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PREFACE

For a virus to invade a host cell it needs to penetrate the physical barrier imposed
by the plasma membrane. Viruses have evolved specialized surface proteins to meet
this challenge. These proteins facilitate delivery of the viral genetic information into
the host cell by either fusing the viral envelope with a host cell membrane (enveloped
viruses) or by forming membrane pores (non-enveloped viruses). Membrane fusion and
pore formation critically depend on the engagement of host cell receptors and receptor
choice is a key determinant of viral tropism. The multi-faceted interplay between viral
and cellular factors during virus entry is a fascinating field of study, which can provide
important insight into viral pathogenesis and define new targets for intervention. This
book provides a comprehensive overview of this exciting field of research.

The first step in viral entry is the attachment of virions to target cells. Cellular
factors which promote viral attachment and their role in virus infection are reviewed
by Jolly and Sattentau. Two chapters review key processes underlying host cell entry of
non-enveloped viruses: Bergelson and Coyne discuss the cell biology of picornavirus
entry. These viruses exploit various endocytic pathways to invade cells and, by binding
to cell surface receptors, activate signaling cascades which prime the cells for infection.
Cellular entry of reoviruses is discussed by Danthi and colleagues. Members of the
reovirus family depend on the cellular proteases cathepsins B and L for disassembly
and viral structures exposed during disassembly can induce signaling cascades, which
drive cells into apoptosis.

Enveloped viruses have evolved three related yet distinct solutions to bind and
enter target cells: Class I, IT and IIIl membrane fusion proteins. Class | membrane fusion
proteins are discussed in four chapters. Sun and Whittaker introduce the prototype class
I membrane fusion protein, the influenza virus hemagglutinin. Simmons discusses
entry of Ebola and Marburg virus, the only members of the filoviridae family. These
viruses enter an extremely broad range of cells in a pH-dependent fashion. However, the
pH-dependence is indirect: An acidic milieu is required for the activity of cathepsins B
and L, which prime the viral glycoprotein for membrane fusion. A particular solution to
host cell entry has been evolved by paramyxoviruses, which encode two distinct proteins
to accomplish attachment to host cells and membrane fusion. Bossart and Broder describe
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how these proteins cooperate during host cell entry. Retroviruses comprise important
human pathogens and are frequently used to study virus-host interactions during entry.
Lindemann and colleagues review how foamy virus and HIV select and enter target cells.
Class Il membrane fusion proteins are structure- and sequence-wise different from class I
fusion proteins but employ related mechanisms to merge the viral and cellular membranes.
The key features of class II membrane fusion proteins are discussed by Modis. Class
III membrane fusion proteins combine elements of the other classes and are only found
in herpes-, thabdo- and baculoviruses. Regan and Whittaker guide the reader through
each step of host cell entry of rhabdoviruses. Entry of herpes viruses into host cells is
facilitated by several viral glycoproteins and is regulated by glycoprotein-glycoprotein
and glycoprotein-receptor interactions. The respective processes are reviewed by
Krummenacher and colleagues, with a particular focus on the structures involved in
receptor binding.
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and

Graham Simmons, PhD
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CHAPTER 1

ATTACHMENT FACTORS

Clare L. Jolly and Quentin J. Sattentau*

Sir William Dunn School of Pathology, University of Oxford, Oxford, UK
*Corresponding Author: Quentin J. Sattentau—Email: quentin.sattentau@path.ox.ac.uk

Abstract:

As obligate intracellular parasites, viruses must bind to, and enter, permissive
host cells in order to gain access to the cellular machinery that is required for
their replication. The very large number of mammalian viruses identified to date
is reflected in the fact that almost every human and animal cell type is a target for
infection by one, or commonly more than one, species of virus. As viruses have
adapted to target certain cell types for their propagation, there is exquisite specificity
in cellular tropism. This specificity is frequently, but not always, mediated by the first
step in the viral replication cycle: attachment of viral surface proteins to receptors
expressed on susceptible cells. Viral receptors may be protein, carbohydrate, and/
or lipid. Many viruses can use more than one attachment receptor, and indeed may
sequentially engage multiple receptors to infecta cell. Thus, itis useful to differentiate
between attachment receptors, that simply allow viruses a foothold at the limiting
membrane of a cell, and entry receptors that mediate delivery the viral genome
into the cytoplasm. For some viruses the attachment factors that promote binding
to permissive cells are very well defined, but the sequence of events that triggers
viral entry is only now beginning to be understood. For other viruses, despite many
efforts, the receptors remain elusive. In this chapter we will confine our review to
viruses that infect mammals, with particular focus on human pathogens. We do
not intend that this will be an exhaustive overview of viral attachment receptors;
instead we will take a number of examples of well-characterized virus-receptor
interactions, discuss supporting evidence, and highlight any controversies and
uncertainties in the field. We will then conclude with a reflection on general
principles of viral attachment, consider some exceptions to these principles, and
make some suggestion for future research.

Viral Entry into Host Cells, edited by Stefan P6hlmann and Graham Simmons.
©2006 Landes Bioscience and Springer Science+Business Media.



2 VIRAL ENTRY INTO HOST CELLS
INTRODUCTION

Despite striking differences in genome type, replication, morphology and tropism, all
viruses carry structures, usually proteins, on the outer surface of the virion that mediate
attachment to receptors expressed on the surface of target cells. There are two principal
groups of viruses, with gross classification based on whether they are limited by a lipid
membrane derived from a host cell membrane (enveloped viruses), or nonenveloped
viruses, that have a protein exterior. Although most examples of viral surface structures
are virally-encoded, others, such as adhesion molecules and proteoglycans, may be host
cell-derived.

Attachment may be a relatively nonspecific process, by which surface viral structures
associate reversibly with the cell limiting membrane via generalized biochemical
properties such as charge, or may use more sophisticated bonding patterns to receptors
that are specific for the viral family, genus, type, subtype or strain. A number of viruses
use ubiquitously expressed receptors to attach to target cells, and replication is restricted
by other factors, for example temperature sensitivity in the case of viruses that target the
upper respiratory tract. Glycoproteins are major targets for viral attachment, and due to
their regulated expression on different cell types, help provide the specificity required
for viral tropism. Lipids are also used by a number of viruses for binding to target cells,
particularly viruses that invade cells of the gastrointestinal tract. A great many viruses take
advantage of the carbohydrate moieties present on both glycoproteins and glycolipids.

