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In an attempt to identify the rotavirus receptor, we tested 46 cell lines of different species and tissue origins
for susceptibility to infection by three N-acetyl-neuraminic (sialic) acid (SA)-dependent and five SA-indepen-
dent rotavirus strains. Susceptibility to SA-dependent or SA-independent rotavirus infection varied depending
on the cell line tested and the multiplicity of infection (MOI) used. Cells of renal or intestinal origin and
transformed cell lines derived from breast, stomach, bone, or lung were all susceptible to rotavirus infection,
indicating a wider host tissue range than previously appreciated. Chinese hamster ovary (CHO), baby hamster
kidney (BHK-21), guinea pig colon (GPC-16), rat small intestine (Rie1), and mouse duodenum (MODE-K)
cells were found to support only limited rotavirus replication even at MOIs of 100 or 500, but delivery of
rotavirus particles into the cytoplasm by lipofection resulted in efficient rotavirus replication. The rotavirus
cell attachment protein, the outer capsid spike protein VP4, contains the sequence GDE(A) recognized by the
VLA-2 (�2�1) integrin, and to test if VLA-2 is involved in rotavirus attachment and entry, we measured
infection in CHO cells that lack VLA-2 and CHO cells transfected with the human �2 subunit (CHO�2) or with
both the human �2 and �1 subunits (CHO�2�1) of VLA-2. Infection by SA-dependent or SA-independent
rotavirus strains was 2- to 10-fold more productive in VLA-2-expressing CHO cells than in parental CHO cells,
and the increased susceptibility to infection was blocked with anti-VLA-2 antibody. However, the levels of
binding of rotavirus to CHO, CHO�2, and CHO�2�1 cells were equivalent and were not increased over
binding to susceptible monkey kidney (MA104) cells or human colonic adenocarcinoma (Caco-2, HT-29, and
T-84) cells, and binding was not blocked by antibody to the human �2 subunit. Although the VLA-2 integrin
promotes rotavirus infection in CHO cells, it is clear that the VLA-2 integrin alone is not responsible for
rotavirus cell attachment and entry. Therefore, VLA-2 is not involved in the initial attachment of rotavirus to
cells but may play a role at a postattachment level.

Group A rotaviruses are important viral agents of acute
gastroenteritis in young children and many animal species (24).
Two surface proteins, VP4 and VP7, are present on the outer
capsid of rotaviruses, and trypsin cleavage of the spike protein
VP4 into VP5* and VP8* enhances rotavirus infectivity and is
involved in the early interaction of the virus with the cell (18,
67). Rotaviruses infect the mature enterocytes of the villus
epithelium of the small intestine. This restricted tissue- and
cell-type-specific tropism is mediated by one or more specific
host cell surface receptors that mediate rotavirus attachment.
Numerous studies have implicated glycoconjugates (glycopro-
teins, glycolipids, and glycosphingolipids) as the putative rota-
virus receptor(s) (4, 19, 32, 34, 41, 55, 58, 59, 66). A minority
of animal rotaviruses require the presence of N-acetyl-neura-
minic (sialic) acid (SA) residues on the cell surface for efficient
binding and infectivity, but most animal and human rotaviruses
are SA independent (13). Binding of rotaviruses to SA residues
has been mapped to amino acids 93 to 208 of the VP4 cleavage
product VP8* (38). However, the isolation of SA-independent
animal rotavirus strain variants from SA-dependent strains
that are efficient in attachment and infection confirms that

binding to SA is not an essential step for rotavirus infection
(13, 48). Therefore, an SA-independent rotavirus receptor is
likely involved in entry of both SA-dependent (after an initial
interaction with SA residues) and SA-independent rotavirus
strains, whose binding to cells is mediated by VP5* (67). At
least three cell surface sites or molecules may be involved
during early cell-rotavirus interactions, suggesting there are
common steps during the entry of SA-dependent and SA-
independent rotaviruses (49).

The integrins are a large family of transmembrane glyco-
proteins containing two large subunits (� and �) that mediate
interactions with extracellular matrix components and with
other cells. These heterodimeric glycoproteins act as bidirec-
tional signaling receptors and can serve as cellular receptors or
coreceptors for several viruses, including echoviruses 1 and 8
(8, 9), coxsackievirus A9 (53), foot-and-mouth disease virus
(39, 40), adenoviruses (65), and papillomavirus (25). Recently,
VLA-2 (�2�1), VLA-4 (�4�1), CR4 (�x�2), and �v�3 inte-
grins have been implicated in rotavirus cell attachment, entry,
or postattachment events in infection (17, 33, 36, 44, 68). The
rotavirus outer capsid proteins VP4 and VP7 contain sequence
motifs that are potentially recognized by VLA-2, VLA-4, and
CR4 but not �v�3, and antibodies to these integrins or pep-
tides containing these recognition motifs block approximately
30 to 50% of rotavirus infectivity (17, 33, 36, 44). These studies
have shown that (i) VLA-2 and VLA-4 expressed in poorly
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susceptible human erythroleukemic K562 cells increase bind-
ing and infectivity of the SA-dependent SA11 strain (36), (ii)
the susceptibility to rotavirus infection correlates with the
amount of VLA-2 expressed on the surfaces of six human cell
lines exhibiting various degrees of susceptibility to rotavirus
infection (44), (iii) VLA-2 is the initial receptor for a neur-
aminidase-resistant (SA-independent) nar3 variant but not for
the parental SA-dependent RRV strain (68), and (iv) �v�3
promotes rotavirus cell entry at a postbinding step (33).

In an attempt to identify a cell line that lacks the rotavirus
cellular receptor, we tested 46 cell lines of different species and
tissue origins and observed a wider host and tissue range than
had been previously recognized (24). Among all the cells
tested, five cell lines, including Chinese hamster ovary (CHO)
cells, exhibited limited rotavirus susceptibility compared to
fully permissive cells, but delivery of rotavirus particles into the
cytoplasm of these cells by lipofection resulted in productive
rotavirus infection, suggesting an entry level obstacle to infec-
tion. We examined whether the resistance of CHO cells to
rotavirus infection was a consequence of the lack of VLA-2
expression in these cells. We found that CHO cells became 2-
to 10-fold more susceptible to rotavirus infection (although a
high multiplicity of infection [MOI] still had to be used) when
transfected with the human �2 subunit or with both the human
�2 and �1 subunits of the VLA-2 integrin. The VLA-2 integrin
promoted rotavirus infection in CHO cells. However, VLA-2
did not increase binding, suggesting that VLA-2 alone is not
responsible for cellular susceptibility to rotaviruses, although it
may function in a postattachment event in rotavirus infection.

MATERIALS AND METHODS

Cells, viruses, and antibodies. The characteristics, species and tissues of ori-
gin, growth media, and sources of the cell lines used in this study are listed in
Table 1. SA-dependent simian SA11 Cl3 (P5B[2], G3) and RRV (P5B[3], G3),
equine H-1 (P9[7], G5), bovine NCDV (P6[1], G6), and porcine OSU (P9[7],
G5), SA-independent human Wa (P1A[8], G1), DS-1 (P1B[4], G2), HAL1166
(P11[14], G8), and PA169 (P11[14], G6), equine H-2 (P4[12], G3), lapine ALA
(P11[14], G3), BAP-2 (P11[14], G3), and C-11 (P11[14], G3), and bovine WC3
(P7[5], G6) rotavirus strains and the SA-independent SA11Cl3 rotavirus variant
954/23R (SA11 Cl3 954/23R) strain were cultivated in rhesus monkey kidney
cells (MA104) in the presence of trypsin as described previously (12).

The rabbit hyperimmune sera raised to rotavirus serotype G3 or G6 used to
neutralize infectivity or to block binding of rotavirus to cells were produced and
described elsewhere (12). The mouse monoclonal antibodies (MAbs) AA10
(immunoglobulin M [IgM]) and DE9 (IgG), known to recognize domain I of the
�2 subunit of VLA-2 and the �1 subunit of human VLA-2, respectively, were
used as ascites fluid at 1:100 dilution (8, 9). The purified MAb AK7 (IgG1)
directed against the human �2 subunit (CD49b) of VLA-2, MAb MAR4 (IgG1)
directed against the human �1 subunit (CD29) of VLA-2, MAb 9F10 (IgG1)
directed against the human �4 subunit (CD49d) of VLA-4, MAb 23C6 (IgG1)
directed against the human integrin complex �v�3 (CD51/CD61), MAb VI-PL2
(IgG1) directed against the human �3 subunit (CD61) of �v�3, MAb Hm�2
(hamster IgG; group 1; �) directed against the mouse �2 subunit (CD49b) of
VLA-2, MAb 9EG7 (rat IgG2a; �) directed against the mouse �1 subunit
(CD29) of VLA-2, MAb Ha1/29 (Armenian hamster IgG; group 2; �) directed
against the rat �2 subunit (CD49b) of VLA-2, and MAb Ha2/5 (Armenian
hamster IgM; �) directed against the rat �1 subunit (CD29) of VLA-2 were
purchased from Pharmingen, San Diego, Calif. Additional antibodies for flow
cytometry analysis, MAbs AK7, MAR4, HA1/29, and Ha2/5 conjugated to flu-
orescein isothiocyanate (FITC) or R-phycoerythrin (R-PE), goat polyclonal anti-
mouse or anti-rat total Ig conjugated to FITC or R-PE, and a mouse anti-
hamster (IgG groups 1, 2, and 3) MAb conjugated to R-PE, were also purchased
from Pharmingen. The �2 subunit of VLA-2, unlike the �1 subunit, is not highly
conserved across species, and MAbs directed to the �2 subunit of VLA-2 are
usually species specific (7, 37). However, MAbs AK-7 and 9F10 are known to
cross-react with the �2 and �4 subunits of VLA-2 and VLA-4, respectively, of

baboons and rhesus and cynomolgus macaque monkeys. The purified MAb
NV3901 (IgG1) directed to the recombinant Norwalk virus capsid protein (35,
64) was used to isotype match MAbs used in flow cytometry analyses.

