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Field isolates of foot-and-mouth disease virus (FMDV) have been shown to use three av integrins, avf31,
avpB3, and avp6, as cellular receptors. Binding to the integrin is mediated by a highly conserved RGD motif
located on a surface-exposed loop of VP1. The RGD tripeptide is recognized by several other members of the
integrin family, which therefore have the potential to act as receptors for FMDV. Here we show that SW480
cells are made susceptible to FMDYV following transfection with human 38 cDNA and expression of av38 at
the cell surface. The involvement of avB8 in infection was confirmed by showing that virus binding and
infection of the transfected cells are inhibited by RGD-containing peptides and by function-blocking mono-
clonal antibodies specific for either the av38 heterodimer or the av chain. Similar results were obtained with
a chimeric avf38 including the 6 cytodomain (av[38/6), showing that the 6 cytodomain can substitute
efficiently for the corresponding region of 38. In contrast, virus binding to avf36 including the 38 cytodomain
(v 6/8) was lower than that of the wild-type integrin, and this binding did not lead to infection. Further, the
avf36 chimera was recognized poorly by antibodies specific for the ectodomain of av36 and displayed a relaxed
sequence-binding specificity relative to that of wild-type integrin. These data suggest that the 36 cytodomain

is important for maintaining av36 in a conformation required for productive infection by FMDV.

Foot-and-mouth disease virus (FMDV) is the etiological
agent of foot-and-mouth disease, a severe vesicular disease of
cloven-hoofed animals including domesticated ruminants and
pigs. The virus exists as seven serotypes, which are members of
the genus Aphthovirus of the family Picornaviridae (35). The
virion consists of an 8.5-kb strand of RNA enclosed within an
icosahedral capsid formed from 60 copies each of four pro-
teins, VP1 to VP4 (1).

Two classes of cell surface receptors that mediate FMDV
infection have been identified (30). Theses are the integrins (7,
31, 33) and heparan sulfate (HS) proteoglycans (HSPGs) (29).
The ability to use HSPGs as receptors appears to be restricted
to strains of FMDYV that have been multiply passaged through
cultured cell lines (4, 5, 22, 41, 52, 58), and presently there is no
convincing evidence of a role for HS in cell entry by field
viruses. Instead, field viruses are dependent on integrin recep-
tors to initiate infection in vitro, and integrins are believed to
be the receptors used in the infected animal. Recently, two
independent studies have shown that certain strains of FMDV
can infect cultured cells via an entry pathway that is indepen-
dent of both integrins and cellular HS, implying the existence
of a third, as yet unidentified receptor family (4, 65).

Integrins are a family of integral membrane receptors with
distinct ligand-binding specificities and tissue distributions.
They contribute to a variety of cellular functions, including
cell-cell and cell-matrix adhesion, and exist in alternative low-
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and high-affinity states, enabling them to transmit signals both
into and out of cells (19, 25). Each receptor molecule is a
heterodimer of two type 1 transmembrane subunits, « and B,
each of which has a large extracellular domain and in most
cases a short cytoplasmic tail. Most members of the integrin
family recognize their ligands by binding to short linear peptide
sequences, and several, including avBl, avB3, avBS, avpo,
avB8, a5B1, and a8B1, recognize the arginine-glycine-aspartic
acid (RGD) motif. To date, three RGD-dependent integrins,
avBl, avB3, and avB6, have been reported to function as
receptors for FMDV (7, 31, 33). Virus attachment to the in-
tegrin is mediated through a highly conserved RGD tripeptide,
located at the apex of a long surface loop, the GH loop of VP1
(6, 24, 31, 32, 33, 38, 39, 42, 44, 56, 59). However, despite
having an RGD, FMDV appears unable to use any of the
RGD-dependent integrins as receptors to initiate infection,
and evidence for avB5 and a5B1 as receptors has been consis-
tently negative (4, 21, 33, 43, 52).

The integrin avB6 is of particular interest because, in our
experience, it is a much more active receptor for FMDV than
either avPB1 or avP3 and is expressed exclusively in epithelial
cells, which are the preferred cell type infected by FMDV in
vivo. It is also unusual among integrins in binding only a small
number of ligands, including the latency-associated protein
(LAP) component of transforming growth factor 1 (TGF-B1)
and TGF-B3 (27, 40, 50, 57, 62, 64). The amino acid sequences
that immediately follow the RGD of LAP-1 (RGDLATI),
LAP-3 (RGDLGRL), and FMDV (RGDLQVL) are similar to
each other, which suggests that these ligands may share com-
mon integrin receptors. Recently, LAP-1 has been shown to be
a ligand for avB8 also, and this prompted us to investigate
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whether avB8 could serve as a receptor for FMDV (49). In this
report, we show that SW480 cells become susceptible to
FMDYV following transfection with the integrin B8 subunit and
stable expression of avR8 at the cell surface. The involvement
of avB8 in infection was confirmed in competition experiments
showing that virus binding and infection are inhibited by func-
tion-blocking monoclonal antibodies (MAbs) specific for the
avB8 heterodimer or the av chain.

