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The initial interaction of murine polyomavirus (Py) with host cells occurs through direct binding of the
major capsid protein VP1 with cell membrane molecules containing terminal sialic acids; however, these Py
receptor molecules have not yet been identified. Analysis of the capsid protein primary sequences of all murine
strains revealed the presence of integrin ligand motifs in the DE and EF loops of VP1 (LDV and DLXXL,
respectively) and at the N terminus of VP2 (DGE). We show that infectivity of the Py A2 strain in mouse Swiss
3T3 fibroblasts is significantly reduced only in the presence of natural integrin ligands carrying an LDV motif
or antibodies directed against the �4 and �1 integrin subunits. Furthermore, we demonstrate that expression
of the �4 subunit in the �4-deficient BALB/c 3T3 cells increases viral infectivity. Addition of �4 function-
blocking antibodies, prior to or after virus adsorption, blocks this increased infectivity without affecting virus
binding to cells. Taken together, these data indicate that expression of �4 integrin enhances permissivity to Py,
probably by acting as one of the postattachment receptors.

The first step of the life cycle of nonenveloped viruses in-
volves the recognition and attachment of the viral capsid to an
appropriate host cell membrane receptor, followed by virus
entry. The events that occur during this initial virus-host cell
interaction are not yet clearly understood, since each virus may
have developed different entry strategies. However, this step is
considered a major determinant of virus host range and tissue
tropism.

Polyomaviruses are double-stranded DNA tumor viruses
with an icosahedral capsid composed of 72 pentamers of the
major capsid protein VP1, each associated with one copy of the
minor coat protein VP2 or VP3 (10, 52). Polyomaviruses infect
different species but are largely species specific, with a fairly
narrow host range (10). Among these viruses, murine polyoma-
virus (Py) is one of the best characterized. In its natural host,
it displays wide tissue tropism that has been correlated, in part,
to the ability of the protein VP1 to attach to host cell mem-
brane molecules containing terminal sialic acids (SA), which
are broadly expressed in the mouse (49, 50). The VP1 protein
is formed by �-strands, with “jellyroll” topology, which are
connected by surface loops called BC, DE, EF, and HI (49).
Extensive X-ray crystallography studies of the VP1-SA com-
plex have predicted that the receptor binding site, involving
residues of the outfacing BC and HI loops, is formed by three
pockets that accommodate the terminal SA, the galactoside,
and, for some strains, second branched SA residues (49, 50).
The observation that single amino acid substitutions in the

VP1 receptor binding site produce nonviable mutants indicates
that VP1-SA interaction is critical for Py infectivity (3). How-
ever, attempts to isolate and identify a receptor molecule have
been unsuccessful so far, and it is not known whether a single
or multiple receptor species exist. The minor coat protein VP2
has also been proposed to participate in viral entry and, in
particular, in membrane penetration, via its myristylated N
terminus (7, 45).

Among the identified virus receptor molecules, integrins are
receptors and essential entry molecules for several icosahedral
viruses, such as adenoviruses, coxsackieviruses, foot-and-
mouth disease viruses (FMDV), rotaviruses, and papillomavi-
ruses (11, 26, 27, 31, 53). This family of �/� heterodimers
mediates cell adhesion to extracellular matrix proteins and to
other cells by specific recognition of ligand consensus sequence
motifs, such as RGD, LDV, or DGE (29, 33, 41, 48). Similarly,
the interaction of viruses with integrins occurs through specific
recognition by integrins of these consensus sequences exposed
on viral capsid proteins. For instance, coxackievirus A9,
FMDV, and adenoviruses bind to integrin �v�3 through RGD
motifs displayed by their capsid proteins, whereas rotaviruses
interact with �4�1 and �2�1 integrins by means of LDV and
DGE motifs exposed on two of the coat proteins (9, 26, 27, 31,
53). Of relevant interest is the fact that for some viruses, such
as FMDV and rotaviruses, integrin recognition has been dem-
onstrated to correlate with cell permissivity (8, 31). For the
murine Py, considerable evidence indicates that host range
phenotype and tissue specificity depend, in part, on postentry
events, regulated by enhancer-promoter elements and early
regions of the viral genome (6, 38). In addition, interaction of
the virus, through particular VP1 residues, with straight- or
branched-SA-containing molecules has been correlated with
different pathogenicity and tumorigenicity patterns (14, 15);
however, so far there has been no direct demonstration that
recognition of specific receptors or the presence of certain cell
surface molecules can also affect cell susceptibility to Py.
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Università di Roma “La Sapienza,” Viale Regina Elena 324, 00161
Rome, Italy. Phone: 39 06490393. Fax: 39 064462891. E-mail for Paolo
Amati: amati@bce.uniroma1.it. E-mail for Marie-Isabelle Garcia: gar-
cia@bce.uniroma1.it.