Rotavirus infection. Prior to infection of cells, rotaviruses were treated with 10
�g of porcine trypsin (Worthington Biochemical Corp., Lakewood, N.J.)/ml for
30 min at 37°C. Trypsin was twice crystallized, dialyzed against 1 mM HCl, and
lyophilized (Worthington Biochemical Corp.). The specific activity of the trypsin
preparation used was �180 p-toluenesulfonyl-L-arginine methyl ester units per
mg of trypsin. In some cases, virus inocula were treated, following activation with
trypsin, with 80 �g of soybean trypsin inhibitor type I-S (Sigma Chemical Co., St.
Louis, Mo.)/ml to inactive the trypsin present in the inoculum. Cells were grown
in 96-well plates, and approximately 4 � 104 cells were inoculated with 100 �l of
SA-dependent or SA-independent rotavirus strains/well at an MOI of 0.1, 1, 10,
100, or 500 focus-forming units (FFU) per cell as described previously (13).
Briefly, after virus adsorption for 1 to 2 h at 37°C, the inoculum was removed,
and the cells were washed with medium and incubated for 18 to 24 h at 37°C with
the corresponding medium with or without the presence of 1 �g of porcine
trypsin/ml. The cells were fixed with cold methanol, and fluorescent foci (virus
antigen) were detected by fluorescent-focus assay (FFA) (12). Viral infectivity
titers and susceptibility to infection were expressed as FFU in test cell lines. In
some cases, viral infectivity titers to infection were expressed as the percentage
of FFU in test cell lines versus those obtained in control MA104 cells.

Treatment of MA104 cells with MAbs. Cells were incubated with 100 �l of
twofold dilutions of MAb AA10, DE9, AK7, MAR4, 9F10, 23C6, VI-PL2, or
NV3901 diluted in medium, starting at 20 �g/ml (for purified MAbs) or 1/100
(for ascites), for 1 h at 37°C before virus adsorption, as described previously (17,
33). After a range of antibody concentrations was tested, a concentration of 10
�g of MAb/ml was chosen for the experiments because 10 �g/ml provided
maximal inhibitory effects. Following treatment with MAbs, the cells were
washed twice and infected as outlined above.

Neuraminidase treatment of cells. In some cases, cells were treated for 1 h at
37°C with 100 �l of 20-mU/ml neuraminidase from Arthrobacter ureafaciens
purified by affinity chromatography (Sigma Chemical Co.) or with 100 �l of TNC
buffer (10 mM Tris [pH 7.5], 140 mM NaCl, 10 mM CaCl2) as described previ-
ously (13). Following treatment with neuraminidase, the cells were washed with
TNC buffer prior to inoculation with SA-dependent or -independent rotavirus
strains at an MOI of 1, 10, 100, or 500 FFU per cell. After virus adsorption was
allowed for 1 h at 37°C, the inoculum was removed and the cells were washed
with medium. The cells were incubated for 18 h at 37°C with the corresponding
medium, washed with phosphate-buffered saline (PBS), fixed with cold metha-
nol, and stained by FFA as described previously (12). Viral infectivity was
expressed as the percentage of FFU in neuraminidase-treated cells versus that
obtained in control (TNC buffer-treated) cells.

Transfection of cells with purified rotavirus double-layered particles (DLPs).
Optimal transfection conditions were determined using a plasmid encoding a
red-shifted variant of wild-type green fluorescent protein (GFP) (pEGFP-N1;
Clontech Laboratories, Palo Alto, Calif.) and different transfection reagents, (i)
Lipofectamine plus reagent (Gibco BRL), (ii) Lipofectamine (Gibco BRL), (iii)
Cellfectin (Gibco BRL), (iv) DMRIE-C (Gibco BRL), (v) Fugene6 (Boehringer-
Mannheim, Indianapolis, Ind.), and (vi) Clonfectin (Clontech), according to the
manufacturers’ instructions. Expression of GFP and the viabilities of pEGFP-
and mock-transfected cells were assessed from 24 to 216 h posttransfection.
Among all transfection reagents used, Lipofectamine plus reagent provided
optimal transfection efficiencies, and by 24 to 48 h posttransfection, the trans-
fection efficiency ranged from 60 to 70% (data not shown).

To determine if cells lacked the appropriate receptor required for efficient cell
entry or were unable to synthesize rotavirus proteins, 0.5 to 2 �g of CsCl-purified
and EDTA disodium salt (EDTA)-treated (50 mM; 20 min at room tempera-
ture) noninfectious rotavirus (RRV, NCDV, SA11 Cl3, OSU, H-1, Wa, WC3,
H-2, ALA, C-11, or BAP-2) DLPs/ml were delivered by lipofection into the
cytoplasm of cells that exhibited limited susceptibility to rotavirus infection. The
concentration of each virus preparation was calculated using the formula 1
optical density unit at 260 nm � 2.1 � 1012 particles � 185 �g of reovirus
particles, and a similar value is assumed for rotavirus particles (16). Therefore,
a value of 1.1 � 1010 rotavirus particles per �g can be estimated. Lipofection was
carried out in 70% confluent (	3 � 105) cell monolayers in 6- or 24-well tissue
culture plates; the cells were incubated overnight for 24 h at 37°C, washed with
PBS, and fixed with cold methanol; and fluorescent foci were determined by FFA
(12). The transfection efficiency of rotavirus infection was expressed as FFU per
microgram of DLPs transfected or as the percentage of fluorescent cells with
respect to nonfluorescent cells and was calculated from two to six replicate
experiments. Control cells were inoculated with RRV or WC3 DLPs without
Lipofectamine plus reagent or with Lipofectamine plus reagent alone.
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TABLE 1. Cell lines used in this study

Name Origin Tissue Growth mediuma Source

Caco-2 Human Colon adenocarcinoma DMEMb American Type Culture Collection, Manassas, Va.
HT-29 Human Colon adenocarcinoma DMEM American Type Culture Collection
LoVo Human Colon adenocarcinoma Ham’s F-12c Tien C. Ko, University of Texas—Medical Branch, Galveston
T-84 Human Ileocecal carcinoma DMEM/F-12d Sheila Crowe, University of Texas—Medical Branch, Galveston
HCT-8 Human Ileocecal carcinoma DMEM American Type Culture Collection
Int 407 Human Embryonic small intestine DMEM American Type Culture Collection
HEK 293Te Human Embryonic kidney DMEM Richard E. Sutton, Baylor College of Medicine, Houston, Tex.
CCD-18 Human Colon MEM-BSSf American Type Culture Collection
HeLa Human Cervix carcinoma DMEM Susan J. Marriott, Baylor College of Medicine, Houston, Tex.
UACC-903 Human Breast melanoma DMEM Richard E. Sutton
HOS-TK
 Human Osteosarcoma DMEM Richard E. Sutton
TE85 Human Osteosarcoma DMEM Ronald T. Javier, Baylor College of Medicine, Houston, Tex.
A549 Human Lung carcinoma DMEM Don H. Rubin, Vanderbilt University, Nashville, Tenn.
AGS Human Gastric adenocarcinoma DMEM American Type Culture Collection
HFF Human Foreskin fibroblasts DMEM Richard E. Sutton
Hep G2 Human Hepatocellular carcinoma MEM-BSS American Type Culture Collection
RD Human Rhabdomyosarcoma RPMI 1640g Martin E. Hemler, Dana-Farber Cancer Institute, Harvard Medical

