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Abstract

The integrin VLA-2 mediates cell adhesion to collagen and lam-
inin and also functions as a virus receptor, mediating cell sur-
face attachment and infection by a human pathogen, echovirus
1. To determine whether extracellular matrix proteins and
virus interact with VLA-2 in the same manner, we carried out a
detailed comparison of these two functions and found that they
differed markedly in six different respects. In contrast to the
ECM/VLA-2 interaction, echovirus 1 binding did not discrimi-
nate between functional forms of VLA-2, showed a different
pattern of inhibition by anti-,81 and -a2 antibodies, was not
stimulated by phorbol esters, was not activated by (1 antibod-
ies that stimulate ECMbinding, was not inhibited by any partic-
ular divalent cation, and most notably was not inhibited by
EDTA. These striking differences were found both with intact
cells expressing VLA-2 and with solubilized VLA-2, suggest-
ing that VLA-2 interacts with these different ligands by mark-
edly different mechanisms, and probably at different functional
sites. In addition, alterations in the a2 cytoplasmic domain that
had marked effects on cellular responses to collagen and lami-
nin had no effect on virus internalization and cell killing. Thus
VLA-2-mediated events that occur after receptor occupancy by
extracellular matrix proteins also appear to be distinct from
those that occur after receptor interaction with virus. (J. Clin.
Invest. 1993. 92:232-239.) Key words: virus receptor * cell ad-
hesion * integrin - divalent cations * collagen

Introduction

The integrin family of cell surface molecules is composed of 14
a subunits and 8 / subunits that pair noncovalently to form 20
different heterodimers, each with distinct ligand binding capa-
bilities. Ligands for integrins include extracellular matrix com-
ponents, members of the immunoglobulin family, and blood
clotting and complement proteins ( 1-5). A variety of studies
suggest that ligand binding involves domains in the NH2-termi-
nal regions of both the integrin a and 3 chains. Within the (3
chain, ligand binding occurs in the vicinity of amino acids 100-
200 (6-8), a region that contains sequences highly conserved
in nearly all known ( subunits. Within the a chain, ligands
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bind in the region of 3-4 putative binding sites for divalent
cations, which have the partial EF hand sequence motif
DXDXDGXXD(9-1 1). All known integrin ligand binding
events have been found to be inhibited by EDTA, consistent
with an essential role for a chain cation sites.

On some cells (particularly leukocytes and platelets) inte-
grin-mediated adhesion can be modulated by a process known
as "inside out" signaling. Upon triggering of cells with a variety
of agonists, including the phorbol ester PMA, a poorly charac-
terized signal is generated, resulting in substantially increased
cell adhesion ( 12-21 ). Also, monoclonal antibodies to (31 (22-
26) (2 (27), and (3 (28) integrins have been found, which
stimulate integrin-mediated adhesion by a mechanism proba-
bly distinct from phorbol ester stimulation (29).

Within the group of integrins that share the (31 subunit
(called VLA proteins), VLA-2 (a2f( I) often functions as an
adhesion receptor mediating cell attachment to collagen and
laminin (30-35). On some cell types, however, it acts strictly
as a collagen receptor (33-36), and on at least one cell it did
not bind to either collagen or laminin (2). As seen with other
integrins, these VLA-2 adhesion functions are inhibited by
EDTA, indicating a requirement for divalent cations. Notably,
although VLA-2-mediated adhesion to collagen is promoted
by Mg++and Mn++, it is inhibited in the presence of Ca++ (36,
37). Also, like other integrin functions, VLA-2-mediated cell
adhesion can be dramatically stimulated by certain antibodies
to the (31 subunit (24), and to a variable extent by PMA
(20, 29).

Recently, VLA-2 was shown not only to be a receptor for
extracellular matrix (ECM)' proteins, but also to mediate at-
tachment and infection by echovirus 1 (38), a human picorna-
virus responsible for febrile illnesses and aseptic meningitis.
While echovirus 1 has probably evolved to bind to VLA-2, it is
not clear whether virus and ECMligands share the same bind-
ing site(s) on the VLA-2 molecule. It is also not known
whether the cytoplasmic tail of the a2 subunit has a role in
events occurring after receptor-mediated virus binding, such as
virus internalization, and subsequent killing of the host cell.
For VLA-2-mediated binding to ECMligands, alterations of
the cytoplasmic tail of the a2 subunit have been found to have
a critical role in subsequent events such as cell migration and
collagen gel contraction (39).