† Present address: Fondazione Andrea Cisalpino, Lab. Espressione
Genica, Policlinico “Umberto I,” Università di Roma “La Sapienza,”
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In this work, we have identified integrin ligand consensus
binding sites in Py VP1 and VP2 capsid proteins and have
studied their potential role in Py infectivity. Our results show
that �4�1 integrin is involved in Py infectivity and that �4 cell
surface expression increases cell susceptibility to Py at a post-
attachment level. They also suggest the involvement of other,
uncharacterized cell receptors.

MATERIALS AND METHODS

Cells. Mouse Swiss 3T3, BALB/c 3T3, and 3T6 fibroblasts were grown in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal calf
serum (GIBCO) in a 5% CO2 atmosphere, at 37°C. BALB/c 3T3 cells were
transfected with empty pRK5 or pRK5-�4 vector, carrying the entire cDNA of
the murine �4 integrin subunit (43) (kindly provided by B. Holzmann, Tech-
nische Universitat, Munich, Germany), using the Lipofectamine Plus reagent
(Invitrogen). For stable transfections, we used as a selection marker the plasmid
pBabe-Puro, containing the puromycin resistance gene (40). Two days after
transfection, cells were split 1:5 in DMEM supplemented with puromycin at 1.3
�g/ml. The medium was changed every 2 to 3 days, and after 5 to 10 days,
surviving colonies were isolated and amplified separately.

Viruses. Py strain A2 was propagated at a low multiplicity of infection in 3T6
fibroblasts as described previously (17). Briefly, at 10 days postinfection, the cell
lysate was collected by repeated freeze-thawing and centrifuged for 15 min at
8,000 � g. The resulting supernatant was collected as the viral lysate.

The GenBank accession number for the genome sequence of the Py A2 strain
used is J02288.1; however, the VP1-coding sequence is identical to the GenBank
M34958 sequence, except for an amino acid substitution at position 92 (Gly
changed to Glu).

For binding experiments, viral particles were purified as follows. The viral
lysate was first pelleted by centrifugation through a 20% sucrose cushion in
buffer B (150 mM NaCl, 10 mM Tris-HCl [pH 7.4], 0.01 mM CaCl2). The pellet
was resuspended in buffer B and purified by banding on a CsCl gradient and
subsequently on a sucrose gradient (10 to 40% [wt/wt] in buffer B). Finally, viral
particles were sedimented onto a 20% sucrose cushion in buffer B. The protein
concentration was measured with the Bio-Rad protein assay. Biotinylation of
purified viral particles was carried out as follows. Fifteen micrograms of purified
virus was incubated with 1 mM biotin (Pierce) in a buffer containing 50 mM
Na2CO3 (pH 8.5) for 30 min at room temperature. Labeled particles were then
extensively dialyzed against buffer B.

Western blots. Biotinylated viral particles were lysed in Laemmli buffer, sub-
jected to sodium dodecyl sulfate–13% polyacrylamide gel electrophoresis (SDS–
13% PAGE), and transferred to nitrocellulose filters (Schleicher & Schuell).
Western blot analysis was carried out by using horseradish peroxidase (HRP)-
conjugated streptavidin (Pierce) after blocking nonspecific reactivity with 4%
nonfat dry milk in Tris-buffered saline–0.05% Tween 20. Bands were detected by
the enhanced chemiluminescence reaction (Pierce).

Sequence analysis. The search for the presence in Py A2 VP1 and VP2
sequences of the integrin recognition sites LDV, DLXXL, DGE, RGD, NGR,
RRETAWA, REDV, SDGR, YIGSR, YIGSE, RGES, RSGIY, RSGD, DRDE,
and SRYD (28, 30) and sequence alignments were carried out with the
CLUSTAL W multiple-sequence alignment program.

Ligands and Abs. Fibronectin and fibronectin �-chymotryptic 40,000-molecu-
lar-weight (Fn40) and 120,000-molecular-weight (Fn120) fragments were pur-
chased from Roche Molecular Biochemicals and GIBCO, respectively. Type I
collagen and vitronectin were purchased from Sigma, and tenascin was pur-
chased from Chemicon. Function-blocking monoclonal antibodies (MAbs) di-
rected to mouse integrin subunits �4 (CD49d, clone R1-2), �2 (CD49b, clone
HM�2), �1 (CD29, clone HM�1-1), and �7 (clone FIB27) and an �4-isotype
control Ab (A95-1) were purchased from BD PharMingen, whereas MAbs to
�v�6 (MAb 2077Z) and human �v�3 (MAb 1976Z) were obtained from Chemi-
con. Polyclonal large T (LT) antiserum was obtained from Brown Norway rats
inoculated with syngeneic Py-transformed cells. R-phycoerythrin (R-PE)-conju-
gated anti-rat and anti-mouse immunoglobulin G (IgG) (heavy plus light chain)
Abs were purchased from ICN Biomedicals, and R-PE-conjugated anti-hamster
IgG was purchased from BD PharMingen. Rat fluorescein isothiocyanate-con-
jugated IgG fraction Ab was obtained from Cappel.