Because receptor binding is the essential first step in viral replication, and most viral
attachment receptors are nonpolymorphic, there is strong selective pressure to maintain
highly conserved receptor binding sequences. This is in the face of negative selective
pressures such as those exerted by neutralizing antibodies. To overcome this, some
viruses have adapted to shield the important receptor binding domains of their protein
using a variety of strategies including protective glycan ‘shields’ and protein ‘decoys’.
Another strategy is to bury the receptor binding surface in a cleft or “valley’, occluding
bulky immunoglobulin molecules. Furthermore, a number of viruses have evolved to use
conformational changes, triggered by binding to a primary attachment receptor, to expose
or create a previously hidden or ‘cryptic’ domain that then attaches to a second receptor,
commonly the one that then mediates virus entry into the cell. For some viruses these
interactions are very well defined, and contact sites have been mapped precisely to specific
amino acid residues on the viral attachment protein, interacting with known domains on
the cognate cellular receptor. Two very good examples of viruses where a great deal is
known about the mechanism of virion attachment are the human immunodeficiency virus
(HIV) and influenza A virus. Both of these viruses have benefited from intense study
over a number of years and unparalleled levels of structural and functional information
are available.

NONSPECIFIC VIRUS-RECEPTOR INTERACTIONS
Charge-Based Interactions
Often, viruses may find themselves in conditions that are unfavourable for cellular

attachment, examples of which include the presence of competitive ligands in the
extracellular milieu, conditions of flow such as are found in the vasculature, and repulsive
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forces of viral and cellular membranes in the case of enveloped viruses. Virus particles
are often relatively labile, and inactivation of infectivity may ensue if entry into a cell
is not achieved relatively rapidly. Thus, viruses need to limit random three-dimensional
diffusion and expedite the receptor engagement process. To achieve this, many have chosen
to anchor onto the cell glycocalyx, as this is the first physical structure to be encountered
as the cell surface is approached. The glycocalyx is a ubiquitous carbohydrate ‘umbrella’,
that contains negatively charged moieties in which the charge density is dependent on
cell type and stage of differentiation and maturation. The charge within the glycocalyx is
predominantly contributed by a group of glycoproteins called proteoglycans, that express
sulfated glycan side chains termed glycosaminoglycans (GAGs). The number of glycan
chains and the degree of sulfation varies according to the proteoglycan type, resulting in
a wide spectrum of charge densities per molecule (Fig. 1). Moreover, the composition
of the repeating dissacharide units allows for many different sulfated proteoglycans to
exist, of which heparan sulfate and to a lesser extent, chondroitin sulfate can serve as
viral attachment factors.

Hyaluronan (HA)

48 48 4S8
- RkQOSL IO IO 1O &

Chondroitin sulfate (CS)

4S 48 48
2S 28

Dermatan Sulfate (DS)
[

25 NS 25 NS3s

Heparin sulfate (HS)
Core protein

Cell Membrane

* Xyl Q GlcA D GalNAc
O Gal Q IdoA . GlcNAc

Figure 1. Schematic illustration of the composition of the major glycosaminoglycan side chains. Many
viruses use HSPGs to attach to target cells and there is evidence that a select few may also associate
with chondroitin sulfate containing proteoglycans.
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A variety of both eukaryotic and prokaryotic pathogens, including viruses, bacteria,
fungi and parasites have the ability to associate with proteoglycans. The requirement for
proteoglycan binding appears to be a somewhat indistinct motif or patch of basic amino
acids on the pathogen surface, but there is a degree of specificity linking the structure
and charge of the pathogen motif and the type of proteoglycan used. GAGs are very
promiscuous attachment receptors for viruses: many viruses have been identified that
bind GAGs, including member of the Retroviridae, Picornaviridae and Flaviviridae'*
(Table 1), and the list is growing.

HSV

The first described and one ofthe best-characterized virus-proteoglycan interactions
is probably that between herpes simplex virus type 1 (HSV-1) and a class of highly
sulfated proteoglycans termed heparan sulfate proteoglycans (HSPGs). Herpes simplex
virus attachment and entry into target cells requires the concerted action of multiple
viral glycoprotein and cellular receptors, but the attachment of virions to permissive
cells is initiated by binding of the viral structural proteins gB and gC to the disaccharide
repeats of heparan sulphate.”® In vitro, this association probably concentrates virions
on the surface of target cells and facilitates subsequent interactions between HSV-1
glycoproteins and cellular receptors that are required for virus entry. Binding of gB
or gC to HSPGs alone is insufficient to mediate virus entry, but in the absence of gC,
infection decreases 10 fold,’ and although HSPG binding is not an absolute requirement
for virus entry the increased kinetics of infection after HSPG binding means they function
as true attachment receptors. The recognition events that permit gB and gC to bind
heparan sulfate are currently being dissected and it appears the minimal oligosaccharide
recognized by HSV comprises as little as 10 monosaccharide units.!® Interestingly, data
indicate that gB and gC do not recognize the same receptor unit, moreover different gC
proteins from different HSV types (HSV-1 versus HSV-2) also attach to distinct receptor
domains,''> however the importance of this in vivo is not established. Of the two HSV-1
glycoproteins that interact with HSPGs, gC may be more important in initial attachment,
and while it is dispensable for growth in vitro, it is almost always expressed in primary
patient isolates (reviewed in ref. 13). Within gC the basic and hydrophobic amino acids
between 129 and 160, and residue 247, interact with heparan sulfate; mutation of these
residues significantly reduces attachment of virions to cells.'* This is consistent with
the idea that positively charged viral domains promote binding to negatively charged
heparan sulfate disaccharides. As mentioned earlier, there is some redundancy in the
system and although the presence of gC enhances infectivity measurably, both gB and gC
can bind to heparan sulfate. Mutation studies have shown if both proteins are removed,
virus infectivity is severely impaired, however interpretation of these data is complicated
because gB has a role in virus entry that is independent of the initial HSPG binding."
Although the relative contributions of gB and gC to virion binding are difficult to dissect,
clearly the maintenance of both gB and gC in HSV-1 evolution indicates these proteins
are indispensable for viral infectivity and pathogenesis.

