus, as with antibodies against MHC I1. This phenomenon is thought to be 

the result of incorporation of cell antigens into the viral envelope as the virus buds from the cells (Arthur et  

al. 1992). An alternative mechanism by which antibodies against cell surface antigens may inhibit infection 

involves binding of the antibody to the virus receptor CD4, co-receptors such as LESTR (Feng et  al. 1996), 

or to cell membrane proteins involved in the process of cell-cell fusion (Braun et al. 1995). Antibodies 

recognizing the CDR3 domain of CD4, the primary receptor for H1V, inhibit HIV infection at the level of 

transcription but do not prevent virus entry (Benkirane et al. 1993). 

A monoclonal antibody which blocks infection with feline immunodeficiency virus was found to 

react with the cell surface molecule CD9, implicating CD9 in the process of virus entry (Willett et  al. 1994). 

Recently, the same authors demonstrated that the inhibition of FIV infection by anti-CD9 antibody operates 

after virus entry and is independent of virus tropism, subtype and passage history (Willett et al. 1997). 

Ecotropic retroviruses are able to infect only rodent cells, while amphotropic retroviruses can infect 

cells from many species. Xenotropic retroviruses are usually unable to infect mouse cell lines, but can infect 

cells of other species. Polytropic viruses are the product of recombination events between ecotropic viruses 

and endogenous mouse proviral sequences (Chattopadhyay et al. 1981; Fischinger et al. 1975; Hartley et al. 

1977) and are able to infect nonrodent as well as most rodent cell lines. 

The amphotropic murine retrovirus receptor Ram-I shows significant sequence similarity to the gib- 

bon ape-leukemia virus (GaLV) receptor Glvr-l, and both of these cell surface proteins normally function as 

sodium-dependent phosphate symporters. However, Ram-I from humans of rats does not serve as a receptor 

for GaLV, and Glvr from humans does not serve as a receptor for amphotropic virus. Murine retrovirus 10A1 

has been shown to enter cells by using either Glvr-I or Ram-l, providing a molecular explanation for non- 

reciprocal interference between 10AI and amphotropic viruses (Miller and Miller 1994). In addition, these 

authors have also constructed hybrid molecules between Givr-1 and Ram-I to study determinants required 

for virus entry and have found that some hybrids can serve as receptors for both amphotropic and GaLV 

pseudotype retroviral vectors, supporting the hypothesis that retroviruses can use alternative receptors in 

different cell types. These results provide insight into the evolution of new retrovirus classes with altered 

host range and receptor utilization. However, their results also complicate retrovirus classification. For 

example, viruses that use Ram-I and/or Glvr-1 might all be grouped together or each could define its own 

group as a result of minor differences in receptor utilization. 

Chinese hamster lung cell line E36 exhibits an overlap in GaLV and amphotropic murine leukemia 

virus (A-MuLV) receptor utilization. Cells infected by GaLV are resistant to superinfection by not only 

GaLV but also A-MuLV (Eglitis et al. 1993). This finding led to the determination that E36 cells express 

a form of the A-MuLV receptor (termed EAR) which can facilitate infection by not only A-MuLV but also 

10A1 MuLV and GaLV (Wilson et al. 1994). This receptor is similar to the A-MuLV receptors isolated from 

human and rat cells and also shares homology with the human GaLV receptor, Glvrl. In addition, it is a fun- 

ctional Na-phosphate symporter (Wilson et al. 1995). Viral infection of cells expressing Glvrl and EAR 

results in a complete blockade of viral receptor-mediated phosphate transport, yet there is no apparent cyto- 

pathology. 

CHO KI hamster cells have been demonstrated to possess a form of the A-MuLV receptor that is 

inactivated by N-linked glycosylation. This receptor can be rendered functional by pretreating CHO K1 cells 

with tunicamycin before exposing them to A-MuLVs (Miller and Miller 1992). The presence of  this N-linked 

glycosylation site suggests that cell-specific glycosylation properties may account for the resistance of CHO 

KI cells to A-MuLV infection. 

A still unexplained phenomenon is the recognition in several viruses of common bilayer-linked epi- 

topes of membrane lipids, notably galactosylceramide (Gal~l,lCer). One should carefully consider these 

findings in relation to membrane-membrane fusion and penetration phenomena. It was reported that several 
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CD4- cell lines derived from the nervous system (Bhat et al. 1991) or colon (Fantini et al. 1993) can be 

infected by HIV-1, and that this infection could be blocked by anti-Gall31,1Cer antibodies, in solid-phase 

assays using cell glycolipids only 3-sulfated galactosyl- and lactosylceramide were positive binders of gp120 

(Furuta et al. 1994). HIV-1 is able to infect cells in a CD4-independent way. Infection may be mediated by 

binding epitopes within simple sphingolipids which lie close to the bilayer and which possibly facilitate mem- 

brane-membrane fusion, in this respect, it is interesting that a number of other viruses bind to Gal~ l,lCer, 

and to other simple glycolipids, when the virus is suspended on thin-layer chromatograms with separated 

glycolipids (Karlsson et al. 1992). This property was described as an essential second-step binding to posi- 

tion the viral particle close to the host membrane for penetration. The 'classical' receptor, be it a peptide or 

sugar, then acts as a first-step receptor in selecting a target cell. The events that lead to fusion of the retro- 

virus envelope with cell membranes are not yet clear. Most retroviruses studied can fuse with cell membranes 

at neutral pH, so the mode of entry does not depend on receptor-mediated endocytosis via acidic endosomes 

(Weiss 1993). 

The conformational changes undergone by gpl20-gp41 which lead to membrane fusion, are highly 

cooperative and require both receptor and coreceptor (Jones et al. 1998). 

It has been shown that the CCR8 receptor can serve as a coreceptor for diverse T-cell-tropic, dual 

tropic, and M-tropic HIV-I strains (Horuk et al. 1998). 

CXCR-4 is expressed by primary macrophages and functions as a cofactor for entry by dual tropic 

but not T-tropic HIV-I isolates (Yi et al. 1998). 

Identification of genetic polymorphism helps explain why some people, with alterations in the 

CCR5 gene that prevent expression, are protected from HIV-I infection (Broder and Coliman 1997). 

HIV-1 enters its target cells by fusion at the plasma membrane. The primary cell receptor for HIV is 

CD4 but this molecule is insufficient to permit viral fusion. During 1996, the necessary entry cofactors 

(coreceptors or second receptors) were identified as members of the seven-transmembrane-spanning G-coup- 

led receptor family fusin: CXCR4 for T-tropic strains and CCR5, principally, for M-tropic strains. The co- 

receptor functions of these proteins are inhibited by their natural a- and [3-chemokine ligands (Moore et al. 

1997). 

4.11 Hepadnavir idae 

Several candidate hepatocyte receptors for hepatitis B virus (H13V) have been reported (Hertogs et 

al. 1993; Neurath and Strick 1994). 

A rat hepatoma cell line, which does not express human annexin V and which is not infectable by 

HBV, gained the ability to become infected by HBV after transfection with human annexin V. 

4.12 P arvoviridae 

Replication of parvovirus B19, the only known pathogenic human parvovirus, has been demonstr- 

ated only in human erythroid progenitor cells. In the laboratory the virus has been propagated only in bone 

marrow, peripheral blood, fetal liver, and a few hematopoietic cell lines with erythroid characteristics. The 

basis for the extraordinary tropism of the virus for erythroid cells has been clarified by the discovery of the 

cell receptor for this virus (Brown et al. 1993). The virus binds to an antigen of the blood-group P system 

known as P antigen or globoside. 

4.13 Papovavir idae  

The structure of murine polyoma virus in complex with sialyl-3-1actose has been determined (Stehle 

et al. 1994). Compared with the primary site of influenza virus hemagglutinin, no homology is evident in 

binding characteristics, and particularly in interaction with galactose. Small plaque strains, which have 

a broader saccharide-binding capacity, are less pathogenic. The explanation given was that spread in the 

intact host of the small plaque strains is reduced by the existence of the branched saccharide structures, 

which may act as non functional receptors only in the case of small plaque virus strains, recently, Evander et 

al. (1997) reported identification of the ~6 integrin as a candidate receptor for papillomaviruses. 