Virus infectivity assays. Cells (1.2 � 105) were washed twice with DMEM and
incubated with or without natural integrin ligands or function-blocking Abs in
DMEM at room temperature for 1 h, unless otherwise stated. Afterwards, cells
were infected for 1 h with the virus (same virus inoculum added to Swiss 3T3 or

BALB/c 3T3 cells) to have 1 to 10% LT-positive cells. The virus inoculum was
removed, and cultures were maintained for 20 h at 37°C in DMEM–10% serum.
Cells were then fixed with methanol-acetone (3:7, vol/vol) and immunostained
for virus (LT expression) as previously described (17). Total nuclei were stained
with 1 �g of DAPI (4�,6�-diamidino-2-phenylindole) solution in phosphate-buff-
ered saline (PBS) per ml. Cells were washed with PBS and mounted in 70%
glycerol. Infectivity was measured as the number of LT-positive cells among the
total nuclei. A minimum of 1,000 nuclei were counted for each single plate.

Cell surface expression of integrin subunits. Cell monolayers were detached
with PBS–5 mM EDTA. The cells (4.5 � 105) were incubated for 30 min on ice
with optimal dilutions of MAbs to integrin subunits in buffer A (PBS, 0.1 mM
CaCl2, and 0.1 mM MgCl2 plus 1% bovine serum albumin), washed, and incu-
bated for a further 30 min with the suitable R-PE-conjugated secondary Ab.
After two washes, cellular fluorescence was analyzed on a FACSCalibur flow
cytometer (Becton Dickinson). A positive relative linear median fluorescence
intensity (RMFI) was defined as �1.2 and was calculated as the median fluo-
rescence intensity of cells incubated with primary and secondary Abs divided by
the median fluorescence intensity of cells incubated with secondary Ab alone.

Virus binding assays. Cell monolayers were detached by incubation in PBS–
5 mM EDTA, washed in buffer A, and incubated with or without function-
blocking anti-�4 or its isotype Ab as a control (30 �g/ml) in binding buffer (buffer
A) for 1 h on ice. Alternatively, cells were pretreated with 200 mU of Clostridium
perfringens neuraminidase (Sigma) for 1 h at 37°C and then washed twice with
buffer A. Afterwards, biotinylated virus particles (preincubated or not with 160
mM N-acetylneuraminic acid [NANA] [Sigma] for 1 h in ice) were added to cells
and left for 1 h on ice. The cells were washed and incubated with PE-conjugated
streptavidin (BD PharMingen) in binding buffer for 30 min on ice. After being
washed twice, cells were fixed in paraformaldehyde and their fluorescence in-
tensity was analyzed by fluorescence-activated cell sorting (FACS).

RESULTS

Murine Py VP1 and VP2 capsid proteins contain integrin
ligand motifs. The Py capsid proteins VP1 and, possibly, VP2
are involved in the initial interaction with host cells (3, 7, 45,
49, 50). We examined the amino acid sequences of the VP1
and VP2 proteins from the murine large-plaque strain A2 for
the presence of known integrin ligand binding sites. Of the 15
motifs studied (see Materials and Methods), three consensus
sequences were found to be conserved, two in VP1 and one in
VP2.

An LDV motif was identified in the DE loop (amino acids
[aa] 137 to 139) of the VP1 protein. Such a sequence, present
in the CS1 fragment of fibronectin, is the minimal essential
sequence for adhesion of fibronectin to the �4�1 and �4�7
integrins, which are expressed mainly on lymphoid cells (24,
33). Alignment of the VP1 DE loop with the region flanking
the LDV motif of the CS1 fragment revealed 23.8% identity
within a stretch of 20 aa (Fig. 1A). Interestingly, the LDV
sequence was found to be totally conserved among murine Py
strains (n � 7), with the exception of the Kilham strain, which
is characterized by stringent host and cell specificities (55). In
contrast, none of the nonmurine strains analyzed (n � 26)
contained this motif in the DE loop (Fig. 1A).

A DLXXL motif was found in the EF loop of VP1 (aa 174
to 178). Such a sequence has been identified in tenascin as a
ligand for the �v�6 heterodimer, a rare integrin expressed in
epithelial cells only and induced during repair processes (5,
34). Alignment of VP1 with tenascin extended over the
DLXXL motif, showing 30% identity within a stretch of 20 aa
(Fig. 1B). The DLXXL motif was present in all of the murine
strains, including the Kilham strain (n � 8), as well as in the
VP1 hamster sequences analyzed but was not present in the
other members of the Py family (n � 24) (Fig. 1B). Of interest
is that D174 is a residue involved in the calcium binding site of
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VP1, which is absolutely crucial for maintaining structural in-
tegrity of the viral capsid (16).

Finally, the VP2 protein displays a DGE motif (aa 39 to 41)
in its N terminus. The DGE motif is present in the type I
collagen sequence and serves as a recognition site for the �2�1
integrin, a heterodimer expressed on colon adenocarcinoma
cells, platelets, and fibroblasts (23, 25, 48). Identity between
VP2 and type I collagen reached 30% within a stretch of 17 aa
flanking the consensus sequence (Fig. 1C). All murine strains

except Kilham displayed this motif (n � 6), whereas it was not
present in any of the nonmurine strains (n � 19).

