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hemagglutinating isolates of other enteroviruses (2, 11, 16, 22,
27)—but not with CB2, CB4, or CB6. Expression of DAF on
the surface of transfected rodent cells permits virus attachment
but not infection (21, 27), suggesting that DAF, unlike CAR, is
incapable of mediating some important postattachment function during virus entry. Although the role of DAF in infection
remains uncertain, the DAF-binding capacity demonstrated by
a wide variety of enteroviruses suggests that interaction with
DAF may serve an important function during infection. We
have found that interaction with DAF permits DAF-binding
CB isolates to infect polarized epithelial cells, thus surmounting the obstacle presented by CAR sequestration.

Coxsackie B (CB) viruses, like other enteroviruses, enter the
host through the gastrointestinal tract before dissemination to
target organs, such as the heart and brain (14). In some cases,
coxsackievirus transmission may also occur by way of the respiratory tract. Both the intestine and the airway are lined by
polarized epithelial cells whose intercellular tight junctions
separate the apical and basolateral surfaces and regulate transepithelial solute flow (13). Coxsackieviruses must either cross
or bypass epithelial barriers in the course of infection.
At the cellular level, CB viruses can initiate infection by
attaching to the coxsackievirus and adenovirus receptor
(CAR), a 46-kDa transmembrane protein that also functions
as a receptor for many adenoviruses (3, 19, 23). CAR expression on transfected nonpermissive rodent cells is sufficient to
permit infection by all CB viruses that have been tested (12).
In polarized respiratory and intestinal epithelial cells, CAR
is absent from the apical surface and is localized to intercellular tight junctions, where it appears to be inaccessible to virus
(9). Polarized colonic epithelial cells resist infection by a prototypic strain of coxsackievirus B3 (CB3), CB3-Nancy, unless
tight junctions are disrupted and CAR is exposed (9), and
sequestration of CAR in tight junctions has impeded efforts to
use adenovirus vectors for gene delivery to airway epithelium
(15, 24, 25). These observations raise questions about how CB
cross mucosal barriers during infection in vivo.
Certain CB viruses interact with an additional cell surface
molecule, decay-accelerating factor (DAF, or CD55). Attachment to DAF was first observed with a variant of CB3-Nancy,
designated CB3-RD, that had been adapted to growth in rhabdomyosarcoma cells (4, 18). It has also been observed with
other isolates of CB1, CB3, and CB5 (21)—as well as with

