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Reovirus cell entry is mediated by attachment to cell surface carbohydrate and junctional adhesion molecule
A (JAM-A) and internalization by 1 integrin. The 31 integrin cytoplasmic tail contains two NPXY motifs,
which function in recruitment of adaptor proteins and clathrin for endocytosis and serve as sorting signals for
internalized cargo. As reovirus infection requires disassembly in the endocytic compartment, we investigated
the role of the 31 integrin NPXY motifs in reovirus internalization. In comparison to wild-type cells (1+/+
cells), reovirus infectivity was significantly reduced in cells expressing mutant (31 integrin in which the NPXY
motifs were altered to NPXF (31+/+Y783F/Y795F cells). However, reovirus displayed equivalent binding and
internalization levels following adsorption to 31+/+ cells and B1+/+Y783F/Y795F cells, suggesting that the
NPXY motifs are essential for transport of reovirus within the endocytic pathway. Reovirus entry into 31+/+
cells was blocked by chlorpromazine, an inhibitor of clathrin-mediated endocytosis, while entry into 31+/+
Y783F/Y795F cells was unaffected. Furthermore, virus was distributed to morphologically distinct endocytic
organelles in B1+/+ and B1+/+Y783F/Y795F cells, providing further evidence that the 1 integrin NPXY
motifs mediate sorting of reovirus in the endocytic pathway. Thus, NPXY motifs in the 31 integrin cytoplasmic
tail are required for functional reovirus entry, which indicates a key role for these sequences in endocytosis of

a pathogenic virus.

Virus entry into host cells requires interactions between viral
capsid constituents and receptors expressed on the cell surface.
Many viruses utilize distinct cellular molecules to mediate the
functions of attachment and internalization (36). Mammalian
reoviruses are nonenveloped, double-stranded RNA (dsRNA)
viruses that infect a broad range of hosts in nature (55). Reo-
viruses are pathogenic in newborn mice, infecting most organs,
including the central nervous system, heart, and liver (65).
Reoviruses first attach to the cell surface by binding to carbo-
hydrate (4), which is a2,3- or a2,6-linked sialic acid for sero-
type 3 reovirus strains (19, 46, 47). All reovirus serotypes bind
to proteinaceous receptor junctional adhesion molecule A
(JAM-A) to mediate high-affinity attachment (5, 14, 50). Fol-
lowing receptor binding, reovirus is internalized into cells via a
mechanism involving B1 integrin (34).

The process by which reovirus enters cells is poorly under-
stood. Data gathered from thin-section electron microscopy
(EM) images (11, 12, 52, 59) and video fluorescence micros-
copy (24) suggest that reovirus is internalized by clathrin-de-
pendent endocytosis. However, these studies were performed
using imaging techniques that did not address the role of clath-
rin in productive reovirus infection. Within minutes of inter-
nalization, reovirus undergoes stepwise disassembly, which in
fibroblasts is dependent on acidic pH (35, 59) and endosomal
cysteine-containing proteases cathepsins B and L (23). Viral
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disassembly leads to generation of well-defined intermediates,
the first of which is the infectious subvirion particle (ISVP) (12,
17,57, 59). ISVPs are characterized by the loss of outer capsid
protein o3 and cleavage of outer capsid protein w1 to form
particle-associated fragments 8 and ¢. Following formation of
ISVPs, ol is shed and the pl cleavage fragments undergo
conformational rearrangement, yielding the ISVP* (15, 16).
ISVP*s penetrate endosomes to deliver transcriptionally active
viral cores into the cytoplasm (40, 42). Although the precise
mechanism of membrane penetration is not well understood,
ISVP*s are thought to breach the endosomal membrane by a
process that requires pl-mediated formation of small pores
(1). The cellular compartment in which reovirus disassembly
takes place is unknown, yet cathepsins B and L generally reside
in late endosomes or lysosomes (62), suggesting that reovirus
disassembly occurs in these endocytic organelles.

Integrins are heterodimeric cell surface molecules consisting
of a and B subunits (32). Integrin heterodimers mediate cell
adhesion to the extracellular matrix, regulate cell trafficking,
and transduce both inside-out and outside-in signaling events
(31). In addition to reovirus, several other pathogenic micro-
organisms use the adhesion and signaling properties of various
integrins to bind or enter host cells, including adenovirus
(avB3 and avBS) (72), cytomegalovirus (a2B1, a6B1, avp3)
(25), echovirus (a2B1) (6), rotavirus (avp3, a2p1, adBl) (27,
30), West Nile virus (avp3) (20), and Yersinia pseudotubercu-
losis (B1) (33). Little is known about the internalization and
the endocytic trafficking of B1 integrin and its cognate cargo.
The B1 integrin cytoplasmic domain is approximately 47 amino
acids in length and contains two Asn-Pro-any amino acid-
tyrosine (NPXY) motifs (51), with tyrosine residues at amino
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acid positions 783 and 795 (51). NPXY motifs are potential
sites of tyrosine phosphorylation (53) and serve as endocytic
sorting signals that can be recognized by adaptor proteins and
clathrin (8, 9, 37, 38, 43). The function of NPXY motifs in
cargo internalization was first deduced in studies of familial
hypercholesterolemia, a disorder in which low-density lipopro-
tein (LDL) cholesterol levels are elevated, leading to prema-
ture atherosclerosis (22). This disease results from a tyrosine-
to-phenylalanine mutation in the NPXY motif of the LDL
receptor (22). The NPXY-to-F mutation renders the receptor
incapable of recognition by adaptor protein disabled 2 (Dab2),
which is engaged by adaptor protein 2 (AP-2) for clathrin-
mediated endocytosis (38).