As well as interacting with heparan sulfate containing GAGs, there is evidence
that HSV can use chondroitin sulfate proteoglycans (CSPGs) as an auxiliary receptor
in the absence of HSPGs'®!” (Fig. 1). Studies designed to map the chondroitin sulfate
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Table 1. Examples of attachment receptors for animal viruses

Family Virus Receptor Reference
Adenoviridae Adenovirus CAR 53
HSPGs 32
sialic acid 128
Bunyaviridae Hantavirus f3;integrins 129
Caliciviridae Norovirus HSPGs 130
Circoviridae Circovirus CSPGs 131
HSPGs
Filoviridae Ebola virus DC-SIGN 93
Flaviviridae Dengue virus DC-SIGN 88
HSPGs 132
HCV DC-SIGN 90
HSPGs 1
SR-B1 97
Herpesviridae CMV HSPGs 133
DC-SIGN 92
HSVI and 2 HSPGs 8
CSPGs 18
KSV (HHVS) DC-SIGN 77
HSPGs 76
B, oy 75
HHV7 CD4 134
Orthomyxoviridae Influenza A virus a2,3 sialic acid (avian) 104
a.2,6 sialic acid (human) 96
mannose receptor
Paramyxoviridae RSV HSPGs 135
Sendai virus 2,3 sialic acid 136, 137
Picornaviridae Coxsackie CAR 53
onBs 138
Rhinovirus ICAM-1 (CD54) 50
Rhinovirus 87 sialic acid 139
Rhinovirus 89 HSPGs 3
FMDV HSPGs 140
By 141
Echovirus o, oL 57 142
Poxviridae Vaccinia virus HSPG 143
CSPG 144
Retroviridae HIV CD4 145
HSPGs 6
DC-SIGN 94
Langerin 82
mannose receptor
HTLV DC-SIGN 146
HSPGs 25
Reoviridae Rotavirus a2,6 or 2,3 sialic acid* 110
Py, oy 61, 65
Rhabdoviridae Rabies virus NCAM 147

*Animal strains of rotavirus use terminal sialic acid for attachment to target cells but evidence to

date suggests that human strains do not.
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binding domains have shown that there is some redundancy between CSPG and HSPG
attachment with the binding sites mostly overlapping, although subtle differences are
apparent.'® In addition to HSV, CSPGs can support the binding of other viruses to target
cells (Table 1) and it is likely that many viruses that associate with HSPGs may also
interact with chondroitin sulfate containing GAGs.

HIV

HIV-1 binds HSPGs via its surface envelope glycoprotein, gp120. The surfaces on
gp120 mediating this interaction have been partially defined, and appear to consist of two
structures: the V3 loop and the CD4-induced (CD4i) surface. These two regions form the
chemokine receptor binding surface, and contain patches of positively charged amino acids
that contribute to HSPG binding (Fig. 2). The ability of HIV to interact with HSPGs depends
on several factors, and is linked to the tropism of the virus. The dominant determinant
of HSPG binding is the charge on the V3 loop, and this appears to be linked to whether
the virus uses CXCR4 or CCRS as its entry coreceptor. CXCR4-using (X4) viruses tend

Figure 2. Model of HIV gp120 surface complexed to heparin (14 repeating disaccharide units) is shown
with the CD4-induced and the V3 loop indicated. The surface of gpl120 is color-coded according to
electrostatic potential from blue (most negative) to red (most positive). Reprinted from Vives RR et
al. J Biol Chem 2005; 280(22):21353-21357.%°
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to have a more basic V3 loop, and associate more tightly with HSPGs than CCR5-using
(RS5) viruses.'” Moreover, the charge on the V3 loop is most likely increased during viral
passage in HSPG-rich cell types such as human T-cell leukaemia virus (HTLV)-transformed
T-cell lines. Thus, selection pressure on the virus to attach efficiently to HSPG-containing
cell surfaces drives gp120 adaptation to a more positively charged surface. This selection,
amongst others, results in viruses termed T-cell line adapted (TCLA). The charge on the
V3 loop of TCLA viruses may reach +9, whereas that on an R5 primary isolate (PI) that
has never been passaged in cell lines is typically +2 to +5. The affinity of monomeric X4
gp120 interaction with the prototype GAG heparin has been measured at 200nM in the
absence of sSCD4, and 17nM in the presence,” confirming the two site binding of gp120
to GAGs. Semi-quantitative analysis of X4 HIV virion binding to HSPG* cells (HeLa)
demonstrates that, as expected, the overall avidity of the interaction is much higher than
that for monomeric gp120, no doubt as a result of multivalent gp120-HSPG interactions.
Although there is a wealth of information regarding TCLA virus-HSPG association in vitro,
little information is available regarding the importance of HSPGs in primary isolate HIV-1
attachment.?! Moreover, very little is known concerning the use of HSPGs by HIV-1 on
primary cells. Recently it has been observed that primary CD4" T cells express low levels
of HSPGs under certain conditions,” although we have no insight into whether this makes
these cells better targets for HIV-1 infection. There is evidence (our unpublished results)
that CD4 is the dominant attachment receptor for TCLA virus on CD4" T cells, suggesting
that other factors such as HSPGs may play a more minor (if any) role. However, it should
be noted that primary isolates of HIV-1 tend to have a much lower affinity for CD4 than
TCLA viruses®*? and so under these circumstances HSPGs may play a more significant
role. Macrophages express the proteoglycan syndecan-1T upon maturation, facilitating HIV-1
attachment to, and infection of, these cells.* It will be of interest to see whether the same
is true of dendritic cells and other related cell types. Finally, nothing is known regarding
the relationship between HIV-1 and HSPGs in vivo. One can speculate that HSPGs may
promote HIV-1 infection in vivo by facilitating virus adsorption to target cell membranes,
assuming that sufficient HSPG is expressed, that the viral V3 loop is sufficiently basic, and
that the CD4i region is at least partially constitutively exposed. A recent study suggested
that HSPGs might allow HIV-1 to be taken up into a protected intracellular environment
and subsequently represented to permissive target cells.” However, it seems equally, if not
more likely, that HSPGs ubiquitously expressed on epithelial and endothelial cell surfaces
would trap HIV-1 onto (or into) a nonpermissive cellular environment that would lead
to virus inactivation before viral ‘rescue’ by infection in trans of a permissive cell type.?
In a twist to the established HIV-1-GAG interaction story, it has been noted that
HIV-1 can take up proteoglycans during budding from infected cells expressing these
molecules at the plasma membrane.”* The chemokine RANTES, when oligomeric,
cross-linked the virions to target cell membranes and thereby enhanced viral infection of
those cells. Thus, RANTES may have opposing effects on viral infection of CD4" cells:
inhibition by coreceptor occupation but enhancement by increasing viral attachment.