To begin to answer these questions, we have analyzed six
characteristic features of VLA-2 binding to ECMligands and
asked whether they also apply to virus binding. Wehave also
substituted the cytoplasmic domain of a2 with domains from
other a chains, and then compared these chimeras with respect
to their ability to mediate virus binding and killing. The results
show dramatic differences between ECMand virus binding to

1. Abbreviations used in this paper: ECM, extracellular matrix; FMDV,
foot-and-mouth disease virus; PFU, plaque-forming unit.
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VLA-2 in terms ofthe VLA-2 epitopes involved, cation require-
ments, regulation of adhesion, and the role of cytoplasmic do-
mains in postbinding events.

Methods

Cell lines. K562 erythroleukemia cells were transfected with cDNA
encoding the a2 subunit of VLA-2 in the pFneo expression vector to
obtain K562-form 0 (binds neither collagen nor laminin) and K562-
form C (binds collagen only), or with the pFneo vector alone to obtain
KpF. Isolation and characterization of these cell lines (29) and the
RDA2cell line (40), which adheres to both collagen and laminin, have
been described. RDcells transfected with chimeric a cDNA, contain-
ing the extracellular domains of a2 and the cytoplasmic domains of a4
(X2C4) or aS (X2C5), have also been described (41) .

Monoclonal antibodies. AA10 (38), 5E8 (42), and 12F1 (43) recog-
nize the a2 subunit of VLA-2. LiA 1/2 (24), DE9 (38), TS2/ 16 (44),
mAb 13 (45), 4B4 (46), and A-lA5 (47) recognize the f31 subunit.
Two other VLA-2 specific antibodies, HAS3 and HAS4 (both murine
IgG2a), were the gift of J. Adams and F. M. Watt. Control antibodies
P3 (48) (murine IgGl derived from MOPC21), UPC1O(murine
IgG2a plasmacytoma), W6/32 (49) (murine IgG2a, recognizing a
monomorphic determinant of HLA-A,B,C (50), and 23A-5-2 IS (mu-
rine IgM, anti H-2 Db) were obtained from Sigma Immunochemicals
(St. Louis, MO) or the American Type Culture Collection (Rockville,
MD). Except for LiA 1/2 (a hybridoma supernatant diluted 25-fold),
antibodies used were ascites fluid diluted 100-fold before use, purified
antibody ( 12F1 ) at 10 ,g/ml, or hybridoma supernatant (AA 10) at 10
,ug/ml. The same solution of each antibody was used for both cell
attachment and virus binding assays.

Radiolabeled virus binding. Echovirus serotype 1 (American Type
Culture Collection) was metabolically labeled by growth in medium
containing [35S]methionine, and purified by detergent treatment, pel-
leting, and sucrose gradient centrifugation, as described for poliovirus 2
(51). Cell suspensions ( - 5 X I05 cells) were incubated 30 min at
room temperature in 100 ,ul of medium or antibody as indicated; in
some experiments, cells were then washed to remove unbound anti-
body, with no change in results. Except where indicated in the figure
legends, radiolabeled virus (- 20,000 cpm; 50-200 plaque-forming
unit [ PFU] per cpm) was added in HBSS(GIBCO BRL, Gaithersburg,
MD) buffered with 10 mMHepes pH 7.0, and containing 20 mM
MgCl2 and 4%bovine calf serum. Incubation with gentle rocking pro-
ceeded for 30-60 min, after which cells were washed twice in the same
buffer, dissolved in 0.5 ml Solvable (New England Nuclear, Boston,
MA), and cell-bound radioactivity was determined by scintillation
counting.

Cell adhesion assays. Cell attachment to matrix proteins was deter-
mined as described (41). Briefly, cells were suspended in RPMI-5%
FCSat 3-5 x 106/ml, treated with 5 Mg/ml (2',7')-bis(carboxyethyl)-
(5,6)-carboxyfluorescein (Molecular Probes, Inc., Eugene, OR) at
37°C for 30 min, then washed twice in PBS. After incubation with
monoclonal antibodies or buffer containing specific divalent cations, 5
x I0' cells in 0.1 ml were added to plastic tissue culture plates pre-
coated with collagen or laminin. Adhesion was permitted to occur for
20 min at 37°C, unattached cells were removed by gentle washing, and
fluorescent cell adherence was determined using a 96-well fluorescence
analyzer (IDEXX Co., Portland, ME), and normalized to wells con-
taining 50,000 cells. Background values for cell adhesion to wells
coated with 0.1 %BSAwere subtracted. All results are expressed as the
mean number of cells bound per mm2of surface area (±SD) for tripli-
cate determinations.