Cell surface expression of integrins on Swiss 3T3 fibro-
blasts. The potential involvement of integrins in Py infectivity
was investigated with murine Swiss 3T3 fibroblasts, a permis-
sive cell line normally used for studying Py infection. Initially,
cell surface expression of the �4, �1, �7, �2, and �v�6 integrins
was analyzed by flow cytometry. The �1 subunit was found to
be abundantly expressed on these cells (RMFI of 90.9). The �4

FIG. 1. Murine Py VP1 and VP2 capsid proteins contain integrin ligand motifs. (A) Alignment of the Py A2° VP1 LDV motif with the CS1
fragment of fibronectin (Fn CS1) (GenBank accession number AAD11500) and related Py sequences from aa 128 to 147. (B) Alignment of the
Py A2° VP1 DLXXL motif with tenascin (Tn) (GenBank accession number P24821) and related Py sequences from aa 166 to 185. (C) Alignment
of the Py A2° VP2 DGE motif with type I collagen (Cl) (GenBank accession number NP_000079) and related VP2 sequences from aa 31 to 50.
*, : , and . , identical aa, strongly conserved, and weakly conserved amino acids, respectively, as defined by the CLUSTAL W program. The
consensus motifs and the murine Py strains are in boldface. GenBank accession numbers of the analyzed viral proteins are indicated. °, VP1 and
VP2 sequences of the Py A2 strain used in this work. Cerco. and Budger., Cercopitheci and Budgerigar fledgling disease viral strains, respectively.
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subunit and �v�6 integrin were also detected at low but sig-
nificant levels (RMFIs of 1.55 and 1.79, respectively), whereas
the �2 and the �7 subunits were not expressed at detectable
levels (RMFIs of 0.75 and 0.95, respectively).

Natural integrin ligands reduce Py infectivity. To determine
whether integrins play a role in Py infection, virus infectivity
assays were performed in the presence of natural integrin li-
gands. Swiss 3T3 cells were incubated with increasing concen-
trations of different extracellular matrix proteins (fibronectin,
vitronectin, type I collagen, or tenascin) before virus adsorp-
tion. Their competitor effect on Py infectivity was measured by
indirect immunofluorescence. A significant dose-dependent
reduction of infectivity was observed in presence of fibronectin
(up to 28% 	 6% [mean 	 standard deviation]) when 100
�g/ml was used, but no reduction was observed in the presence
of vitronectin, collagen, or tenascin (Fig. 2A).

Two �-chymotryptic fibronectin fragments have been previ-
ously described as showing different integrin binding abilities:
the Fn40 fragment, which displays an LDV motif, is the region
necessary to bind to �4 integrins, while the 120K (Fn120)
fragment has an RGD motif recognized by �5�1, �v�3, and
�v�6 integrins (5, 34, 41, 54). In order to determine which
integrin ligand motif of fibronectin was competing with Py,
cells were pretreated with increasing concentrations of frag-
ment Fn40 or Fn120 before infection. Fragment Fn40 signifi-
cantly reduced Py infectivity, even when used at low concen-
trations. A 21% 	 10% reduction was observed when Fn40 was
used at 4 �g/ml and a 46% 	 2% reduction was reached when
Fn40 was used at 80 �g/ml, whereas no significant reduction
was observed with the Fn120 fragment, even when cells were
incubated with 100 �g/ml (Fig. 2B). These data indicate that
only specific cell matrix proteins carrying the LDV motif re-
duce Py infectivity, implying a role for �4 integrins in viral
infection.

Inhibition of Py infectivity by function-blocking anti-inte-
grin Abs. Similar virus infectivity experiments were performed
with Abs with function-blocking activity directed against spe-
cific integrin subunits as competitors. We observed a reduction
of infectivity of 28% 	 4% when the Ab specific for the �4
subunit was used as a competitor (Fig. 2C). An analogous level
of reduction was observed in the presence of the Ab specific for
the �1 subunit (25% 	 1%). The reduction of infectivity was
dose dependent with both Abs (data not shown). Moreover,
the combination of the anti-�4 and anti-�1 MAbs did not
increase infectivity blocking (28% 	 10%). Since both MAbs
function to block the ligand binding site of the integrin, this
observation means that anti-�4 and anti-�1 Abs recognize and
compete with the same ligand binding site on the same integrin
heterodimer. In contrast, no significant reduction was observed
when anti-�2, anti-�v�6, or control anti-human �v�3 Abs were
used as competitors. Taken together with the results obtained