HTLV-1

The surface Env subunit (gp46) of a related retrovirus, HTLV-1, binds HSPGs in
an efficient manner, leading to enhanced HTLV pseudotype infection and HTLV-1
Env-mediated cell-cell fusion.?> Moreover, even though human T cells express low
levels of HSPGs after activation, this may be sufficient to increase infection by HTLV-1.
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Although we believe the data in these two studies to be robust, there are caveats in their
interpretation. First, it is unlikely that the HTLV-1 isolates used, and the Env derived
from them, represents ‘primary isolate’-derived material. More likely is that they have an
adapted phenotype coming from production of the virus by cells expressing high levels of
HSPGs and have thereby been selected for strong HSPG binding. A related observation
that we (unpublished data) and others?® have made, is that HTLV-1 transformed CD4"
T-cell lines express high surface levels of HSPG, whereas nonHTLV-1-transformed
T-cell lines express little or none. Thus, HTLV-1 infection (or transformation) may
upregulate HSPGs on CD4" T cells, implying advantage for the virus. The second caveat
is that HTLV-1 disseminates predominantly in vivo by direct cell-cell spread, probably
via a ‘virological synapse’,”” and not by release of cell-free virus or via cell-cell fusion.
It remains to be seen, therefore, whether the presence of HSPGs on T cells is beneficial
for HTLV-1 spread in vivo, or not.

Nonenveloped Viruses

The interaction between foot and mouth disease virus (FMDV) and GAGs has
been characterized at the atomic level by crystallography of FMDV-heparan sulfate
complexes.” The HSPG binding site of FMDYV resides in a shallow depression located
at the junction of the three major capsid proteins, and essentially no changes in protein
conformation are required to accommodate the sugar. Basic and polar residues in VP1
(Lys193), VP2 (Thr134 and Arg135) and VP3 (Arg56 and Asn88) are crucial for heparan
sulfate binding. Additional interactions between VP1, 2 and 3 and the HSPGs help to
stabilize the complex and a total of nine amino acids make contact with the sulfate sugar.
Studies comparing variants of FMDV have indicated that Arg56 in VP3 and Argl35 in
VP2 may be important mediators of heparan sulfate binding between different strains
of virus and changes that result in an Arg at position 56 are clearly associated with the
acquisition of a high affinity HSPG binding phenotype.?** Interestingly the adaptation
to HSPG binding may be an in vitro phenomenon for FMDYV and heparan sulfate binding
is rapidly lost upon transfer into an animal model.?

There are of course other nonenveloped viruses, in addition to FMDYV, that bind to
GAGs to establish a foothold at the cell surface. Of particular interest are the adenoviruses
that are being extensively modified, evaluated and tested as potential viral vectors to be
used in gene therapy. Gene therapy naturally requires exquisitely refined cell targeting,
so that the genetic material intended to correct the specific cellular defect is delivered to
precisely the right tissue and cell. This requires that we fully understand the mechanisms
of attachment of virus vectors in order to block native receptor binding and retarget
virus to tissue specific sites. In addition to adenovirus binding to a, integrins and CAR
there is data indicating that Ad serotypes 2 and 5 can also interact with HS GAGs at
the cell surface.’'*? This finding has important implications for gene therapy because
of the diversity of cell types that express these GAGs. Elucidating, and inhibiting, the
molecular mechanisms of this interaction will be necessary to deliver adenoviral vectors
to the correct tissue and prevent sequestering virus at inappropriate sites.

Host Cell Molecule Interactions

During budding from infected target cells, enveloped viruses wrap themselves
in host cell membrane. If this takes place at the plasma membrane, as is the case for
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many viruses, then plasma membrane proteins, including adhesion molecules, may be
incorporated into the viral envelope. This has been documented for several viruses, but the
best characterized is probably HIV-1. Early studies demonstrated that mAbs to adhesion
molecules inhibited HIV-1 Env-mediated cell-cell fusion.** Subsequently it was shown that
CD4" T cells deficient in LFA-1 (leukocyte function antigen 1), obtained from Leukocyte
Adhesion Deficiency Type-1 (LAD-1) patients, were deficient for HIV-induced syncytium
formation.** Confirmatory evidence came from studies in which virions produced in
cells over-expressing transgenic ICAM-1 were shown to be substantially (up to 10-fold)
more infectious on LFA-1" target cells than virions produced in ICAM-1-low expressing
cells.*>* This increase in viral infectivity probably results from the artificially high levels
of ICAM-1 incorporated into the viral envelope. ICAM-1-enhanced infection probably
also reflects the low CD4 affinity of primary isolate Env and the predicted small number
of Env molecules on each HIV-1 virion.’” A series of further studies by Tremblay’s group
has extended our understanding, at the molecular level, of the ICAM-1-LFA-1 interaction
in the context of HIV infectivity.*®

Aswell as classical adhesion molecules, HIV incorporates other cell surface proteins
into the viral envelope, some of which influence viral infectivity. Studies have shown that
incorporation of host-derived MHC class II (MHC-II) into the HIV envelope enhances
infectivity and that virus produced in MHC-I1+ve RAJI cells showed more rapid attachment
and entry kinetics than virus produced in MHC-1I-ve RAJI cells.* Moreover the presence
of host derived CD80 (B7.1) and CD86 (B7.2) in HIV virions can enhance infectivity
by facilitating attachment to CD28 and CTLA4 on the surface of target immune cells.*
Many other enveloped viruses also incorporate host cell molecules during budding
(reviewed in ref. 41) and this may be a general characteristic used by enveloped virus
to enhance attachment.

SPECIFIC VIRUS-RECEPTOR INTERACTIONS
Immunoglobulin Superfamily Members
CD4

In vitro and in vivo, HIV infects predominantly CD4" T cells and cells of the
monocyte/macrophage linage. Viral attachment to CD4" T cells and macrophages
is mediated by the Env gp120 subunit, which along with the fusion protein gp41
result from proteolytic cleavage of the precursor gp160. gp120 binds CD4 by contact
between 26 amino acids on gp120 and 22 residues of the D1 extracellular domain of
the CD4 molecule.*” Within CD4 these residues are localized between amino acids 25
and 64, but in gp120 are spread over about 6 discontinuous regions.*’ In gp120 it has
been reported that Asp 368, Glu 370 and Trp 427 are particularly important and are
conserved between both HIV-1 and HIV-2.4>* Interaction between monomeric gp120
and CD4 tends to be of high affinity (typically low nanomolar kD), but oligomerization
into the intact Env spike has, in every case reported, reduced the affinity by up to
two (or more) orders of magnitude.??*** The reason for this is not yet known, but the
working hypothesis is that the CD4 binding surface on gp120 is partially obscured in
the assembled trimer, potentially by the bulky V1V2 loop of the same gp120, or that
of an adjacent gp120 protomer.*¢
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After binding to CD4, gp120 undergoes a conformational change that exposes a
binding site for the second receptor, achemokine receptor (CKR), either CCRS5 or CXCRA4.
The chemokine receptor binding site (CKRbs) of gp120 is spatially distinct from the
CD4 binding site and is predominantly made up of amino acids in the ‘bridging sheet’ of
gp120.#247 Although the chemokine receptors were initially termed ‘secondary’ receptors,
mutations in the V1-V2 loop of gp120 can render HIV CD4-independent,* suggesting,
along with other evidence, that the CKRs are most likely the primordial receptors and
CD#4 adaptation came later. The adaptation of HIV-1 to CD4-independence appears to
be an in vitro phenomenon. By contrast, HIV-2 and SIV isolates have been found to be
CD4-independent ex vivo, but they are rare and their fitness in vivo is unclear.