To determine the function of the B1 integrin NPXY motifs
in reovirus entry and infection, we used B1—/— cells stably
expressing either wild-type B1 integrin or 1 integrin with
altered NPXY motifs. Mutation of the Bl integrin NPXY
motifs to NPXF prevents tyrosine phosphorylation but does
not affect B1 integrin surface expression, the capacity of B1 to
form heterodimers with « integrin partners, fibronectin assem-
bly, or cell adhesion (54). However, B1 integrin NPXY-to-F
mutation results in increased focal contacts, shorter actin fila-
ments, and impaired cell motility (54). We found that reovirus
particles enter into B1+/+ cells via a chlorpromazine-sensitive
mechanism and are delivered to vesicles that morphologically
resemble endosomes and lysosomes, while a chlorpromazine-
resistant mechanism is utilized in cells with altered NPXY
motifs that do not lead to productive infection. These findings
indicate that the B1 integrin NPXY motifs are required for
functional reovirus entry and provide new insights into mech-
anisms by which B1 integrin delivers cargo to the endocytic
compartment.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Spinner-adapted murine 1.929 (L) cells were
grown in either suspension or monolayer cultures in Joklik’s modified Eagle’s min-
imal essential medium (Sigma-Aldrich, St. Louis, MO) supplemented to contain 5%
fetal bovine serum, 2 mM L-glutamine, 100 U of penicillin per ml, 100 U of strep-
tomycin per ml, and 0.25 mg amphotericin per ml (Gibco Invitrogen Corp., Grand
Island, NY). GD25, GD25B1A, GD25B1AY783F, GD25B1AY795F, and
GD25B1AY783F/Y795F cells (69, 70) were obtained from Deane Mosher (Univer-
sity of Wisconsin, Madison) and maintained in Dulbecco’s minimal essential me-
dium (Gibco Invitrogen) supplemented to contain 10% fetal bovine serum, 100 U of
penicillin per ml, and 100 U of streptomycin per ml. Medium for all GD25B1A cells
was supplemented to contain 10 pg of puromycin (Sigma-Aldrich) per ml to main-
tain B1 integrin expression (69, 70).

Reovirus strain type 1 Lang (T1L) is a laboratory stock. Working stocks of
virus were prepared by plaque purification and passage using L cells (66). Puri-
fied virions were generated from second-passage L-cell lysate virus stocks. Virus
was purified from infected cell lysates by Freon extraction and CsCl gradient
centrifugation as described previously (26). Bands corresponding to the density
of reovirus particles (1.36 g/cm®) were collected and dialyzed against virion
storage buffer (150 mM NaCl, 15 mM MgCI2, 10 mM Tris [pH 7.4]). The
reovirus particle concentration was determined from the equivalence of 1 unit of
optical density at 260 nm to 2.1 X 10'? particles (58). The viral titer was
determined by fluorescent focus assay (4). ISVPs were generated by the treat-
ment of 2 X 10" particles with 200 pg of a-chymotrypsin (Sigma-Aldrich) in a
100-1 volume of virion storage buffer at 37°C for 30 min (2). Reactions were
terminated by the addition of 1.0 mM phenylmethylsulfonyl fluoride (Sigma-
Aldrich).

Immunoglobulin G (IgG) fractions of rabbit antisera raised against TIL and
type 3 Dearing (71) were purified by protein A Sepharose as described previously
(4). Fluorescently conjugated secondary Alexa antibodies were obtained from
Molecular Probes (Invitrogen, San Diego, CA). R-phycoerythrin-conjugated sec-
ondary antibodies were obtained from BD Biosciences Pharmingen (Franklin
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Lakes, NJ). Murine B1 integrin-specific monoclonal antibody (MAb) MAB1997
(Chemicon, Temecula, CA) and JAM-A-specific MAb H202-106-7-4 (provided
by Beat Imof, Université de Geneve) were used to assess cell surface expression
of B1 integrin and JAM-A by flow cytometry. IgG controls used for flow cytom-
etry were purchased from Chemicon.

Flow cytometric analysis. Cells were detached from plates using phosphate-
buffered saline (PBS)-EDTA (20 mM EDTA), washed, and centrifuged at
1,000 X g to form a pellet. Cells were resuspended with antibodies in PBS-bovine
serum albumin (BSA) (Sigma-Aldrich) (5% BSA) and incubated at 4°C for 1 h.
Cells were washed twice and incubated with an appropriate secondary antibody
conjugated to R-phycoerythrin (BD Biosciences Pharmingen) at 4°C for 1 h.
Cells were washed, resuspended in PBS, and analyzed by flow cytometry. Reo-
virus binding to cells was analyzed by adsorbing cells with T1L particles at 4°C for
1 h. Cells were washed and stained with reovirus polyclonal antisera and an
appropriate secondary antibody conjugated to Alexa 546 (Invitrogen) and ana-
lyzed by flow cytometry.

Fluorescent focus assay of viral infection. Cells plated in 24-well plates
(Costar; Corning Life Sciences, Corning, NY) were either untreated or treated
with 5 pg per ml chlorpromazine (Alexis Biochemicals, Lausen, Switzerland) at
37°C for 3 h. Cells were adsorbed with virions or ISVPs in incomplete medium
(without serum and antibiotics) at 4°C for 1 h. Inocula were removed, cells were
washed, and complete medium with or without chlorpromazine was added.
Infected cells were incubated at 37°C for 20 h to allow a single cycle of viral
replication. Cells were fixed with cold, absolute methanol at —20°C for at least
30 min. Fixed cells were washed with PBS, incubated with PBS-BSA (5% BSA)
for at least 15 min, and incubated with reovirus-specific polyclonal antiserum
(1:500) in PBS containing 0.5% Triton X-100 (TX-100) at room temperature for
1 h. Cells were washed twice and incubated with an Alexa Fluor 488- or 546-
labeled anti-rabbit IgG (1:1,000) in PBS-TX-100 (0.5% TX-100) at room tem-
perature for 1 h. Cells were washed twice and visualized by indirect immunoflu-
orescence at a magnification of X20 using an Axiovert 200 fluorescence
microscope (Carl Zeiss, New York, NY). Infected cells (fluorescent focus units
[FFU]) were identified by diffuse cytoplasmic fluorescence staining that was
excluded from the nucleus. Reovirus-infected cells were quantified by counting
random fields in equivalently confluent monolayers for three to five fields of view
for triplicate wells (4).