School, Boston, Mass.
RDA2h Human Rhabdomyosarcoma RPMI 1640 Martin E. Hemler
MA104 Rhesus monkey Embryonic kidney 199i Microbiological Associates, Bethesda, Md.
Vero African green monkey Kidney MEM-BSS Microbiological Associates
Vero C1008 African green monkey Kidney MEM-BSS American Type Culture Collection
CV-1 African green monkey Kidney 199 American Type Culture Collection
BSC-1 African green monkey Kidney 199 American Type Culture Collection
COS-7 African green monkey Kidney DMEM Richard E. Sutton
BGM Buffalo green monkey Kidney 199 American Type Culture Collection
LLC-MK2 Rhesus monkey Kidney DMEM American Type Culture Collection
LLC-RK1 Rabbit Kidney DMEM Richard E. Sutton
LLC-RK2 Rabbit Kidney DMEM American Type Culture Collection
MDBK Bovine Kidney MEM-BSS American Type Culture Collection
IPEC-1 Porcine Newborn intestinal enterocytes DMEM/F-12j Helen Berschneider, North Carolina State University, Raleigh, N.C.
MDCK-1k Canine Kidney DMEM Lennart Svensson, Karolinska Institute, Stockholm, Sweden
MDCK-2l Canine Kidney MEM-BSS American Type Culture Collection
3T3 Mouse Embryo DMEM Ronald T. Javier
L-929 Mouse Fibroblast IMDMm American Type Culture Collection
MODE-K Mouse Duodenum DMEM John Klein, University of Texas—Dental Branch, Houston
MC-26 Mouse Colon adenocarcinoma DMEM Tien C. Ko
148-1LMDn Mouse Metatastic prostate carcinoma DMEM Timothy C. Thompson, Baylor College of Medicine, Houston, Tex.
CREF Rat Embryonic fibroblasts DMEM Ronald T. Javier
Rielo Rat Small intestine DMEM Tien C. Ko
GPC-16 Guinea pig Colon adenocarcinoma MEM-BSS American Type Culture Collection
BHK-21 Syrian hamster Kidney DMEM Brenda G. Hogue, Baylor College of Medicine, Houston, Tex.
CHO-K1 Chinese hamster Ovary F-12Kp American Type Culture Collection
CHO-CD36q Chinese hamster Ovary MEM-BSS American Type Culture Collection
CHO-p901r Chinese hamster Ovary �-MEMs Jeffrey M. Bergelson, The Children’s Hospital of Philadelphia,

Philadelphia, Pa.
CHO�2t Chinese hamster Ovary �-MEM Jeffrey M. Bergelson
CHO�2�1u Chinese hamster Ovary �-MEM Jeffrey M. Bergelson

a Unless otherwise specified, growth media or supplements were obtained from Gibco BRL, Life Technologies, Grand Island, N.Y. and were supplemented with 10%
FBS (Summit Biotechnology, Fort Collins, Colo.), penicillin (100 U/ml), and streptomycin (100 �g/ml) (Sigma Chemical Co.).

b DMEM, Dulbecco’s modified Eagle’s minimum essential medium with high glucose (4,500 mg/ml) supplemented with 1 mM sodium pyruvate, 0.2 mM nonessential
amino acids (NEAA), 2 mM L-glutamine, and 10 mM HEPES (N-[2-hydroxyethyl]piperazine-N�-[2-ethane-sulfonic salt]).

c Ham’s F-12 nutrient mixture supplemented with 2 mM L-glutamine.
d DMEM/F-12, modified Dulbecco’s medium and Ham’s F-12 nutrient mixture supplemented with 5% newborn calf serum (Sigma Chemical Co.) and 2 mM

L-glutamine.
e Primary human embryonic kidney (HEK) cells immortalized with adenovirus type 5 (Ad5; strain F2853-5b) and transformed with the T antigen of simian virus 40 (21).
f MEM-BSS, Eagle’s minimum essential medium with Earle’s balanced salt solution supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM NEAA,

and 1.5 g of sodium bicarbonate/liter.
g RPMI 1640 supplemented with 2 mM L-glutamine and 2 mg of G418 (Geneticin)/ml to maintain selection (11).
h RDA2 cells are transfected with the human VLA-2 �2 subunit cDNA in the pFneo expression vector (11).
i Obtained from Irvine Scientific, Santa Ana, Calif., and supplemented with 3 mM L-glutamine and 4.5 g of sodium bicarbonate/liter.
j Supplemented with 5% FBS, ITS premix (insulin [5 �g/ml] transferrin [5 �g/ml], selenium [5 �g/ml]) and human epidermal growth factor (5 �g/liter) (Becton

Dickinson, Sparks, Md.) (31).
k MDCK-1 cells are a low-passaged highly polarized subclone of the Madin Darby canine kidney (MDCK) cell line (60).
l MDCK-2 cells are a high-passaged low-resistance subclone (NBL-2) (27).
m IMDM, Iscove’s modified Dulbecco’s medium (Sigma Chemical Co.) supplemented with 2 mM L-glutamine.
n 148-1LMD cells are androgen-insensitive 129/SV mouse metastatic prostate cancer cells (50).
o DMEM supplemented with insulin (1 U/ml) (Sigma Chemical Co.).
p Ham’s F-12 nutrient mixture, Kaighn’s modification (Sigma Chemical Co.), supplemented with 4 mM L-glutamine, 1.5 g of sodium bicarbonate/liter, and 0.1 mM

hypoxanthine and 0.016 mM thymidine (Sigma Chemical Co.).
q CHO-CD36 cells are transfected with human CD36 and glycoprotein IV, the receptor for extracellular matrix proteins such as collagen.
r CHO-p901 cells are dihydrofolate reductase-negative CHO cells (63), which express Chinese hamster integrin �1 subunit but no integrin �2 subunit, transfected

with the p901 dhfr vector (9).
s Nucleoside-free �-MEM (minimum essential medium) supplemented with 10% dialyzed FBS and without antibiotics.
t CHO�2 cells are dihydrofolate reductase-negative CHO cells (63) cotransfected with the p901 dhfr vector and the human VLA-2 �2 domain cDNA in the pFneo

expression vector (9).
u CHO�2�1 cells are dihydrofolate reductase-negative CHO cells (63) cotransfected with the p901 dhfr vector, �2-pFneo, and human �1 cDNA in pECE (9).
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Nonradioactive binding assays. Rotavirus binding assays were performed as
described previously (36) with modifications. Briefly, confluent cell monolayers
were washed twice with PBS without calcium or magnesium chloride and care-
fully scraped off to obtain single-cell suspensions or detached by incubation with
0.05% trypsin containing 0.53 mM EDTA (Gibco BRL) at 37°C for 5 min. The
detached cells were suspended in their corresponding complete medium and
incubated at 37°C for 1 h to allow reconstitution of the surface proteins. The cell
suspensions were centrifuged at 500 � g at 4°C for 2 min, washed with PBS, and
suspended in ice-cold culture medium without serum. For the binding assays, 250
�l of an ice-cold trypsin-activated (30 min at 37°C with 10 �g of trypsin/ml)
simian SA11 Cl3 or RRV, bovine WC3, or human Wa or PA169 rotavirus strain
was bound to cells (5 � 105) at an MOI of 5 for 1 h with gentle mixing at 4°C.
The cell-virus complexes were subsequently washed twice with ice-cold PBS.
Then, the cells were suspended in ice-cold medium containing 1 �g of trypsin
(Worthington)/ml, subjected to two freeze-thaw cycles to release bound virus,
and stored at 
70°C. Thawed aliquots were activated with 10 �g of trypsin/ml for
30 min at 37°C, and the viral titers were determined in MA104 cell monolayers
by FFA as described previously (12). Controls for binding assays included cells
with medium (no virus) or equivalent amounts of virus. To measure the speci-
ficity of virus binding to cells, rotavirus strains were preincubated overnight at
4°C with a 1:100 dilution in PBS of hyperimmune sera containing neutralizing
antibodies to the corresponding virus strain. Virus binding was expressed as a
percentage of the titer of infectious virus bound to MA104 cells.

Alternatively, binding assays in which the amount of virus bound was quanti-
tated by enzyme-linked immunosorbent assay (ELISA) were performed as de-
scribed by Zárate et al. (67) with modifications. Single-cell suspensions of con-
fluent cell monolayers were obtained as described above. For the binding assay,
400 �l of an ice-cold trypsin-activated simian RRV or bovine WC3 rotavirus
strain, in medium containing 1% bovine serum albumin (fraction V; Calbiochem-
Novabiochem Corp., La Jolla, Calif.), was bound to cells (2 � 105) at an MOI of
10 for 1 h with gentle mixing at 4°C. The cell-virus complexes were subsequently
washed twice with ice-cold PBS containing 0.5% bovine serum albumin and then
lysed with 100 �l of lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 0.1% Triton
X-100). ELISA was performed essentially as described elsewhere (12). Controls
for these binding assays included cells with medium (no virus) or virus (diluted
in lysis buffer) with no cells.