CD4" T cells express high levels of CD4, and as such this is likely to be the predominant
HIV attachment receptor on this cell type. By contrast, the other CD4" permissive target
cells, dendritic cells (DCs), Langerhans cells (LCs), monocytes/macrophages and their
central nervous system (CNS) relatives microglia, express low levels of CD4. It has
thus been proposed that HIV-1 attachment to these cells is likely to be via other types
of structure. We have already mentioned HSPGs and adhesion molecules (above), but
probably more important are the families of lectins that decorate the membranes of
antigen presenting cells (Table 1), and these are discussed later.

ICAM-1

Some Picornaviridae family members, such as human rhinoviruses (HRV) and
certain Coxsackie viruses, also use an Ig-like protein, in this case ICAM-1 (intercellular
adhesion molecule 1, CD54), to attach to target cells. For HRV this interaction is very
well defined. HRVs infect cells of the respiratory tract and are the major cause of the
common cold. Of the approximately 100 known serotypes of human rhinovirus most
utilize CD54 as the cellular attachment factor.**° ICAM-1 was identified as the receptor
for HRV using a mAb screen to inhibit infection followed by affinity chromatography.
ICAM-1 is a ubiquitously expressed receptor that is found on many cell types, including
the nasal epithelium to which HRV attaches, and the normal function of this protein is
to mediate cell-cell interactions between ICAM-1 expressing cells and cells that express
the cognate binding partner LFA-1 or Mac-1. ICAM-1 contains five Ig-like extracellular
domains and the binding site for LFA-1 and HRV are within domains 1 and 2 (D1 and
D2) but the pertinent amino acids required for HRV attachment are in the N-terminal
D1 region.’*? Unlike LFA-1 binding, HRV attachment to ICAM-1 does not require
divalent cation cofactors. Crystallography and cryo-electron microscopic modelling
have identified the attachment sites in the BC, CD, DE and FG loops of D1 and charge
complementarity is apparent between D1 and the HRV binding sites.’> These charged
interactions are very important for [CAM-1-HRYV binding and are conserved amongst
different rhinovirus groups. Human rhinoviruses are nonenveloped virions whose capsid
consists of 60 protomers each of which is made up ofa single unitof VP1,2,3 and 4. VP1,
VP2 and VP3 comprise the capsid shell and the main feature of the rhinovirus capsid is
the ‘canyon’. The canyon, as the name suggests, is a depression or recess on the surface
of the HRV virion that is constructed by residues from VP1, 2 and 3 and it is in this
canyon that ICAM-1 binding interactions occur. The receptor binding site is necessarily
highly conserved and is hidden at the bottom of the canyon, protected from neutralizing
antibodies. Hypervariable residues line the canyon walls and it is thought that these are
exposed to constant immune surveillance. Attachment of HRV to ICAM-1 is mediated
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by residues that lie deep within the recess on the canyon floor and because HRV attaches
to the N terminal D1 region of ICAM-1, data suggests that the long extracellular Ig-like
region must act as a probe to facilitate receptor-virus binding.

CAR (Adenovirus)

The coxsackie and adenovirus receptor (CAR), as the name suggests, facilitates cell
surface attachment of Coxsackie viruses and group A, C, D, E and F adenoviruses. CAR
was identified as the attachment receptor by a number of groups after being purified from
extracts of cultured cells with intact Ad2 virions.> Not all adenoviruses require CAR to
attach to host cells and adenovirus type 5 first recognizes MHC class I while serotypes 2
and 9 bypass CAR and MHC and bind directly integrins and enter host cells (Table 1).
Morphologically, adenovirus capsids contain five prominent trimeric fibres that protrude
from the vertices of the icosahedral capsid and are anchored into the virion via a penton
base and are readily seen by electron microscopy. The distal end of the fibre contains the
receptor binding knob region that interacts with the 46 kDa CAR. CAR and MHC class |
alone are insufficient to permit viral infection and a second binding step involving integrin
family members is required. CAR contains two Ig superfamily domains that are liganded
at the N terminal V-like domains by the Ad-fibre knob*® and crystallography has revealed
that binding is multivalent and 3 CAR V domains associate with the surface exposed
loop of a single Ad knob. Greater than 50% of the receptor-ligand binding is contributed
by the AB loop of the knob region and the complex is stabilized by a series of hydrogen
bonds. Although a great deal of structural information is known about adenovirus-CAR
binding, the potential for designing therapeutic inhibitors is complicated by the fact that
the normal physiological function of CAR is unknown and that expression is on the
basolateral surface of epithelial cells and so drug accessibility to the site of virus-cell
attachment may be problematic.