Confocal imaging of reovirus internalization. Cells plated on coverslips in
24-well plates (Costar) were adsorbed with reovirus virions in incomplete me-
dium and incubated at 4°C for 1 h. Cells were washed and fixed or nonadherent
reovirus was aspirated and replaced with complete medium and incubated at
37°C. At various intervals, cells were washed with PBS and fixed with 10%
formalin (Laboratory Supply Company, Louisville, KY) for 20 min, followed by
washing with PBS. Cells were treated with 1% TX-100 for 5 min and incubated
with PBS-BGT (PBS, 0.5% BSA, 0.1% glycine, and 0.05% Tween 20) for 10 min.
Cells were incubated with reovirus-specific polyclonal antiserum (1:500) in PBS-
BGT for 1 h, washed with PBS-BGT, and incubated with donkey anti-rabbit
immunoglobulin conjugated to Alexa Fluor 488 (Molecular Probes) (1:1,000) to
visualize reovirus and phalloidin conjugated to Alexa Fluor 546 (Molecular
Probes) (1:100) to visualize actin for 1 h in PBS-BGT. Cell nuclei were visualized
by incubating cells with To-Pro 3 conjugated to Alexa Fluor 642 (Molecular
Probes) (1:1,000) in PBS-BGT for 20 min. Cells were washed extensively with
PBS-BGT, and coverslips were removed from wells and placed on slides using
Aqua-Poly/Mount mounting medium (Polysciences, Inc., Warrington, PA). Im-
ages were captured using a Zeiss LSM 510 Meta laser-scanning confocal micro-
scope. Three-dimensional image reconstructions were generated from multiple
images collected in the Z plane and compiled using Zeiss imaging software.

Quantitation of virus internalization. Virus internalization was quantified as a
function of pixel intensity using Metamorph software (Universal Imagining,
Downingtown, PA). Confocal images were collected and analyzed for internal-
ized reovirus particles by capturing multiple images in the Z plane and deter-
mining the center of the cell based on cell thickness as analyzed using Zeiss
imaging software. Cells analyzed for quantitative purposes were selected at
random and counted by an observer blinded to the conditions of the experiment.
The intracellular space was outlined using the trace tool to exclude the plasma
membrane, which was identified by intense actin staining. The region measure-
ment function was used to quantify intensity of green pixels in the trace region
for each cell.

Confocal imaging of transferrin internalization. Cells were plated on cover-
slips in 24-well plates and incubated at 37°C overnight in complete medium.
Following incubation in incomplete medium at 37°C for 30 min, cells were
untreated or treated with 5 pg per ml chlorpromazine at 37°C for 3 h. Cells were
incubated with 2.5 g per ml Alexa Fluor 488-conjugated transferrin (Molecular
Probes) in the presence or absence of 5 pg per ml chlorpromazine in incomplete
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medium at 37°C for 10 min. The medium was removed, and cells were washed
once with PBS, once with an acid wash (0.2 M acetic acid, 0.5 M NaCl in distilled
H,0 [diH,0]), and twice with PBS. Cells were fixed with 10% formalin and
prepared for confocal microscopy. Transferrin internalization was quantified
using Metamorph software (Universal Imaging) as described for virus internal-
ization.

EM. Cells plated in 60-mm dishes (Costar) were prechilled at 4°C for 1 h,
adsorbed with reovirus virions in incomplete medium, and incubated at 4°C for
1 h. Cells were washed twice with PBS, and cells were harvested or nonadherent
virus was aspirated and replaced with warm, complete medium and incubated at
37°C. At 10-min intervals, cells were harvested on ice in 1 ml of PBS using a cell
lifter (Costar) and transferred to a 1.5-ml microcentrifuge tube. Cells were
pelleted at 1,000 X g at 4°C for 5 min. The supernatant was removed, and 1 ml
of 2% glutaraldehyde was placed over the cell pellet. Cells were incubated at
room temperature for 90 min. Glutaraldehyde was removed and replaced with
fresh 2% glutaraldehyde and incubated overnight at 4°C. Cells were washed
three times in PBS, transferred to 1% osmium tetroxide in diH,O for 1 h, and
washed three times in diH,O. Cells were stained en bloc in 1% aqueous uranyl
acetate for 1 h and washed three times in diH,O. Cells were dehydrated by using
a graded series of ethanol washes and by increasing the incubation times in each
solution starting with 30% for 5 min, followed by two washes with 50% for 5 min,
70% for 5 min, 95% for 10 min, and absolute ethanol for 15 min. Cells were
passed through propylene oxide, transferred to a 1:1 araldite:propylene oxide
mixture, and embedded in Araldite embedding medium (Electron Microscopy
Sciences, Hatfield, PA). Ultra-thin serial sections (50 to 60 nm) were obtained
using a Leica UCT Ultracut microtome (Leica Microsystems, Vienna, Austria),
transferred to Formvar-coated grids, and examined using a Phillips CM10 trans-
mission EM (FEI Company, Hillsboro, OR) equipped with an Advantage Plus
Digital charge-coupled-device system for CM10 transmission EM (Advanced
Microscopy Techniques, Danvers, MA).