4.14 Herpesvir idae 

Epstein-Barr virus (EBV) is a ],-herpes virus. The two major target ceil types for EBV infection are 

the 13 and T lymphocytes, in which the infection is largely nonproductive or latent, and stratified squamous 

epithelium, in which viral replication occurs. EBV enters B lymphocytes following interaction between the 
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viral membrane glycoprotein gp340/220 and the B-cell receptor for the C3d complement fragment (CD21). 

Although CD21 can also be the port of entrance for EBV into epithelial cells, an alternative entry route into 

otherwise resistant epithelial cells is the coupling of virions by EBV-specific polymeric immunoglobulin A 

to the secretory component, a transmembrane protein expressed by epithelial cells, followed by endocytosis 

(Gratama and Ernberg 1995). 

Penetration of the cell membrane involves a complex of three glycoproteins, gH, gL, and gp42. Glyco- 

protein gp42 has some features characteristic of members of the C-type lectin gene family and it binds to 

HLA-DR. Thus EBV uses HLA class It as a cofactor for infection orB lymphocytes (Qingxue et al. 1997). 

The cell receptor involved in attachment and penetration of herpes simplex virus 1 (HSV-I) into 

susceptible cells proved to be elusive. HSV encodes at least 13 membrane proteins, of which only 5 glycosyl- 

ated proteins appear to be required for viral replication in cell cultures. The redundancy of membrane pro- 

teins has led to the hypothesis that susceptible cells have multiple receptors interacting with the same or dif- 

ferent virion envelope proteins. The initial interaction of HSV with susceptible cells involves a low-affinity 

binding to cell-surface heparan sulfate glycosaminoglycans mediated by glycoprotein C and probably B. It 

has been reported that recombinant glycoprotein D binds mannose-phosphate receptors but cell mutants 

lacking this molecule were susceptible to HSV infection. 

Using anti-idiotypic approach, Huang and Campadelli-Fiume (1996) have presented evidence that 

HSV interacts with cells through glycoprotein D by means of a cell-surface receptor with apparent M of 

62 kDa, other than the mannose-phosphate receptor. Herpes simplex virus glycoprotein D is required for 

stable attachment and penetration of the virus into susceptible cells after initial binding. 

It has been reported recently that CD4 is a major component of the receptor for human herpes- 

virus-7, which has been newly identified as a T-lymphotropic virus (Yasukawa 1998). 

The cell receptor for human cytomegalovirus (HCMV) entry has not been identified. To date hepa- 

ran sulfate proteoglycan, annexin II, and CD 13 (aminopeptidase N) are reported to be associated with HCMV 

entry into human fibroblast cells. However, HCMV appears to enter into neuroectodermal tissue-derived 

cells via a CD 13 independent pathway (Watanabe 1998). 

4.15 A S F Y  

African swine fever virus (ASFV) is an enveloped icosahedral DNA virus responsible for a devast- 

ating disease of swine. Its unique molecular properties have led to the establishment of a yet unnamed new 

family, of which ASFV is the only representative. The virus shows a strict host-range and cell tropism in 

natural infections, replicating in mononuclear phagocytes and in a small fraction of polymorphonuclear 

leukocytes. However, the virus has been adapted to grow in several established cell lines from pigs and other 

animal species (Vinuela 1987). Binding experiments of labeled virus particles to cells have shown the pre- 

sence of saturable binding sites for virus attachment on the plasma membrane of Vero cells and swine macro- 

phages. ASFV binding to virus-resistant cells and rabbit macrophages was not mediated by saturable binding 

sites (Alcami el al. 1989, 1990). Although the interaction with rabbit macrophages was not mediated by 

receptors, the virus penetrated into these cells and initiated abortive infection. Viral attachment protein p12 

was identified and sequenced (Angulo et al. 1993). It was speculated that pl2 and 13-chain of integrins share 

a common structural motif. However, cell receptors remain unidentified. 

Surprisingly, antisera raised against pl2 did not reduce virus infectivity in an in vitro assay. G6mez- 

Puertas et al. (1996) have shown that antibodies to p72 and p54 are involved in the inhibition of a first step 

of the replication cycle related to virus attachment, while antibodies to p30 are implicated in the inhibition of 

virus internalization. 

This study was supported by research grants no. VS 96066 from the Ministry of Education, Youth andSports of the Czech 

Republic. and no. 204/95/0272 from the Grant Agency of the Czech Republic. 

We wish to thank our collaborators and colleagues for their contributions and discussions of the concepts described here. 

REFERENCES 

AIR G.M., LAVER W.G.: The neuraminidase of influenza virus. Proteins 6, 341-356 (1989). 
ALBRITTON L.M., TSENG L., SCADDEN D., CUNNINGHAM J.M.: A putative murine ecotropic retrovirus receptor gene encodes a multi- 

ple membrane-spanning protein and confers susceptibility to virus infection. Cell 57, 659-666 (1989). 
ALCAMi A., CARRASCOSA AL. ,  VINUELA E.: Saturable binding sites mediate the entry of African swine fever virus into Vero cells. 

Virology 168, 393-398 (1989). 
ALCAMJ A., CARRASCOSA AL., VINUELA E.; Interaction of African swine fever virus with macrophages. Virus Res. 17, 93-104 (1990). 



480 L. JINDR/~K and L. GRUBHOFFER Vol. 44 

ALLAWAY GP.,  PARDOE U I ,  TAVAKKOL A., BURNESS A.T.H.: Encephalomyocarditis virus attachment, pp. 116-125 in R.L. Crowell, 

K Lonberg-Holm (Eds): Virus Attachment and Entry into Cells. American Society for Microbiology, Washington (DC) 

1986 

ANDERSON I..W., ANDERSON P.K.. LIGGITr H.D.: Susceptibility of blood-derived monocytes and macrophages to caprine arthritis- 

encephalitis virus, hlfect.lmmun 41. 837-840 (1983). 

ANGULO A., ALCAMi A., VINUELA E.: Virus-host interactions in African swine t~ver: the attachment to cellular receptors. Arch. Virot. 

(Suppl.) 7, 169-183 (1993). 

ARDMAN B., KHIROYA R.H., SCHWARTZ R.Ss Recognition of a leukemia-related antigen by an anti-idiotypic antiserum to an anti- 

gp70 monoclonal antibody. J.Exp.Med 161,669-686 (1985). 

ARTHUR kO.,  BESS J.W.J., SOWDER R.C., BENVENISTE R.E., MANN D.L., CHERMANN J.C., HENDERSON L.E.: Cellular proteins bound 

to immunodeficiency viruses: implications tbr pathogenesis and vaccines. Science 258, 1935-1938 (1992). 

BAItRAOUI [:.., BENJOUARD A., GUETARD D., KOLBE H., GLUCKMAN J.-C., MONTAGNIER L.: Study of the interaction of HIV-I and 

H IV-2 envelope glycoproteins with the CD4 receptors and role of N-glycans. AIDS Res.Hum Retrovir. 8, 565-573 (1992). 

BAKER AT. .  VARGHESE J.N., LAVER W.G., AIR G.M., COLMAN P.M.: Three-dimensional structure of neuraminidase of subtype N9 

from an avian virus. Proteins 2, 111-117 (1987). 

BALZARIN! J., SCHLS D., NEYTS J., VAN DAMME E., PEUMANS W., DE CLERQ E.: Alpha-l,3- and alpha-l,6-D-mannose-specific plant 

lectins are markedly inhibitory to human immunodeficiency virus and cytomegalovirus infection in vitro. Antimicrob. 

Agents Chemother. 35, 410-416 (1991). 

BAN J., PORTETELLE D., ALTANER C., HORION B., MILAN D., KRCHNAK V., BURNY A., KETTMANN R.: Isolation and characterization 

o fa  2.3-kilobase-pair cDNA fragment encoding the binding domain of the bovine leukemia virus cell receptor. J. Virol. 67, 

1050-1057 (1993). 

BASS DM., MACKOW ER., GREENBERG H.B.: Identification and partial characterization of a rhesus rotavirus binding glycoprotein on 

murine enterocytes. Virology 183, 602-610 ( 1991 ). 