Interaction of virus and ECMproteins with isolated VLA-2. Recep-
tor binding to collagen and laminin sepharose was performed as de-
scribed (29). K562 cells transfected with a2 were surface labeled with
1251 using lactoperoxidase and solubilized in 0.1 Moctyl-fl-D-thioglyco-
pyranoside (OSPG; Calbiochem-Novabiochem Corp., La Jolla, CA),
0.1 Mn-octyl-fl-D-glucopyranoside (OPG, Sigma Chemicals), 0. 1 mM

MnCl2 and protease inhibitors (PMSF, leupeptin, and aprotinin) in
PBS for 1 h at 40C. Immunodepletion of background proteins from the
cell lysate was achieved by incubation with mAbJ2A2, followed by
protein A-Sepharose. After the addition of various anti- a2 or anti-13 1
antibodies, cell lysates were incubated batchwise with 0.1 ml of colla-
gen-Sepharose beads ( 18 h, at 40C). After washing with 8 ml of wash
buffer, specifically bound proteins were eluted using SDS-sample
buffer, analyzed by SDS-PAGE, and quantitated using a densitometer
(Quick Scan R&D; Helena Laboratories, Beaumont, TX).

For virus binding to affinity-isolated VLA-2, cells were extracted
with OPG/OSPGbuffer (as above, except containing MgCl2 and
CaCI2 in addition to MnCl2) for 1 h at 40C, then incubated with CL4B
protein A-Sepharose beads (Pharmacia LKB Biotechnology, Piscata-
way, NJ) precoated with mAbHAS-4 (murine IgG2a), or with isotype-
matched control antibodies UPC10 or W6/32. Beads were then
washed with 0.025M OPG/0.025 MOSPGin PBSand incubated with
radiolabeled virus (20,000-50,000 cpm in 0.2 ml Hanks'-10 mM
Hepes-I0 mMMgCl2-4% bovine calf serum) for 4 h at room tempera-
ture. After further washing, bound radioactivity was determined by
scintillation counting. For identification of radiolabeled proteins
bound to antibody-coated beads, cell extracts from '251I-labeled HeLa
cells were prepared as above and incubated with antibody-coated
beads, then beads were washed as above and boiled in Laemmli sample
buffer. Eluted proteins were then subjected to electrophoresis in a 10%
polyacrylamide gel under reducing conditions and identified by autora-
diography.

Virus infection. 105 HeLa cells were suspended in HBSSwithout
calcium or magnesium (Whittaker M. A. Bioproducts, Walkersville,
MD) containing 0.5% BSA(HBSS-BSA), or in HBSS-BSAcontaining
2 mMMgCl2, 2 mMMnCl2, 2 mMCaCl2, or 2 mMEDTA. Virus was
added (5 PFU per cell, diluted in HBSS-BSA) and allowed to adsorb
for 30 min at room temperature. Unbound virus was removed by ex-
tensive washing, then cells were plated in 1 ml Minimal Eagle's Me-
dium with 5%bovine serum and incubated overnight. Cells were fro-
zen and thawed to release virus, and virus titer determined by plaque
assay on HeLa cells.

Results

Interaction ofvirus and ECMproteins with different functional
forms of VLA-2. Wehave previously shown that a2-transfected
RDcells express VLA-2 that binds to both collagen and lami-
nin (41), and thus is designated VLA-2 form CL. In contrast,
a2-transfected K562 erythroleukemia cells (KA2 cells) ex-
pressed VLA-2 that adhered to collagen but not laminin (form
C), or adhered neither to collagen nor to laminin (form 0)
(29), as shown in Fig. 1 A and B. Wepreviously showed that
echovirus 1 bound to VLA-2 form CL on RDcells (38), and
here we show that virus also bound to VLA-2 form Cand form
0 on KA2 cells (Fig. 1 C). In a control experiment, echovirus 1
failed to bind to mock-transfected (KpF) cells. Thus, virus
binds to VLA-2-expressing cells that bind neither of the ECM
proteins.

Epitopes on a2 and #1 involved in virus binding and ECM
attachment. To determine whether the same VLA-2 epitopes
are important for attachment to extracellular matrix proteins
and for virus binding, we carried out comparative monoclonal
antibody inhibition experiments. Results obtained with anti-
bodies to the ,3I subunit suggest that the binding sites for virus
and collagen are not identical (Fig. 2). Both mAb 13 and LiA
1/2 completely abolished RDA2cell adhesion to collagen but
had only weak or partial effects on virus binding. Antibodies
A- l AS, TS2 / 16, and the control antibody P3 had little inhibi-
tory effect on either collagen or virus binding. For comments
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Figure 1. K562 trans-
fectants expressing dif-
ferent functional forms
of VLA-2: ECMattach-
ment compared with

in radiolabeled virus bind-
ing. (A) and (B), Adhe-
sion of mock-transfec-
tants (KpF) or a2
transfectants (K-form 0

and K-form C) to tis-
sue culture wells coated
with (A) collagen (2

irus 1 gg/ml) or (B) laminin
(l IOg/ml), expressed

as cells bound/mm2.