Radioactive binding assays. To confirm the results obtained with the nonra-
dioactive binding assays, rotavirus radioactive binding assays were performed as
described elsewhere (18) with modifications, because radioligand-binding assays
are a more direct assessment of virus binding. Briefly, confluent cell monolayers
in 24-well plates were washed twice and chilled to 4°C. Metabolically [35S]me-
thionine-labeled CsCl-purified SA-dependent simian SA11 4F or SA-indepen-
dent bovine WC3 rotavirus, with or without 10� unlabeled homologous virus,
was added to the monolayers and incubated at 4°C with gentle rocking for 1 h.
For measurement of binding, the monolayers were washed three times with
ice-cold medium, lysed in 200 �l of PBS containing 1% sodium dodecyl sulfate,
and counted in 5 ml of Econo-Safe (Research Products International Corp.,
Mount Prospect, Ill.) using an LS 3801 scintillation counter (Beckman Instru-
ments, Inc., Fullerton, Calif.). The specific binding was calculated by subtracting
the nonspecific binding from the total binding.

Flow cytometric analysis. The cell surface expression of the �2 and/or �1
subunit of the VLA-2 integrin was determined in MA104, Caco-2, HT-29, T84,
Rie1, GPC-16, BHK-21, CHO-K1, CHOdhfr, CHO�2, or CHO�2�1 cells. Con-
fluent monolayers (4 to 6 days old) were washed twice with PBS without calcium
or magnesium chloride and detached by gentle mechanical scraping of the
monolayer. Monodispersed cells (105) were washed twice in PBS containing 2%
(vol/vol) fetal bovine serum (PBS-FBS) and suspended in 100 �l of ice-cold
PBS-FBS containing MAb AA10 (1/100), MAR4 (10 �g/ml), AK7 (10 �g/ml),
Ha1/29 (10 �g/ml), Ha2/5 (10 �g/ml), or NV3901 (10 �g/ml) or no MAb for
single-step (in the case of MAbs directly conjugated to FITC or PE) or two-step
staining. Following an incubation period of 30 min on ice, 1 ml of PBS-FBS was
added to the cells, and the cells were washed twice with PBS-FBS. When two-
step staining was required, cells were incubated for 30 min on ice in the dark with
100 �l of a 1/100 dilution of FITC- or PE-conjugated goat anti-mouse Ig specific
polyclonal antibody (Pharmingen) in PBS-FBS. The cells were washed and fixed
with 500 �l of 4% reagent grade paraformaldehyde, pH 7.0 (Fisher Scientific,
Fair Lawn, N.J.), and immunofluorescence staining of the cells was analyzed
using a Profile I flow cytometer (Coulter Electronics, Hialeah, Fla.). At least
10,000 forward scatter gated events were collected per specimen. FITC fluores-
cence was collected using linear amplification with doublet discrimination en-
gaged, and PE fluorescence was collected using logarithmic amplification. Con-
trols included cells incubated in the absence of both primary and FITC- or
PE-conjugated antibody to adjust for autofluorescence and cells incubated either

in the absence of primary antibody or in the presence of isotype-matched anti-
body and stained only with FITC or PE to adjust for spectral overlap.

Statistical analysis. Statistical analyses were performed using SPSS version 7.5
for Windows (SPSS, Inc., Chicago, Ill.). Differences in fluorescent foci (virus an-
tigen), percent infectivity, and percent binding were compared using the Kruskal-
Wallis test followed by the Mann-Whitney U test. Comparisons with a P value of
�0.05 were considered statistically significant.

RESULTS

Susceptibilities of continuous human and animal cell lines
of different species and tissues of origin to growth of SA-
dependent and SA-independent rotaviruses. The identification
of the cellular receptor used by rotaviruses has been hampered
by the inability to identify a cell line that lacks the appropriate
rotavirus cellular receptor(s). It has previously been shown that
cell lines of renal or intestinal origin are susceptible to rotavi-
rus infection and that they are the most effective at propagat-
ing these viruses in the laboratory (5, 23, 24, 42). Because it will
be of interest to identify cell lines that might lack the rotavirus
cellular receptor(s), we tested susceptibility to SA-dependent
or -independent rotavirus infection in a total of 46 human or
animal cell lines derived from different tissues. We directly
compared cell lines previously known to be susceptible to ro-
tavirus infection to cell lines whose susceptibility to rotavirus
infection was unknown. Unless otherwise specified, an MOI of
10 was used for all infections. As can be observed in Fig. 1, a
marked difference in susceptibility to SA-dependent (RRV) or
SA-independent (WC3) rotavirus infection was obtained in the
cell lines tested when virus antigen was detected by FFA. The
SA-dependent rotavirus strain RRV grew to higher titers (0.5
to 1 log unit) than the SA-independent rotavirus strain WC3
regardless of the cell line tested (Fig. 1). Consistent and similar
results were obtained upon infection of all cell lines tested with
SA-dependent (SA11 and OSU), SA-independent human
(Wa, PA169, and HAL1166), or neuraminidase-resistant vari-
ant (SA11 Cl3 954/23R) strains (data not shown).

Rotavirus infection was most permissive in most, but not all,
epithelial cell lines of renal and intestinal origin. A wide range
of virus antigen was detected, depending on the kidney cell line
infected (4.5 � 107 to 1.5 � 105 FFU [RRV] or 1 � 107 to
3.5 � 104 FFU [WC3]) (Fig. 1A and B). The kidney cell lines
most susceptible to rotavirus infection were MA104, BSC-1,
BGM (Fig. 1A), and MDCK-1 (Fig. 1B). CV-1, LLC-MK2,
LLC-RK1, MDCK-2, and MDBK cells were 5- to 10-fold less
susceptible to rotavirus infection than MA104, BSC-1, BGM,
and MDCK-1 cells (Fig. 1A and B). LLC-RK2 cells were as
susceptible to rotavirus infection as LLC-RK1 cells (data not
shown). Cos-7, Vero (Fig. 1A), HEK 293T (Fig. 1B), and Vero
C1008 cells (data not shown) were 50- to 500-fold less suscep-
tible than MA104, BSC-1, BGM, and MDCK-1 cells. The
amounts of virus antigen detected did not differ significantly
(P � 0.321; Mann-Whitney U test) when an MOI of 0.1 or 1
was used to infect all kidney cell lines tested (data not shown).
Baby hamster BHK-21 cells were not susceptible to rotavirus
infection at an MOI of 1 or 10 (data not shown).

Among intestinal cell lines tested, the amounts of virus an-
tigen detected also exhibited a wide range (2.9 � 107 to 1.4 �
106 FFU [RRV] or 8.8 � 106 to 2.6 � 105 FFU [WC3]) (Fig.
1C and D). Caco-2, HT-29, T-84, HCT-8, LoVo, Int 407, and
AGS cells (Fig. 1C and D) were as susceptible to rotavirus
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infection as MA104 cells (Fig. 1A). Human mesenchymal
CCD-18, porcine IPEC-1, or murine MC-26 cells (Fig. 1D)
showed about 10-fold less susceptibility to rotavirus infection
than MA104 or Caco-2 cells (Fig. 1A and C, respectively). The
amounts of virus antigen detected did not differ significantly
(P � 0.226; Mann-Whitney U test) when an MOI of 0.1 or 1
was used to infect all intestinal cell lines tested (data not
shown), with the exception of IPEC-1 cells. IPEC-1 cells were
100- to 500-fold less susceptible to RRV or WC3 rotavirus than
MA104 or Caco-2 cells when an MOI of 1 was used (P � 0.034;
Mann-Whitney U test) (data not shown). As observed with
hamster BHK-21 kidney cells, guinea pig GPC-16, mouse
MODE-K, and rat Rie1 small-intestinal or colon cells were not
susceptible to rotavirus infection at an MOI of 1 or 10 (data
not shown).

Although cell lines of renal and intestinal origin are the most
susceptible to rotavirus infection, cell lines of human cervix
(HeLa), liver (HepG2), myelogenous leukemic (K562), or em-

bryonal rhabdomyosarcoma (RD) cells, mouse embryo (3T3)
or fibroblast (L929) cells, and hamster ovary (CHO) cells have
also been used for studies of rotavirus-cell interactions (5, 23,
33, 36, 42, 44, 56). For comparison, we retested some cell lines
of nonrenal or nonintestinal origin, as well as nonrenal or
nonintestinal cell lines never tested before, for susceptibility to
rotavirus infection. Cell lines of human breast (UACC-903),
bone (HOS-TK
 and TE85), or lung (A549) origin were 5- to
10-fold less susceptible to rotavirus infection than MA104 cells
(Fig. 1A and E). As previously reported, human HeLa or
HepG2 (Fig. 1E), human RD (Fig. 1F), and mouse 3T3 or
L929 fibroblast (Fig. 1F) cells were 100-fold less susceptible to
rotavirus infection than MA104 cells (Fig. 1A). Human fore-
skin fibroblast (HFF) cells were 100- to 500-fold less suscepti-
ble to rotavirus infection than MA104 cells (Fig. 1A). Rat
embryo (CREF) fibroblast cells and mouse prostate metastatic
cancerous (148-1LMD) cells (Fig. 1F) were 5,000- to 10,000-
fold less susceptible than MA104 cells (Fig. 1A). Three

FIG. 1. Detection of rotavirus antigen (fluorescent foci) in rhesus, African, or buffalo green monkey kidney cells (A); rhesus, rabbit, canine,
bovine, or human kidney cells (B); human intestinal cells (C); human, porcine, or murine intestinal cells (D); human breast, bone, lung, cervix, or
hepatic cells (E); and human rhabdomyosarcoma, murine, human, or rat fibroblasts, or murine metastatic prostate cancer cells (F). The infectivity
of the SA-dependent RRV strain (solid) or the SA-independent WC3 strain (shaded) is expressed in FFU as measured by FFA. An MOI of 10
was used to infect all cells. As a control, cells incubated with medium alone were used (data not shown). The values shown are the arithmetic means
of at least three replicate experiments. The error bars represent one standard error of the mean.
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different Chinese hamster ovary cell lines, CHO-K1, CHO-
CD36, and CHO-p901, were completely refractory to rotavirus
infection when an MOI of 1 or 10 was used (data not shown).