FIG. 2. Integrin ligands and function-blocking Abs reduce Py in-
fectivity. (A and B) Py infectivity is inhibited by integrin ligands in a
dose-dependent manner. Swiss 3T3 cells were pretreated for 1 h at
room temperature with various concentrations of integrin specific li-
gands, i.e., fibronectin (Fn), vitronectin (Vn), collagen (Cl), or tenascin
(Tn) (A) or �-chymotryptic fibronectin fragments (Fn40 or Fn120)
(B), before infection with virus particles for 1 h at 4°C. The virus in-
oculum was removed, and cells were further incubated for 20 h at 37°C
before fixation. Infected cells were immunostained for LT (see Mate-
rials and Methods). Results are presented as the percentage of virus
infectivity obtained when cells were preincubated with DMEM without
competitors (control). One hundred percent of virus infectivity corre-
sponded to an average of 7 to 10% LT positive cells. Data correspond
to the means and standard deviations from two or three independent
experiments, each performed in duplicate or triplicate. (C) Inhibition
of Py infectivity by integrin-specific Abs. Swiss 3T3 cells were pre-
treated for 1 h at room temperature with a 30-�g/ml concentration of

Abs to specific integrins before infection with Py for 1 h. After virus
particles were removed, cells were further incubated for 20 h at 37°C
before fixation. Infected cells were stained for LT by indirect immu-
nofluorescence. Results are presented as described for panels A and B.
Data correspond to the means and standard deviations from two or
three independent experiments, each performed in duplicate or trip-
licate.
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with integrin ligands, these data suggest that the integrin in-
volved in Py infectivity is the �4�1 heterodimer. Incomplete
inhibition of Py infectivity by anti-�4 and anti-�1 Abs could be
attributed to the only partial function-blocking activity of these
MAbs and/or could be due to additional cell surface molecules
recognized by Py.

Expression of the �4 integrin subunit enhances Py infectiv-
ity in �4-negative BALB/c 3T3 cells. Even though Py shows
broad tissue tropism in its natural host, it replicates with dif-
ferent efficiencies depending on the cell type (4). To test
whether cell surface expression of a particular integrin het-
erodimer, i.e., �4�1, could be correlated with a different rep-
lication ability, we selected the murine fibroblast cell line
BALB/c 3T3, which was previously described as �4 negative
(54) and determined to be less permissive for Py infection than
Swiss 3T3 cells (our unpublished results). First, we verified by
flow cytometry that BALB/c 3T3 cells did not express �4 on
their surface (RMFI of 0.95), whereas �1 expression was high
(RMFI of 87.6). Next, to determine whether expression of the
integrin �4 subunit could enhance Py infectivity, BALB/c 3T3
cells were transiently transfected with �4 and then infected
with Py. In these preliminary infectivity assays, we observed
that �4-transfected cells were approximately 50% more per-
missive to Py than those transfected with an empty vector (data
not shown). Py infectivity was then studied in BALB/c 3T3
fibroblasts stably transfected with the �4 subunit. Cells were
stably transfected with either the vector pRK5-�4 or the empty
vector and with the selection marker construct. Ten puromy-
cin-resistant clones were isolated, individually amplified, and
initially tested for the presence of the �4 subunit by Western
blotting to identify those with the highest expression levels.
Clone 8, designated the �4-BALB/c 3T3 cell line, was selected
for further studies, as it showed a good level of �4 expression
and had growth properties similar to those of the mock-trans-
fected clone (BALB/c 3T3 cells transfected with the empty
vector). As shown in Fig. 3A, cell surface expression of �4 in
the �4-BALB/c 3T3 cell line was confirmed by FACS, whereas
the mock-transfected clone was �4 negative. In contrast, both
cell lines expressed high levels of the �1 subunit (Fig. 3A).

Virus infectivity assays were then performed with mock-
transfected and �4-BALB/c 3T3 cells. We observed that �4
expression rendered �4-BALB/c 3T3 cells more susceptible to
Py infection (twofold increase) than the �4-negative mock-
transfected cells (Fig. 3B). In order to verify that the enhanced
infectivity observed in �4-BALB/c 3T3 cells was specifically
dependent on the cell surface expression of the �4 integrin,
virus infectivity assays were performed in the presence of func-
tion-blocking Abs. As shown in Fig. 3B, the presence of MAb
directed to the �4 integrin subunit, but not that of its control
isotype Ab, blocked the increase of Py infectivity conferred by
�4 expression in �4-BALB/c 3T3 cells, whereas neither the
MAb directed to the �4 integrin subunit nor its control isotype
Ab had any effect on mock-transfected cells. These findings
demonstrate that although they are not absolutely essential for
Py infectivity, �4 integrins are consistently involved in cellular
permissivity for Py.