(C), Binding of

[35S] methionine labeled

echovirus 1, expressed
as cpm bound per 5

X 105 cells. Standard

KA2 lKA9 deviations for triplicate
Form 0 Form C samples are shown.
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Figure 3. Effects of a2
monoclonal antibodies
on RDA2cell adhesion
to collagen and laminin,
and on radiolabeled
virus binding. RDA2

cells were incubated
with monoclonal anti-
bodies, then added to
tissue culture wells
coated with (A) collagen
0.1 ug/ml, or (B) lami-
nin 3 ug/ml, or (C) in-
cubated with radiola-

J beled echovirus 1, as
AA10 described in Methods.

regarding TS2/ 16 stimulation of adhesion, see text pertaining
to Fig. 5 below.

Anti-a2 antibodies also revealed a difference between
ECMand virus binding (Fig. 3). The antibody 12F1 had no
effect on RDA2 cell adhesion to ECMproteins collagen and
laminin (A, B), but completely abrogated virus binding to
RDA2cells (C) and to HeLa and KA2 cells (not shown). Two
other antibodies, 5E8 and AA10, which inhibited cell attach-
ment to collagen and laminin, gave complete inhibition of
virus binding (C). Additional anti-VLA-2 antibodies with no
effect on ECMattachment (J. Adamsand F. M. Watt, personal
communication), had minimal effects ( 13-15% inhibition) on
radiolabeled virus binding to HeLa cells (not shown).

Effects ofPMA and monoclonal antibodies on ECMattach-
ment and virus binding. Like many integrin functions, VLA-2-

750- A. Collagen Figure 2. Effects of #I
monoclonal antibodies

550- on RDA2 cell adhesion

to collagen and on ra-
350 - diolabeled virus bind-

ing. RDA2cells were

150 incubated with mono-

|50 | | _ *a 1 | clonal antibodies
-50

(ascites fluids diluted
B. Echovirus 1 1 /100) then added to

tissue culture wells
coated with (A) collagen

OW ~~~~~~~~0.2jug/ml, or (B) colla-

gen 10ugg/ml, or (C)

incubated with radiola-

beled echovirus 1, as

0 ~~~~~~~described in Methods.

E L P3 is an irrelevant mu-

<,, en < < < rine monoclonal anti-2 -15 >body.

mediated cell adhesion to collagen was stimulated by treatment
with phorbol esters. Exposure to 50 nM PMAmarkedly in-
creased the adhesion of KA2 cells with form Cor form 0 VLA-
2 to collagen (Fig. 4 A), but treatment with 50 nMPMAdid
not enhance the capacity of these cells to bind echovirus 1 (data
not shown). No enhancement of echovirus binding was seen

even when much higher concentrations of PMAwere used (5
,gM, Fig. 4 B). In similar experiments (not shown) PMAtreat-
ment did not increase virus binding by Jurkat T cells, although
PMAhas been shown to stimulate VLA-2-mediated Jurkat
cell adhesion to ECMproteins (21 ).

Whereas KA2 cells expressing VLA-2 form 0 showed al-
most no adhesion to collagen, treatment with the anti-#3l mAb
TS2/ 16 (but not with other anti-# l [mAb 13, DE9], anti-a2
[AA 10], or control [P3 ] antibodies) dramatically induced ad-
hesion to collagen (Fig. 5 A). In contrast, binding of radiola-

Form 0 Form C Figure 4. Activation of
300-

A. Collagen K562 transfectants by
E phorbol ester: ECMat-

D+PMA with radiolabeled virus

binding. (A) K-form

0-
0 B LOandK-form Ccells

B. were incubated at 370C

for 15 mi in medium
with or without 50 nM

G* No PMA PMA, then assayed for

PMA0L--adhesion to tissue cul-
ture wells coated with

Low High Low Hbh collagen 2 Ag/ml. (B)
VIRUS DOSE Cells treated with 5 1sM

PMAwere assayed for
capacity to bind radiolabeled echovirus 1. 5,000 cpm of virus (low
dose) or 20,000 cpm (high dose) were added to 5 x I0O cells.
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800 A. Collagen Figure 5. Activation of
E K562-form 0 by mono-