Reovirus localization with lysosomal markers. Cells were plated on coverslips
in 24-well plates and incubated with 75 nM Lysotracker-Red DND-99 dye (Mo-
lecular Probes) in incomplete medium at 37°C for 30 min. Cells were prechilled
at 4°C for 1 h, adsorbed with reovirus virions in incomplete medium, and incu-
bated at 4°C for 1 h. Cells were washed on ice three times with PBS, nonadherent
reovirus was removed, and complete medium was added. Following incubation at
37°C for various intervals, cells were washed with PBS, fixed with 10% formalin,
and prepared for confocal immunofluorescence microscopy. Images were ana-
lyzed for colocalization of Lysotracker-Red DND-99 dye and reovirus virions
using ImageJ software (version 1.37v; W. S. Rasband, National Institutes of
Health, Bethesda, MD) Colocalize RGB plug-in.

Statistical analysis. Means for at least triplicate samples were compared by
using unpaired Student’s ¢ test (Microsoft Excel, Redmond, WA). P values of
<0.05 were considered to be statistically significant.

RESULTS

Reovirus infection is diminished in cells expressing 31 in-
tegrin with altered NPXY motifs. To determine whether the
NPXY motifs in the cytoplasmic domain of B1 integrin are re-
quired for functional reovirus entry, we tested cells with muta-
tions in the B1 integrin NPXY motifs for the capacity to support
reovirus infection. GD25 (B1—/—) cells are embryonic stem cells
derived from B1-null mouse embryos, while GD25B1A (B1+/+)
cells stably express full-length, wild-type B1 integrin (70).
GD25B1AY783F (B1+/+Y783F), GD25B1AY795F (Bl1+/+
Y795F), and GD25B1AY783F/Y795F (B1+/+Y783F/Y795F)
cells stably express B1 integrin in which the tyrosine residues of
the NPXY motifs at amino acid positions 783 and 795 have been
substituted with phenylalanine (69, 70). Cell surface expression of
B1 integrin by B1—/—, B1+/+, B1+/+Y783F, B1+/+Y795F, and
B1+/+Y783F/Y795F cells was assessed using flow cytometry
(Fig. 1A). With the exception of B1—/— cells, these cell lines
expressed equivalent levels of cell surface 81 integrin. Importantly
for our studies of reovirus infection, these cells also expressed
equivalent levels of cell surface JAM-A (Fig. 1A). To test for
attachment of reovirus to cells expressing wild-type and mutant
B1 integrin, cells were incubated with reovirus particles, and bind-
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FIG. 1. Reovirus exhibits equivalent binding to B1—/—, B1+/+, and
B1+/+ cells with altered NPXY motifs. (A) GD25 (31—/—), GD25B1A
(B1+/+), GD25B1AY783F (B1+/+Y783F), GD25B1AY795F (B1+/+
Y795F), and GD25B1AY783F/Y795F (B1+/+Y783F/Y795F) cells were
detached from plates using 20 mM EDTA, washed, collected by centrif-
ugation, and incubated with antibodies specific for either murine 1 in-
tegrin (blue), murine JAM-A (green), or an IgG control antibody (gray).
Cell surface expression of these molecules was detected by flow cytometry.
Data are expressed as fluorescence intensity. (B) B1—/—, B1+/+, B1+/+
Y783F, B1+/+Y795F, and B1+/+Y783F/Y795F cells were detached
from plates using 20 mM EDTA, washed, collected by centrifugation, and
incubated with 10* particles per cell of reovirus T1L in incomplete me-
dium (filled) or incomplete medium alone (open) at 4°C for 1 h to allow
attachment. Cells were washed and incubated with reovirus-specific anti-
serum. Reovirus binding was detected by flow cytometry. Data are ex-
pressed as fluorescence intensity.

ing was detected using flow cytometry (Fig. 1B). Reovirus bound
equivalently to all cell types, suggesting that reovirus attachment
is not affected by mutation of the B1 integrin NPXY motifs to
NPXF.

To determine whether mutations in the B1 integrin NPXY
motifs alter reovirus infection, cells were adsorbed with reovi-
rus virions or ISVPs, and infectivity was scored by indirect
immunofluorescence (Fig. 2). In comparison to B1+/+ cells,
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FIG. 2. Reovirus infection is diminished in cells with altered B1
integrin NPXY motifs. 1—/—, B1+/+, B1+/+Y783F, B1+/+Y795F,
and B1+/+Y783F/Y795F cells were adsorbed with T1L virions or
ISVPs at an MOI of 1 FFU per cell at 4°C for 1 h. Cells were washed
with PBS, incubated in complete medium at 37°C for 20 h, fixed, and
stained by indirect immunofluorescence. Infected cells were quantified
by counting cells exhibiting cytoplasmic staining in five visual fields of
equivalently confluent monolayers for triplicate samples. The results
are expressed as mean FFU per visual field for triplicate samples.
Error bars indicate standard deviations. These data are representative
of results of three individual experiments performed in triplicate. *,
P < 0.05 in comparison to B1+/+ cells.

Bl1—/—, B1+/+Y783F, B1+/+Y795F, and B1+/+Y783F/
Y795F cells were less susceptible to infection by reovirus viri-
ons (Fig. 2). While reovirus infection was significantly reduced
in B1+/+Y783F and B1+/+Y795F cells, infection was most
dramatically diminished in B1+/+Y783F/Y795F cells, to an
extent even greater than in B1—/— cells (Fig. 2). ISVPs, which
bind to JAM-A (5) but bypass a requirement for endocytosis
and disassembly (2, 59), were capable of infecting all cell types
(Fig. 2). Equivalent infection by ISVPs suggests that the block
to reovirus infection in cells expressing mutant B1 integrin
occurs subsequent to viral attachment but preceding capsid
disassembly.