�4�1 integrin is involved in Py infectivity and cell suscep-
tibility to Py at a postattachment level. To investigate whether
Py interaction with cell surface �4�1 integrin occurs during
attachment or at a postattachment step, virus infectivity assays

similar to those described above were performed with mock-
transfected and �4-BALB/c 3T3 cells, but infection was carried
out at 4°C, under conditions where viruses attach to but do not
penetrate the cell membrane. Function-blocking anti-�4 or

FIG. 3. Expression of the �4 integrin subunit enhances Py infectiv-
ity in the �4-negative BALB/c 3T3 fibroblasts. (A) Flow cytometric
analysis of �4 and �1 subunit surface expression on mock-transfected
and �4-BALB/c 3T3 (�4�) cells. Cells were either preincubated
(heavy line) or not preincubated with anti-�4 or anti-�1 Abs for 30 min
on ice as described in Materials and Methods. After washes, the cells
were incubated with PE-conjugated secondary Abs. The histograms
display relative cell numbers as a function of relative fluorescence
intensities. (B) The �4-expressing BALB/c 3T3 cell line is more sus-
ceptible to Py infection than the mock-transfected clone. Mock-trans-
fected and �4-BALB/c 3T3 cells were either pretreated or not pre-
treated for 1 h at room temperature with 30 �g of anti-�4 or its isotype
Ab per ml before infection with Py for 1 h at 37°C. After the virus
particles were removed, cells were further incubated for 20 h at 37°C
before fixation. Infected cells were stained for LT by indirect immu-
nofluorescence. Results are reported with the value obtained when
mock-transfected cells were preincubated with DMEM without com-
petitors (control) considered to be 100% virus infectivity (correspond-
ing to an average of 3% LT positive cells). Data correspond to the
means and standard deviations from two independent experiments.
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control isotype Abs were added to cells either before or after
virus binding to cells. As shown in Fig. 4A, addition of anti-�4
Abs after virus adsorption (right panel) still reduced Py infec-
tivity in �4-BALB/c 3T3 cells to levels similar to those ob-
served when they were added before virus adsorption (left
panel), whereas isotype Abs had no effect on Py infectivity in
these cells. These data suggested that �4�1 integrin was prob-
ably involved in Py infectivity at the postattachment stage.

To verify this hypothesis, virus binding experiments were
then performed with virus particles purified and labeled with
biotin as described in Materials and Methods. The purity of the
resulting particles and the efficiency of labeling were analyzed
by staining proteins separated by SDS-PAGE and Western
blotting with HRP-conjugated streptavidin (Fig. 4B). Labeled
viral particles showed a correct morphology, as determined by
negative-staining electron microscopy and by the fact that they
were still able to hemagglutinate sheep red cells (data not
shown), indicating that the biotinylation reaction had not al-
tered the biological and physical properties of the viral parti-
cles. The ability of these particles to bind to the �4-BALB/c
3T3 cells was then measured by FACS by detecting bound
viruses with PE-conjugated streptavidin. The binding of la-
beled viruses appeared to be dependent on the viral input
added to the cells (data not shown). When binding experi-
ments were performed with �4-BALB/c 3T3 cells pretreated
with anti-integrin Abs, we observed that neither anti-�4 nor
isotype Abs inhibited Py binding to the target cells (Fig. 4C).
Therefore, taken together with data from the virus infectivity
assays, these results indicate that �4�1 integrin is a cell recep-
tor for Py, likely to be involved in a postattachment event.

SA-containing receptors are involved at the attachment
level. SA are cell receptors for Py virus (49, 50). To study their
role in Py cell binding, the binding of labeled viruses preincu-
bated with or without NANA was analyzed by FACS in �4-

FIG. 4. Expression of the �4 integrin subunit enhances cell permis-
sivity to Py at a postattachment step. (A) Addition of �4 function-
blocking Abs prior to or after virus adsorption blocks the increased
infectivity of Py in �4-BALB/c 3T3 cells. Mock-transfected and �4-
BALB/c 3T3 cells were either pretreated or not pretreated for 1 h at
4°C with 30 �g of anti-�4 or its isotype Ab per ml before infection with
Py for 1 h at 4°C (left panel) or after infection with Py for 1 h at 4°C
(right panel). After the virus particles were removed, cells were further
incubated for 20 h at 37°C before fixation and immunostaining for LT.