E 600 - clonal antibody TS2/ 16:
400 collagen attachment

0 400 - -compared with radiola-
U, _beled virus binding.
o 200- Cells were incubated

with monoclonal anti-
bodies or medium alone

B. Echovirus 1 for 30 min at room6000-
M T temperature, then
U *, T X twashed and assayed (A)
M-r- ~~~~~~~~~foradhesion to tissue
Ul) ~~~~~~~~~culture wells coated

> 2 2000 g g t with collagen 2 jig/ml
or (B) for capacity to

0 bind radiolabeled echo-
E M (D C oLL°virus 1. P3 is an irrele-

a) cn <s <a vant murine monoclo-HF 5 nal antibody.

beled virus was not altered in the presence of TS2/ 16 or the
other anti-#l antibodies (Fig. 5 B); AA1O, an anti-a2 mAb,
completely inhibited virus binding as seen previously (38) and
in Fig. 3 above. Though less dramatic than in Fig. 5, TS2/ 16
stimulation of RDA2cell adhesion to collagen was also seen in
Fig. 2, especially at the lower collagen dose (Fig. 2 A). In Fig. 2
C, as in Fig. 5 B, TS2/ 16 had little effect on virus binding.

Cation requirements for VLA-2 mediated virus binding and
adhesion to ECMproteins. Consistent with previously reported
results for platelets (36, 52), VLA-2-mediated attachment of
RDA2 cells to collagen was inhibited by EDTAand reconsti-
tuted by the addition of 2 mMof either Mg++ or Mn+ but not
Ca++ (Fig. 6 A). In contrast, substantial virus binding to RDA2
cells was observed either in the absence or presence of extracel-
lular cations, or in the presence of 2 mMEDTA(Fig. 6 B). No
virus binding was seen when cells were preincubated with the
a2 monoclonal antibody AA10, confirming that binding was
VLA-2 specific. Notably, virus binding not only occurred in

Nli A. Collagen 10 gig/ml
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Figure 6. Effect of diva-
lent cations on RDA2
cell adhesion to colla-
gen, and on radiola-
beled virus binding.
RDA2 cells were

n.d. washed in 1 mMEDTA
to remove extracellular
divalent cations, then
washed in PBS contain-
ing no calcium or mag-
nesium. Cells were
equilibrated 30 min in
TBS-BSA-glucose con-
taining 2 mMMgCl2,
2 mMCaC12, 2 mM
MnCl2, 2 mMEDTA,
or monoclonal antibody
AA1Oas indicated, then
(A) added to tissue cul-
ture wells coated with

collagen 10 qg/ml, or (B) incubated with radiolabeled echovirus 1.
Virus was dialyzed against TBS-BSA-glucose before use in this exper-
iment.

Table I. Virus Production by HeLa Cells Infected in the Presence
of EDTA or Divalent Cations

No cations Mg Ca Mn EDTA

3.0 X106 8 X106 1.4 X 107 4.0 x 106 3.3 X 106

HeLa cells were exposed to virus (5 PFU per cell) in buffer with or
without divalent cations, washed and incubated overnight, and virus
titer measured as described in Methods. Table shows averaged virus
yields (PFU/ml) for duplicate cultures.

the presence of Ca'+, but consistently exceeded binding ob-
served in the presence of Mg`+ for RDA2cells (Fig. 6 B), as
well as HeLa cells and a2-transfected K562 cells (not shown).
Virus binding to HeLa and K562 cells was only marginally
inhibited by EDTA (not shown). As shown in Table I, virus
infection as well as binding could occur in the presence of
EDTA. Quite similar amounts of virus were produced by HeLa
cells infected in the presence or absence of divalent cations.

Interactions of solubilized VLA-2 with virus and with colla-
gen. To determine whether the differences between VLA-2-
mediated virus binding and cell adhesion observed in the pre-
ceding experiments reflected direct interaction of VLA-2 with
ligands or were the end result of more complex cellular pro-
cesses, we examined the interaction of solubilized VLA-2 with
virus and collagen. Previous studies have shown close parallels
between VLA-2-mediated cell adhesion and direct interaction
of VLA-2 with collagen and laminin. In particular, interaction
of solubilized and/or purified VLA-2 with its extracellular ma-
trix ligands is inhibited by EDTA (33, 36, 37), by Ca++ (36,
37), or by specific monoclonal antibodies (36). In addition,
different functional forms of VLA-2, isolated from specific cell
types (33, 34) bind directly to ligands with the same specificity
as the cells from which they were derived. As shown in Table II
(and in similar experiments described elsewhere [29 ] ), deter-
gent-solubilized VLA-2 from a2-transfected K562 cells bound
at only a low to moderate level to collagen-Sepharose at 4°C.
However, in the presence of the anti-f1 mAbTS2/ 16, adhe-
sion of soluble VLA-2 to collagen was enhanced approximately