Reovirus virions are internalized into the cytoplasm of
B1+/+Y783F/Y795F cells. To determine whether the block to
reovirus infection in B1+/+Y783F/Y795F cells is due to a
defect in internalization, 1—/—, B1+/+, and B1+/+Y783F/
Y795F cells were adsorbed with reovirus particles at 4°C for
1 h to allow virus binding and then incubated at 37°C to allow
internalization over a time course concurrent with reovirus
entry. At 0, 15, and 30 min, cells were fixed, stained using
reovirus-specific antiserum, and examined for reovirus parti-
cles by confocal immunofluorescence microscopy. Representa-
tive confocal micrographic images of pl1—/—, pl1+/+, and
B1+/+Y783F/Y795F cells infected with reovirus and fixed at
30 min postadsorption are shown in Fig. 3A. Although reovirus
particles were observed in the cytoplasm of all cell types, there
was a notable decrease in B1—/— cells, as described previously
(34). Surprisingly, reovirus particles were internalized into
both B1+/+ and B1+/+Y783F/Y795F cells (Fig. 3A). To de-
termine the distribution of reovirus particles internalized into
B1+/+ and B1+/+Y783F/Y795F cells, multiple confocal mi-
crograph images in the Z plane were collected and examined
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using Z-stack analysis and three-dimensional image recon-
structions (data not shown). Comparisons of the two cell types
revealed that reovirus particles were distributed throughout
the nonnuclear compartment of B1+/+Y783F/Y795F cells in a
pattern similar to that for B1+/+ cells. To directly quantify the
fluorescence intensity of internalized reovirus particles, confo-
cal micrographs were obtained over a time course and ana-
lyzed using Metamorph imaging software. The average pixel
intensity representing reovirus particles was significantly
greater in Bl1+/+ and B1+/+Y783F/Y795F cells than in
B1—/— cells (Fig. 3B). These findings indicate that reovirus
particles are internalized into Bl1+/+ and B1+/+Y783F/
Y795F cells, and in both cases, the number of particles inter-
nalized exceeds that for B1—/— cells.

Reovirus uptake into 31+/+ cells is blocked by chlorprom-
azine. To determine the mechanism required for functional
reovirus entry, B1+/+ cells were pretreated with chlorproma-
zine, which inhibits clathrin assembly at the plasma membrane
by interfering with AP-2 localization to membranes and forcing
clathrin lattices to form on endosomal membranes (67). Treat-
ment of cells with chlorpromazine blocks clathrin-dependent
endocytosis of a number of viruses, including hepatitis C virus
(7), polyomavirus JC virus (49), and vesicular stomatitis virus
(60). Cells were infected with reovirus virions or ISVPs in the
presence or absence of chlorpromazine and scored for infec-
tion by indirect immunofluorescence (Fig. 4A). Treatment of
cells with 5 pg per ml of chlorpromazine decreased viral in-
fectivity by greater than 80% following adsorption with virions
(Fig. 4A). However, infectivity was unaffected by chlorproma-
zine treatment following adsorption with ISVPs, suggesting
that diminished infectivity by reovirus is caused by a block to
entry. Failure of chlorpromazine to inhibit infection by ISVPs
also indicates that the concentration of chlorpromazine used in
these experiments does not affect viral attachment or the ca-
pacity of cells to support the reovirus replication cycle. As a
control, chlorpromazine treatment of B1+/+ cells diminished
the uptake of transferrin (Fig. 4B and C), which is internalized
by clathrin-dependent endocytosis (29, 48). Chlorpromazine
also blocked reovirus infection and transferrin uptake in ex-
periments using HeLa cells and L cells (data not shown). Thus,
reovirus virions use a chlorpromazine-sensitive pathway, most
likely clathrin-mediated endocytosis, to enter cells.

B1 integrin NPXY motifs are required for functional reovi-
rus uptake. To determine the role of the B1 integrin NPXY
motifs in reovirus endocytosis, 31+/+ and B1+/+Y783F/Y795F
cells were either treated with chlorpromazine or left untreated,
adsorbed with reovirus particles at 4°C for 1 h to allow virus
binding, and incubated at 37°C to allow internalization. At 0 and
20 min postadsorption, cells were fixed, stained using reovirus-
specific antiserum, and examined by confocal immunofluores-
cence microscopy. Representative confocal micrographic images
of B1+/+ and B1+/+Y783F/Y795F cells at 20 min postadsorp-
tion are shown in Fig. SA. The fluorescence intensities of reovirus
particles internalized into B1+/+ and B1+/+Y783F/Y795F cells
were quantified by averaging the pixel intensities for representa-
tive confocal micrographs by using Metamorph imaging software
(Fig. 5B). In B1+/+ cells treated with chlorpromazine, the aver-
age pixel intensity representing reovirus particles was significantly
diminished in comparison to that in untreated B1+/+ cells (Fig.
5B). However, chlorpromazine treatment did not diminish the
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FIG. 3. Reovirus is internalized into B1+/+ and B1+/+Y783F/Y795F cells. 1—/—, B1+/+, and B1+/+Y783F/Y795F cells were adsorbed with
5 X 10* particles per cell of T1L virions and incubated at 4°C for 1 h. Nonadherent virus was removed, warm medium was added, and cells were
incubated at 37°C. Cells were fixed over a time course, stained for reovirus (green), actin (red), and DNA (blue), and imaged using confocal
immunofluorescence microscopy. (A) Representative digital fluorescence images of cells fixed at 30 min postadsorption are shown. Scale bars, 10
pm. (B) Fluorescent particles internalized into the cytoplasm were analyzed to determine the average pixel intensity of fluorescent particles per
cell. Fluorescent particles localized at the cell periphery were excluded from the analysis. The results are expressed as the average pixel intensity
per cell for five cells at each time point. Error bars indicate standard errors of the means. *, P < 0.05 in comparison to B1—/— cells.

pixel intensity in B1+/+Y783F/Y795F cells, indicating that reo-
virus internalization into B1+/+Y783F/Y795F cells is not inhib-
ited by chlorpromazine (Fig. 5B). These data demonstrate that
the reovirus uptake pathway in B1+/+ cells is chlorpromazine
sensitive, whereas reovirus internalization into B1+/+Y783F/
Y795F cells is mediated by an alternative uptake mechanism that
is not sensitive to chlorpromazine and does not give rise to pro-
ductive infection.