MATERIALS AND METHODS
Cell culture. CHO cells stably expressing CAR (CHO-CAR) and cells transfected with vector alone (CHO-pcDNA) (26) were cultured in nucleoside-free
␣-minimal essential medium with 10% dialyzed fetal calf serum. To establish
polarized monolayers, T84 colonic epithelial cells (provided by Kevin Foskett,
University of Pennsylvania) and 16HBE14o⫺ respiratory epithelial cells (provided by Raymond Pickles, University of North Carolina) were cultured in Dulbecco’s modified Eagle’s medium with 10% fetal calf serum on polyester tissue
culture inserts (Costar Transwell Clears; 12-mm diameter, 0.4-m pore size)
until transepithelial resistance, measured with an epithelial voltohmmeter
(World Precision Instruments, Sarasota, Fla.), was stable (2,600 to 3,000 ⍀ 䡠 cm2
in 10 to 14 days).
Viruses. CB3-Nancy and CB3-RD, a variant of CB3-Nancy selected for growth
on rhabdomyosarcoma cells, were originally obtained from Richard Crowell (18).
This isolate of CB3-Nancy (in contrast to the American Type Culture Collection
[ATCC] CB3-Nancy isolate reported by Shafren et al. [21]), does not bind to
DAF (4). CB4 strain JVB was obtained from the ATCC. CB5 88-0578, a lowpassage clinical isolate provided by John Modlin (Dartmouth Medical School),
was previously described (6, 12). Viruses were expanded by growth in HeLa cells
and concentrated by ultracentrifugation through a sucrose cushion, and titers
were determined by plaque assay using HeLa cells.
For passage of virus on T84 monolayers, a polarized monolayer was exposed
to 2 ⫻ 107 PFU of CB3-Nancy at room temperature for 1 h. The monolayer was
washed and incubated at 37°C for 44 h; no cytopathic changes were evident. Cells
and supernatant were frozen and thawed, and virus present in the lysate was
expanded on a HeLa cell monolayer, which showed complete cytopathic effect
within 24 h. This virus stock was labeled T84P1. Three additional serial passages
(T84P2 to T84P4) were performed by exposing fresh T84 monolayers to 0.2 ml
of expanded virus stock.
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All coxsackie B (CB) viruses can initiate infection by attaching to the coxsackievirus and adenovirus receptor
(CAR). Although some CB isolates also bind to decay-accelerating factor (DAF), the role of DAF interaction
during infection remains uncertain. We recently observed that CAR in polarized epithelial cells is concentrated
at tight junctions, where it is relatively inaccessible to virus. In the experiments reported here we found that,
unlike CAR, DAF was present on the apical surface of polarized cells and that DAF-binding isolates of CB3 and
CB5 infected polarized epithelial cells more efficiently than did isolates incapable of attaching to DAF. Virus
attachment and subsequent infection of polarized cells by DAF-binding isolates were prevented in the presence
of anti-DAF antibody. Serial passage on polarized cell monolayers selected for DAF-binding virus variants.
Taken together, these results indicate that interaction with DAF on the apical surface of polarized epithelial
cells facilitates infection by a subset of CB virus isolates. The results suggest a possible role for DAF in
infection of epithelial cells at mucosal surfaces.

VOL. 76, 2002

ROLE OF DAF IN INFECTION OF EPITHELIAL CELLS

9475

Infection assays. To determine the susceptibility of cell monolayers to CB
infection, we performed immunofluorescence staining for viral antigen. Monolayers were exposed to 10 PFU/cell in a 200-l volume applied to the apical
surface for 1 h at 37°C, washed, and then incubated at 37°C. In preliminary

experiments, expression of viral antigen in the human cell lines T84 and
16HBE14o⫺ was clearly detected by 16 h, but in CHO-CAR cells, antigen
expression was not detected until 24 to 26 h. To minimize the possibility that
virus was undergoing multiple cycles of replication, staining of T84 and

FIG. 2. Attachment of CB3-RD to T84 monolayers is more efficient than attachment of CB3-Nancy. Radiolabeled CB3-RD and CB3-Nancy
were added to polarized T84 cells (A) or to nonpolarized CHO-CAR or CHO-pcDNA cells (B). After 2 h of incubation at room temperature, cells
were washed and bound virus was determined by scintillation counting. Results are shown as the average cpm of virus bound (⫾ standard deviation)
for triplicate monolayers.
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FIG. 1. CB3-RD infects polarized T84 cells more efficiently than does CB3-Nancy. Polarized T84 cells (A) or CHO cells expressing CAR
(B) were exposed to CB3-RD and CB3-Nancy (10 PFU/cell), washed, and then incubated at 37°C. Cells were fixed and stained with an anti-CB3
mouse monoclonal antibody followed by a FITC-conjugated secondary antibody. Cells were visualized by immunofluorescence microscopy, and
viral antigen-positive cells were quantified by examining digital photographs of random fields. Graphs show the average number of antigen-positive
cells per field and standard deviations (error bars) for three fields. Results are representative of three experiments.
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layers in transwell inserts or CHO cells in 24-well plates were incubated with
radiolabeled virus (approximately 20,000 cpm in 0.1 ml) for 2 h at room temperature, washed three times with PBS, and then disrupted with Solvable (Packard); bound radioactivity was determined by scintillation counting. In some
experiments, antibodies to DAF or CAR were added before virus addition.