The cytodomains of the « and B chains are critically impor-
tant for many of the functional properties of integrins, includ-
ing the regulation of ligand-binding affinity, linkage to the
cytoskeleton, formation of signaling complexes, and integrin-
mediated uptake of ligands (8, 19, 28, 55, 60, 63). As a first step
toward understanding the events that follow the attachment of
a virus to its integrin receptor, we have studied the role of the
B6 cytodomain in avB6-mediated infection (47). These studies
showed that although the B6 cytodomain was not required for
virus binding to av6, the integrity of this domain was essential
for avB6-mediated infection (47). In the present study, we have
investigated further the role of the B-chain cytodomain by
using chimeric avB6 and av@8 integrins in which the cytodo-
mains of the B chains have been exchanged (avp6/8 and
avB8/6, respectively). These studies show that the 6 cytodo-
main can substitute efficiently for the corresponding domain of
B8. In contrast, although FMDYV bound to cells expressing the
avf36/8 chimera, and did so through an RGD-dependent inter-
action, this binding led only to very inefficient infection. Fur-
thermore, the av6/8 chimera was recognized poorly by anti-
bodies specific for the ectodomain of avB6 and displayed an
altered sequence-binding specificity for RGD-containing pep-
tides. Together, these data suggest that the B6 cytodomain is
important for maintaining av6 in a conformation required for
productive infection by FMDV.

MATERIALS AND METHODS

Cells and viruses. BHK cells were cultured in Dulbecco’s modified Eagle
medium supplemented with 10% fetal calf serum (FCS), 20 mM glutamine,
penicillin (100 SI units/ml), and streptomycin (100 pg/ml). Mock- and integrin
transfected SW480 cells expressing either wild-type avB6, wild-type avB8, or the
chimeric B subunits were cultivated in Dulbecco’s modified Eagle medium sup-
plemented with 10% FCS, 20 mM glutamine, penicillin (100 SI units/ml), strep-
tomycin (100 wg/ml), and 4 pg of puromycin (Sigma)/ml. Construction of cells
expressing wild-type avp6, wild-type avp8, and the avB6/8 chimera has been
described previously (15, 49). The B8/6 chimera was made by splice-overlap PCR
mutagenesis using the mutagenic primers 5'-CTGATCATTAGACAGGTGAT
ACTACAATGGAAGCTACTGGTGTCATTTCAT-3" and 5'-ATGAAATGA
CACCAGTAGCTTCCATTGTAGTATCACCTGTCTAATGATCAG-3’, join-
ing W711 to K731 of the respective B8 and PB6 open reading frames.
Transduction and selection were performed as described previously (15). Con-
struction and cultivation of cells expressing deletions in the B6 cytodomain
(SW480-T1, -T3, and -T5) have been described previously (2, 16, 50). The virus
used in this study was FMDYV strain O1Kcad2. This virus does not bind HS and
is dependent on integrins as its sole receptor family. For infectivity assays, virus
stocks were prepared by using primary bovine thyroid cells. In all assays, the
multiplicity of infection (MOT) was based on the virus titer on BHK cells. Virus
purification on sucrose gradients was performed as described previously (17).

Antibodies and peptides. The FMDV RGD peptide, with its sequence derived
from the GH loop of VP1 of type O virus (FMDV-RGD; VPNLRGDLQVLA),
and the control RGE version were synthesized in the peptide synthesis facility at
the Oxford Centre for Molecular Science, New Chemistry Laboratory, Oxford,
United Kingdom. The GRGDSP and GRGESP peptides were purchased from
Novabiochem. Anti-integrin antibodies used in these studies were10D5 (mouse
immunoglobulin G2a [IgG2a]) and E7P6 (mouse IgG1) against avB6, R6G9
(mouse IgG2a) against 6, P1F6 (mouse IgG1) against avB5, and 6S6 (mouse
1gG1) against B1 (all from Chemicon) and SAM-1 (mouse IgG2b) against a5B1
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(Serotec). Other MAbs used were 14E5 (IgG1) and 37E5 (IgG2a) against avB8
and the anti-av MAb L230 (mouse IgG1). The anti-FMDV MAbs B2 (mouse
IgG1) and D9 (mouse IgG2a), which recognize antigenic site 1 of type O FMDV
(45), were purified by using protein A (Pierce) according to the manufacturer’s
instructions.