Results are reported with the value obtained when mock-transfected
cells were preincubated with DMEM without competitors (control)
considered to be 100% virus infectivity (average of 1% LT positive
cells). Results of a representative experiment performed in duplicate
are reported as described for Fig. 3B. (B) Characterization of the
purity and labeling efficiency of biotinylated Py viral particles. Left
panel, SDS-PAGE of purified viral particles (500 ng) stained with
GelCode Blue staining reagent. Right panel, Western blot analysis of
biotinylated viral particles with HRP-conjugated streptavidin. (C)
Function-blocking MAb directed to �4 does not affect the binding of
biotinylated Py particles to �4-BALB/c 3T3 cells. �4-BALB/c 3T3 cells
were pretreated for 30 min on ice with a 30-�g/ml concentration of Ab
directed to �4 integrin (right panel) or its isotype (left panel) before
treatment with 500 ng of biotinylated viral particles for 1 h at 4°C. Cells
incubated with the binding buffer alone are shown as negative control
(shaded area). After two washes, cells were incubated for 30 min with
PE-conjugated streptavidin. Fixed cells were analyzed by FACS. The
histograms display relative cell numbers as a function of relative flu-
orescence intensities. (D) SA-containing receptors are involved at the
attachment level. One microgram of biotinylated viral particles was
incubated for 1 h at 4°C with or without NANA and then added to
�4-BALB/c 3T3 cells pretreated with 200 mU of neuraminidase (Neu)
and left for 1 h at 4°C. Binding of virus on untreated cells is also shown.
Cells incubated with the binding buffer alone as a negative control are
shown (shaded area). After two washes, cells were incubated for 30
min with PE-conjugated streptavidin. Fixed cells were analyzed by
FACS. The histograms display relative cell numbers as a function of
relative fluorescence intensities.
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BALB/c 3T3 cells pretreated with neuraminidase. As shown in
Fig. 4D, pretreatment of cells with neuraminidase reduced
virus binding to background levels, confirming that SA are
critical for Py cell binding. However, preincubation of virus
with NANA allowed the virus to bind to cells pretreated with
neuraminidase (Fig. 4D). These results lead us to hypothesize
that exposure of Py to SA may allow the virus to bind to
SA-independent receptors.

DISCUSSION

Murine Py is one of the best characterized among the Py
family. However, important information regarding the initial
step of the life cycle of the virus and, especially, the route of
entry into cells is still lacking. In particular, a specific receptor
molecule has not yet been identified. In this work, we identified
integrin ligand consensus sequences in two of the Py capsid
proteins, VP1 and VP2, and investigated their putative role in
the initial interaction of Py with fibroblast cells. We report for
the first time the identification of a candidate receptor mole-
cule for Py.

Virus infectivity assays performed with mouse fibroblast
Swiss 3T3 cells in the presence of fibronectin or function-
blocking Abs directed against the �4 or �1 integrin subunits
showed a consistent and specific reduction of Py infectivity (30
to 50%). A similar level of reduction of viral infectivity has
been previously observed for other viruses, such as rotaviruses,
which use integrins as cell receptors (9, 21, 26, 37). The specific
competitor effect observed with the Fn40 fibronectin fragment,
but not with the Fn120 fragment, supports the hypothesis that
integrin �4�1 is involved in infectivity of the Py A2 strain,
probably by recognizing the LDV motif present on the DE
loop of the VP1 protein of the viral capsid.

We observed that (i) ligands and Abs to the �4�1 integrin
used as competitors in virus infectivity assays did not com-
pletely block Py infectivity in Swiss 3T3 cells and that (ii)
although �4 deficient, mouse BALB/c 3T3 cells can sustain
viral infection. Taken together, these data suggest that �4�1
integrin is not the only receptor molecule utilized for Py entry
and infection in fibroblast cells and that additional cellular
membrane components or coreceptors are involved in the cell
entry process.

The question of whether integrins are used for attachment
and/or entry into host cells has been studied for several viruses
that use integrins as cell receptors. For example, integrin �v�6
is used by FMDV for binding to cells (32), whereas integrins
are required only in a postattachment step for adenoviruses
and rotaviruses (8, 53). In the case of murine Py, SA-contain-
ing glycoproteins appear to be the major cell attachment re-
ceptors, since neuraminidase treatment of cells inhibited virus
cell binding (Fig. 4). Such observations have led to the hypoth-
esis that interaction of the Py capsid with �4�1 integrin occurs
after SA-VP1 interaction. Our present results are in accor-
dance with such a model, as anti-�4 Abs reduce viral infectivity
even when added after virus adsorption but do not decrease
virus cell binding (Fig. 4). We also observed that exposure of
viral particles to SA restores to a large extent virus binding to
cells pretreated with neuraminidase (Fig. 4). This suggests that
interaction of the viral capsid with �4�1 integrin involves a
two-step mechanism, in which initial binding of VP1 to SA is a

prerequisite for subsequent proper recognition of the �4�1
integrin, either to promote a conformational change of the Py
capsid, rendering the LDV motif more accessible to the inte-
grin molecule, or to bring it in closer proximity to the integrin.
Such an event may be necessary, as the LDV motif is not
located in the tip of the loop, which is the most cell surface
exposed part of the loop. A diagram of this possible virus-
integrin interaction is presented in Fig. 5. Our model may also
explain the differences in pathogenicity and replication ability
displayed by murine Py strains; the interaction of VP1 with
only straight SA or with straight and branched SA could trigger
different conformational changes of the viral capsid that may
affect subsequent interaction of VP1 with �4�1 integrin. It is
noteworthy that a similar two-step entry model has already
been demonstrated for viruses such as adenoviruses or rotavi-
ruses that recognize integrins as secondary receptors necessary
for the entry process (8, 53). The fact that both �4 and �1
integrin subunits are heavily glycosylated, carrying, in particu-
lar, terminal SA residues (23), has led to the suggestion that
integrins can themselves be part of the SA-containing mole-
cules for rotaviruses (26). For Py, future work aimed at study-
ing its binding to cells expressing glycosylated or underglyco-
sylated �4�1 integrin should help to verify the two-step entry
model.