RESULTS

16HBE14o⫺ cells was performed at 16 h, and staining of CHO-CAR cells was
performed at 24 to 26 h. When T84 cells were incubated for 24 h before staining,
results were qualitatively similar to those observed with cells incubated for 16 h.
Cells were washed in phosphate-buffered saline (PBS), fixed with a 50/50
mixture of methanol and acetone, and stained for CB3 viral antigen using
anti-CB3 monoclonal antibody (Chemicon) diluted 1:5 in PBS containing 4%
fetal bovine serum. After incubation at 37°C for 30 min, cells were washed with
PBS and stained with fluorescein isothiocyanate (FITC)-conjugated goat antimouse secondary antibody for 30 min at 37°C. The membrane was mounted on
slides with mounting medium (Vectashield; Vector Labs). Cells were examined
by immunofluorescence microscopy, and digital photographs were taken for
quantification of cells expressing viral antigen. In some experiments a commercial blend of anti-CB monoclonal antibodies (Chemicon) was used to detect CB3,
CB4, and CB5 in the same experiment. Uninfected cells incubated with anti-CB
antibodies and secondary antibody did not reveal positive staining.
Immunofluorescence staining for DAF and CAR. To examine DAF and CAR
localization, polarized T84 monolayers were fixed and permeabilized with 100%
methanol, blocked with 10% goat serum, and then stained with affinity-purified
rabbit anti-CAR antibody diluted 1:500 in 10% goat serum, followed by Cy3conjugated goat anti-rabbit secondary antibody. (To produce polyclonal rabbit
anti-CAR antibody, rabbits were immunized with the CAR extracellular domain
produced in a baculovirus system and antibody was purified by affinity chromatography.) T84 cells were also stained for DAF by using a 1:200 dilution of
FITC-conjugated anti-DAF monoclonal antibody IA10 (Pharmingen), and nuclei were detected with 4⬘,6⬘-diamidino-2-phenylindole (DAPI). Cells were
washed, and the membranes were cut from the tissue culture insert, placed on
slides with mounting medium, and examined with a Leica TCS 4D confocal
microscope. There was no bleed-through of fluorescence from either the FITC
channel into the Cy3 channel or from the Cy3 channel into the FITC channel
when cells were stained only for CAR or for DAF.
Inhibition of coxsackievirus infection. Monoclonal antibodies to DAF (IF7)
(2) or CAR (RmcB) (10), or a control monoclonal antibody (MOPC195; Sigma)
(ascites fluid diluted 1:50 in medium) were added to polarized T84 cells or
CHO-CAR cells and incubated for 1 h at room temperature. In some experiments, rabbit anti-CAR or preimmune serum (9) was used in attempts to block
virus interaction with CAR. Virus was then added in the continued presence of
these antibodies, and cells were incubated for 1 h at 37°C. Cells were washed, fed
with antibody-containing medium, and incubated for 16 h at 37°C before staining
for viral antigen. Cells were fixed with 4% paraformaldehyde, washed, incubated
with a 1:2,000 dilution of horse anti-CB3 or anti-CB5 serum (ATCC) at room
temperature for 1 h, washed, and stained with FITC-conjugated secondary antihorse antibody for 1 h. Preimmune horse serum did not stain infected cells. Cells
were examined with immunofluorescence microscopy.
Radiolabeled virus attachment. Viruses were labeled by growth on HeLa cells
in the presence of [35S]methionine and purified by sucrose gradient centrifugation as described elsewhere (5). To measure virus attachment, T84 cell mono-

FIG. 4. CB3-RD attachment to polarized T84 cells is inhibited by
an anti-DAF antibody. T84 monolayers were preincubated with control monoclonal antibody, anti-CAR monoclonal antibody, or an antiDAF monoclonal antibody and exposed to radiolabeled CB3-RD at
room temperature. Monolayers were washed, and cell-bound radioactivity was determined. A representative experiment is shown; the histogram shows mean cpm bound (⫾ standard deviation) for triplicate
samples.
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FIG. 3. DAF is expressed at the apical surface of polarized T84
cells. Polarized T84 monolayers were fixed, permeabilized, and stained
for DAF by using the anti-DAF antibody IA10 directly conjugated to
FITC (green) and for CAR by using an affinity-purified anti-CAR
antibody followed by a secondary antibody conjugated to Cy3 (orangered). Nuclei were stained with DAPI (purple). Stained cells were
examined by confocal microscopy; a representative x-z axis cross section of the monolayer is shown.

