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VIRUS INTERNALIZATION

Integrins as virus receptors

Adenovirus uses a receptor to attach to host cells and a
second receptor, an integrin, for internalization. As in cell-cell contact,
more than one receptor may contribute to a productive interaction.

Adenovirus, which causes respiratory and gastrointestinal
infections, has been found to use a host cell adhesion
molecule, an integrin, as a receptor [1]. At first glance,
this finding is not surprising. Well-known for their role in
cell-extracellular matrix and cell-cell adhesion [2], inte-
grins have already been identified [3] or implicated [4,5]
as receptors for three picornaviruses (Table 1). Moreover,
an expanding repertoire suggests that virtually any cell-
surface molecule can function as a virus receptor. What
is interesting is that, rather than being used as a primary
attachment receptor for adenovirus, the integrin in this
case seems to be playing a crucial role in a post-binding
step in virus entry into the host cell [1].

There have been hints previously in the literature (cited
in [1]) that an integrin might be involved in adenovirus
entry. First, the penton base, a component of the virus
capsid (Fig. 1), contains five copies of polypeptide ITI,
a protein that bears the integrin-binding sequence mo-
tif RGD (Arg-Gly-Asp). Poised at each of the 12 icoso-
hedral vertices of the virus particle (Fig. 1a), the penton
bases provide 12 potential multivalent attachment sites for
integrins. Second, soluble penton base protein detaches
cells from their substratum, consistent with a function for
the penton base as an integrin ligand. And finally, ade-
novirus internalization requires divalent cations, which

are also required for the functional integrity of integrin
af heterodimers.

The recent study by Wickham et al. [1] shows that penton
base protein is a ligand for integrins comprised of o,fs
and /or o,fs chains, and that the penton base-integrin
interaction is important for virus infection. In this study,
cells expressing o, integrins (a,-positive cells) attached
and spread on dishes coated with purified penton base
protein. Cell-penton base attachment was blocked by
the RGD-containing peptide GRGDSP, and by mono-
clonal antibodies against o,P3 and o,Bs integrins. In ad-
dition, a-positive cells were more infectable than their
o, negative counterparts, and infection could be inhibited
by GRGDSP peptide, penton base protein or o,B3/0B5
monoclonal antibodies.

Although the penton base-integrin interaction is required
for virus infection, it is not needed for the virus to bind
to host cells [1]. Instead, the primary interaction between
virus and cell employs the virus fiber (cited in [1,6]), a
stalk with a distal cell-binding knob, which projects from
the center of each penton base (Fig. 1b). The fiber binds
to a distinct cell-surface receptor: although not molecu-
larly characterized, there are approximately 16 000 recep-
tors per Hela cell that bind to the fiber with nanomolar
affinity, whereas the interaction between the penton base

(a)

:

(b)

Fig. 1. Three-dimensional reconstructions of the major components of the adenovirus capsid (a) and penton complex (b) with the full
fibre length modelled: Fach penton complex is made up of one penton base (yellow) plus one protruding fiber (green); hexons are shown
in blue. The trimeric-fiber projects further from the penton complex than revealed by image reconstruction (R Burnett and P Stewart,
personal communicatior): the additional projection (~300 A) is modelled in green. The five protrusions on each penton base might be
the sites of interaction with the o, B3/, B5 integrins, (Photographs courtesy of Phoebe Stewart and Roger Burnett).
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Cell surface molecule Virus 'Fami'lvy References
IgG superfamily members
ICAM-1 Rhinovirus Picornaviridae [17]
<Poliovirus receptor Poliovirus Picornaviridae [17]
CcD4 HIV-1, HIV-2, SIV Retroviridae [13,17]
Carcinoembryonal antigen Mouse Hepatitis virus Coronaviridae [18]
Multimembrane spanning transporters
(basic amino acid) transporter Murine Leukemia virus (ecotrapic) Retroviridae [13,17]
(2 phosphate) permease Gibbon Ape Leukemia virus Retroviridae [13,17]
permease* Feline Leukemia virus, subgroup B Retroviridae [13]
permease* Murine Leukemia virus (amphotropic) Retroviridae Footnote*
Growth factor: (related) receptors
Low Density Lipoprotein (related) receptor Rous Sarcoma virus, subgroup A Retroviridae [19]
Erythropoietin receptor’ Murine Leukemia virus-MCF Retroviridae [13]
Integrins
gy Echovirus Picornaviridae 3]
aB* Foot and Mouth Disease virus Picornaviridae [4]
a,Byt Coxsackie virus Picornaviridae {5]
o,B2/Bs Adenovirus Adenoviridae f1]
Other proteins .
Complement Receptor (CR2) Epstein-Barr Virus Herpesviridae [17]
Aminopeptidase N : Human Coronavirus 229E Coronaviridae [20]
67 kD non-integrin laminin receptor Sindbis virus Togaviridae [21]
Carbohydrates and lipids
Sialic acid-containing glycoproteins and glycolipids’  Influenza virus Orthomyxoviridae [17]
Sendai virus Paramyxoviridae (17]
Heparin sulfate Herpes Simplex virus Herpesviridae {11}
Galactosylceramide HIV Retroviridae [13,17]

of virus entry.