Infectious center assay. Cells were harvested by using EDTA and were washed
in cell culture medium. One million cells were collected by centrifugation, re-
suspended in 100 pl of Tris-buffered saline (pH 7.4) containing 1 mM CaCl, and
0.5 mM MgCl,, and infected with FMDV O1Kcad2 (MOI, ~0.3) at 37°Cfor 1 h
with continuous rotation. Following infection, virus that remained on the out-
sides of the cells was inactivated by addition of 1 ml of 0.1 M citric acid buffer
(pH 5.2) for 2 min. The cells were washed with phosphate-buffered saline (PBS),
pH 7.5, containing 2 mM CaCl, and 1 mM MgCl, and then resuspended in 300
pl of the same buffer supplemented with 0.5% FCS. Dilutions of the infected
cells (100 pl) were layered onto subconfluent monolayers of BHK cells as
described previously (33). The monolayers were incubated at 37°C for 40 to 48 h,
after which the infectious centers were visualized as plaques by staining with
methylene blue-4% formaldehyde in PBS (pH 7.5). In the competition experi-
ments, anti-integrin antibodies and peptides (0.1 mM) were added to the cells for
0.5 h at room temperature prior to the addition of virus, and infection was
initiated by incubation at 37°C for 45 min. Following infection, virus that re-
mained on the outsides of the cells was acid inactivated, and the cells were plated
onto BHK monolayers as described above.

Flow cytometry analysis. (i) Integrin expression. Cells were harvested by using
EDTA and were resuspended at 5 X 10° per ml in a solution containing Tris-
buffered saline (pH 7.5), 1 mM CaCl,, 0.5 mM MgCl,, 2% goat serum, and 3%
bovine serum albumin (buffer A). Cells (30 pl) were collected by centrifugation
and incubated with primary antibodies (10 wg/ml in buffer A) on ice for 0.5 h.
The cells were then washed with buffer A and incubated on ice for 25 min with
secondary antibodies conjugated with R-phycoerythrin (Southern Biotechnology
Associates). The cells were then washed twice with buffer A and resuspended in
PBS (pH 7.5)-2 mM CaCl,-1 mM MgCl, containing 1% paraformaldehyde.
Fluorescent staining was analyzed by flow cytometry using a FACSCalibur (Bec-
ton Dickinson) and by counting 10,000 cells per sample. Background fluores-
cence was determined by omitting the primary antibody from the assay.

(ii) Virus binding assay. Cells were prepared in buffer A as described above
and then incubated with O1Kcad2 (10 pg/ml) for 0.5 h on ice. The cells were then
washed with buffer A and incubated with the anti-type O MAb B2 (10 pg/ml),
followed by an R-phycoerythrin-conjugated goat anti-mouse IgG1 antibody.
Background fluorescence was determined by omitting either the virus or MAb B2
from the assay. These two control conditions gave nearly identical results.

(iii) Competition experiments. Competing MAbs and peptides were added to
the cells for 0.5 h on ice before the addition of virus (10 pwg/ml) for a further 0.5 h.
The cells were then washed with buffer A, and cell-bound virus was detected by
using an anti-type O FMDV MAb. When 10D5, 37ES, or SAM-1 was used as a
competitor, virus was detected by using MAb B2. When P1F6 was used as a
competitor, virus was detected by using MAb D9. Anti-FMDYV antibodies were
detected by using R-phycoerythrin-conjugated goat anti-mouse IgG isotype-
specific antibodies. For these experiments, additional controls were performed to
verify that the R-phycoerythrin-conjugated isotype-specific antibodies were not
cross-reactive for the competing MAb.

RESULTS

To determine whether integrin avB8 could function as a
receptor for FMDV, we compared SW480 cells that had been
transfected to stably express avB8 with cells transfected with
the expression plasmid alone (mock transfected). To further
understand the role of the B-chain cytodomain in integrin-
mediated infection, we included in these studies cells express-
ing either wild-type av6 or chimeric avB8 or avp6 in which
the cytodomains of the B chains had been exchanged
(SW480avB8/6 and SW480avB6/8, respectively).