Integrins

Integrins are heterodimers of o and 8 subunits that are present on many cell types
and whose function is to mediate interactions between cells and the extracellular matrix,
and to serve as adhesion molecules for cell-cell interactions. Because they are so widely
expressed on different tissues, integrins are often recognized as cellular attachment
receptors by viruses. Some viruses use integrins exclusively to mediate binding and entry
whereas others use them as coreceptors. Echovirus is a picornavirus that uses integrins
as the primary receptor for cell binding and three different o heterodimers can serve as
attachment factors. Viruses bind to integrins by short virally encoded peptide sequences
present in structural proteins that mimic the natural integrin ligands. a,f,, also known
as VLA-2, is the attachment receptor for echovirus serotypes 1 and 8 and was identified
using mAbs to block infection of susceptible cells.”” This was confirmed using cells
expressing little a,f, that did not bind virus until transfected with the a, encoding cDNA.
Binding of echovirus to a,f, is via a DGE tripeptide motif in VP1. Not all echoviruses
use a,f; and serotype 22 associates with the o, subunit presented as o, 3; or o3, and this
is through a RGD domain also within VP1. The interaction of VP1 with a, is relevant
in vivo and RGD-containing peptides can inhibit virus replication in a mouse model.*®
The first structural integrin data for picornaviruses was obtained using echovirus* and
the virus-binding site is located within the I domain of the a, subunit, in agreement with
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earlier recombinant protein work implicating residues 199-201 and 212-216 in binding.*
The “T” (inserted) domain is present within a subclass of a subunits and contains the
MIDAS (metal ion dependent adhesion site) that chelates divalent cations which act
as cofactors for ligand binding. Interestingly, unlike collagen, echovirus binding does
not require divalent cations and the residues that bind echovirus are on a different face
to those that recognize collagen, indicating that the integrin associates with these two
ligands by different mechanisms. Importantly for viral fitness, echovirus binds with a 10
fold higher affinity to integrins than do the natural ligands.” Separate binding domains,
coupled with the higher affinity interactions, would help virus attach to target cells even
in the presence of potentially competing ligands such as collagen and other components
of the extracellular matrix. In addition, models predict that multiple a,f, heterodimers
can bind to adjacent sites on the echovirus capsid without any apparent steric hindrance,
leading to a higher affinity interaction that sequesters virus tightly to the cell surface.
Rotavirus, a nonenveloped virus that causes gastroenteritis in infant humans and
animals, also binds to integrins as part of the infection process.®! Rotavirus entry appears
to be a multi-step process whereby most animal rotaviruses (and probably some human
strains also) bind initially to a sialic acid containing carbohydrate and then interact with
integrins to promote viral entry into the cytoplasm.®*** An exception to this is the porcine
rotavirus strain CRW-8 that is integrin independent.** A number of integrins have now
been identified that interact with rotavirus motifs present within the two outer capsid
proteins, the spike protein VP4 and the major outer capsid protein VP7, and some of
these promote virus binding while others are involved in post-attachment entry steps.
Integrins that have been shown to mediate initial events in rotavirus attachment to target
cells in vitro are o,3;, auf; and o,f3,.5"% Binding to these integrins is modulated by motifs
within VP7 and the VP5* domain of VP4. a,f3, binding by rotavirus occurs via a DGE
sequence in VP5* and the I domain of o, is both necessary and sufficient for binding.®*¢’
Up to 4 potential binding motifs are present within both VP4 and VP7 that can interact
with a,f, and o,f3; integrins.® The reason for the high degree of redundancy in the system
is unclear, however it is clearly necessary for efficient infection, and blocking these
interactions has a measurable effect on binding and entry. Whether rotavirus interacts
sequentially or alternatively with all integrins present on the surface of target cells is not
known. It is possible that the presence of multiple binding motifs within VP4 and VP7 is
influenced by the expression levels of integrins in vivo during various stages of cellular
differentiation and may also be an important determinant of species tropism.

Multispan Receptors
Tetraspanins

The role of multispan proteins as attachment receptors for animal viruses is
relatively ill-defined when compared to other factors that promote virion binding. There
is some evidence that multispan proteins can function as viral attachment proteins and
clearly they are capable of acting as coreceptors for some viruses. Tetraspanins are four
transmembrane receptors whose exact cellular function is unknown. Tetraspanins shuttle
between endocytic membranes and the plasma membrane by virtue of their association
with intracellular vesicles and at the cell surface tetraspanins form what is known as a
“tetraspan web”, where, because of their reported association with integrins, they are
thought to be involved in cell-cell interactions. To date, the only tetraspanin implicated
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as a receptor for viral attachment is CD81.°® Whether CD81 is strictly an attachment
factor for hepatitis C virus (HCV), or also mediates viral entry, is controversial. It has
been suggested that CD81 acts as a post-attachment entry receptor for HCV® and a
number of other receptors including DC-SIGN, the LDL receptor, HSPGs and scavenger
receptor class B type I (SR-B1) have also been implicated in attachment (reviewed in
ref. 70). HCV experiments have been complicated by the absence, until recently, of a
cell culture system to grow virus, or of pseudotyped virions. Because of this, studies
have used truncated expressed forms of E2, the putative viral receptor binding protein,
which, while very informative, is not necessarily reflective of the situation with intact
virions. However, despite the limitations, there is solid data demonstrating that the E2
protein of HCV binds to an extracellular loop of CD81% and so it may function as the
binding receptor. Moreover, reports have indicated that CD81* nonhepatic cell lines do
not support HCV pseudovirus entry, adding some weight to the argument that CD81
promotes virus binding but that additional receptors regulate entry.**"> With the advances
in techniques to study HCV it is anticipated that a great deal of new information about
virus binding will become available over the next few years that could help clarify the
area of tetraspanins in viral attachment.

Seven and 12 Transmembrane Receptors

As mentioned previously, seven transmembrane (TM) proteins (the G-protein
coupled chemokine receptors CXCR4 and CCRY) act as coreceptors to allow infection
of HIV-1 into CD4" target cells. Not all lentiviruses require CD4 and lab adapted isolates
of HIV-2 as well as primary isolates of the simian immunodeficiency virus (SIV) are
able to infect CD4 negative cells via CXCR4 and CCRS respectively. This is not just an
in vitro property of HIV-2 and it is reported that most primary patient isolates of HIV-2
use CXCR4 or CCRS to infect target cells.”® Thus, 7TM receptors are able to function
as attachment factors for a small group of viruses.

Very recently a 12 TM protein has been identified as a putative viral receptor for
Kaposi’s sarcoma herpes virus (KSHV, also known as HHVS8).7 The receptor identified,
xCT, is a human protein involved in L-cystine influx into cell and concomitant efflux of
L-glutamine. XCT and was identified in a two-cell fusion assay whereby xCT expression
in 3T3 cells rendered cells susceptible to fusion with cells expressing transfected KSHV
glycoprotein. In addition to this, a viral entry assay demonstrated xCT- BHK-21 and
K562 cells did not support viral entry whereas xCT transfected cells did. Thus, whether
the effect on viral infectivity is due a direct effect on virus penetration or whether xCT
functions along with GAGs, DC-SIGN and f3, integrins’>”” at the first stages of attachment
is unclear but remains a possibility.