BATES P., YOUNG J.A.T., VARMUS I-I.E.: A receptor for subgroup A Rous sarcoma virus is related to the low density lipoprotein 

receptor. Cell 74, 1043-1051 (1993). 

BECKER S., SPIESS M., KLENK H.-D.: The asialoglycoprotein receptor is a potential liver-specific receptor for Marburg virus. J.Gen. 

Virol. 76, 393-399 (1995). 

BENKIRANE M., CORBEAU P., HOUSSET V., DEVAUX C.: An antibody that binds the immunoglobulin CDR3-1ike region of the CD4 

molecule inhibits provirus transcription in HIV-infected T cells. EMBO J. 12, 4909-4921 (1993). 

BERGELSON J.M., KRITHIVAS A., CELl L., DROGUETT G., HORWITZ M.S., WICKHAM T., CROWELL R.L., FINBERG R.W.: The murine 

CAR homolog is a receptor for coxsackie B viruses and adenoviruses. ,I. Virot. 72, 415-419 (1998). 

BERGELSON J.M., SHEPLEY M.P., CHAN M.C., HEMLER ME., FINBERG R.W.: Identification of  the integrin VLA-2 as a receptor for 

echovirus 1, Science 255, 1718-1720 (1992). 

BERGELSON J.M., ST. JOHN N., KAWAGUCHI S., CHAN M.C., STUBDAL H., MODLIN J., FINBERG R.W.: Infection by echoviruses l and 8 

depends on the a 2 subunit of human VLA-2. ,I. Virol. 67, 6847-6852 (1993). 

BERGELSON J.M., CHAN M., SOLOMON KR., ST. JOHN NF.,  LIN J.H., FINBERG R.W.: Decay-accelerating factor (CD55), 

a glycosylphosphatidylinositol-anchored complement regulatory protein; is a receptor for several echoviruses. Proc.Nat. 

AcadSci. USA 9 I, 6245-6248 (1994). 

BERINSTEIN A., ROIVAINEN M., HOVl T., MASON P.W., BAXT B.: Antibodies to the vitronectin receptor (integtin ~v133) inhibit binding 

and infection of thor-and-mouth disease virus to cultured cells. J. Virol. 69, 2664-2666 (1995). 

BHAT S., SPITALNIK S.L., GONZALEZ-SCARANO F., SILBERBERG D.H.: Galactosylceramide or a derivative is an essential component of 

the neural receptor for HIV-I envelope glycoprotein gpl20. Proc.Nat.Acad.Sci.USA 88, 7131-7134 (1991). 

BORK P., HOLM L., SANDER C.: The immunoglobulin fold. Structural classification, sequence patterns and common core. J.Mol.Biol. 

242, 309 320 (1994). 

BRAUN J .MA,  GRAS G., CHAPUIS F., SOMMERFELT M.A., CLAPHAM P.R., WEISS R.A., ASJO B., GLUCKMAN J.-C., DORMONT D., BARRE- 

SINOUSSI F., pp. 465-468 in S.F. Schlossman (Ed): Leucocyte Typing V: White Cell Differentiation Antigens. Oxford Uni- 

versity Press, Oxtbrd-New York 1995. 

BREAU W.C., ATWOOD W.J., NORKIN L.C.: Class [ major histocompatibility proteins are an essential component of  the simian virus 40 

receptor. J. Virol. 66, 2037-2045 (1992). 

BRODER C,C,, COLLMAN R.G.: Chemokine receptors and HIV. J.Leukocyt.Biol. 62, 20-29 (1997). 

BROSSMER R., ISECKE R., HERRLER G.: A sialic acid analogue acting as a receptor determinant for binding but not for infection by 

influenza C virus. FEBS Lett. 323, 96-98 (1993). 

BROUGHAN J.H., WUNNER W.H.; Characterization of protein involvement in rabies virus binding to BHK-21 cells. Arch.Virol. 140, 

75-93 (1995). 

BROWN K. E, ANDERSON S.M,, YOUNG N.S.: Erythrocyte P antigen: cellular receptor tbr B I9 paruovirus. Science 262, 114-117 (1993). 

BUCKLAND R., WILD T.F.: Is CD46 the cellular receptor for measles virus? Virus Res. 48, I -9  (1997). 

BULLOUGH P.A., HUGSON F.M., SKEHEL J.J., WILEY D.C.: Structure of  influenza hemagglutinin at the pH of  membrane fusion. Nature 

371, 37-43 (1994). 

BURMEISTER W.P., RUIGROK R.W.H., CUSACK S.: The 2.2 A resolution crystal structure of influenza B neuraminidase and its complex 

with sialic acid. EMBO.L 11, 49-56 (1992). 

CHATTOPADHYAY SK., LANDER MR.,  GUPTA S., RANDS E., LOWY DR.: Origin of mink eytopathir focus-forming (MCF) viruses: 

comparison with ecotropic and xenotropic murine leukemia virus genomes. Virology ! 13, 465--483 (1981). 

CRANE SE..  BUZY J., CLEMENTS J.E.: Identification of cell membrane proteins that bind visna virus~ J. Virol. 65, 6137-6143 (1991). 

CROWELL R.L,, TOMKO RP.: Receptors for picomaviruses, pp. 75-79 in E. Wimmer ted.): Cellular Receptors for  Animal Viruses. 

Cold Spring Harbor Laboratory Press, Cold Spring Harbor 1994. 



1999 ANIMAL VIRUS RECEPTORS--review 48'1 

DAL,GLEISII A.G., BEVERLEY P.C., CLAPHAM P.R., CRAWFORD D.H., GREAVES MF., WEISS A.: Tile CD4 (T4) antigen is an essential 

component of the receptor for the AIDS retrovirus. Nature (London) 312, 763-767 (1984). 

DALLOCCHIO F., TOMASI M., BELLINI T.: Activation of the Sendal virus fusion protein by receptor binding. Biochem.Biophys.Res.Com- 

mun. 208, 36-41 (1995). 

DALZIEL K.G, HOPKINS J., WATT N.J., DUTIA B.M., CLARKE MAK. ,  MCCONNELL I.: Identification of a putative cellular receptor for 

the lentivirus visna virus, d.Gen. Virol. 72, 1905-1911 (1991). 

DELMAS B., GELFI J., L'HARIDON R., VOGEL L.K., SJOSTROM H., NOREN O., LAUDE H.: Aminopeptidase N is a major receptor for the 

euteropathogenic coronavirus TGEV. Nature (London) 357, 417-422 (1992). 

DELMAS G., GELFI H., SJOSTROM H., NOREN O., LAUDE 1t.; Further characterization of  aminopeptidase N as a receptor for coronaviru- 

ses. Adv. Exp. &led Biol. 342, 293-298 (1993). 

DE MEYER S., GONG Z.J., SUWANDHI W., VAN PELT J., SOUMILLION A,  YAP S.H.: Organ and species specificity of  hepatitis B virus 

(HBV) infection: a review of literature with a special reference to preferential attachment of HBV to human hepatocytes. 

d. Virol.Hepat. 4, 145-153 (1997). 

DORING R.E., MARCIL A., CHOPRA A., RICHARDSON C.D.: The human CD46 molecule is a receptor for measles virus (Edmonston 

strain). Cell 75, 295-305 (1993). 

DUNSTER L.M., SCHNEIDER-SCHAULIES J., LOFFLER S., LANKES W., SCHWARTZ-ALBIEZ R., LOTTSPEICH F., TER MEULEN V.: Moesin: 

a cell membrane protein linked with susceptibility to measles virus infection. Virology 198, 265-274 (1994). 

DURRER P., GAUDIN Y., RUIGROK R.W.H., GRAF R., BRUNNER J.: Photolabeling identifies a putative fusion domain in the envelope 

glycoprotein of  rabies and vesicular stomatitis viruses, d.Biol.Chem. 270, 17575-17581 (1995). 

DVEKSLER G.S., DIEFFENBACH C.W., CARDELLICHIO C.B., MCCUAIG K., PENSIERO M.N., JIANG G.-S., BEAUCHEMIN N., HOLMES 

K.V.: Several members of the mouse carcinoembryonic antigen-related glycoprotein family are functional receptors for the 

coronavirus mouse hepatitis virus-A59, d. Virol. 67, I-8 (1993). 