Although BHK-21, GPC-16, Rie1, MODE-K, CHO-p901,
CHO-K1, and CHO-CD36 cells were resistant to rotavirus
infection at an MOI of 1 or 10, infection was detected when the
cells were exposed to MOIs of 500 (RRV) or 100 (WC3) (Fig.
2). However, infection of these cell lines was significantly (P �
0.001; Mann-Whitney U test) less efficient than infection of
MA104 cells, suggesting that these cells support only limited
rotavirus infection. BHK-21, GPC-16, Rie1, and MODE-K
cells were 100- to 5,000-fold less susceptible than MA104 cells,
while CHO-K1 and CHO-CD36 cells were 1,000-fold less sus-
ceptible to rotavirus infection at high MOIs than MA104 cells
(Fig. 2). The restricted growth of rotavirus in CHO cells was
confirmed and accentuated in CHO-p901 cells, which were
10,000-fold less susceptible than MA104 cells (Fig. 2). The
additional restricted growth of rotavirus in CHO-p901 cells
was confirmed with at least 20 SA-dependent or SA-indepen-
dent rotavirus strains (data not shown).

Lipofection of rotavirus DLPs into poorly susceptible cells
results in rotavirus replication. Rotavirus tissue tropism might
be related to the level of expression of specific viral receptors
that may alter the capacity of rotavirus to bind to or replicate
in the different cell lines tested. To determine if the difference
in susceptibility to rotavirus infection is at the level of attach-
ment (binding), internalization (entry), or replication, we de-
termined if direct delivery of transcriptionally competent ro-
tavirus particles (DLPs) into the cytoplasm of BHK-21, GPC-
16, Rie1, CHO-K1, CHO-CD36, or CHO-p901 cells would
allow rotavirus replication. Noninfectious RRV or WC3 DLPs
were lipofected into MA104, CHO-p901, CHO-K1, CHO-
CD36, BHK-21, GPC-16, and Rie1 cells, and our results
showed that the block in susceptibility to rotavirus infection
was not due to the inability of any of these cells to allow
synthesis of the virus proteins (Fig. 3 and data not shown). All
of the cell lines were equally able to generate rotavirus antigen,
although the SA-dependent RRV strain was always more ef-
ficient at replicating than the SA-independent WC3 strain (Fig.
3). No rotavirus antigen was detected in cells inoculated with

RRV or WC3 DLPs without Lipofectamine plus reagent or
with Lipofectamine plus reagent alone (data not shown). The
transfection efficiency in CHO-CD36 cells was similar to those
obtained with CHO-p901 and CHO-K1 cells (data not shown).
Similar results were also obtained when noninfectious SA11,
NCDV, H-1, Wa, ALA, C-11, BAP-2, or H-2 DLPs were de-
livered to the cytoplasm of MA104, CHO-p901, BHK-21,
GPC-16, and Rie1 cells by lipofection (data not shown), and

FIG. 2. Detection of rotavirus antigen (fluorescent foci) in rhesus monkey kidney (MA104), Chinese hamster ovary (CHO-K-1, CHO-CD36,
and CHO-p901), baby hamster kidney (BHK-21), and guinea pig (GPC-16), rat (Rie1), and murine (MODE-K) intestinal cells. The infectivity of
the SA-dependent RRV strain or the SA-independent WC3 strain is expressed in FFU as measured by FFA. An MOI of 500 (RRV) or 100 (WC3)
was used to infect all cells. As a control, cells incubated with medium alone were used (data not shown). The values shown are the arithmetic means
of at least three replicate experiments. The error bars represent one standard error of the mean.

FIG. 3. Liposome-mediated infection of cells by SA-dependent
RRV strain (A) or SA-independent WC3 strain (B) with Lipo-
fectamine plus reagent. Synthesis of RRV and WC3 rotavirus proteins
was determined with 1 �g of CsCl-purified and EDTA-treated rotavi-
rus DLPs/ml. No virus antigen was detected in cells inoculated with
RRV or WC3 DLPs without Lipofectamine plus reagent or with Li-
pofectamine plus reagent alone (data not shown). The values shown
are the arithmetic means of at least three replicate experiments. The
error bars represent one standard error of the mean.
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again, the ability to generate rotavirus antigen was always more
efficient with SA-dependent strains (SA11, NCDV, and H-1)
than with SA-independent strains (Wa, ALA, C-11, BAP-2,
and H-2). These results showed that CHO-p901, CHO-K1,
CHO-CD36, BHK-21, GPC-16, and Rie1 cells are permissive
for rotavirus replication if normal virus entry is bypassed.

Effect of MAbs to different integrin subunits on the infec-
tivity of SA-dependent and SA-independent rotaviruses. Dur-
ing the course of our study, several reports implicated the
VLA-2 (�2�1), VLA-4 (�4�1), CR4 (�x�2), and �v�3 inte-
grins in rotavirus cell attachment, entry, or other postattach-
ment events in infection, and treatment of cells with antibodies
to these integrins resulted in a reduction of rotavirus infectivity
(17, 33, 36, 44, 68). Therefore, we tested the abilities of MAbs
to VLA-2, VLA-4, and �v�3 to block the infectivity of SA-
dependent (RRV, SA11, and OSU) or SA-independent (WC3,
Wa, PA169, and SA11 Cl3 954/23R) rotavirus strains in
MA104 cells. Treatment of MA104 cells with MAbs to inte-
grins �2, �4, �3, and �v�3, but not �1, decreased the infectivity
of RRV or WC3 rotavirus strains in a dose-dependent manner
(Fig. 4A and data not shown), resulting in 25 to 40% less

infectivity at 10 �g/ml (Fig. 4). The levels of inhibition of
rotavirus infectivity are in accordance with those found by
others for SA-dependent (RRV and SA11) or SA-independent
(RV-5, Wa, and nar3) strains when MA104 cells were incu-
bated with MAbs to the �2 (AK-7, P1E6, and RMAC11), �4
(B-5G10, P1H4, P4G9, and P4C2), or �3 (25E11) integrin
subunit or to the �v�3 (LM609) integrin (17, 33, 36, 68). The
lack of inhibition by the anti-�1 MAb (MAR4) is consistent
with other reports of studies that have used MAb MAR4 or
other MAbs (8A2, P4C10, 4B7R, and P4G11) directed to the
�1 subunit of VLA-2 or a MAb (A-1A5) directed against the
common � subunit of the VLA integrin family (17, 33, 36, 68).
An antibody raised against and specific to the VLA-2 het-
erodimer was not available and therefore was not tested. Un-
like anti-�2 MAb AK-7, MAb AA10 (8) did not decrease the
infectivity of RRV, SA11, Wa, or WC3 in MA104 cells (data
not shown); MAb AA10 might recognize a different epitope in
the �2 subunit of VLA-2. Similar results were obtained with
SA11, OSU, Wa, PA169, and the variant SA11 Cl3 954/23R
(data not shown). In addition, when antibodies to �2 and �v�3
were combined to treat MA104 cells, the block in infectivity of

FIG. 4. Inhibition of RRV and WC3 rotavirus infectivity following treatment of MA104 cells with a range of concentrations (0 to 20 �g/ml)
of MAb AK-7, directed to the �2 subunit of VLA-2 (A), or inhibition of RRV or WC3 rotavirus infectivity in MA104 cells by MAbs (10 �g/ml)
to integrin subunits �2 (AK-7), �4 (9F10), �1 (MAR4), �3 (VI-PL2), �v�3 integrin (23C6), and �2 (AK-7) plus �v�3 integrin (23C6), or Norwalk
virus capsid (NV3901) (B). MOI  10. Virus infectivity is expressed as the percentage of FFU in antibody-treated cells versus those obtained in
control (199 medium-treated) cells. The values shown are the arithmetic means of at least three replicate experiments. The error bars represent
one standard error of the mean. A significant (P � 0.05; Mann-Whitney U test) decrease in rotavirus infectivity following treatment of MA104 cells
with each antibody is indicated by an asterisk.
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both SA-dependent and SA-independent rotavirus strains was
additive (Fig. 4B). In all cases, the infectivity of SA-indepen-
dent rotaviruses was inhibited more with the MAb directed to
the �2 subunit of VLA-2 than that of SA-dependent rotavi-
ruses, although this difference was not significant (P � 0.131;
Mann-Whitney U test) (Fig. 4B and data not shown). Thus,
rotaviruses may interact with the VLA-2 integrin.