Virus-receptor interactions in general play a major role in
determining virus tropism and tissue-specific pathology asso-
ciated with virus infection. In particular, recognition of inte-

FIG. 5. Proposed model for the early interaction of Py with host
cells. First, Py interacts with SA-containing cell receptors (step 1). This
initial interaction is a prerequisite for subsequent proper recognition
of the �4�1 integrin (step 2), either to promote a conformational
change of the Py capsid, rendering the LDV motif more accessible to
the integrin molecule, or to bring it in closer proximity to the integrin.
This second interaction may facilitate the entry of the virus into the
cells (step 3). Considering that both �4 and �1 integrin subunits are
heavily glycosylated, carrying, in particular, terminal SA residues, in-
tegrins may themselves be a component of the SA-containing receptor
molecules for Py (steps 1a and 2a) (see text).
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grins as cellular receptors has been demonstrated to deter-
mine, at least in part, cellular susceptibility to FMDV and
rotaviruses (8, 31). With regard to murine Py strains, host
range and cellular permissivity have mostly been correlated to
specific intranuclear mechanisms required for virus replication
and to the activity of enhancer elements and regulatory re-
gions. In this work, we show that stable transfection of the
poorly susceptible, �4-negative, murine fibroblast BALB/c 3T3
cell line with the cDNA encoding the �4 subunit significantly
enhances Py infectivity (twofold increase). This is the first
direct demonstration that receptor usage, such as �4�1 inte-
grin recognition, is also a critical determinant for cell permis-
sivity to Py. In this regard, it is known that �4�1 integrin
expression is differentially regulated during myogenesis, with
�4�1 integrin being expressed only in differentiated myoblasts
and myotubes (44). In vitro, undifferentiated myoblasts are
poorly permissive or nonpermissive to Py, whereas differenti-
ated myoblasts sustain efficient Py replication (12). This obser-
vation is consistent with the notion that the differentiation
stage-dependent permissivity to Py may correlate with �4�1
integrin expression. Moreover, the �4�1 heterodimer is ex-
pressed mainly on leukocytes and plays an important role both
in hematopoiesis and in the immune response (23, 46). The
possible implication of VP1-�4�1 interactions in tissue tro-
pism, pathogenicity, tumorigenicity, and host immune re-
sponse should be studied by analyzing the in vivo properties of
Py LDV motif mutants. Interestingly, the Kilham strain does
not display an LDV motif and exhibits stringent host and cell
specificities during primary infection, in comparison to the
broad tissue tropism of other murine Py strains. A possible
determinant of this different tropism could be the enhancer
element, but it is possible that adsorption and uptake processes
are involved (55). In fact, the receptor for this virus has not
been identified and might be different from that used by other
murine Py viruses.

Recognition of integrins has been shown to mediate viral
uptake into either clathrin-coated vesicles, as seen for adeno-
virus, or caveola-associated vesicles, as recently reported for
echovirus 1 (36, 39). For Py, the nature of the vesicles medi-
ating virus entry into cells still remains a subject of debate (19,
20, 42). Future studies aimed at determining whether Py VP1-
integrin interactions can also affect the internalization route of
viral particles, depending on the cell type, should provide
greater insight into this controversial question.

Integrins are pivotal signaling receptors involved in a variety
of cellular processes (18). In particular, they contribute to cell
cycle progression from the G1 to the S phase (2). The interac-
tion of Py with the cell membrane promotes, through the VP1
protein, cell cycle progression of quiescent cells by transcrip-
tional stimulation of early-response genes (56). Studies to de-
termine whether this stimulation depends on integrin-associ-
ated signaling pathways are in progress.

The relevance of the other two integrin ligand motifs,
DLXXL and DGE, found in the VP1 and VP2 sequences of all
reported murine Py strains still has to be established. Although
they did not appear to be implicated in Py infectivity in the
Swiss 3T3 cell line, it is possible that their interaction with
integrins �2�1 and �v�6 could be relevant in other cell types.
We therefore believe that the ability of Py to recognize not
only different integrin heterodimers but probably also other

receptor molecules that display different tissue distribution
explains, at least in part, its broad tissue tropism.

The combined abilities of the Py VP1 protein to self-assem-
ble into virus-like particles (VLPs) and to nonspecifically in-
teract with homologous or heterologous DNA has led to VP1
VLPs being proposed as potential vectors for gene therapy (1,
35, 51). VLPs efficiently transfer DNA and allow its expression
in mammalian cells in vitro and in vivo with a wide tissue
distribution (13, 22, 47). By demonstrating that the initial in-
teraction of Py with host cells is certainly a far more complex
mechanism than predicted up to now, probably involving the
use of different receptors depending on the cell type, the
present work highlights the necessity to identify natural Py
receptors and their tissue distribution in order to design ge-
netically engineered Py VP1 VLPs with efficient tissue retar-
geting.
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