Initially, we used flow cytometry to confirm the integrin
expression profiles on transfected cells. SW480 cells normally
express avB5S and a5B1 as their only RGD-binding integrins
(Fig. 1) (62). However, upon transfection with integrin 3-chain
cDNA, they are capable of expressing “new” avf3 combinations
as functional heterodimers. Figure 1 shows that expression of
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FIG. 1. Flow cytometric analysis of RGD-dependent integrins expressed on mock- and B-transfected SW480 cells. Mock-transfected cells
(SW480 mock) and cells transfected with wild-type B6 (SW480 avB6), wild-type B8 (SW480 av8), or the chimeric § subunit B6/8 (SW480 avp6-8)
or B8/6 (SW480 avp8-6) were incubated with (open histogram) or without (solid histogram) the indicated anti-integrin antibody, followed by an
R-phycoerythrin-conjugated goat anti-mouse isotype-specific secondary antibody. The mean fluorescence intensity is shown for each antibody.

avBS was lower on cells transfected with B-chain cDNA than
on mock-transfected cells, presumably as a result of competi-
tion between the endogenous and transfected B chains for the
av subunit, whereas expression of a5B1 was not altered. Cells
transfected with either the wild-type B8 chain or the B8/6
chimera were found to express similar amounts of av38 on the
cell surface. Similarly, by use of an antibody specific for the
ectodomain of the B6 chain, cells transfected with either wild-
type B6 or the B6/8 chimera were found to express similar
amounts of B6 (Fig. 1). Because B6 is expressed at the cell
surface only as a heterodimer with the av chain, this observa-
tion indicates that the transfected cells express similar amounts
of avB6 or avB6/8, respectively. However, despite the fact that
B6 is expressed at similar levels on transfected cells, antibodies
specific for the avB6 heterodimer (MAbs 10D5 and E7P6)
appeared to recognize the avB6/8 chimera less efficiently than
they recognized wild-type avB6 (Fig. 1). This reduction in
expression of the epitopes for MAbs 10D5 and E7P6 suggests
that inclusion of the B8 cytodomain maintains av6 in a con-
formation which is recognized poorly by MAbs specific for the
ectodomain of avB6. During the course of the experiments
reported here, levels of integrin expression on transfected cells
were determined by flow cytometry and did not change signif-
icantly from those shown in Fig. 1.

Next, we compared infection of the transfected cells by using
an infectious center assay, which permits the number of pro-
ductive infectious events to be quantified. Table 1 shows that
cells expressing avPB8 are more susceptible to infection by
FMDV than mock-transfected cells. Similar numbers of infec-
tious centers were obtained with cells expressing either wild-
type avB8 or the avB8/6 chimera; certainly there was no evi-

dence that the domain substitution reduced the receptor
activity of the integrin. As expected, expression of avB6 also
resulted in increased susceptibility to infection relative to that
of mock-transfected cells. Only a small number of infectious
centers were obtained for cells transfected with the B6/8 chi-
mera.

To confirm the role of avB8 in infection, we performed
competition experiments using function-blocking MAbs spe-
cific for either the avB8 heterodimer (MAb 37E1) or the av
chain (MAb L230). Figure 2 shows that preincubation of avp8-
expressing cells with these antibodies inhibited infection,
whereas MAbs to avB5 or the B1 chain did not have a signif-
icant inhibitory effect. A combination of the MAbs to avB8 and
avB5 (10 wg/ml each) did not result in a greater inhibitory
effect than that obtained with the avB8 MAb alone (data not
shown). Similarly, preincubation of avp8-expressing cells with
an RGD-containing peptide whose sequence is derived from

TABLE 1. Infection of transfected cells”

Cells infected T{ansfegted No. of infecbtious
integrin centers
SW480-mock None 172
SW480/avB6 avp6 12,375 + 867
SW480/avp6-8 avB6/8 444 + 25
SW480/avB8 avp8 3,930 + 350
SW480/avB8-6 avp8-6 6,050 = 680

“Mock- and integrin-transfected cells were infected with FMDV strain
O1Kcad2 at an MOI of <1 PFU/cell and then layered onto monolayers of BHK
indicator cells in an infectious center assay (see Materials and Methods).

b Per 10° cells infected. Values are means + standard errors of the means for
at least three independent experiments.
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FIG. 2. Infection of B8-transfected SW480 cells is specifically in-
hibited by MAbs to the av subunit and the avB8 heterodimer. B8-
transfected cells (SW480avB8) were incubated with antibodies against
avB5 (P1F6), avB8 (37E1), B1 (6S6), or av (L230) prior to infection by
O1Kcad2 at an MOI of ~0.3 PFU/cell, and the infected cells were used
in an infectious center assay. Numbers of infectious centers are ex-
pressed as percentages of the number obtained in the absence of
competing antibodies, taken as 100%. Data are means (* standard
errors of the means) from three independent experiments, each car-
ried out in duplicate.