Table II. Effect of anti-a2 and anti-/31 Antibodies on Binding
of Soluble VLA-2 to Collagen-Sepharose

VLA-2 bound to collagen-Sepharose

mAbadded Experiment I Experiment 2

J-2A2 (control) 14.7
12F1 (anti-a2) 19.5 13.2
TS2/16 (anti-# 1) 56.8 42.3
4B4 (anti-,B1) 1.4 1.3

Lysates from two different a2-transfected K562 cell lines were pre-
pared as described in Methods, and then incubated with
collagen-Sepharose in the presence of the indicated antibodies. Bound
VLA-2 subunits (a2 plus 13) were quantitated by densitometry, and
the results (in arbitrary units) are reported for each experiment. In
the presence of TS2/16, the amount of VLA-2 bound was typically
> 50% of the total VLA-2 added.
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hanced approximately threefold. In contrast, the anti- a2 mAb
12F1 (shown above to inhibit cell attachment to virus but not
to ECM) failed to stimulate or inhibit VLA-2 binding to colla-
gen. Another anti-#3I antibody, called 4B4, had a marked in-
hibitory effect on the binding of soluble VLA-2 to collagen.
4B4 binds to the same epitope as most other anti-(3I mAb
(including mAbl 3 and LiA 1/2) that inhibit ,3I /ECM adhe-
sion functions (results not shown). In a control experiment
using untransfected K562 lysate, no binding of VLA-2 to colla-
gen-Sepharose was observed. These results, together with those
of others, support the conclusion that VLA-2-dependent cell
adhesion to collagen and laminin reflects the direct interaction
of VLA-2 with these ligands.

In a similar way, we found that virus interacted directly
with VLA-2 in a cellfree environment and that virus binding to
isolated VLA-2 closely resembled binding to intact cells. These
experiments made use of an anti-VLA-2 monoclonal anti-
body, HAS-4, which did not prevent virus attachment to cells
and thus is likely to recognize an epitope distinct from the virus
binding site. We isolated VLA-2 from detergent extracts of

A. Mab coated beads HAS-4 coated beads Figure 7. Virus attach-
+ bockng MAb ment to VLA-2 isolated

E T |on beads. Detergent ex-
lo=
1aO0O - | tracts of HeLa cells or

K562A2 transfectants
.8 - - | were incubated with

CL4B protein A sepha-
rose beads precoated

0_ .~ with an anti-VLA-2
Cb U.° E monoclonal antibody or
z B g Q (> isotype matched control

antibodies, then beads
B. were washed and ex-

posed to [35S]meth-
E 20000 _ _ ionine labeled echovirus

1, all as described in
2 _ _ Methods. After 4-h in-

0 cubation at room tem-
.' _ _ perature, beads were
> _ _ washed extensively and

bound virus determined
KpF K-form 0 K-form C by scintillation count-

ing. Results are ex-
C. pressed as cpm bound/

2a=0 _ 5 X 106 cell equivalents.
E (A, left side) HeLa cell

extracts incubated with
HAS-4 coated beads or

D 10000 _ __ beads coated with con-
trol antibodies, W6/32

_ _ _ _ _ or UPCIO. (A, right
o TBS Mg Ca Mn EDTA side) HAS-4 coated

beads incubated with
HeLa cell extracts, washed, then further treated with anti-a2 mAb
AA10 or 12F1, or with a control antibody (23A-5-21S; anti-H-2 Db).
(B) Extracts of K562 a2 transfectants: KpF (mock transfectant),
K-form 0, and K-form C. (C) Effect of divalent cations. HeLa cell
extracts were incubated with HAS-4-coated beads, beads were washed
in TBS (no cations), then virus was added in TBS-BSA-glucose alone,
or in buffer supplemented with 2 mMMg, Ca, Mn, or EDTA. The
relatively high binding in TBS may reflect the fact that in this experi-
ment, VLA-2 coated beads were not pretreated with EDTAto remove
associated cations before washing and addition of virus.
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Figure 8. Cell surface proteins
bound to antibody-coated beads.
HeLa cells were labeled with 1251,
then cell extracts were prepared,
incubated with antibody-coated
beads, and washed as in Fig. 7.
Beads were boiled in loading
buffer, and eluted proteins were
subjected to electrophoresis in a
10% polyacrylamide gel under re-

I C 2 ducing conditions. Proteins were
> D O) detected by autoradiography. Po-

C) 2 C; sitions of radiolabeled marker pro-
0O ~ teins are shown (kD).