Lectins
DC-SIGN

Lectins are a family of molecules that bind carbohydrate moieties, many in a calcium
(C-type-lectins) dependent manner (Fig. 3). DC-SIGN is a C-type lectin that was first
cloned in 1992 from placental tissue, was demonstrated to exhibit an affinity for gp120
in the low nM range, but its function was unknown. In 2000, Geijtenbeeck and coworkers
identified DC-SIGN as a DC-expressed ligand for HIV-1 gp120. The interaction is based
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Figure 3. The C-type lectin-like receptors expressed by dendritic cells and macrophages. DC-SIGN,
Langherin and the mannose receptor have all been shown to promote viral attachment to target cells.
Reprinted from: McGreal EP et al. Curr Opin Immunol 2005; 17(1):18-24;'* ©2005, with permission
from Elsevier.

on recognition of terminal mannose moieties on gp120 and it has been confirmed that
DC-SIGN binding to gp120 is carbohydrate dependent, with no appreciable effect of
protein-protein interactions.”® DC-SIGN binding to N-linked high mannose on gp120
is mediated by a characteristic carbohydrate recognition domain (CRD) and it is the
Glu-Pro-Asn motifthat confers the mannose specificity. Specifically, studies have shown
that Glu347, Asn349, Glu351 and Asp355 are important for gp120 binding, while Gly346
is critical.”” DC-SIGN cannot mediate HIV-1 entry, and is therefore a true attachment
receptor. Nevertheless, if CD4 and a CKR are present on the same cell, DC-SIGN capture
of virus can increase the efficiency of infection of that cell,* no doubt by enhancing
viral attachment to the permissive cell surface followed by viral presentation to the
entry receptors. Geijtenbeek and colleagues described an intriguing DC-SIGN-mediated
phenomenon, that ligation of DC-SIGN by HIV-1 resulted in internalization of the virus
into an intracellular compartment, within which HIV-1 remained infectious for several
days. Subsequent studies appeared to confirm this, and hypothesized that HIV-1 uptake
by DCs allowed viral storage in a ‘safe’ compartment until presentation to CD4" T cells
in local secondary lymphoid tissue led to infection in trans. More recent studies have
contested the concept that HIV-1 can remain infectious in a DC endosomal compartment
for such an extended time, and instead demonstrate that these cells become infected at a
low level 282 Moreover, there is evidence that high affinity gp120-DC-SIGN binding is
lost at lower pH® and while this provides a mechanism for virus escape from acidifying
endosomes, it raises questions about the role of DC-SIGN as a mediator of HIV capture
in the acidic environs of the vaginal mucosa. Whatever the mechanism of preservation
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of viral infectivity, the model for DC-mediated transfer of virus from the mucosae to the
draining lymphnodes as a primary route of dissemination is compelling, and in vitro tissue
culture models back this up.*** Whether this trafficking occurs in a DC-SIGN-dependent
manner alone or is mediated also by Langerhans cells that are prevalent at mucosal
surfaces and can bind gp120 via their CLR, Langerin,*>%¢ is unclear. It is therefore striking
that antagonists of the DC-SIGN-gp 120 interaction, such as mannan, have no inhibitory
effect on HIV-1 infection following mucosal challenge in macaques:*’ clearly the in vivo
relevance of this model remains to be confirmed.

DC-SIGN is a promiscuous viral attachment receptor, and also binds human
cytomegalovirus (CMV), hepatitis C virus, Dengue virus and Ebola virus envelope
glycoproteins (Table 1).88%2 For CMV and Ebola virus, DC-SIGN appears to functionin a
manner similar to its role in HIV infection. In the case of Ebola virus, it seems DC-SIGN
canmediate infection in cis and in trans” while CM V-associated DC-SIGN expressing cells
are not infected directly but instead transfer virus, via DC-SIGN capture, to permissive
target cells. Finally, for HCV both DC-SIGN and the liver/lymph node specific molecule
L-SIGN (also termed DC-SIGNR) attach to the E2 glycoprotein of HCV and as well as
permitting binding of transformed cell lines this interaction mediates HCV binding to
primary cells.” Because of the restricted tissue expression of L-SIGN, in particular, this
lectin may be an efficient way of targeting HCV to the liver.

Other Lectin Receptors

Antigen presenting cells carry multiple lectin receptors whose function is to sample the
extracellular milieu. Amongst these, the mannose receptor is perhaps the best characterized,
and like DC-SIGN it also acts an attachment factor for viruses via its specificity for
terminal mannose, fucose and N-acetylglucosamine. The mannose receptor binds HIV
gp120, and this may be an additional mechanism for infection of DCs and other APCs.®
Mannose receptor binding of HIV gp120 can also explain the observation that blocking
of gp120-DC-SIGN binding alone, or in combination with inhibitors of CD4 and the
CKR, do not completely abolish binding of HIV to DCs.?* Moreover, macrophages
are a prevalent in vivo target for HIV infection and attachment of incoming virions to
the mannose receptor may facilitate better viral replication kinetics in cis or infection in
trans.” Mannose receptor binding has also been shown to promote attachment of influenza
virus to macrophages® via high-mannose oligosaccharides on the viral hemagglutinin
(HA) and a good correlation is seen between the degree of glysosylation of HA and the
ability of flu virions to bind to macrophages. It seems very likely, that like DC-SIGN,
the mannose receptor will be involved in the pathogenesis of other viruses that harbour
mannosylated structural proteins.

Scavenger Receptors

Scavenger receptors are cell surface proteins that can bind and internalize modified
lipoproteins such as acetylated LDL and have a broad ligand binding specificity. Initially
described in cultured macrophages, scavenger receptors are found on many different cell
types. Of the two classes of scavenger receptors identified (class A and B) class B type 1
(SR-B1) has been implicated in binding of HCV to target cells”” and SR-B1 is expressed
to high levels in the liver, placing it at the correct anatomical site to play a role in HCV
infection.”®” Data from experiments performed with soluble proteins indicates that
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HCYV binding to SR-B1 is via the hypervariable region 1 of E2 but whether this region
comprises all or part of the SR-B1 binding site in not known.®” The exact role of SR-B1
in HCV attachment and entry is unclear and it has been shown that expression of SR-B1
and CD81 together are insufficient to mediate virus infection, indicating that additional
molecules are likely to be involved.” One interesting possibility is that SR-B1 acts as
a “nonclassical viral receptor” and facilitates infection of cells because of its ability to
modulate the lipid composition of membranes.” In support of this theory the capacity
of SR-B1 to act as an entry receptor for HCV is enhanced by SR-B1 mediated uptake of
lipids from HDL.”>!% Thus, whether SR-B1 acts as an attachment receptor or can also
internalize bound virus is not known but the potentially novel role that SR-B1 may play
in HCV infection makes it a fascinating topic of study.