25ug/ml

the FMDV RGD site (FMDV-RGD) (see Materials and
Methods) inhibited infection by more than 90% (data not
shown). These data show that avf8 functions as a receptor for
FMDV and that its ability to mediate infection is not dimin-
ished by replacing the B-chain cytodomain with the corre-
sponding region of 6. In contrast, the ability of avp6 to
mediate FMDYV infection was almost completely inhibited
(97%) by substitution of the B8 cytodomain.

The data described above show that avB8 promotes infec-
tion by FMDV. To gain a better understanding of the role of
avB8 in infection, we determined the abilities of the trans-
fected cells to bind FMDV. Figure 3 shows that the increased
susceptibility to infection of cells expressing avB8 is correlated
with an increase in virus binding. Similar levels of virus binding
were obtained with cells expressing either wild-type avB8 or
the avB8/6 chimera, consistent with the similar levels of inte-
grin expressed by these cells (Fig. 1). Figure 3 also shows that,
in agreement with previous observations (33), FMDYV binds to
SW480 cells expressing wild-type avp6. Interestingly, the very
poor susceptibility to infection of cells expressing the avB6/8
chimera was not fully reflected in the binding data, which show
almost one-quarter of the virus binding remaining relative to
that of cells expressing wild-type avf6.

To confirm the direct involvement of avp8 as a virus attach-
ment receptor, we carried out competition experiments using
the anti-integrin MAbs described above. Figure 4 shows that
MAbs to avB8 (37ES) or the av chain (L230) inhibited virus
binding to cells expressing wild-type avp8, whereas MAbs to
avBS or a5B1 did not have an inhibitory effect. Similar obser-
vations were made for cells expressing the avB8/6 chimera
(data not shown), confirming that inclusion of the B6 cytodo-
main does not interfere with virus binding to av@8. In agree-
ment with a previous observation (33), the anti-av6 MAD,
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FIG. 3. Flow cytometric analysis of FMDYV binding to mock- and
B-transfected SW480 cells. Histograms show FMDV O1Kcad2 binding
to mock-transfected (SW480-mock) and cells expressing avB6
(SW480/B6), avB8 (SW480/B8), avB6/8 (SW480/B6-8), or avp8/6
(SW480/B8-6). Virus binding (open histograms) was detected by using
the anti-FMDYV antibody B2 followed by an R-phycoerythrin-conju-
gated goat anti-mouse IgG1 secondary antibody. Mean fluorescence
intensities are given. Solid histograms, background fluorescence (see
Materials and Methods).

MAD 10D5, inhibited FMDV binding to cells expressing wild-
type avpB6 (data not shown). We were unable to reproduce
these observations with cells expressing the avB6/8 chimera,
because MADb 10D5 is the only currently available function-
blocking MAb to avB6, and this MAb has a low affinity for
these cells (Fig. 1). However, in view of the fact that virus
binding was inhibited preferentially by the FMDYV peptide (see
below and Fig. 5), a characteristic of av6, it is likely that the
chimeric avB6/8 integrin is a receptor for FMDYV attachment.
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FIG. 4. Anti-integrin antibodies inhibit the binding of FMDV to
B8-transfected SW480 cells. B8-transfected cells (SW480avB8) were
incubated with antibodies to av5 (P1F6), avB8 (37E1), a5B1 (SAM-
1), or av (L230) at 6 pwg/ml prior to the addition of virus (O1Kcad2; 10
pg/ml), and the cells were analyzed for bound virus by flow cytometry
(see Materials and Methods). Data are expressed as percentages of the
level of binding in the absence of the competing antibody (set at 100%)
and are means of two independent experiments, each carried out using
triplicate samples, that gave near-identical results.
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The anti-avp8 MAb (MAD 37E1) was found to inhibit virus
binding to cells expressing avB8 by ~60% (Fig. 4) despite
inhibiting infection by ~85% (Fig. 2). Increasing the concen-
tration of this MAD to 25 pg/ml did not inhibit virus binding
beyond that shown in Fig. 4. Similar observations were made
with cells expressing the avB8/6 chimera (data not shown). At
present we do not know why the anti-avB8 MAb did not inhibit
virus binding to cells expressing avB8 more efficiently. How-
ever, when used at a high concentration, MAb 37E1 (IgG2a)
could be detected by the anti-IgG1 conjugated antibody used
to detect virus binding (see Materials and Methods). This
cross-reactivity could, in part, account for the apparent resid-
ual virus binding in the presence of MAb 37E1. Alternatively,
since the anti-av MAD inhibited virus binding to a greater
extent that the anti-avB8 MAD, it is possible that more than
one av integrin may serve as a receptor for virus attachment to
the transfected cells. However, this explanation is unlikely for
two reasons. First, SW480 cells normally express only one av
integrin, avB5, and this integrin is not a receptor for FMDV on
these cells (Table 1; Fig. 3). Second, an antibody to avB5 did
not inhibit virus binding or infection of cells expressing wild-
type avB8 (Fig. 4), again suggesting that av5 is not involved
in virus attachment.