DVEKSLER G.S., PENSIERO M.N., CARDELLICHIO C.B., WILLIAMS R.K., JIANG G.-S., HOLMES K.V., DIEFFENBACH C.W.: Cloning of  

the mouse hepatitis virus (MHV) receptor: expression in human and hamster cell lines confers susceptibility to MHV. 

J. I "irol. 65, 6881-6891 ( 1991 ). 

DVEKSLER G.S., PENSIERO M.N., DIEFFENBACH C.W., CARDELLICHIO C.B.~ BASILE A.A., ELIAS P.E., HOLMES K.V.: Mouse eoronavi- 

rus MHV-A59 and blocking anti-receptor monoclonal antibody bind to the N-terminal domain of  cellular receptor MHVR. 

Proc.Nat.Acad.Sci. USA 90, 1716-1720 (1993). 

EGLtTIS M.A., EIDEN M.V., WILSON C.A.: Gibbon ape leukemia virus and the amphotropic murine leukemia virus 4070A exhibit an 

unusual interference pattern on E36 Chinese hamster cells, d. Virol. 67, 5472-5477 (1993). 

EPAND R.M, NIR S., PAROLINI M., FLANAGAN TD.: The role of  the ganglioside GDla as a receptor for Sendai virus. Biochemistry 34, 

1084-1089 (1995). 

EVANDER M., FRAZER I.H., PAYNE E.~ QI Y.M., HENGST K., MCMILLAN N.A.J.: Identification of the ~t 6 integrin as a candidate recep- 

tor lbr papillomaviruses, d. Virol. 71, 2449-2456 (1997). 

FANTINI J.~ COOK D.G., NATHANSON N., SPITALNIK S.L., GONZALEZ-SCARANO F.: Infection of colonic epithelial cell lines by type I 

human immunodeficiency virus is associated with cell surface expression of  galactosyleeramide, a potential gp120 receptor. 

Proc.Nat.Acad.Sr USA 90, 2700-2704 (1993). 

FENG Y., BRODER C.C., KENNEDY P.E., BERGER E.A.: HIV-I entry co-factor: functional eDNA cloning of  a seven-transmembrane, 

G protein-coupled receptor. Science 272, 872-877 (1996). 

FENOUILLET E., GLUCKMAN J.-C., JONES I.M.: Biological roles of  HIV~ glycoprotein glycans. Paper presented m Glyr XII: 12th lnternat. 

Syrup. on Glycoconjugates, Krak6w (Poland) 1993. 

FENOUILLET E,  GLUCKMAN J.-C., JONES I.M.: Functions of HIV envelope glycans. "FIBS 19, 65-71 (1994). 

FISCHINGER P.J., NOMURA S., BOLOGNESI D.P. A novel murine oncornavirus with dual eco- and xenotropie properties. Proc.Nat. 

,4cat'Sol. USA 72, 5150-5155 (1975). 

FUKUDOME K., YOSHIE O., KONNO T.: Comparison of human, simian, and bovine rotaviruses for requirement of  sialic acid in hem- 

agglutination and cell adsorption. Virology i 72, 196-205 (I 989). 

FURUTA Y., ERIKSSON K., SVENNERHOLM n., FREDMAN P., HORAL P., JEANSSON S.~ VAHLNE A., HOLMGREN J., CZERKINSKY Cs 

Infection of  vaginal and colonic epithelial cells by the human immunodeficiency virus type 1 is neutralized by antibodies 

raised against conserved epitopes on the envelope glycoprotein gpl20. Proc.Nat.Acad.Sci. USA 91, 12559-12563 (1994). 

GASTKA M., HORVATH J., LENTZ T.: Rabies virus binding to the nicotinic acetylcholine receptor a subunit demonstrated by virus over- 

lay protein binding assay, d.Gen. Virol. 77, 2437-2440 (1996). 

GATTEGNO L., RAMDANI A., JOUAULT T., SAFFAR L.~ GLUCKMAN J.-C.: Lectin-carbohydrate interactions and infectivity of human 

imrnunodeficiency virus type 1 (HIV-I). AIDS Res.Hum.Retrovir. 8, 27-37 (1992). 

GEYER H., HOLSCHBACH C.~ HUNSMANN G., SCHNEIDER J.: Carbohydrates of human immunodeficiency virus, d.Biol.Chem. 263, 

11760-11767 (1988). 

GOMEZ-PUERTAS P., RODRIGUEZ F., OVIEDO J.M., RAMIROolBANEZ F., RUIZ-GONZALVO F., COVADONGA A., ESCRIBANO J.M.: 

Neutralizing antibodies to different proteins of  African swine fever virus inhibit both virus attachment and internalization. 

d. Virol. 70, 5689-5694 (1996). 

GONDA M.A., LUTHER D.G., FONG S.E., TOBIN G.J.: Bovine immunodeficiency virus: molecular biology and virus-host interactions. 

Virus Res. 32, 155-181 (1994). 

GONZALES-SCARANO F., POBJECKY N., NATHANSON N.: La Crosse bunyavirus can mediate pH-dependent fusion from without. Viro- 

logy 1,32,222-225 (1984). 

GRATAMA J.W., ERNBERG I.: Molecular epidemiology of  Epstein-Barr virus infection. Adv.Cancer Res. 67, 197-255 (1995). 

GREVE J.M., DAVIS G., MEYER A.M., FORTE C.P., YOST S.C., MARLOR C.W., KAMARCK M.E., MCCLELLAND A.: The major human 

rhinovirus receptor is ICAM-I. Cell 56, 839-847 (1989). 



482 L. JlNDR/kK and L. GRUBHOFFER Vol. 44 

GRliWAL K.K., HAMID J., PARDOE [.U., BURNESS A.T.H.: Transfection of bovine cells with glycophorin A cDNA induces susceptibility 

to encephalomyocarditis virus infection. Abstr. A-I 1, 7th Fur. Study Group Mol. Biol. Picornaviruses, 1991. 

GYtr Y.. KING D.S.. SHIN Y.K.: Insertion of a coiled-coil peptide from influenza virus hemagglutinin into rnembranes Science 266, 

274-276 (1994). 

HAMMAR L.. HIRSCH I., MACHADO A.A., DE MAREUIL J., BAILLON J.G., BOLMONT C., CHERMANN J.-C.: Lectin-mediated effects on 

HIV type I inti:ction in vitro. AIDS Res.Hum Retrovir. ! 1, 87-95 (1995). 

HAROUSE J.M., KUNSCH C., HARTLE H.T., LAUGHLIN M.A., HOXIE J.A., WIGDAHL B., GONZALEZ-SCARANO, F.: CD4-independent 

infection of human neural cells by human immunodeficiency virus type 1.3. Virol. 63, 2527-2533 (1989). 

HARROWE G., MITSUHASHI M., PAYAN D.G.: Measles virus-substance P receptor interactions. 3. Clin. Invest. 85, 1324-1327 (1990). 

JtARROWE G., SUDDUTH-KLINGER J., PAYAN D.G.: Measles virus-substance P receptor interaction: Jurkat lymphocytes transfected with 

substance P receptor cDNA enhance measles virus fusion and replication. CelLMol.Neurobiol. 12, 397-409 (1992). 

HARTLEY J.W., WOLFORD N.K., OLD L.J., ROWE W.P.: A new class of routine leukemia virus associated with development of sponta- 

neous lymphomas. Proc.Nat.AcadSci. USA 74, 789-792 (1977). 

HARTSHORN K.L., SASTRY K., BROWN D., WHITE M.R., OKARMA T.B., LEE Y.-M., TAUBER A.I.: Conglutinin acts as an opsonin for 

influenza A viruses. J.lmmunol. 151, 6265-6273 (1993). 

HAYWOOD A.M.: Virus receptors: binding, adhesion strengthening, and changes in viral structure. 3. Virol. 68, 1-5 (1994). 

HELENIUS A., KARTENBECK J., SIMONS K., FRIES E.: On the entry of Semliki forest virus into BHK-21 cells. J.CelI.Biol. 84, 404--420 

(1980). 

HELENIUS A., MOREIN n., FRIES E., SIMONS K., ROBINSON P., SCHIRRMACHER V., TERHORST C., STROMINGER J.L.: Human (HLA-A 

and HLA-B) and murine (H-2K and H2D) histocompatibility antigens are cell surface receptors for Semliki forest virus. 