Effect of neuraminidase treatment of cells and anti-�2 MAb
on the infectivity of SA-dependent and SA-independent rota-
viruses. To determine the roles of SA residues and the VLA-2
integrin as functional receptors for rotavirus, we treated
MA104 cells with neuraminidase and/or �2 MAb AK-7 and
infected the cells with SA-dependent (RRV and SA11) and
SA-independent (WC3, SA11 Cl3 954/23R, PA169, and Wa)
rotaviruses. Infection of MA104 with RRV, but not WC3, was
significantly inhibited (P  0.001; Mann-Whitney U test) by
pretreatment of the cells with neuraminidase (Fig. 5). Further-
more, the combination of neuraminidase and �2 MAb had no
additional inhibitory effect on the infectivity of RRV compared
to that of neuraminidase alone (P  0.871; Mann-Whitney U
test). Similar results were obtained with the SA-dependent
rotavirus SA11 strain (data not shown). However, it is impor-
tant to keep in mind that SA-dependent rotavirus strains re-
quire SA residues for efficient binding and infectivity (2, 13, 15,
48, 49), and treatment of MA104 cells with neuraminidase
does not specifically address the capacity of SA-dependent
RRV or SA11 rotavirus strains to engage VLA-2 because in-
tegrins are glycosylated and sialylated proteins (7, 37). As
expected, pretreatment of cells with neuraminidase had no
effect on the infectivity of WC3, and the decrease of WC3
infectivity was due only to the �2 MAb (Fig. 5). Similar results
were obtained with the SA11 Cl3 954/23R, PA169, and Wa
SA-independent rotavirus strains (data not shown). These data
suggest that SA-dependent rotaviruses utilize SA residues on
the cell surface, not VLA-2 integrin, for efficient infectivity of
susceptible MA104 cells.

Cellular expression of VLA-2 integrin in cell lines exhibiting
poor susceptibility to rotavirus infection. To determine if the
restricted susceptibility of CHO-K1, CHO-p901, Rie1,
MODE-K, GPC-16, or BHK-21 cells to rotavirus infection was
due to low surface expression of integrin subunits �2 and �1,
we performed flow cytometry. Of these cell lines, only CHO
and BHK-21 cells are known not to express endogenous
VLA-2 (1, 29). The expression of endogenous VLA-2 integrin
on the surfaces of human Caco-2, HT-29, and HeLa and rhesus
monkey MA104 cells was analyzed with a cross-reactive anti-
body to the human �2 subunit of VLA-2, while that of murine
3T3, L929, and MC-26 cells was analyzed with an antibody to
the mouse �2 subunit of VLA-2. The �2 integrin subunit was
not detected in CHO-K1, CHO-p901, or BHK-21 cells using
antibody to the human, mouse, or rat �2 subunit of VLA-2
(Fig. 6 and data not shown). The �2 integrin subunit was
abundantly detected in MA104, Caco-2, HT-29, HeLa, 3T3,
L929, and MC-26 cells, while it was detected in small amounts
in mouse MODE-K and rat Rie1 cells when antibody to the
mouse or rat �2 subunit of VLA-2, respectively, was used (Fig.
6 and data not shown). The �2 integrin subunit was not de-
tected in guinea pig GPC-16 cells when antibody to the human
�2 subunit of VLA-2 was used, but it was detected in small
amounts when antibody to the mouse or rat �2 subunit of
VLA-2 was used (data not shown). Since an antibody to the
guinea pig �2 subunit of VLA-2 is not available, it is possible
that the limited detection of guinea pig VLA-2 is due to not
having the proper species-specific antibody to detect it, be-
cause the �2 subunit of VLA-2, unlike the �1 subunit, is not
highly conserved across species (1, 22). Except for CHO-K1
and CHO-p901, all cells were shown to express the �1 integrin
subunit (Fig. 6 and data not shown). The endogenous expres-
sion of the hamster �1 subunit is very low (10 to 16%) in
CHO-K1 and CHO-p901 cells (Fig. 6 and data not shown).

Infection of CHO cells transfected with the human �2 sub-
unit of VLA-2 (CHO�2) or both the �2 and �1 subunits of
VLA-2 (CHO�2�1) with SA-dependent and SA-independent
rotaviruses. To determine if the �2 integrin subunit is essential
and sufficient for rotavirus infectivity, we examined rotavirus
infectivity in stable CHO-p901 cells transfected with the hu-
man �2 subunit of VLA-2 (CHO�2) or cotransfected with both
the �2 and the �1 subunit of VLA-2 (CHO�2�1). All trans-
fectant CHO cells were maintained in nucleoside-free medium
because the parental CHO dihydrofolate reductase-negative
cells do not grow in that medium. Transfectant CHO�2 and
CHO�2�1 cells were sorted for homogenous expression
(�99.5% positive) of human �2 or both human �2 and �1
integrin subunits, respectively, by fluorescence-activated cell
sorting (data not shown). Testing of CHO�2 and CHO�2�1
transfectant cells during the course of the experiments (includ-
ing freezing and thawing of the cells) showed that the levels of
expression of the integrins were stable (data not shown). Flow
cytometry analysis of human �2 subunit or �2�1 integrin sur-
face expression in control CHO-p901, CHO�2, and CHO�2�1
revealed that CHO�2 and CHO�2�1 (Fig. 7A), but not CHO-
p901 (Fig. 6), expressed high levels of integrin subunit �2 and
that only CHO�2�1 expressed high levels of VLA-2.

Expression of the �2 and �1 subunits of human VLA-2
rendered CHO-p901 cells 2 to 10 times more susceptible to
rotavirus infection than the parental cells (P � 0.030; Mann-

FIG. 5. Inhibition of RRV or WC3 rotavirus infectivity in MA104
cells treated with 20 mU of neuraminidase (NA) (A. ureafaciens)/ml
and/or MAb (10 �g/ml) to the �2 integrin subunit (AK-7). MOI  10.
Virus infectivity is expressed as the percentage of FFU in neuramini-
dase-treated and/or antibody-treated cells versus those obtained in
control (TNC buffer- and 199 medium-treated) cells. The values shown
are the arithmetic means of at least three replicate experiments. The
error bars represent one standard error of the mean. A significant (P �
0.05; Mann-Whitney U test) decrease in rotavirus infectivity following
treatment of MA104 cells with neuraminidase (NA) and/or AK-7 MAb
is indicated by an asterisk.
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Whitney U test). CHO�2 cells were two- to threefold more
susceptible to RRV or WC3 infection, respectively (Fig. 7B).
Because the �2 subunit is expressed on the cell surface mainly
in a VLA-2 heterodimer and the �2 subunit is not known to

interact with subunits other than �1 (7, 37), the �2 subunit in
CHO�2 cells was expressed in association with the endogenous
hamster �1 subunit (8, 9). CHO�2�1 cells, which expressed
human VLA-2, were 3-fold more susceptible to RRV infection

FIG. 6. Flow cytometry histograms of the cell surface expression of integrin subunits �2 and �1 of VLA-2. The cell line analyzed is indicated
in each histogram. Expression of �2 or �1 was determined by using 10 �g of MAb AK-7 (MA104, Caco-2, and CHO-p901) or MAb Ha1/29 (Rie1)
or of MAb MAR4 (MA104, Caco-2, and CHO-p901) or MAb Ha2/5 (Rie1)/ml, respectively, in a single- or two-step stain. MAb NV3901, directed
against the recombinant Norwalk virus capsid (35, 64), was used to match the isotype (IgG1) in a two-step stain.
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and 10-fold more susceptible to WC3 infection (Fig. 7B). This
difference in SA-dependent and SA-independent rotavirus in-
fectivity in CHO�2�1 cells was also observed with additional
SA-dependent (SA11 and OSU) and SA-independent (Wa,
ALA, HAL1166, and PA169) rotavirus strains (data not
shown). The block in susceptibility to rotavirus infection of
CHO�2, CHO�2�1, CHO-K1, CHO-CD36, BHK-21, GPC-
16, and Rie1 cells was not due to the inability of any of these
cells to support synthesis of the virus proteins (Fig. 3 and data
not shown). All of the cell lines were equally able to express
rotavirus antigen following lipofection, although the SA-de-
pendent RRV strain (Fig. 3A) was always more efficient at
replicating than the SA-independent WC3 strain (Fig. 3B).
The transfection efficiencies of noninfectious RRV or WC3
DLPs lipofected into CHO�2 and CHO�2�1 were similar to
that in CHO-p901 (Fig. 3 and data not shown).