Ligand binding to integrins is differentially regulated by di-
valent cations, and manganese (Mn**") ions are known to en-
hance ligand binding to several integrin receptors (34, 36, 37,
48). It has been shown previously that Mn** ions enhance
FMDYV binding to avB1 and avB3 (31, 32), whereas this cation
does not affect FMDYV binding to avp6 (33). FMDYV binding to
cells expressing wild-type avB8 in the presence of 1 mM MnCl,
was not increased above that obtained in the presence of cal-
cium and magnesium alone (data not shown).

The binding of FMDYV to its integrin receptors is RGD
dependent and is inhibited by synthetic peptides containing
this motif; moreover, viruses with mutations at the RGD site
fail to bind to cells (see the introduction). Previously it has
been shown that the binding of FMDYV to its integrin receptors
is differentially sensitive to RGD-containing peptides. Thus,
whereas an FMDV RGD peptide (VPNLRGDLQVLA) inhib-
its virus binding to avp1, avp3, and avp6, a shorter RGD-
containing peptide (GRGDSP) is effective only for avp1 and
avB3 and does not inhibit virus binding to avp6 (31, 32, 33). To
determine whether FMDV binding to av8 is also differen-
tially sensitive to RGD-containing peptides, we used the two
peptides described above in competition experiments to inhibit
virus binding to avB8. Figure SA shows that FMDV binding to
avB8 was inhibited by either of these RGD-containing pep-
tides in a sequence-specific manner, since the control RGE
versions of these peptides had only a minimal effect on virus
binding at the highest concentration used. The FMDV peptide
was found to be a more potent inhibitor of virus binding to
avB8 than the GRGDSP peptide, suggesting that high-affinity
binding of the FMDYV peptide to avB8 may also be dependent
on residues that lie outside of the RGD motif.

To understand further the nature of the virus binding to the
avB6/8 chimera, we also performed peptide competition ex-
periments using cells expressing this integrin (Fig. 5C). As
expected, virus binding to cells expressing wild-type avp6 was
inhibited by the FMDYV peptide but not by the GRGDSP
peptide (Fig. 5B), confirming previous observations (31). Fig-
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FIG. 5. Binding of FMDYV to B-transfected SW480 cells is inhibited
by RGD peptides. B-transfected cells expressing wild-type avp8
(SW480/avB8) (A), wild-type avB6 (SW480/avB6) (B), or chimeric
avB6/8 (SW480/avB6-8) (C) were incubated with an RGD-containing
peptide (VPNLRGDLQVLA [solid bars] or GRGDSP [open bars]) or
the control RGE version (VPNLRGELQVLA [hatched bars] or
GRGESP [checked bars]) prior to the addition of FMDV O1Kcad2
(10 pg/ml). Cell-bound virus was detected by flow cytometry using the
anti-FMDYV antibody B2 followed by an R-phycoerythrin-conjugated
goat anti-mouse IgG1 antibody. Data are means from two independent
experiments, each carried out by using triplicate samples, that gave
nearly identical results.

ure 5C shows that virus binding to cells expressing avpB6/8 is
also inhibited by the FMDV peptide; however, much less pep-
tide was required to inhibit virus binding to these cells than to
cells expressing wild-type avp6. It is worth recalling that the
domain substitution in avB6/8 was also associated with a re-
duced ability to bind virus (Fig. 3), and it seems likely that both
properties may reflect a reduced affinity of the avB6/8 chimera
for FMDV relative to that of wild-type avp6. In addition, the
avB6/8 chimera appeared to display a relaxed sequence-bind-
ing specificity relative to that of wild-type avB6, since the
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FIG. 6. Bar graphs showing results of flow cytometric analysis of
avf6 receptors containing deletions in the 6 cytodomains. Cells ex-
pressing either wild-type avp6 (wt-B6) (SW480avB6) or avB6 contain-
ing deletion T1 (SW480-T1), T3 (SW480-T3), or TS5 (SW480-T5) in the
B6 cytodomain were analyzed by flow cytometry for expression of
epitopes present on the ectodomain of the 6 chain (MAb R6G9) or
the avB6 heterodimer (10D5 and E7P6). Data are ratios of the mean
fluorescence intensity (MFI) obtained with the anti-avB6 MADs to the
MFI for MAb R6GY9. Means = standard deviations from three inde-
pendent experiments, each carried out in triplicate, are shown.

GRGDSP peptide was found to inhibit virus binding to cells
expressing this chimera (Fig. 5C).