(B O'Hara and J Cunningham, personal communication).

erythropoietin receptor is required for virus binding or entry.

a different receptor on avian cells.

The o B+/B; integrin is the only cell surface molecule listed that is known to serve as a secondary virus receptor. [t is likely that other
(non-integrin) secondary virus receptors will be identified. Some primary virus receptors may also play secondary role(s) in post-binding steps

* The receptor for Feline Leukemia virus, subgroup B has been implicated based on cross interference with the receptor for Gibbon Ape
Leukemia virus. The amphotropic murine leukemia virus receptor is ~60 % identical to the Gibbon Ape Leukemia virus receptor

* The Murine leukemia virus-MCF envelope glycoprotein binds to the erythropoietin receptor. It has not yet been fosmally shown that the

* iBinding of Foot and Mouth Disease virus and Coxsackie virus to cells is inhibited by RGD-containing peptides, implicating integrins as
their receptors. The notation 8, is used, as the identity of the (presumed } integrins involved is not known.

$ The 67 kD non-integrin laminin receptor has been implicated as a Sindbis virus receptor on mammalian cells. Sindbis virus appears to use

" All orthomyxoviruses and paramyxoviruses appear to use sialic acid-containing structures as receptors.

# Galactosylceramide has been implicated as an alternative’ receptor [13] in CD4™ human cells. There is no evidence for it being the
secondary receptor/factor (see text) required for infection of CD4* human cells.

&
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and o3/, Bs integrins has different characteristics — a
Kq4 of 60nM and 90000 interaction sites per Hela cell.
Interestingly, the complex of penton base and protruding
fiber (Fig. 1b) binds to cells with the same characteristics
as the isolated fiber [1].

The findings that virus internalization is enhanced (as as-
sessed by a protease-resistance assay) in ¢,-positive cells
relative to o,-negative cells, and that internalization is in-
hibited by treatments that block o, Bs/o,Bs integrin func-
tion, led Nemerow and colleagues [3 1] to conclude that
the ofs/onfPs integrins are required for virus internal-
ization. They therefore denoted these integrins as ‘virus
internalization receptors’, as distinct from the known
virus attachment receptors’. The penton base-integrin

interaction is further implicated in virus internalization by
the observation that, whereas purified penton bases are
readily internalized by o,~positive cells, purified fibers are
not. The role of integrins in adenovirus internalization [1]
mirrors their role in the internalization of invasive bacteria
[7.8].

Primary and secondary virus receptors

The demonstration that o5/, Bs integrins bind specifi-
cally to a component of the adenovirus capsid and that
they are involved in a post-binding step of adenovirus en-
try into host cells indicates that the integrins are not being
used as primary virus receptors but rather as secondary
receptors. Secondary virus receptors might be required
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for internalization (endocytosis; see Fig. 2b), as are the
a,Bs/0,Ps integrins for adenovirus infection [1], and/or
they may be involved in genome penetration — delivery
of the viral genome, with or without associated capsid,
into the host cell cytoplasm (Fig. 2d). The existence of
secondary virus receptors echoes a theme from the field
of cell adhé€sion: multiple ligand—receptor pairs are often
needed to generate a productive interaction.

Many cells require two or more ligand-receptor interac-
tions to foster specific and tight adhesion or to signal the
consequences of the cell-cell or cell-matrix interaction
[2). For example, syndecan-1, a heparin sulfate proteo-
glycan, functions as a ‘co-receptor’ with a B; integrin in
binding fibronectin, and with the basic growth factor re-
ceptor in binding growth factor [9). For an inflammatory
reaction, a cascade of ligand—receptor pairs involving se-
lectins and selectin receptors followed by integrins and
their receptors — in this case the IgG superfamily mem-
ber ICAM-1 — is required for leukocytes to cross the
endothelial wall lining blood vessels and enter the tissues
(10]. Even more complex are the multiple interactions in-
volved in the binding and subsequent activation of T cells
by antigen-presenting cells [2].

With the numerous precedents from cell—cell interactions
[2,8,9], it is not all that surprising that secondary recep-
tors have surfaced in the virus world. Herpes simplex virus
(HSV) uses host cell-surface heparin sulfate proteoglycans
as attachment receptors [11]. A second, saturable — but
yet to be identified — heparin sulfate-independent cell-
surface receptor has been implicated in a post-binding
stage of HSV entry [12]. Although the human immun-
odeficiency virus (HIV) uses the lymphocyte cell surface
molecule CD4 as its major receptor, CD4 seems to be
necessary but not sufficient for HIV fusion and infection
of cells. HIV can bind to murine cells expressing human
CD4 but the virus will neither fuse with the plasma mem-
brane nor infect such cells, even though the HIV genome
is infectious when introduced artificially into murine cells.

Although a modification may occur to CD4 in human cells
that does not occur in murine cells; the search for a sec-
ondary receptor/factor required for HIV entry into cells is
ongoing [13].