Introduction of the full-length cDNA clone of the �2 subunit
of VLA-2 into the human RD tumor cell line resulted in the

expression of VLA-2 in transfected RD cells (RDA2) (11).
Parental RD cells were 100-fold less susceptible than MA104
cells (Fig. 1F), and similar to results obtained in CHO�2�1
cells (Fig. 7B), RDA2 cells were 2- to 3-fold more susceptible
to RRV infection and 10-fold more susceptible to WC3 infec-
tion than the parental RD cells (P � 0.023; Mann-Whitney U
test) (data not shown). The same pattern of increased suscep-
tibility to RRV or WC3 rotavirus infection was observed with
additional SA-dependent (SA11, NCDV, and OSU) and SA-
independent (Wa, DS-1, ALA, C-11, H-2, HAL1166, and
PA169) rotavirus strains (data not shown).

The increase of rotavirus infectivity in CHO�2, CHO�2�1,
and RDA2 cells was blocked by preincubation of the cells with
a MAb to the �2, but not the �1, subunit of VLA-2 (Fig. 8 and
data not shown); this result provided further evidence that the
increase in rotavirus infectivity observed in these cells was due
to the expression of VLA-2 integrin. Although VLA-2 integrin
promotes rotavirus infectivity in CHO cells, CHO�2�1 cells
were still 1,000-fold less susceptible to rotavirus infection than
MA104 cells, indicating that lack of VLA-2 integrin is not

FIG. 7. (A) Flow cytometry histograms of the surface expression of
human integrin subunits �2 and �1 of VLA-2 in CHO�2 and
CHO�2�1 cells. The cell line analyzed is indicated in each histogram.
Expression of �2 or �1 was determined by using 10 �g of MAb AK-7
or MAb MAR4/ml, respectively, in a single-step stain. MAb NV3901,
directed against the recombinant Norwalk virus capsid (35, 64), was
used to match the isotype (IgG1) in a two-step stain. (B) VLA-2
integrin promotes CHO cell infection. CHO-p901 or stably transfec-
tant CHO�2 and CHO�2�1 cells were infected with SA-dependent
RRV or SA-independent WC3 rotaviruses (MOI  500 or 100, re-
spectively). Virus infectivity is expressed as the percentage of FFU in
CHO�2 and CHO�2�1 cells versus those obtained in CHO-p901 cells.
The values shown are the arithmetic means of at least five replicate
experiments. The error bars represent one standard error of the mean.
A significant (P � 0.05; Mann-Whitney U test) increase in rotavirus
infectivity of CHO�2 and CHO�2�1 cells with respect to infectivity of
CHO-p901 cells is indicated by an asterisk.
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solely responsible for the decreased amount of rotavirus
infection of these cells. Whether the enhanced infection of
CHO�2�1 observed with SA-independent rotavirus strains
over that of SA-dependent rotavirus strains (Fig. 7B and data
not shown) depends on the use of VLA-2 as an entry factor (or
coreceptor) remains to be determined.

Binding of SA-dependent or SA-independent rotaviruses to
continuous human and animal cell lines of different species
and tissue origins. To determine if the increase in susceptibil-
ity to rotavirus infection of CHO�2 and CHO�2�1 resulted
from an increased capacity to bind virus, we measured the
abilities of SA-dependent and SA-independent rotaviruses to
bind to CHO-K1, CHO-p901, CHO�2, CHO�2�1, BHK-21,
GPC-16, Rie1, MA104, Caco-2, HT-29, and T-84 cells by using
FFA, ELISA, or radiolabeled virus binding assays. Testing of
the capacity of different concentrations of MAb AK-7 (direct-
ed to the �2 subunit of VLA-2) to inhibit infectious RRV or
WC3 virus binding in MA104 cells revealed that MAb AK-7
was not able to inhibit binding of either RRV or WC3 to these
cells (Fig. 9A). Binding of infectious RRV or WC3 virus to the
CHO�2 and CHO�2�1 cell lines, as measured by FFA, was
not increased (P � 0.640; Mann-Whitney U test) over binding
to poorly susceptible CHO-p901 or CHO-K1 or susceptible
MA104, Caco-2, HT-29, or T-84 cell lines (Fig. 9B and C).
Levels of binding of additional SA-dependent (SA11, OSU,
and H-1) and SA-independent (Wa, ALA, H-2, HAL1166,
PA169, and SA11 Cl3 954/23R) rotaviruses to CHO�2,
CHO�2�1, CHO-p901, CHO-K1, MA104, Caco-2, HT-29, or
T-84 cells were also equivalent (P � 0.523; Mann-Whitney U
test) (data not shown). Binding results were confirmed with a
more direct radioactive assay that employed purified radiola-
beled and nonradiolabeled virus (data not shown). When bind-
ing was analyzed by ELISA, similar results were also obtained
(data not shown). Also, binding of infectious RRV or WC3
virus to poorly susceptible BHK-21, GPC-16, or Rie1 cells was

not increased over binding to highly susceptible MA104,
Caco-2, HT-29, or T-84 cell lines (data not shown). However,
binding of SA-dependent RRV or SA-independent WC3 to
cells was specifically blocked if the viruses were preincubated
with hyperimmune sera containing neutralizing antibodies to
the viruses tested (data not shown). Binding of RRV, but not
of WC3, was decreased when cells were pretreated with 20 mU
of neuraminidase/ml, suggesting SA residues on the surfaces of
cells play a role in the initial attachment of RRV to these cells
(data not shown).

Since CHO�2 and CHO�2�1 cells bound equal amounts of
SA-dependent and SA-independent rotavirus, VLA-2 by itself
cannot be responsible for rotavirus binding to cells. Further-
more, binding of the infectious RRV (Fig. 9B) or WC3 (Fig.
9C) rotavirus strain to CHO�2 and CHO�2�1 cells was not
blocked by MAb AK-7 to �2 at a concentration of 20 �g/ml.
Thus, binding of infectious rotavirus to the surface of CHO
cells did not appear to be a critical step in determining the
differential susceptibilities exhibited by MA104 and CHO cells.

DISCUSSION

Cellular receptor-virus associations are the initial step in a
viral infection, and many different cell surface molecules can
serve as receptors for the attachment or entry of viruses. The
specificity of viruses for their cellular receptors has implica-
tions for host and tissue range, interspecies barriers, and viral
pathogenesis. Cellular receptors used by viruses belong to dif-
ferent families of proteins, carbohydrates, or lipids, often
embedded in complex cell surface matrices that are involved in
immune modulation, signaling pathways, cell adhesion, or
some other unknown function. The identity of the cellular
receptor(s) for rotavirus has been controversial. Several mol-
ecules, including SA residues and VLA-2 and �v�3 integrins,
have been proposed as cellular receptors for rotaviruses, but

FIG. 8. Inhibition of RRV or WC3 rotavirus infectivity in stably transfectant CHO�2 and CHO�2�1 cells by MAb (10 �g/ml) to integrin
subunit �2 (AK-7). MOI  500 (RRV) or 100 (WC3). The data are expressed as the percentage of the virus infectivity obtained when the
CHO-p901 cells were preincubated with �-MEM as a control. The values shown are the arithmetic means of at least three replicate experiments.
The error bars represent one standard error of the mean. An asterisk indicates a significant (P � 0.05; Mann-Whitney U test) decrease in rotavirus
infectivity of CHO-p901, CHO�2, or CHO�2�1 cells following treatment of the cells with antibody to the �2 or �1 subunit of VLA-2 integrin with
respect to the infectivity obtained in corresponding untreated CHO-p901, CHO�2, or CHO�2�1 cells, respectively.
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the initial steps of rotavirus binding to and entry into cells are
complex and involve a multistep process (2, 4, 13, 15, 17, 19,
32–34, 36, 41, 46, 55, 58, 59, 66–68).

The present study demonstrates that SA-dependent and SA-
independent rotaviruses are able to infect a wider and more

varied range of host and target cells than had been previously
recognized. Cultured epithelial cells of renal or intestinal ori-
gin have been thought to be the most susceptible to rotavirus
infection (5, 23, 24, 42, 46), but cell lines of bone, breast,
stomach, and lung origin are as susceptible to rotavirus infec-