CB3-RD infects T84 monolayers. We recently observed that
CAR is localized to the tight junction in polarized epithelial
cells and that localization of CAR limits infection by CB3Nancy (9), a virus isolate that binds to CAR (3) but not to DAF
(4) on transfected cells. We now examined the susceptibility of
polarized epithelial cells to infection by CB3-RD, a virus that,
unlike CB3-Nancy, binds to DAF as well as to CAR (4). Polarized monolayers of T84 colonic epithelial cells cultured in
transwell filters were exposed to each virus (10 PFU/cell) and
stained to detect viral antigen 16 h after infection. CB3-RD
infected these cells approximately 30-fold more efficiently than
did CB3-Nancy (Fig. 1A). At 60 h after infection, extensive
cytopathic changes were observed in monolayers exposed to
CB3-RD but not in those exposed to CB3-Nancy (data not
shown). Similarly, CB3-RD was more efficient than CB3Nancy in infecting monolayers of another polarized cell line,
16HBE14o⫺ (data not shown). In control experiments, the two
viruses infected nonpolarized CHO-CAR cells with equal efficiency (Fig. 1B).
CB3-RD attaches to T84 monolayers. Radiolabeled CB3RD bound more efficiently to polarized T84 cells than did
CB3-Nancy, although both virus strains bound equally well to
CHO-CAR cells (Fig. 2). These data suggest that efficient
infection of polarized cells by CB3-RD and inefficient infection
by CB3-Nancy resulted from the differing capacities of these
viruses to attach to the apical cell surface.
DAF is localized to the apical surface of polarized T84 cells.
When T84 monolayers were permeabilized, stained with antiCAR and anti-DAF antibodies, and examined by confocal
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microscopy, CAR was not detected on the apical surface but,
consistent with its localization to tight junctions, was concentrated at the apical pole of the basolateral membrane (Fig. 3,
red). In contrast, DAF was abundant on the apical membrane
of many cells (Fig. 3, green), consistent with previous observations that the glycolipid membrane anchor of DAF serves as
an apical sorting signal in polarized cells (8). DAF staining, but
not CAR staining, was seen in unpermeabilized T84 monolayers (data not shown), suggesting that DAF, but not CAR, was
accessible on the apical surface. These results indicate that
DAF and CAR are expressed at different locations in polarized
T84 cells and that DAF is available to interact with virus on the
apical cell surface.