Nonproteic Attachment Receptors
Sialic Acid

Many viruses recognize carbohydrate moieties for binding to cells (Table 1) and
carbohydrates are well suited to this for a many reasons. Firstly, carbohydrate side
chains can project relatively long distances from the cell surface and so may be one
of the first structures encountered by incoming viruses. Secondly, carbohydrates are
often charged and so attract charged residues in viral proteins that can form rapid and
transient interactions. Finally, sugars such as sialic acids are ubiquitously expressed on
cells and viruses that use carbohydrates tend to have a broad host range. Probably the
best-studied virus that uses sialic acid to bind to target cells is influenza virus. Influenza
virus infects cells of the upper respiratory tract via binding of the trimeric viral HA
protein to sialyloligosaccharide receptors on the surface of target cells.!”"' During
viral assembly the HA undergoes proteolytic cleavage to produce HA1 and HA2 which
remain associated via disulphide bonds. HA1 comprises the membrane distal globular
head of the molecule and X-ray crystallographic studies have determined the receptor
binding site of the HA resides in a pocket which is completely occupied by the sialic
acid, supporting the idea that it is the only necessary component of the cell receptor for
influenza.'® Approximately 15 amino acids that are widely spaced on the linear molecule
are required for direct binding of sialic acid, or help to stabilize the interaction.'**'* Of
these residue 226 is believed to be the most important in determining the sialic acid
specificity, and a change from Leu to Glu at this position alters the viral preference from
Neu5Aca2-6 to Neu5Aca2-3,'% while a number of other amino acids, both proximal
and distal are also important.!'% The simplicity of the carbohydrate receptor as well
as structural studies on both the viral HA and the neuraminidase protein (required for
releasing virions from the cell surface after viral exit) has opened the door for rational
drug design and the inhibition of influenza infection and dissemination within the host.

Rotavirus expresses an outer capsid protein VP7 and a spike protein VP4 that work
together to allow virus to bind to and infect mature, differentiated enterocytes on the small
intestine. While animal strains of rotavirus bind in a sialic acid dependent manner to host
cells, human rotaviruses (and some animal strains) are sialic-acid independent®*-'®-!"! and
it is thought that another, as yet undefined, carbohydrate group may be the attachment
receptor for human strains. Alternatively, the glycan receptor for human strains of rotavirus
may be an internal (and thus neuraminidase-insensitive) sialic acid.!'>!3 Terminal sialic
acids, or related carbohydrates in the case of human rotaviruses, probably serve as the
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Figure 4. A model for the early stages of rotavirus attachment for a neuraminidase-sensitive strain
of rotavirus. Initial binding is mediated by the VP8* domain of VP4 that binds to a sialic acid
containing glycoprotein or glycolipid, perhaps with a contribution by the underlying galactose. A
(possible) conformational change may then occur to facilitate an interaction between the DGE motif
in rotavirus VP5* and the I domain of the o,f, integrin. After this a number of possible additional
binding events may take place, involving other integrins and additional receptors, culminating in virus
crossing the plasma membrane by a presently unknown mechanism. Reprinted from: Lopez S, Arias
CF. Multistep entry of rotavirus into cells: Trends Microbiol 2004; 12(6):271-278; ©2004;'* with
permission from Elsevier.
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attachment receptors for rotavirus and precede virus binding to integrins that then mediate
virus entry.®' This is the hypothesis behind the proposed two-step model for rotavirus
attachment and entry®>®* (and Fig. 4). The requirement for sialic acid in animal rotavirus
binding was demonstrated in a series of studies involving enzymatic cleavage and
competitive sialoconjugates and these studies demonstrated that rotaviruses are able to
distinguish between different sialic acid-galactose linkages. For example simian viruses
seem to prefer 02,3 linked sialic acid while bovine strains show a preference for 02,6
linkages''*!'® and both can distinguish between N-acetyl and N-glycolyl sialic acids.'"*
The hemagglutinating and carbohydrate binding domain of VP4 has been mapped to
VP8*!10117 and crystallographic information about the structure of VP8* alone and
liganded to sialic acid,'™® coupled with knowledge of the sugar specificity of rotavirus,
has permitted early stage evaluation of synthetic receptor mimics that could be used to
inhibit rotavirus infection and/or reduce disease severity.!!%!>120

Other Carbohydrate Attachment Receptors

Although animal rotaviruses recognize terminal sialic acids, the hierarchy of
preference for different sialic acid linkages hinted that the underlying glycan group may
also be a component of the rotavirus attachment receptor. This has been confirmed by a
number of groups who have shown that animal rotaviruses can bind to receptors where
the terminal glycan is a galactose, or that galactose-binding inhibitors can effectively
block viral attachment to cells in vitro®!%12! and it seems the minimal structural element
required may be a terminal sialyl-galactose. Whether the carbohydrate receptor is present
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on a glycoprotein, glycolipid or ganglioside is unclear, and may vary between different
species of rotavirus, but there is evidence that for porcine strains the putative in vivo
receptor is a ganglioside.'?>%

Other viruses can also use glycolipids to attach to target cell. For example, HIV
binding to CD4-negative neuronal cells and intestinal cell lines (that do not express
the preferred receptors) in vitro may take place via galactosyl ceramide (GalCer).!2+123
Antibodies that block gp120-GalCer binding or GalCer derivatives are able to inhibit
infection of neural cells'**!2° and the galactosyl-lipid linkage has been demonstrated to
be an important factor in gp120 binding. GalCer binds to HIV gp120 with high affinity
and the binding site on HIV has been mapped to amino acids 206-275 in gp120.'%7 It
should be noted that with the exception of some strains of rotavirus and HIV infection
of certain cell types, most viruses that use carbohydrate for attachment tend to exploit
sialic acid, or acetylated sialic acid, to attach to host cells.

CONCLUSION

Viruses have subverted a wide variety of cell surface molecules as attachment
receptors. In some cases these are also entry receptors, in other cases they are not
sufficient to allow virus infection and entry receptors must also be engaged. Most of the
work on viral attachment to cell surface receptors has been done in vitro, and we have
generally little information on whether these receptors function equivalently, or even at
all, in vivo. In many cases receptor expression in vitro explains the species and tissue
tropism of viruses in vivo, but in other cases does not, implying the existence of other
factors. Certainly in vitro work using primary tissues and nonadapted viruses is a step in
the right direction, and indeed may be the only source of information where an animal
model is not available.

Since attachment is the very firststep in viral entry, targeting this step for prophylactic
or therapeutic ends is attractive. Despite the potential, only a few drugs have been licensed
to date that target this crucial first stages in the virus life cycle, and with further advances
in our understanding of the molecular details that govern viral attachment, we hope to
reveal more secrets that can help us to expand the area of viral intervention strategies.
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