HeLa or KA2 transfectants using HAS-4-coated protein A
Sepharose beads and measured the attachment of radiolabeled
virus to receptor protein (Fig. 7). Virus bound specifically to
beads coated with VLA-2 (Fig. 7 A); no binding was observed
to beads coated with isotype-matched control antibodies and
exposed to the same cell extracts. In experiments with extracts
from iodinated HeLa cells, HAS-4-coated beads bound specifi-
cally the a and f subunits of VLA-2 (Fig. 8).

Virus attachment to isolated VLA-2 was specifically pre-
vented by the anti-a2 monoclonal antibody AA10, and also by
12F1 (Fig. 7 A), which prevented virus attachment to cells, but
not cell attachment or VLA-2 binding to extracellular matrix
proteins (Fig. 3 and Table II). Virus bound equally well to
VLA-2 isolated from KA2 (form 0) and KA2 (form C) trans-
fectants, but did not bind to HAS-4-coated beads exposed to
cell extracts from mock-transfected K562 cells, which do not
express VLA-2 (Fig. 7 B). Finally, as determined for virus at-
tachment to intact cells, virus binding to isolated VLA-2 was
not suppressed in the presence of calcium, was not stimulated
by manganese, and occurred even in the presence of 2 mM
EDTA(Fig. 7 C).

Post-ligand binding events. Previously generated chimeric
forms of the a2 subunit (called X2C4 and X2C5) contained
cytoplasmic domains from integrin a4 and aS subunits respec-
tively (39). When these chimeric a2 molecules and wild type
a2 (RDA2 = X2C2) were transfected into RDcells, adhesion
to collagen and laminin was essentially indistinguishable, but
post-ligand binding events such as cell migration and collagen
gel contraction were dramatically altered (39). Whentested for
echovirus I binding, RDA2 (X2C2), RD-X2C4, and RD-
X2C5 cells all bound virus equally well (Table III). In a test of
susceptibility to infection, all these cell lines were killed within
24 h when infected with virus at either 0.5 or 0.05 PFUper cell;
in contrast, mock-transfected RDpFcells, which express little
or no VLA-2, showed no evidence of cytopathic effect even
after 48 h (Table III). This experiment indicated that the a2
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Table III. Effects of Cytoplasmic Tail Substitutions
on Virus Binding and Infection

RDpF RD-X2C2 RD-X2C4 RD-X2C5

VLA-2
expression
(MCF) 7 84 82 150

Virus bound
(cpm) 198±21 6,952±48 7,952±400 13,657±546

CPEat 16 h
(MOI = 0.05) 0 +++ ++++ ++++

CPEat 44 h
(MOI = 0.5) 0 ++++ ++++ ++++

Relative cell surface expression of VLA-2 was determined by indirect
immunofluorescence using mAbAAIO and a FITC-labeled goat
anti-mouse Ig second antibody. MCFis the mean cell fluorescence
(on a linear scale) determined for each cell line stained with mAb
AA10, minus the mean cell fluorescence of the same cells stained with
an isotype matched negative control antibody. Binding of radiola-
beled echovirus 1 was determined as in Methods and is expressed as
cpm bound per 5 X I05 cells ± SD for triplicate samples. For evalua-
tion of cytopathic effect (CPE), 2 x 105 cells of each type were plated
in 24 well plates and allowed to adhere overnight, then washed and
exposed for 1 h to virus (either 0.5 or 0.05 PFU per cell) at room
temperature. After washing to remove unbound virus, monolayers
were fed and incubated at 370C. Cultures were observed daily for ap-
pearance of cytopathic effect, detected as cell rounding or detachment
from the culture plate, or cell death. 0 indicates no visible difference
between infected and uninfected control cells. +++ indicates 2 80%
of cells rounded or dead. ++++ indicates 100% of cells dead.

cytoplasmic domain was not specifically required for events in
virus infection leading to host cell death.

Discussion

In this paper and in previous papers, VLA-2-mediated adhe-
sion to ECMligands has been characterized in terms of cell-
type specific differences in function, important #Il and a2 sub-
unit epitopes, phorbol ester activation, anti-flI mAbstimula-
tion, EDTA inhibition, and the relative effectiveness of Mg++
compared with Ca". In every one of these six aspects, we have
found that virus binding to VLA-2 is markedly different from
ECMbinding.

Wehave measured the interaction of both cellular and solu-
bilized VLA-2 with both viral and ECMligands. Consistent
with our own and others' experience, VLA-2-mediated cell
adhesion to ECMproteins closely paralleled the binding of
VLA-2 to ECMproteins observed in cellfree systems. Simi-
larly, we found that the important characteristics of virus at-
tachment to cells are reproduced in assays using isolated VLA-
2. Thus, at the molecular as well as the cellular level, VLA-2
interacts quite differently with virus and ECMligands.