It has been reported previously that deletions in the B6
cytodomain do not interfere with FMDYV binding to avp6,
whereas the same deletions reduce the ability of this integrin to
mediate infection (47). Specifically, truncation of the 17 C-
terminal residues of the 36 chain (SW480-T3) does not signif-
icantly reduce the ability of av6 to mediate infection, whereas
infection of cells expressing receptors lacking the entire B6
cytodomain (SW480-T1) or containing an internal deletion
within this domain (SW480-T5) is greatly reduced (47). These
data have suggested that the B6 cytodomain may be required
for a postattachment step(s) in FMDV infection. In the
present study, we have observed that cells expressing the
avB6/8 chimera show characteristics similar to those expressing
the T1 and T5 deletions, i.e., they support FMDV binding, but
infection is greatly reduced. Because the binding of MAbs to
the ectodomain of avB6 (MAbs 10D5 and E7P6) was reduced
on cells expressing the avB6/8 chimera (Fig. 1), we investigated
whether the epitopes for these MAbs are expressed on cells
expressing receptors with 6 cytodomain deletions (SW480-
T1, -T3, and -T5). Figure 6 shows the results of a flow cyto-
metric analysis of avB6 expression on these cells. Binding of
the anti-avB6 MAbs (MAbs 10D5 and E7P6) is shown relative
to that of MAb R6GY, which recognizes the ectodomain of the
B6 chain. The binding of MAbs 10D5 and E7P6 was similar for
cells expressing wild-type avB6 or the T3 deletion. In contrast,
like that for cells expressing the avB6/8 chimera, binding of
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MAbs 10D5 and E7P6 to cells expressing the T1 or TS5 deletion
was greatly reduced (Fig. 6). Thus, as with the avB6/8 chimera,
the majority of avp6 expressed on the SW480-T1 and -T5 cells
is maintained in a conformation that is both poorly recognized
by MADbs for the avB6 heterodimer and unable to mediate
infection by FMDV.

DISCUSSION

Field strains of FMDV use integrins as receptors to initiate
infection in vitro, and integrins are believed to perform the
same role in the infected animal (52). Prior to this study, three
integrins, avB1, avB3, and avB6, had been reported to function
as receptors for FMDV. In the present study we have shown
that a fourth av integrin, avp8, can also function as a receptor
for FMDV. The main evidence in support of this finding is as
follows: (i) SW480 cells are normally nonpermissive for FMDV
but are made susceptible to infection by transfection with B8
cDNA and expression of avB8 at the cell surface; (ii) virus
attachment to the transfected cells is inhibited by function-
blocking MADs specific for either the avB8 heterodimer or the
av chain; (iii) in agreement with the above observations, in-
fection of cells expressing avB8 is also inhibited by the same
antibodies.

Binding of FMDV to its integrin receptors is RGD depen-
dent and is inhibited by synthetic peptides containing this motif
(see the introduction and Fig. 5). However, the binding of
FMDV to its various integrin receptors is differentially sensi-
tive to such peptides. Specifically, whereas an FMDV-derived
RGD peptide (FMDV-RGD; VPNLRGDLQVLA) inhibits vi-
rus binding to avB1, avp3, and avp6, a shorter RGD-contain-
ing peptide (GRGDSP) is effective only for avB1 and av3,
failing to inhibit virus binding to avp6 (31, 32, 33). These data
suggest that residues within the FMDYV peptide, in addition to
RGD, may be required for high-affinity binding to avg6. In the
present study, we have shown that both of these peptides
inhibit FMDYV binding to avB8; however, in contrast to avp1
and avp3, for which the GRDGSP peptide was found to be the
more potent inhibitor, the FMDV RGD peptide is the more
potent inhibitor of binding to avB8. These data suggest that, as
for avp6, residues other than RGD may be required for high-
affinity ligand binding to avBS8.

Studies to determine the role of the integrin cytodomains in
FMDYV infection have obtained contrasting results. Neff and
Baxt (53) have reported that deletion of the cytodomain from
either the a or the B chain does not interfere with the ability of
avB3 to mediate infection, whereas Miller et al. have shown
that certain deletions within the B6 cytodomain result in avB6
receptors that, although still able to bind FMDYV, are no longer
competent to mediate infection (47). Specifically, a deletion
mutant lacking the 17 C-terminal residues of the B6 cytodo-
main (the T3 deletion) binds FMDV and mediates infection
similarly to the wild-type integrin (47), whereas deletion mu-
tants either with an internal deletion in the 36 cytodomain (the
TS deletion) or lacking this domain completely (the T1 dele-
tion) bind virus and mediate infection inefficiently (47). These
data have suggested that the B6 cytodomain may be required
for a postattachment event(s) in infection. In the present study,
we have investigated further the role of the B-chain cytodo-
main in integrin-mediated infection. This study has shown that