Proc.Nat.AcadScL USA 75, 3846-3850 (1978). 

HERRLER G.: Transmissible gastroenteritis virus, but not the related porcine respiratory coronavirus, has a sialic acid (N-glycolyl- 

neuraminic acid) binding activity. J. ViroL 70, 5634-5637 (1996). 

HERTOGS K., LEENDERS W.P., DEPLA E., DE BRUIN W.C., MEHEUS L., RAYMACKERS J., MOSHAGE H., YAP S.H.: Endonexin II, present 

on human liver plasma membranes, is a specific binding protein of small hepatitis B virus (HBV) envelope protein. Viro- 

logy 197, 549-557 (1993). 

HmSCH V.M., JOHNSON P.R.: Pathogenic diversity of simian immunodeficiency viruses. Virus Res. 32, 183-203 (1994). 

HOFER F., GRUENBERGER M., KOWALSKI H., MACHAT H., HUETTINGER M., KUECHLER E., BLAAS D.: Members of the low density 

lipoprotein receptor family mediate cell entry of a minor group common cold virus. Proc.Nat.AcadScLUSA 91, 1839-1842 

(1994). 

HOLSCHBACH C., SCHNEIDER J., GEYER H.: Glycosylation of the envelope glycoprotein gpl30 of simian immunodeficiency virus from 

sooty mangabey (Cercocebus atys). Biochem.J. 267, 759-766 (1990). 

HORUK R., HESSELGESSER J., ZHOU Y., FAULDS D., HALKS-MILLER M., HARVEY S., TAUB D., SAMSON M., PARMENTIER M., RUC- 

KER J., DORANZ B.J., DOMS R.W.: The CC chemokine 1-309 inhibits CCRg-dependent infection by diverse HIV-I strains. 

J.BioLChem. 273, 386-391 (1998). 

HOSlE M.J., WILLETT B.J., DUNSFORD TH., JARRETT O., NElL J.C.: A monoclonal antibody which blocks infection with feline 

immunodeficiency virus identifies a possible non-CD4 receptor. 3. Firol. 67, 1667-1671 (1993). 

HUANG T., CAMPADELLI-FIUME G.: Anti-idiotypic antibodies mimicking glycoprotein D of herpes simplex virus identi~' a cellular 

protein required tbr virus spread from cell to cell and virus-induced polykaryocytosis. Proc.Nat.Acad.Sci.USA 93, 1836- 

1840 (1996). 

HUANG R.T.C., LICHTENBERG B., RICK O.: Involvement of annexin V in the entry of influenza viruses and role of phospholipids in 

infection. FEBS Lett. 392, 59-62 (1996). 

HUBER S.A.: VCAM-I is a receptor for encephalomyocarditis virus on murine vascular endothelial cells. J. Virol. 68, 3453-3458 

(1994). 

JACKSON T., ELLARD F.M., GHAZALEH R.A., BROOKES S.M., BLAKEMORE W.E., CORTEYN A.H., STUART D.I., NEWMAN J.W.I., 

KING A.MQ.: Efficient infection of cells in culture by type O foot-and-mouth disease virus requires binding to cell surface 

heparan sulfate J. Virol. 70, 5282-5287 (1996). 

ITO T., COUCEIRO J.N.S.S., KELM S., BAUM L.G., KRAUSS S., CASTRUCCI M.R., DONATELLI I., KIDA H., PAULSON J.C, WEBSTER R.G., 

KAWAOKA Y.: Molecular basis for the generation in pigs of influenza A viruses with pandemic potential. 3. I/irol. 72, 7667- 

7376 (1998). 

JIN Y.-M., PARDOE I.U., BURNESS A.T., MICHALAK T.I.: Identification and characterization of the cell surface 70-kilodalton sialo- 

glycoprotein(s) as a candidate receptor for encephalomyocarditis virus on human nucleated cells. J. Virol. 68, 7308-7319 

(1994). 

JONES P.L.S.J., KORTE T., BLUMENTHAL R.: Conformational changes in cell surface HIV-I envelope glycoproteins are triggered by 

cooperation between cell surface CD4 and co-receptors. J.Biol.Chem. 273, 404-409 (1998). 

JUNGEBLUT C.W., KODZA H.: Studies of propagation of Col SK group of viruses in various tissue culture media. Proc.Soc.Exp.Biol. 

Med. 96, 133-139 (1957). 

KAPLAN G., TOTSUKA A., THOMPSON P., AKATSUKA A., MORITSUGU Y., FEINSTONE S.M.: Identification of  a surface glycoprotein on 

African green monkey kidney cells as a receptor for hepatitis A virus. EMBO J. 15, 4282---4296 (1996). 

KARLSSON K.A., STROMBERG N.: Overlay and solid-phase analysis of  glycolipid receptors for bacteria and viruses. Meth.Enzymol. 

138, 220-232 (1987). 

KARLSSON K.A., ANGSTROM J., BERGSTROM J., LANNE B.: Microbial interaction with animal cell surface carbohydrates. Acta Pathol. 

MicrobioL Immunol. 100, 71-83 (1992). 

KAUFFMAN R.S., NOSEWORTHY J.H., NEPOM J.T., FINBERG R., FIELDS B.N., GREENE M.I.: Cell receptors for the mammalian reovirus. 

I1. Monoclonal anti-idiotypic antibody blocks viral binding to cells. J.Immunol. 131, 2539-2541 (1983). 



1999 ANIMAL VIRUS RECEPTORS--review 483 

KAVANAUGH MP., MILLER D.G., ZHANG W.~ LAW W., KOZAK S.L., KABAT D., MILLER A.D: Cell-surface receptors for gibbon ape 

leukemia virus and amphotropic murine retrovirus are inducible sodium-dependent phosphate symporters. Proc.Nat.Acad 

Sci.USA 91, 7071-7075 (1994). 

KELJO D.J., SMITH A.K.: Characterization of binding of simian rotavirus SAIl to cultured epithelial cells, d.Pediatr.Gastroenterol. 

Nutr. 7, 249-256 (1988). 

KIM .I.W., CLOSS E.I., ALBRITTON L.M., CUNNINGHAM J.M.: Transport of cationic amino acids by the mouse ecotropic retrovirus 

receptor. Nature (London) 352, 725-728 (1991). 

KIMURA "1"., KIMURA-KURODA J., NAGASHIMA K., YASUI K.: Analysis of virus-cell binding characteristics on the determination of 

Japanese encephalitis virus susceptibility. Arch. l,'irol. 139, 239-251 (1994). 

KLATZMANN D., CHAMPAGNE E., CHAMARET S., GRUEST J., GUETARD D., HERCEND T., GLUCKMAN J.-C., MONTAGNIER L.: T-lympho- 

cyte T4 molecule behaves as the receptor tbr human retrovirus LAV. Nature (London) 312, 767-768 (1984). 

KOPECKY J., GRUBHOFFER L., KOV,/~I~ V., JINDRAK L., VOKURKOV,/~ D.: A putative host-cell receptor for tick-borne encephalitis virus 

identified by anti-idiotypic antibodies and virus affinoblotting, lntervirology 42, 9-16 (1999). 

LANKES W.T., FURTHMAYER H.: Moesin: a member of the protein 4.l-talin-ezrin family of proteins. Proc.Nat.Acad.ScLUSA 88, 

8297-8301 (1991). 

LANKES W.T., GRIESMACHER A., GRUNWALD J., SCHWARTZ-ALBIEZ R., KELLER R.: A heparin-binding protein involved in inhibition 

of smooth muscle cell proliferation. Biochem.J. 251,831-842 (1988). 

LAWLENCE M.B., SPRINGER T.A.: Leukocytes roll on a selection at physiologic flow rates: distinction from and prerequisite for adhes- 

ion through integrins. Cell 65, 859-873 (1991). 