The identification of VLA-2 as a receptor for echovirus 1
was based on the demonstration that anti- a2 monoclonal anti-
bodies block virus binding and infection, and that RDcells
deficient in a2 expression gain capacity to bind virus and be-
come infected when transfected with cDNAencoding a2 (38).

In this report we describe another VLA-2 negative cell line,
K562, that binds virus after transfection with a2 cDNA. Fur-
thermore, the demonstration that virus bound directly to VLA-
2 isolated on beads provides novel confirmatory evidence for
the direct role of this protein in virus attachment.

VLA-2 interactions with virus and ECMproteins occur by
quite different mechanisms and can be regulated indepen-
dently. Whatever structural features permit different func-
tional forms of VLA-2 to bind differentially to ECMproteins,
they are not recognized by virus. In every cell analyzed, VLA-2
was constitutively active with respect to virus binding, and ad-
dition of PMAor TS2/ 16 caused no further increase in bind-
ing. To stimulate cell adhesion to collagen and laminin, phor-
bol esters probably trigger intracellular signaling and/or cyto-
skeletal interaction pathways, whereas mAb TS2/ 16
apparently induces a favorable conformational change in the
031 subunit (29). Regardless of the precise details for these two
distinct mechanisms for regulating cell adhesion to ECMpro-
teins, we have found that neither is relevant to virus binding.

Although some anti-O3I antibodies strongly blocked VLA-
2-mediated adhesion to ECM, no anti-,Bl antibody has yet
shown strong blocking of virus binding. These results suggest
that virus may primarily interact with the a2 subunit. Some
anti-a2 antibodies were found to block both ECMand virus
binding, but it appears that echovirus 1 may utilize additional
contact sites, not critical for ECMbinding. Experiments in
progress are aimed at mapping virus and ligand binding sites to
determine their precise locations.

The observation that echovirus binding and subsequent cell
infection were not substantially inhibited by EDTAmay pro-
vide the best evidence that echovirus is a highly atypical ligand
for an integrin. In contrast, binding and subsequent cell adhe-
sion triggered by all other known integrin ligands (including
ECM, serum and complement proteins, and members of the
immunoglobulin superfamily) are completely inhibited in the
presence of EDTA. Consistent with the relatively minimal ef-
fect of cations on virus binding, Ca++ failed to inhibit virus
binding, again in marked contrast to its strong negative effect
on VLA-2-mediated adhesion to ECM(36, 37).

It has been proposed that aspartate residues within ligands
bind directly to EF-hand cations within integrins, thus supply-
ing a missing coordination group (7, 53, 54). This obviously
cannot be the case for echovirus binding, which occurs in the
absence of divalent cations. Thus, whereas VLA-2 binding to
collagen may be through recognition of a KDGEAsequence
(55), a defined triple helical region (56), or, perhaps, for some
cell types, a sterically constrained RGD-containing sequence
(57), we predict that VLA-2 is unlikely to recognize such do-
mains on the surface of echovirus 1.

We found that virus-induced cytopathic effect (and thus
virus uptake) was not noticeably influenced by exchange of a2
subunit cytoplasmic domains. In contrast, collagen-mediated
cell migration and collagen gel contraction are markedly de-
pendent on particular a2 subunit cytoplasmic domain substi-
tutions (39). Thus, although detailed mechanisms for virus
internalization and cell killing remain to be determined, we
hypothesize that these post-ligand binding mechanisms are
quite distinct from those involved in cell migration and colla-
gen gel contraction.

Two other picornaviruses, foot-and-mouth disease virus
(FMDV) (58) and coxsackievirus A9 (59), may also bind to
integrins, although this has not been definitively established.
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Those viruses are believed to bind susceptible cells by means of
an RGD-containing peptide, which in the case of FMDVis
known to protrude from the virus surface (60). Given that
RGDpeptides are prototypical ligands for several integrins and
also display strong cation dependence, we predict that FMDV
and coxsackievirus A9 will not share the atypical binding prop-
erties of echovirus 1.

In conclusion, we have found that VLA-2 binding to echo-
virus 1 is strikingly different from ECMbinding in every aspect
analyzed, thus underscoring that the same receptor serves
markedly different functions for parasite and host. A practical
consequence of these results is that eventual therapeutic inter-
ventions could be aimed at inhibition of echovirus 1 binding
without disturbing normal VLA-2 function.
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