VoL. 78, 2004

replacement of the B8 cytodomain with the corresponding region
of B6 does not affect the expression of avp8 at the cell surface or
the ability of avB8 to bind virus and mediate infection. In con-
trast, a chimeric avB6 including the B8 cytodomain (avB6/8)
shared the characteristics of the avB6 deletion mutants (T1 and
T5): it bound FMDYV but was unable to mediate infection. The
avP6/8 chimera is recognized poorly by antibodies specific for
avp6, suggesting that the presence of the B8 cytodomain alters
the conformation of the avp6 ectodomain. This observation led
us to reexamine avp6 expression on SW480 cells expressing the
B6 cytodomain deletion mutants (T1, T3, and T5). This study has
shown that, as for the avB6/8 chimera, the binding of the avB6-
specific MAbs is also reduced when av6 includes the T1 or TS
modified B chain. In contrast, these MAbs recognize similarly
avB6 containing the T3 or wild-type 36 chain.

At present we do not know why the binding of virus to cells
expressing the av6/8 chimera or the T1 or TS deletion mutant
does not lead to infection. The domain substitution in the
avB6/8 chimera was associated both with a reduced ability to
bind FMDV (Fig. 3) and with a reduction in the amount of
RGD peptide required to inhibit this binding (Fig. 5C). In
addition, the sequence-binding specificity for the avB6/8 chi-
mera was altered from that for wild-type avp6. These proper-
ties may reflect a reduced affinity of the avpB6/8 chimera for
FMDV. Taken together, our data are consistent with the hy-
pothesis that the B6 cytodomain is required to maintain the
ectodomain of avB6 in a conformation that is necessary for
both high-affinity binding of FMDV and subsequent infection.

Alternatively, given the role of B-chain cytodomains in en-
docytosis (60, 63), the loss of susceptibility to infection ob-
served for cells expressing the avB6/8 chimera or the T1 or TS
deletion mutation may be due to a defect in virus internaliza-
tion. However, sequences required for integrin-mediated virus
internalization are missing from the B8 cytodomain. The B8
cytodomain is almost completely divergent in primary se-
quence from the other B integrin cytodomains, which in gen-
eral are highly homologous (54, 60). Thus, it is possible that
avB8 mediates productive FMDYV infection through a mecha-
nism independent of its B-chain cytodomain. This idea is sup-
ported by previous studies which demonstrate that av@S§ is
functionally competent as a TGF-B-activating receptor even in
the absence of its cytodomain (49).

A third possibility is that the cytodomain of the B6 chain is
required for membrane penetration, thereby permitting entry
of the viral RNA genome into the cellular cytoplasm. This role
has been proposed for the cytodomain of the 35 chain in
avpB5-mediated infection by adenovirus (61). In the case of
avBs, it is the 3 C-terminal residues of the B5 chain that are
most important for membrane penetration. However, these
residues are different in the B6 chain, and their deletion does
not inhibit avB6-mediated infection by FMDV (47). There-
fore, it would appear that, if the 36 cytodomain is needed for
virus penetration into the cell, it works by a mechanism distinct
from that used by avp5.

FMDV is one of the most infectious animal pathogens
known. It causes a severe vesicular disease of cloven-hoofed
animals, which spreads by aerosol, sometimes over long dis-
tances. In vivo, FMDV shows a strong tropism for epithelial
cells. The primary site of infection is thought to be epithelial
cells in the upper respiratory tract (3, 10, 11, 14, 51), and
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during the development of disease, the virus is widely dissem-
inated throughout the body, with secondary sites of replication
in many epithelial tissues (3, 12, 13, 14). The ability of FMDV
to use multiple, different integrin species to initiate infection
could, in part, account for the great success of this virus. How-
ever, although integrins are believed to be the receptors used
to initiate FMDYV infection in an animal, presently we do not
know which, if any, of the integrins identified in vitro function in
this way. Similarly, very little is known of the tissue distribution
and cell type expression of integrins in the natural hosts of
FMDV. Studies of other mammalian species have shown that
avP3 normally predominates in endothelial rather than epithelial
cells (9, 18, 20, 26, 46), whereas, by contrast, av36 is expressed
exclusively in the latter cell type. Recently, avB8 has also been
identified on airway epithelial cells (15, 23). If these observations
were repeated in the natural hosts of FMDYV, they would point to
an important role for avB6 and avB8 in the tropism and patho-
genesis of FMDV during the initial phase of infection.
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