LEONARD CK., SPELLMAN M.W., RIDDLE L., HARRIS R.J., THOMAS J.N., GREGORY T.J.: Assignment of intrachain disulfide bonds and 

characterization of  potential glycosylation sites of the type I recombinant human immunodeficiency virus envelope glyco- 

protein (gpl20) expressed in Chinese hamster ovary cells, d.Biol.Chem. 265, 10373-10382 (1990). 

t,I Y., Luo L., RASOOL N., KANG C.Y.: Glycosylation is necessary for the correct folding of human immunodeficiency virus gpl20 in 

CD4 binding, d. Virol. 67, 584-588 (1993). 

LIU C., EICHELBERGER M.C., COMPANS R.W., AIR G.M: Influenza type A virus neuraminidase does not play a role in viral entry, repli- 

cation, assembly, or budding. J. Virol. 69, 1099-1106 (1995). 

LUDWIG G.V., KONDIG J.P., SMITH J.F.: A putative receptor tbr Venezuelan equine encephalitis virus from mosquito cells. J. Virol. 70, 

5592-5599 (I 996). 

MADDON P.J., DALGLEISH A.G., McDOUGAL J.S., CLAPHAM R.A., WEISS R.A., AXEL R.: The T4 gene encodes for the AIDS virus 

receptor and is expressed in the immune system and in the brain. Cell 47, 333-348 (1986). 

MALDOV DG., KARGANOVA G.G., TIMOVEEV A.V.: Tick-borne encephalitis virus interaction with the target cells. Arch. Virol. 127, 

321-325 (1992). 

MARRIOTT S.J., ROEDER D.J., CONSIGU R.A.: Anti-idiotypic antibodies to a polyomavirus monoclonal antibody recognize cell surface 

components of mouse kidney cells and prevent polyomavirus infection. J. Virol. 61, 2747-2753 (1987). 

MARSH M., HELENIUS A.: Adsorptive endocytosis of Semliki forest virus. J.Mol.Biol. 142,439--454 (1980). 

MARSH M., BOLZAU E., HELENIUS A.: Penetration of Semliki forest virus from acidic prelysosomal vacuoles. Cell32, 931-940 (1983). 

MARSH M., MATLIN K., SIMONS K., REGGIO H., WHITE J., KARTENBECK J., HELENIUS A.: Are lysosomes a site of enveloped-virus 

penetration? Cold Spring Harbor Symp.Quant.Biol. 46, 835-843 (1982). 

MATLIN K.S., REGGIO J., HELENIUS A., SIMONS K.: Entry pathway of influenza virus in a canine kidney cell line. J.CelI.Biol. 91 ,601-  

613 (1981). 

MATROSOVICH M., MILLER PODRAZA H., TENEBERG S., ROBERTSON J., KARLSSON K.A.: Influenza viruses display high-affinity bind- 

ing to human polyglycosylceramides represented on a solid-phase assay surface. Virology 223, 413-416 (1996). 

MECIIAM R.P.: Receptors lbr laminin on mammalian cells. FASEBJ. 5, 2538-2546 (1991). 

MENDEt, SOHN C.L., WIMMER E., RACANIELLO V.R.: Cellular receptor for poliovirus: molecular cloning, nucleotide sequence, and 

expression of a new member of the immunoglobulin superfamily. Cell 56, 855-865 (1989). 

MENDEZ E., BARIAS C.F., LOPEZ S.: Binding to sialic acids is not an essential step lbr the entry of animal rotaviruses to epithelial cells 

in culture. J. Virol. 67, 5253-5259 (1993). 

MCCLINTOCK P.R., BILLUPS L.C., NOTKINS A.L.: Receptors for encephalomyocarditis virus on murine and human cells. Virology 106, 

261-272 (1980). 

MILLER D.G., MILLER A.D.: Tunicamycin treatment of CHO cells abrogates multiple blocks to retrovirus infection, one of which is due 

to a secreted inhibitor. J. Virol. 66, 78-84 (1992). 

MILLER DG., MILLER D.: A family of retroviruses that utilize related phosphate transporters for cell entry. J. Virol. 68, 8270-8276 

(1994). 

MILLER D.G., EDWARDS R.H., MILLER A.D.: Cloning of the cellular receptor for amphotropic murine retroviruses reveals homology to 

that for gibbon ape leukemia virus. Proc.Nat.AcadSci. USA 91, 78-82 (1994). 

MIZUOCHI T., SPELLMAN M.W., LARKIN M., SOLOMON J., BASAL., FEIZI T.: Carbohydrate structures of the human immunodeficiency 

virus (HIV) recombinant envelope glycoprotein gpl20 produced in Chinese-hamster ovary cells. Biochem.J. 254, 599-603 

(1988). 

MIZUOEHI T., MATTHEWS T.J., KATO M., HAMAKO J., TITANI K., SOLOMON J., FEIZI T.: Diversity of oligosaccharide structures on the 

envelope glycoprotein gpl20 of human immunodeficiency virus I from the lymphoblastoid cell line H9. Presence of com- 

plex-type oligosaccharides with bisecting N-acetylglucosamine residues. J. Biol. Chem. 265, 851 9-8524 (1990). 

MOORE J.P., TRKOLA A., DRAGIC T.: Co-receptors for HIV-I entry. Curr.Opin.lmmunol. 9, 551-562 (1997). 

MYERS G., LENROOT R.: HIV variation studies; HIV glycosylation: What does it portend? AIDS Res.Hum.Retrovir. 8, 1459-1460 

(1992). 

NAITO S., MATSUMOTO S.: Identification of cellular actin within the rabies virus. Virology 91,151-163 (1978). 

NANDI P., CHARPILIENNE A., COHEN J.: Interaction of rotavirus particles with liposomes. J. Virol. 66, 3363-3367 (1992). 



484 L. JINDR/i,K and L. GRUBHOFFER Vol. 44 

NANI('HE D. VARIOR-KRISHNAN G., CERVONI F., WILD T.F., ROSSI B., RABOURDIN-COMBE C., GERLIER D.: Human membrane 

col'actor protein (CD46) acts as a cellular receptor |br measles virus. J. l ' i ro l .  67, 6025-6032 (1993). 

NANI('IIE D. WILD C., RABOURDIN-COMBE C,, GERLIER D.: Measles virus ha:magglutinin induces down-regulation of gp57/67, 

a molecule involved in virus binding. J.Gen. l ' i rol ,  74, 1073-1079 (1993). 

NARAYAN O., KENNEDY-STOSKOPF S., SHEFFER D., GRIFFIN D.E., CLEMENTS J.E,: Activation of caprine arthritis-encephalitis virus 

expression during maturation of monocytes to macrophages. Infee/. lmmun. 4 I, 67-73 (1983). 

NEDELLEC P., DVEKSLER G.S., DANIELS E., TURBIDE C,, CHOW B., BASILE A,A., HOLMES K.V., BEAUCHEMIN N.: Bgp2, a new mem- 

ber of the carcinoembryonic antigen-related gene family, encodes an alternative receptor for mouse hepatitis viruses. 

J. Virol. 68, 4525-4537 (1994). 

NEURATH AR., STRtCK N.: The putative cell receptors lbr hepatitis B virus (HBV), annexin V and apolipoprotein H, bind to lipid 

components of HBV. Virology 204, 475-477 (1994). 

NICHOLSON-WELLER A., BURGE J., FEARON DT., WELLER P.F., AUSTEN K.F.: Isolation of a human erythrocyte membrane gtyco- 

protein with decay accelerating activity for C3 convertases of the complement system. J.Immunol. 129, 184-189 (1982). 

NIEVA J.L., BRON R., CORVER J., WILSCHUT J.: Membrane fusion of Semliki forest virus requires sphingolipids in the target mem- 

brane. EMBO J. 13, 2797-2808 (I 994). 

NORKIN LC.: Virus receptors: implication for pathogenesis and the design of antiviral agents. Clin.Microbiol.Rev. 8, 293-315 (1995). 

NOSEWORTHY J.H., FIELDS B.N., DICHTER M.A., SOBOTKA C., PIZER E., PERRY L.L., NEPOM J.T., GREENE M.I.: Cell receptors for the 

mammalian reovirus. 1. Syngeneic monoclonal anti-idiotypic antibody identifies a cell surface receptor for reovirus. J.lmmu- 

nol. 131, 2533-2538 (1983). 