Intracellular trafficking of reovirus virions. To define the
fate of reovirus virions in the endocytic pathway during internal-
ization and disassembly, we performed an ultrastructural analysis
of reovirus-infected cells. 1—/—, B1+/+, and B1+/+Y783F/

Y795F cells were adsorbed with reovirus particles at 4°C for 1 h
to allow virus binding, incubated at 37°C over a 30-min time
course to allow internalization, and analyzed by transmission EM
(Fig. 6). Fewer reovirus particles were detected in B1—/— cells
than in B1+/+ and B1+/+Y783F/Y795F cells at all time points
examined, consistent with the quantitative confocal microscopy
data. In B1+/+ cells, and to a much lesser extent in B1—/— cells,
reovirus particles were clearly visible in coated-pit and coated-
vesicle structures at 0 min postadsorption (Fig. 6A, white arrows,
and Fig. 6B). At 10, 20, and 30 min postadsorption, the majority
of reovirus particles (Fig. 6A, black arrows, and data not shown)
appeared in structures that morphologically resemble early endo-
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FIG. 4. Uptake of reovirus and transferrin into 1+/+ cells is chlor-
promazine sensitive. (A) B1+/+ cells were pretreated with 5 g of chlor-
promazine per ml for 3 h, adsorbed with T1L virions or ISVPs at an MOI
of 1 FFU per cell, and incubated at 4°C for 1 h. Cells were washed,
complete medium with or without chlorpromazine was added, and cells
were incubated at 37°C for 20 h. Cells were fixed and stained by indirect
immunofluorescence. Infected cells were quantified by counting cells ex-
hibiting cytoplasmic staining in three visual fields of equivalently confluent
monolayers for triplicate samples. The results are expressed as mean FFU
per visual field for triplicate samples. Error bars indicate standard devia-
tions. These data are representative of results of three independent ex-
periments performed in triplicate. *, P < 0.05 in comparison to untreated
cells. (B) B1+/+ cells were pretreated with 5 g per ml of chlorpromazine
for 3 h and incubated with 2.5 pg per ml Alexa Fluor 488-conjugated
transferrin in the presence or absence of 5 pg per ml chlorpromazine in
incomplete medium at 37°C for 10 min. The medium was removed, and
cells were washed, fixed, and imaged by confocal microscopy. Represen-
tative digital fluorescence images of untreated and chlorpromazine-
treated cells incubated with transferrin are shown. Scale bars, 10 pwm.
(C) Untreated and chlorpromazine-treated cells were analyzed for fluo-
rescent transferrin internalized into the cytoplasm to determine the aver-
age pixel intensity of transferrin per cell. Fluorescent signal localized at
the cell periphery was excluded from the analysis. The results are ex-
pressed as the average pixel intensity per cell for 10 cells. Error bars
indicate standard errors of the means. *, P < 0.05 in comparison to
untreated cells.

somes, which have an electron-lucent appearance, late endo-
somes, which appear larger and more electron dense, and primary
lysosomes, which are small, electron-dense, membrane-bound
vesicles. In B1+/+Y783F/Y795F cells, few reovirus particles were
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FIG. 5. B1 integrin NPXY motifs are required for functional
reovirus internalization. B1+/+ and B1+/+Y783F/Y795F cells
were pretreated with 5 wg per ml of chlorpromazine at 37°C for 3 h,
adsorbed with 5 X 10* particles per cell of T1L virions in incomplete
medium, and incubated at 4°C for 1 h. Cells where washed, com-
plete medium with or without chlorpromazine was added, and cells
were incubated at 37°C for 20 min. Cells were fixed, stained for
reovirus (green), actin (red), and DNA (blue), and imaged using
confocal immunofluorescence microscopy. (A) Representative dig-
ital fluorescence images of untreated and chlorpromazine-treated
cells at 20 min postadsorption are shown. Scale bars, 10 pm.
(B) Fluorescent particles internalized into the cytoplasm were an-
alyzed to determine the average pixel intensity per cell. Fluorescent
particles localized at the cell periphery were excluded from the
analysis. The results are expressed as the average pixel intensity per
cell for five cells. Error bars indicate standard errors of the means.
*, P < 0.05 in comparison to untreated cells.

observed in coated-pit structures or structures that resemble en-
dosomes. Instead, the majority of reovirus particles in B1+/+
Y783F/Y795F cells localized in electron-dense, membrane-bound
vesicular structures that morphologically resemble secondary ly-
sosomes or phagolysosomes, which contain a notable amount of
heterogeneous material (Fig. 6A and C, black arrowheads).
These structures were present in both uninfected and infected
B1—/— and B1+/+Y783F/Y795F cells, yet there were a greater
number of these structures in the infected B1+/+Y783F/Y795F