FIG. 9. Capacities of different concentrations (0 to 40 �g/ml) of MAb AK-7, directed to the �2 subunit of the VLA-2 integrin, to inhibit binding
of RRV or WC3 rotavirus strains in MA104 cells (A) and binding of infectious SA-dependent rotavirus (RRV) in the absence or presence of MAb
AK-7 to intestinal (Caco-2, HT-29, and T-84), kidney (MA104), or ovary (CHO-K1, CHO-p901, CHO�2, and CHO�2�1) cells (B) or SA-
independent rotavirus (WC3) in the absence or presence of MAb AK-7 to intestinal (Caco-2, HT-29, and T-84), kidney (MA104), or ovary
(CHO-K1, CHO-p901, CHO�2, and CHO�2�1) cells (C). Binding of infectious rotavirus was blocked (90 to 100%) when the virus was
preincubated with rabbit hyperimmune serum containing neutralizing antibodies to RRV or WC3 (data not shown). The data are expressed as the
percentage of infectious virus binding when MA104 cells were preincubated with 199 medium as a control. The values shown are the arithmetic
means of at least three replicate experiments. The error bars represent one standard error of the mean.
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tion as are cells of renal and intestinal origin. In nature, rota-
virus is known to infect many avian and mammalian species,
including humans, monkeys, rabbits, cows, pigs, dogs, and mice
(all species represented in the cell lines tested), and although
we recently reported that rats are susceptible to rotavirus in-
fection (14), guinea pigs and hamsters are not known to serve
as natural hosts for rotaviruses. Cells derived from several
human and animal tissues, including kidney, intestine, cervix,
breast, bone, lung, stomach, skin, prostate, ovary, and liver, can
be classified into cells that are highly, moderately, or poorly
susceptible to rotavirus infection, but out of the 46 cell lines
tested, none was completely refractory to infection. The ma-
jority of the cell lines tested were highly susceptible to rotavirus
infection, some cell lines were moderately susceptible (HEK
293T, HeLa, HepG2, RD, 148-1LMD, L-929, 3T3, HFF, and
CREF cells), and several cell lines were poorly susceptible to
rotavirus infection. Rotavirus infection of CHO (including
three different cell lines, CHO-K1, CHO-CD36 and CHO-
p901), Rie1, GPC-16, MODE-K, and BHK-21 cells was sig-
nificantly (P � 0.001; Mann-Whitney U test) less efficient
(1,000- to 10,000-fold difference) than rotavirus infection of
most cells examined, and infection could be detected only
when the cells were exposed to MOIs of 100 (WC3) or 500
(RRV). Nevertheless, all of these poorly susceptible cell lines
become permissive for rotavirus replication, similar to the level
of susceptible cells, if entry is bypassed. Our ability to infect the
majority of the cell lines tested suggests that rotaviruses have a
broad tissue tropism, reflecting a single widely expressed cel-
lular receptor or more than one receptor for rotavirus. Further
studies are required to understand the biological importance of
the wide tropism exhibited by rotaviruses in cell culture and the
limited cell tropism during infection in an animal or human
host. Under normal circumstances, rotavirus infection is re-
stricted to the mature enterocytes of the villi of the small
intestine; however, in immunocompromised hosts, extraintes-
tinal rotavirus infection, mainly in the liver, has been reported
(26, 30, 42, 52, 62).

Most integrins are expressed on a variety of cells; most cells
express several, but not all, integrins (7, 22, 37); and several
viruses utilize integrins as cellular receptors or coreceptors (8,
9, 25, 39, 40, 53, 65). Recently, several reports have implicated
VLA-2 integrin in rotavirus cell attachment or entry (17, 36,
44, 68). In this study, we demonstrate that rotavirus infection
of CHO or RD cells, which normally do not express VLA-2
and are 1,000- to 10,000- or 100-fold less susceptible than fully
permissive MA104 cells, respectively, increases 2- to 10-fold
when VLA-2 is introduced into CHO cells via stable transfec-
tion. Moreover, enhanced infection of SA-dependent rotavi-
ruses in CHO cells is determined by the human �2 subunit and
does not require expression of human �1 (2-fold increase), but
infection of SA-independent rotaviruses is further enhanced by
expression of both human �2 and �1 (10-fold increase). The
level of enhanced susceptibility obtained in CHO cells is sim-
ilar to that obtained in poorly susceptible K562 cells expressing
VLA-2 with the SA-dependent SA11 rotavirus strain (36).
Since the level of permissivity of CHO cells transfected with
VLA-2 does not approach that of fully permissive cell lines,
VLA-2 is not likely the primary rotavirus receptor. In addition,
we show for the first time that SA-dependent and SA-indepen-
dent rotavirus strains bind efficiently, and at equivalent levels

as measured by three distinct methods, to all highly and poorly
susceptible cell lines tested, regardless of their VLA-2 expres-
sion phenotype. Therefore, CHO and the other poorly suscep-
tible cell lines tested bear the receptor(s) for virus binding but
lack at least one of the cell surface proteins (or lipids or
carbohydrates) that form part of the rotavirus-receptor com-
plex required for rotavirus entry.

The complex nature of the interactions of rotaviruses with
gastrointestinal cells is highlighted by the fact that upon bind-
ing or entry, rotavirus or its gene products stimulate cytokine
and chemokine responses (10, 54, 57), an enterotoxin (3), the
enteric nervous system (45), and cell signaling pathways (43).
Our data and previous findings (68) suggest that VLA-2 may
function in postattachment events or as a coreceptor for virus
entry. Alternatively, the interaction of rotavirus with VLA-2,
or other integrins, could induce signaling pathways. Although
the rotavirus VP4 protein, which contains the sequence motifs
DGE and IDA potentially recognized by VLA-2 and VLA-4,
respectively, enhances NF-�B activation through the tumor
receptor-associated factor 2 (TRAF2) that inhibits Jun N-ter-
minal kinase signaling (43), it is unclear if this enhancement is
an early or late event during infection. The region of VP4 that
mediates this effect remains uncharacterized. It will be of in-
terest to determine if rotaviruses induce such signaling path-
ways via initial interaction with integrins.

If integrins play a role in rotavirus attachment or entry, they
must be accessible to the virus in natural infections. Although
integrins are found associated with the basolateral cell surfaces
of enterocytes (6, 7, 37, 47, 61), recent data (15, 20, 51, 60)
indicate that rotavirus infection of polarized intestinal epithe-
lial Caco-2 cells causes disruption of tight junctions and loss of
transepithelial electrical resistance in the absence of cell death;
thus, once tight junctions are disrupted, virus would have ac-
cess to the basolateral surface. In this regard, we recently
found that SA-independent rotaviruses, unlike SA-dependent
rotaviruses, infect polarized cells efficiently through the baso-
lateral surface (15), which may explain why expression of
VLA-2 promotes SA-independent rotavirus infection eight
times more than that of SA-dependent rotaviruses.

Based on analysis of the surface expression of VLA-2 of six
human cell lines (MA104, Caco-2, COS-7, HepG2, RD, and
K562), Londrigan et al. (44) reported that cell surface expres-
sion of VLA-2 correlates with susceptibility to rotavirus infec-
tion. Our data suggest that VLA-2 cannot be the sole deter-
minant because cells that completely lack VLA-2 (i.e., CHO-
p901, CHO-K1, and BHK-21 [references 1 and 29 and this
report]) are as poorly susceptible as cells with a small amount
of VLA-2 (i.e., Rie1, GPC-16, and MODE-K). Although the
absence or reduced amount of VLA-2 in these cell lines could
explain their low susceptibilities to rotavirus infection, human
HeLa and murine L929 and 3T3 cells express levels of VLA-2
similar to those on MA104 cells (references 9 and 22 and this
report) but their susceptibility to rotavirus infection is 100-fold
less than that of MA104 cells.

Combined treatment with neuraminidase and �2 MAb show
that SA-dependent rotaviruses utilize SA residues, not VLA-2,
as functional receptors, suggesting that antibodies to VLA-2
integrin may block rotavirus infection due to steric hindrance.
Also, rotavirus may interact with the �v�3 integrin (although
none of the rotavirus proteins have the consensus RGD se-
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quence recognized by the �v�3 integrin) through a site prox-
imal to the RGD recognition domain in a fashion similar to
that of hantaviruses (28, 33). Because antibodies to VLA-2 and
�v�3 have an additive effect on blocking rotavirus infectivity in
MA104 cells (reference 33 and this report), coexpression of
both �2�1 and �v�3 in CHO cells may result in further en-
hancement of rotavirus infectivity in these cells.

In conclusion, this study furthers our understanding of ro-
tavirus tropism and contributes to the identification of the
primary rotavirus cellular receptor. Receptor binding is just
the first step in infection. Several cell molecules may be re-
quired for efficient rotavirus infectivity, and different rotavirus
strains may bind to distinct molecules in various cell lines or
distinct molecules in the same cells. Although our data indicate
that VLA-2 is not a functional attachment receptor for rota-
virus, it appears to possibly function as an internalization re-
ceptor or coreceptor required to establish a productive infec-
tion. Recently, five individual proteins of 30, 45, 57, 75, and 110
kDa which inhibited rotavirus infectivity in MA104 cells were
identified (2, 32). Several of these molecules may serve as
receptors for rotavirus. Also a MAb to an as-yet-unidentified
MA104 surface protein inhibits rotavirus infectivity in a fash-
ion similar to that of MAbs to the �2 subunit of VLA-2, and
the protein recognized by this MAb is present in poorly sus-
ceptible cells, such as CHO or L929 cells (2, 46, 68). Therefore,
the classical concept of the rotavirus cellular receptor as a
single entity that participates in the recognition process has
been superseded by new data indicating that binding and entry
is a multistep process, often involving different virus attach-
ment proteins and more than one host cell receptor most likely
immersed in glycosphingolipid-enriched plasma membrane mi-
crodomains (2, 49). Identification of such receptors may allow
a rational approach to designing drugs to inhibit the process of
rotavirus infection.
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