O']-IARA B., .JOHANN S.V., KLINGER H.P., BLAIR D.G., RUBINSON H., DUNN K.J., SASS P., VITEK S.M., ROBINS T.: Characterization of 

a human gene conti:rring sensitivity to int~ction by gibbon ape leukemia virus. Cell.Growth Differ. I, 119-127 (1990). 

()KIIUMA S., POOLE B.: Fluorescence probe measurement of the intralysosomal pH in living cells and the perturbation ofpH by various 

agents. Proc. Nat.Acad.Sci. USA 75, 3327-3331 (1978). 

PARDOE I.U., GREWAL K.K., BALDEH P., HAMID J., BURNES A.TH.: Persistent infection of K562 cells by encephalomyocarditis virus. 

J. l/iroL 64, 6040-6044 (1990). 

PAYNE H R ,  STORZ J., HENK W.G.: Initial events in bovine coronavirus infection: analysis through immunogold probes and lysoso- 

motropic inhibitors. Arch. ViroL 114, 175-189 (1990). 

PIEA'r D.Y, ENN~S W.H., WARD J.M., OBERSTE M.S., GONDA M.A.: Persistent infection of rabbits with the bovine immunodeficiency- 

like virus. J. l'irol. 66, 4518-4524 (1992). 

PILERI P., UEMATSU Y., CAMPAGNOLI S., GALLI G., FALUGI F., PETRACCA R., WEINER AJ., HOUGHTON M., ROSA D., GRANDI G., 

ABRIGNANI S.: Binding of hepatitis C virus to CDSI. Science 282, 938-940 (1998). 

POSTE G., PASTERNAK C.A.: Virus-induced cell fusion, pp. 305-357 in G. Poste, G.L. Nicholson (Eds): CellSurface Reviews, Vol. 4. 

Elsevier/North-Holland, Amsterdam 1978. 

PRICE P.: Are MHC proteins cellular receptors for CMV? lmmunol.Today 15, 295-296 (1994). 

PROTOPOPOVA E.V., KONAVALOVA S.N., LOKTEV V.B.: Isolation of a cellular receptor for tick-borne encephalitis virus using anti- 

idiotypic antibodies. Vopr. Virusol. 42, 264-268 (1997). 

QINGXUE L,  SPRIGGS M.K., KOVATS S., TURK S.M., COMEAU MR.,  NEPOM B., HUTT-FLETCHER L.M.: Epstein-Barr virus uses HLA 

class 11 as a cofactor tbr infection ofB lymphocytes. J. Virol. 71, 4657-4662 (1997). 

RAMOS-CASTANEDA J., IMBERT J.L., BARRON B.L., RAMOS C.: A 65-kDa trypsin-sensible membrane cell protein as a possible receptor 

lbr dengue virus in cultured neuroblastoma cells. J.Neurovirol. 3, 435-440 (1997). 

REY FA., HEINZ F.X., MANDL C., KUNZ C., HARRISON S.C.: The envelope glycoprotein from tick-borne encephalitis virus at 2 tit reso- 

lution. Nature 375, 291-298 (1995). 

ROIVAINEN M., PIIRAINEN L., HOVI T., VIRTANEN 1., RIIKONEN T., HEINO J., HYYPIA T.: Entry of coxsackievirus A9 into host cells: 

specific interactions with ctvlB 3 integrin, the vitronectin receptor. Virology 203, 357-365 (1994). 

ROIVAINEN M., PIIRAINEN L., HOVI T.: Efficient RGD-independent entry process of coxsaekievirus A9. Arch. Virol. 141, 1909-1919 

(1996). 

RuIz M.-C., ALONSO-TORRE S.R., CHARPILIENNE A, VASSEUR M., MICHELANGELI F., COHEN J., ALVARADO F.: Rotavirus interaction 

with isolated membrane vesicles. J. Virol. 68, 4009-4016 (1994). 

SATTENTAU Q.J., CLAPHAM P.R., WEISS R.A., BEVERLEY P.C., MONTAGNIER L., ALHALABI M.F., GLUCKMAN J.-C., KLATZMANN D.: 

The human and simian immunodeficiency viruses HIV-1, HIV-2, and SIV interact with similar epitopes on their cellular re- 

ceptor, the CD4 molecule. AIDS2, 101-105 (1988). 

SAUTER N.K., GLICK GD., CROWTHER R.L., PARK S-J., EISEN M.B., SKEHEL J.J., KNOWLES JR.,  WILEY D.C.: Crystallographic detect- 

ion of a second ligand binding site in influenza virus hemagglutinin. Proc.Nat.AcadSci. USA 89, 324-328 (1992). 

SHARMA A., RAG Z., FRY E., BOOTH T., JONES E.Y., ROWLANDS D.J., SIMMONS D.L., STUART D.I.: Specific interactions between 

human integrin otVl33 and chimeric hepatitis B virus core panicles bearing the receptor-binding epitope of foot-and-mouth 

disease virus. Virology 239, 150-157 (1997). 

SCHULTZE B., KREMPL C., BALLESTEROS M.L., SHAW L., SCHAUER R., ENJUANES L., HERRLER O.: Transmissible gastroenteritis virus, 

but not the related porcine respiratory coronavirus, has a sialic acid (N-glycolylneuraminic acid) binding activity. ,I. Virol. 

70, 5634-5637 (1996). 

SIMEONI L., FORTE P., AUITI m., CANDIDO A., CAMPESE A.F., FEDELE G., DI TOMASO F., NAVARRA M., FANTONI A.: Transgenic mice 

expressing human HIV receptors become persistently recipient of HIV DNA after injection with infected human cell lines. 

Folia Mierobiol. 43, 525-526 (1998). 

STAUNTON D.E., MERLUZZI V.J., ROTHLEIN R.. BARTON R., MARLIN S.D., SPRINGER T.A.: A cell adhesion molecule, ICAM-I, is the 

major surface receptor lbr rhinoviruses. Cell 56, 849-853 (1989). 

SVENSSON L.: Group C rotavirus requires sialic acid for erythrocyte and cell receptor binding. J. Virol. 66, 5582-5585 (1992). 



1999 ANIMAL VIRUS RECEPTORS--review 485 

SAGARA .I.. TSUKITA S., YONEMURA S., TSUKITA S., KAWAI A: Cellular actin-binding ezrin-radixin-moesin (ERM) i'hmily proteins 

are incorporated into the rabies virion and closely associated with viral envelope proteins in the cell. Virology 206, 485-494 

(1995). 

SAGARA J., KAWAI A.: Identification of  heat shock protein 70 in the rabies virion. Virology 190, 845-848 (1992). 

SCHEI.P C., GREISER-WILKE [., WOLF G., BEER M., MOENNIG V., LIESS B.: Identification of  cell membrane proteins linked to suscepti- 

bility to bovine viral diarrhoea virus infection Arch. Virol. 140, 1997-2009 (1995). 

SC~INrr'rLER H-J., MAHNER F., DRENCKHAHN D., KLENK H.-D., FELDMANN H.: Replication of Marburg virus in human endothelial 

cells: a possible mechanism for the development of  viral hemorrhagic disease. J.Clin.lnvest. 91, 1301-1309 (1993). 

SMITH A.L. TIGNOR G.H.: Host cell receptors for two strains of  Sindbis virus. Arch. Virol. 66, 11-26 (1980). 

SOMMEREELT M.A., WEISS R.A.: Receptor interference groups of 20 retroviruses plating on human cells. Virology 176, 58-69 (1990). 

SRNKA C.A., TIEMEYER M., GILBERT J.H., MORELAND M., SCHWEINGRUBER H., DE LAPPE B.W., JAMES P.G., GANT T., WILLOUGH- 

BY R.E., YOLKEN R.H., NASHED M.A., ABBAS S.A., LAINE R.A.: Cell surface ligands for rotavirus mouse intestinal glyco- 

lipids and synthetic carbohydrate analogs. Virology 190, 794-805 (1992). 

SVENSSON U: Group C rotavirus requires sialic acid for erytbrocyte and cell receptor binding. J. Virol. 66, 5582-5585 (1992). 

STEHLE T., YAN Y., BENJAMIN T.L., HARRISON S.C.: Structure of routine polyomavirus complexed with an oligosaccharide receptor 

fragment. Nature 369, 160-163 (1994). 