FIG. 6. Ultrastructural analysis of reovirus internalization. (A) B1—/—, B1+/+, and B1+/+Y783F/Y795F cells were adsorbed with 10° particles per
cell of T1L virions at 4°C for 1 h, washed, and fixed or incubated in complete medium at 37°C. At 10-min intervals, cells were washed, collected by
centrifugation, fixed, and stained for EM. Representative images at 0, 10, and 20 min postadsorption are shown. Reovirus virions localized in coated pits
and coated vesicles are indicated by white arrows. Reovirus virions localized in structures that resemble early and late endosomes and primary lysosomes
are indicated by black arrows. Secondary lysosomes are indicated by black arrowheads. Scale bars, 500 nm. (B) Representative image of reovirus virion
in a coated pit structure in B1+/+ cells at 0 min postadsorption. Scale bar, 100 nm. (C) Representative images of organelles resembling secondary
lysosomes containing reovirus particles in B1+/+Y783F/Y795F cells at 10, 20, and 30 min postadsorption (left, center, and right, respectively). Reovirus
virions are indicated by black arrows. Secondary lysosomes are indicated by black arrowheads. Scale bars, 500 nm.
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FIG. 7. Intracellular transport of reovirus particles is altered in B1+/+Y783F/Y795F cells. B1+/+ and B1+/+Y783F/Y795F cells were
pretreated with Lysotracker-Red DND-99 dye (Lysotracker), adsorbed with 5 X 10* particles per cell of T1L virions (Reovirus), and incubated at
4°C for 1 h. Nonadherent virus was removed, warm medium was added, and cells were incubated at 37°C. Cells were fixed over a time course and
stained for reovirus. Images were analyzed for colocalization using ImageJ (version 1.37v) Colocalize RGB plug-in. Representative digital
fluorescence images pseudocolored as monochromatic images or fluorescence images of cells fixed at 40 min postadsorption are shown.
Lysotracker-Red DND-99 dye is colored red; reovirus is colored green. White arrowheads indicate areas of colocalization, which are magnified

in the insets. Scale bars, 10 pm.

cells (Fig. 6A). These findings suggest that NPXY-to-F mutations
in the B1 integrin cytoplasmic tail lead to delivery of reovirus
virions to an endocytic compartment incapable of either support-
ing functional capsid disassembly or allowing release of uncoated
particles into the cytoplasm.

In a complementary approach to assess the intracellular
distribution of reovirus particles following internalization into
B1+/+ and B1+/+Y783F/Y795F cells, both cell types were
pretreated with the lysosomal-specific marker, Lysotracker-
Red DND-99 dye, adsorbed with reovirus virions, and exam-
ined by confocal immunofluorescence microscopy (Fig. 7 and
data not shown). Reovirus particles appeared in vesicles
marked by Lysotracker-Red DND-99 dye in both 31+/+ and
B1+/+Y783F/Y795F cells, yet substantially more viral parti-
cles were localized to these structures in B1+/+Y783F/Y795F
cells at 40 min postadsorption than in B1+/+ cells at that time
point (Fig. 7, white arrowheads). These data suggest that while
reovirus particles are transported to a lysosomal compartment
in both Bl1+/+ and B1+/+Y783F/Y795F cells, virions in
B1+/+ cells egress this compartment to initiate an infectious
cycle, while virions in B1+/+Y783F/Y795F cells are trapped
and fail to productively infect the cell.

DISCUSSION

The goal of this study was to gain a better understanding of
mechanisms by which B1 integrin mediates reovirus internal-
ization. The data demonstrate a function for the B1 integrin
NPXY motifs in reovirus endocytosis and endocytic transport.

Tyrosine-to-phenylalanine mutation of the B1 integrin NPXY
motifs leads to an aberrant pathway of reovirus internalization
that does not yield infectious progeny. EM analysis indicates
that reovirus virions are internalized into B1+/+Y783F/Y795F
cells yet localize in organelles that morphologically resemble
secondary lysosomes rather than in endosomes and lysosomes
as they do in B1+/+ cells. Reovirus internalization into B1+/+
cells is mediated by a chlorpromazine-sensitive pathway, most
likely clathrin-dependent endocytosis, yet particles internalized
into B1+/+Y783F/Y95F cells enter by a different route. Col-
lectively, these data indicate that B1 integrin serves to deliver
reovirus to the endocytic compartment required to complete
subsequent steps in the viral life cycle.

Findings presented in this report provide new insights into
mechanisms by which reovirus enters into cells. After attach-
ment to carbohydrate (4, 19, 46, 47) and JAM-A (5, 14, 50),
reovirus is internalized into the endocytic pathway by 1 inte-
grin (34). Our results indicate that this process is dependent on
signals elicited by the NPXY motifs in the Bl integrin cyto-
plasmic tail. Since chlorpromazine diminishes reovirus entry
and infection in B1+/+ cells, but does not affect reovirus
uptake into B1+/+Y783F/Y795F cells, it is likely that the B1
integrin NPXY motifs recruit the endocytic machinery to de-
liver reovirus to the endocytic organelle required for capsid
disassembly and release of the viral core into the cytoplasm.