So, adenovirus, HSV, and perhaps HIV, use.secondary
virus receptors — cell-surface receptors distinct from
their primary attachment receptors — to enter cells. As
these examples include enveloped and non-enveloped
viruses, RNA and DNA viruses, and viruses that infect
cells at neutral pH (cell surface) or low pH (endosomes),
secondary virus receptors may be more broadly used by
viruses than is currently recognized. As virus receptoss,
members of the integrin family are noteworthy for interre-
lated reasons: they include the first molecularly identified
secondary virus receptors (o, B3/%,Bs), which are also the
first secondary virus receptors for which a role has been
clarified, and they are used by different viruses as either
ptimary [3] or secondary [1] virus receptors.

The role of integrins in adenovirus infection

Dissection of the pathway of adenovirus entry into cells re-
veals several points at which the o, B3/a B integrins could
be involved (Fig. 2). First of all, the virus binds to the cell
surface (Fig. 2a) in a primary interaction between the fiber
and its receptor. A second interaction between the penton
base and integrins must occur for successful infection (1],
but the precise conditions fostering this interaction have
yet to be characterized. The penton base receptor might
be engaged simultaneously with the fiber, perhaps involv-
ing conformational changes in the virus or the receptor,
or engaged after discussion of the fiber from the virus
particle. Some fibers dissociate early and in a pH-inde-
pendent fashion during adenovirus infection (U Greber
and A Helenius, personal communication).

The second phase of virus entry sees the virus local
ized to coated pits (Fig. 2b), specialized invaginations of
the plasma membrane responsible for receptor-mediated

() Virus binds to the cell surface.
The fiber binds to the fiber
receptor and the penton base
binds to o /o, B 5 Integrin,
possibly simultaneously (left) or
after dissociation of the fibre
{right).

(b) Virus becomes localized to
coated pits.

Fig. 2. Pathway of adenovirus entry into cells.

(c) Virus is endocytosed and 2| {d) Virus penetrates the
taken into endosomes. endosomal membrane and
enters the cytoplasm.
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endocytosis. As adenovirus is known to enter cells
by receptor-mediated -endocytosis [14], the virus must
localize to coated pits on binding or shortly there-
after. It is not yet known whether the fiber receptor is
a transmembrane protein, much less whether it has a
coated-pit localization signal. Nevertheless, the sequences
of thé cytoplasmic tails of both the B3 and ﬁ5 inte-
grin chains contain the sequence NPXY found in some
coated pit localization signals, although the a,, cytoplas-
mic tail does not. Some integrins are known to be con-
stitutively endocytosed [15], although B3 and Bs have yet
to be studied. The fact that five RGD-containing polypep-
tide IIl subunits circumscribe each penton base (Fig. 1b)
implies that the virus has a built-in mechanism for clus-
tering the o, Bs/0Ps integrins. Integrin clustering may be
a prerequisite for, or may strengthen, coated pit binding.
In the next phase of virus entry, the virus is endocy-
tosed (Fig. 2c). Coated pits pinch off to form coated
vesicles that bring the virus to the endosomal compart-
ment. Once localized to coated pits, therefore, the virus
may simply ‘hitch a ride’ into the cell through the nor-
mal pathway of receptor-mediated endocytosis. Whether
localization to coated pits and/or subsequent stages of en-
docytosis require the coated pit localization signals of the
B3/Bs integrins, or — as suggested by Wickham et al. [1]
— signalling functions of the integrins (2], remains to be
determined.

The final phase of virus entry in which integrins might
function is when the virus penetrates the endosomal
membrane (Fig. 2d). Once inside the endosomal com-
partment, it is not clear how the adenovirus capsid crosses
the endosomal membrane. For enveloped viruses, which
have a delimiting lipid bilayer, genome penetration occurs
by membrane fusion and involves fusion pores composed
of specific viral glycoproteins [16]. If the penton base is
involved in penetration of the adenovirus capsid, then
there are at least two roles that the oBs/a.Bs integring
could play in the process. The penton base-a,f3/0t,B5 in-
teraction might simply bring the virus capsid into close
contact with the endosomal membrane (Fig. 2c). In this
context, it is interesting that, whereas the penton base
binds both a,B3 and o, Bs integrins at neutral pH, it binds
only a.Bs and not o,B3 at pH < 5.5 (G Nemerow, per-
sonal communication). This finding reflects a previously
noted low pH-dependent interaction between penton
base and the host cell [1,6], and suggests an especially
important role for «.Bs during the endosomal phase of
adenovirus entry. In addition to this steric role, the o f5
integrin may facilitate pore formation and may therefore
play an active role in capsid penetration.

In conclusion, adenovirus clearly uses two receptors to
enter host cells, a primary receptor for attaching to cells
and a secondary receptor, consisting of a3 and/or o
integrins for virus iriternalization. The integrins appear to
be required for endocytosis of the virus particle. They may
also be required for penetration of the viral genome into
the host cell cytoplasm for replication. Future work will
clarify precisely how integrins are used as secondary ade-
novirus receptors and, no doubt, will reveal interesting
ways in which other cell surface molecules are used as
secondary virus -reéegptors.
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