TAVAKKOL A., BURNESS A.T.H.: Evidence for a direct role for sialic acid in the attachment of encepbalomyocarditis virus to human 

erytbrocytes. Biochemistry 29, 10684-10690 (1990). 

TAKEUCHI Y., VILE R.G., SIMPSON G., O'HARA B., COLLINS M.K., WEISS R.A.: Feline leukemia virus subgroup B uses the same cell 

surface receptor as gibbon ape leukemia virus. J. Virol. 66, 1219-1222 (1992). 

TOMASSINI J.E., GRAHAM D., DEWITT C.M., LINEBERGER D.W., RODKEY J.A., COLONNO R.J.: eDNA cloning reveals that the major 

group rbinovirus receptor on HeLa cells is intercellular adhesion molecule I. Proc.Nat.Acad.ScLUSA 86, 4907---4911 

(1989). 

TYCKO 13., MAXFIELD FR.: Rapid acidification ofendocytic vesicles containing cz-2-macroglobulin. Cell 28, 643-651 (1982). 

UBOL S., GRIt:FIN D.E.: Identification of a putative alphavirus receptor on mouse neural cells. J. Virol. 65, 6913-6921 (1991). 

VARGHESE J.N., LAVER W.G., COLMAN P.M.: Structure of the influenza virus glycoprotein antigen neuraminidase at 2.9 A resolution. 

Nature 303, 35-40 (1983). 

VARGHESE JN., MCKIMM-BRESCHKIN J.L., CALDWELL J.B., KORTT A.A., COLMAN P.M.: The structure of the complex influenza virus 

neuraminidase and sialic acid, the viral receptor. Proteins 14, 327-332 (1992). 

VLASAK R., LNYTZES W., LEIDER J., SPAAN W., PALESE P.: The E3 protein of bovine coronavirus is a receptor-destroying enzyme with 

acetylesterase activity. J. Virol. 62, 4686-4690 (1988). 

VAN ZEIJL M., JOHANN S.V., CLOSS E., CUNNINGHAM J., EDDY R., SHOWS T.B., O'HARA B.: A human amphotropic retrovirus receptor 

is a second member of the gibbon ape leukemia virus receptor family. Proc.Nat.Acad.Sci.USA 91, 1168-1172 (1994). 

VINUELA E.: Molecular biology of African swine fever virus, pp. 31-49 in Y. Becket (Ed.): African Swine Fever. Martinus Nijhoff 

Publishing, Boston 1987. 

WANG K.S., KOHN R.J., STRAUSS E.G., OU S., STRAUSS J.H.: High-affinity laminin receptor is a receptor for Sindbis virus in mam- 

malian cells. J. Virol. 66, 4992-5001 (1992). 

WANG H., KAVANAUGH M.P., NORTH R.A., KABAT O.: Cell-surface receptor for ecotropic routine retroviruses is a basic amino-acid 

transporter. Nature (London) 352, 729-731 ( 1991 ). 

WARD T.. PIPKIN P.A., CLARKSON N.A., STONE D.M., MINOR P.D., ALMOND J.W.: Decay-accelerating factor CD55 is identified as the 

receptor lbr echovirus 7 using CELICS, a rapid immuno-focal cloning method. EMBO J. 13, 5070-5074 (1994). 

WATANABE S.: The receptor and pathways for human cytomegalovirus entry. Ntppon Rinsho 56, 44-49 (1998). 

WA'FOWICH S.J., SKEHEL J.J., WILEY D.C.: Crystal structures of influenza virus hemagg[utinin in complex with high-affinity receptor 

analogs. Structure 2, 719-731 (1994). 

WEISS R.A.: Cellular receptors and viral glycoproteins involved in retroviral entry, pp. 1-108 in J. Levy (Ed.): The Retroviridae. 

Plenum Press, New York 1993. 

WEISS R.A., TAILOR C.S.: Retrovirus receptors. Cell 82, 531-533 (1995). 

WEIS W.I., BROWN J.H., CUSACK S., PAULSON J.C., SKEHEL J.J., WILEY D.C.; Structure of  the influenza virus b~emagglutinin com- 

plexed with its receptor, sialic acid. Nature 333, 426-431 (1988). 

WHITE J.. MATLIN K., HELENIUS A.: Cell fusion by Semliki lbresL influenza, and vesicular stomatitis viruses. J.Cell.Biol. 89, 674-679 

(1981). 

WICKHAM T.J., MATHIAS P., CHERESH D.A., Nemerow G.R.: Integrins czV[33 and aVl]5 promote adenovirus internalization but not 

virus attachment. Cell 73, 309-319 (1993). 

WILLETT B.J., HOSIE M.J., JARRETT O., NElL J.C.: Identification of a putative cellular receptor for feline immunodeficiency virus as the 

feline homologue of  CD9. Immunology 81,228-233 (1994). 

W1LLETT B., HOSIE M., SHAW A., NEIL J.: Inhibition of  feline immunodeficiency virus infection by CD9 antibody operates a~er virus 

entry and is independent of virus tropism. J.Gen. Virol. 78, 611-618 (1997). 

WILUAMS R.K., JIANG G.S., HOLMES K.V.: Receptor for mouse hepatitis virus is a member of  the carcinoembryonic antigen family of  

glycoproteins. Proc.Nat.Acad.Sci.USA 88, 5533-5536 (1991). 

WILLOUGHBY R.E., YOLKEN R.H., SCHNAAR R.L.: Rotaviruses specifically bind to the neutral glycosphingolipid. J. ViroL 64, 4830- 

4835 (1990). 

WILSON C.A, EIDEN M.V., ANDERSON W.B., LEHEL C., OLAH Z.: The dual-function hamster receptor for amphotropic murine 

leukemia virus (MuLV), 10AI MuLV, and Gibbon ape leukemia virus is a phosphate symporter. J. Virol. 69, 534-537 

(1995). 

WILSON C.A., FARRELL K.B., EIDEN M.V.: Properties of  a unique form of the murine amphotropic leukemia virus receptor expressed 

on hamster cells. J. Virol. 68, 7697-7703 (1994). 



486 L..IINDR,/~K and L. GRUBHOFFER Vol. 44 

WIMMER E.: Cellular Receptors for  Animal l'iruses. Cold Spring Harbor Laboratory Press, Cold Spring Harbor 1994. 

Xu G., SUZUKI T., TAHARA H, KISO M,  HASEGAWA A., SUZUKi Y.: Specificity of sialyl-sugar chain mediated recognition by the 

hemagglutinin of human influenza B virus isolates. J.Biochem. 115, 202-207 (1994). 

XU R., MOHANTY J.G., CROWELL R.L.: Receptor proteins on newborn Balb/c mouse brain cells for coxsackievirus B3 are immuno- 

logically distinct from those on HeLa cells. Virus Res. 35, 323-340 (1994). 

YASUKAWA M.: HHV-7 infection ofCD4 gene transfected cells. Ntppon Rinsho 56, 56-61 (1998). 

YEAGER C.L., ASHMUN R.A., WILLIAMS RK., CARDELLICHIO C.B., SHAPIRO L.H., LOOK A.T., HOLMES K.V.: Human amino peptidase 

N is a receptor lbr human coronavirus 229E Nature (London) 357, 420-422 (1992). 

YI Y, RANA S., TURNER JD., GADDIS N.. COLLMAN R.G.: CXCR-4 is expressed by primary macrophages and supports CCR5- 

independent refection by dual-tropic but not T-tropic isolates of  human immunodeficiency virus type I. J. Virol, 72. 772- 

777 (1998), 

YOKOMORI K,, LAI M.M.: Mouse hepatitis virus utilizes two carcinoembryonic antigens as alternative receptors. ,1. Virot. 66, 6194- 

6199 (1992). 

YOSHIKAWA Y., YAMANOUCHI K., TAKASU T., RAUF S., AHMED A.: Structural homology between hemagglutinin (HA) of  measles 

virus and the active site of  long neurotoxins. Virus Genes 5, 57-67 (1991). 

YOUNG .I.A., BATES P., VARMUS H.E.: Isolation of a chicken gene that conl~rs susceptibility to infection by subgroup A avian leukosis 

and sarcoma viruses. J. Yirol. 67, 1811-1814 (1993). 