NPXY motifs recruit clathrin and adaptor proteins and serve as
cargo recognition motifs to direct the delivery of cargo to endo-
somes and lysosomes (10, 37). For example, NPXY motifs recruit
AP-2 to the cell surface by directly interacting with the AP-2 p.2
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subunit (9). The B2 subunit of AP-2 then binds clathrin subunits
(45) and initiates clathrin assembly at the plasma membrane,
which leads to accumulation of clathrin at the cell surface for
clathrin-mediated endocytosis (44). NPXY motifs also recruit
Dab2 (38, 44), which directly interacts with NPXY motifs via the
Dab2 phosphotyrosine binding domain (37). Dab2 induces clath-
rin-mediated endocytosis by binding either to clathrin (37) or to
AP-2 (39). Dab2 recognizes either phosphorylated or nonphos-
phorylated tyrosines of NPXY motifs (37, 38). Therefore, in f1+/
+Y783F/Y795F-infected cells, Dab2 could potentially engage 31
integrin with NPXY-to-F mutations and mediate reovirus inter-
nalization but direct particles to a nonfunctional endocytic com-
partment. Since reovirus infection requires acid-dependent pro-
teolytic disassembly (2, 23, 59), virus delivery to an intracellular
site other than an endosomal compartment containing the appro-
priate pH (59) and proteolytic enzymes (23) could result in the
failure of reovirus particles to uncoat and penetrate into the
cytoplasm. Our experiments using Lysotracker-Red DND-99 dye
suggest that reovirus virions distribute to a lysosomal compart-
ment in both B1+/+ and B1+/+Y783F/Y795F cells (Fig. 7).
However, this marker does not distinguish between primary and
secondary lysosomes, which appear morphologically distinct (Fig.
6). Additional experiments are required to define the intracellular
transport pathways traversed by reovirus following uptake into
wild-type and mutant cells.

Since phenylalanine residues cannot be phosphorylated, our
findings with cells expressing B1 integrin with NPXY-to-F mu-
tations in the cytoplasmic tail raise the possibility that reovirus
interactions with B1 integrin lead to tyrosine phosphorylation
of the NPXY motifs. In support of this hypothesis, v-src trans-
formation of B1+/+ cells but not B1+/+Y783F/Y795F cells
results in phosphorylation of B1 integrin (53), suggesting that
the NPXY tyrosine residues can serve as substrates for phos-
phorylation. It is possible that phosphorylation of the B1 inte-
grin NPXY motifs is required for postattachment signaling
events required for reovirus endocytosis or other steps in the
virus life cycle. For example, phosphorylation of the NPXY
tyrosine residues is required for autophosphorylation of focal
adhesion kinase (68). Thus, reovirus-B1 integrin interactions
may induce phosphorylation and activation of integrin-linked
signaling pathways.

It is also possible that the B1 integrin NPXY motifs mediate
functional reovirus internalization by an indirect mechanism.
The NPXY motifs in the B1 integrin cytoplasmic tail are sep-
arated by eight residues that form a tight B turn (3, 63). This
region serves as a docking site for phosphotyrosine binding
domain-containing proteins (61), including talin (13) and inte-
grin cytoplasmic domain-associated protein 1-a (18). In addi-
tion, two of the intervening residues are threonines at positions
788 and 789, and Thr788 is notably essential for integrin acti-
vation and ligand engagement (41). Therefore, mutation of the
NPXY motifs may result in structural alterations that affect
the B1 integrin cytoplasmic tail and preclude engagement of
the cytosolic molecules required for reovirus uptake or sorting
within the endocytic pathway.

B1+/+Y783F/Y795F cells are surprisingly less permissive
for reovirus infection than B1—/— cells (Fig. 2). Since both
B1—/— and B1+/+Y783F/Y795F cells express JAM-A on the
cell surface, it is possible that reovirus infection of these cells
occurs via attachment to JAM-A and internalization via a
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non-B1-integrin-dependent mechanism, resulting in a low level
of infection. However, in the case of B1+/+Y783F/Y795F
cells, it is possible that virus interactions with the mutant form
of B1 integrin are preferred to non-B1 integrin internalization
routes, resulting in delivery of virions to a nonproductive entry
pathway as a consequence of the NPXY-to-F mutations. Thus,
these data do not exclude the possibility that reovirus utilizes
coreceptors other than 31 integrin to internalize into cells after
binding to JAM-A. Additionally, it is possible that reovirus
internalization may occur via both clathrin-dependent and
clathrin-independent mechanisms, which has been reported
for influenza virus (56).

Following adsorption to B1+/+Y783F/Y795F cells, reovirus
virions localize in electron-dense, membrane-bound vesicular
structures that morphologically resemble secondary lysosomes
or phagolysosomes (Fig. 6). These structures are present in
both uninfected and infected B1—/— and B1+/+Y783F/Y795F
cells at all time points analyzed. However, they are not appar-
ent in either uninfected or infected 31+/+ cells. These obser-
vations suggest that the lack of B1 integrin signaling or recy-
cling has a detrimental effect on endocytic transport that alters
the morphology of endocytic organelles. As probed by analysis
of reovirus internalization, these alterations are associated
with impairments in the sorting or processing of cargo in the
endocytic compartment.

B1 integrin NPXY motifs are required for efficient uptake of
Y. pseudotuberculosis by clathrin-mediated endocytosis (28, 64).
However, mutation of the NPXY motifs to NPXF does not affect
internalization of Y. pseudotuberculosis; instead, mutation to
NPXA leads to abolished Y. pseudotuberculosis uptake. Trans-
genic mice expressing 31 integrin with NPXY-to-F mutations are
viable (21), whereas those expressing NPXY-to-A mutations re-
capitulate the phenotype of B1-null mice and arrest in embryo-
genesis (21). These data indicate that there are key functional
differences mediated by the nature of B1 integrin NPXY motif
alterations. In contrast to studies of Y. pseudotuberculosis, we
found that mutation of NPXY to NPXF results in a nonfunctional
route of internalization for reovirus, suggesting that the B1 inte-
grin NPXY motifs play an important regulatory role in endocytic
uptake and transport in the endocytic pathway. Our findings,
coupled with previous findings made with Y. pseudotuberculosis
(28, 64), provide support for the idea that 81 integrin NPXY
motifs are required for multiple functions in the process of en-
docytosis. Understanding mechanisms by which integrins engage
the endocytic machinery to mediate endocytosis of microbes
should provide a useful avenue to investigate integrin cell biology
and lead to the identification of new targets for anti-infective drug
development.
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