CB3-RD attachment to and infection of T84 monolayers are
inhibited by anti-DAF antibody. On nonpolarized cells, CB3
interaction with CAR is inhibited by the anti-CAR monoclonal
antibody RmcB, and interaction with DAF is inhibited by the
anti-DAF monoclonal antibody IF7 (3, 4). On polarized T84
monolayers, virus attachment was dramatically inhibited by IF7
(Fig. 4); in contrast, RmcB—like the control antibody MOPC
195—had little effect on virus attachment. These results suggest a primary role for DAF in mediating CB3-RD attachment
to polarized T84 cells. Consistent with this, the anti-DAF antibody, but not the anti-CAR antibody, strongly inhibited
CB3-RD infection of T84 monolayers, as measured by viral
antigen staining (Fig. 5). Polyclonal rabbit anti-CAR antibody,
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FIG. 5. Anti-DAF antibody inhibits the infection of polarized T84 cells by CB3-RD. (A) Polarized T84 monolayers were preincubated with
control monoclonal antibody, anti-CAR monoclonal antibody, or anti-DAF antibody before infection by CB3-RD. Infected cells were visualized
by staining for CB3 viral antigen with a polyclonal horse anti-CB3 serum followed by a secondary antibody conjugated to FITC and examination
by immunofluorescence microscopy. The graph shows the average number of viral antigen-positive cells per field (⫾ standard deviation) for three
fields. Results are representative of four experiments. (B) Control CHO-CAR cells were preincubated with a control antibody, an anti-CAR
antibody, or an anti-DAF antibody before exposure to CB3-RD. Cells were stained for CB3 viral antigen.
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which blocks virus infection of nonpolarized cells (unpublished
data), did not inhibit infection of polarized T84 cells by
CB3-RD (data not shown). In control experiments with CHOCAR cells, RmcB inhibited CB3-RD infection, whereas IF7
did not (Fig. 5). These data suggest that interaction with DAF
is important for CB3-RD infection of polarized T84 cells.
A DAF-binding CB5 clinical isolate also infects T84 monolayers. We previously found that a CB5 clinical isolate (880578; from John Modlin) bound to DAF-transfected CHO
cells (20,000 cpm added; 6,696 ⫾ 201 cpm bound to CHODAF, 58 ⫾ 4 cpm bound to CHO control), whereas the CB4
strain JVB did not (18,000 cpm added; 134 ⫾ 13 cpm bound to
CHO-DAF, 126 ⫾ 1 cpm bound to CHO control, and 1,333 ⫾
70 cpm bound to CHO-CAR). Both of these virus isolates
interact with CAR (12). We tested the capacity of these viruses
to infect polarized T84 monolayers. Like CB3-RD, the DAFbinding CB5 isolate infected T84 monolayers efficiently; in
contrast, the CB4 isolate did not (Fig. 6A). Infection by the
CB5 isolate was markedly inhibited by the anti-DAF antibody

(Fig. 6B). These results indicate that binding to DAF facilitates
infection of polarized T84 cells by a CB5 isolate as well as by
CB3-RD.
Interaction with T84 monolayers selects for DAF-binding
variants. We performed four serial passages of CB3-Nancy on
polarized T84 monolayers. Virus stocks obtained after the second and fourth passages were radiolabeled and their attachment to CHO-DAF cells was measured (Fig. 7). Although
CB3-Nancy showed no measurable attachment to CHO-DAF
cells, some attachment was noted after two passages of CB3Nancy on T84 monolayers, and significant attachment was
noted after four passages. The results indicate that DAF-binding virus variants enjoy a selective growth advantage in these
polarized epithelial cells.
DISCUSSION
Although all CB viruses can use CAR as a receptor on
transfected nonpolarized cells (12), on polarized epithelium

Downloaded from http://jvi.asm.org/ on November 16, 2019 by guest

FIG. 6. CB5 infects T84 monolayers, and infection is inhibited by anti-DAF antibody. (A) Polarized T84 cells or CHO-CAR cells were exposed
to a CB4 isolate that does not bind DAF, a clinical CB5 isolate that binds DAF, CB3-Nancy, or CB3-RD (10 PFU/cell). After washing, cells were
incubated at 37°C. Cells were fixed, stained with a blend of monoclonal antibodies capable of detecting all CB serotypes (Chemicon) followed by
a FITC-conjugated secondary antibody, and then examined by immunofluorescence microscopy. Representative fields are shown. (B) Inhibition
of CB5 infection of T84 monolayers. Polarized T84 monolayers were preincubated with control monoclonal antibody, anti-CAR monoclonal
antibody, or anti-DAF antibody before infection by CB5. Infected cells were visualized by staining for CB5 viral antigen with a polyclonal horse
anti-CB5 serum followed by a FITC-conjugated secondary antibody. Viral antigen-positive cells were quantified by examining digital photographs
of random fields. The graph shows the mean number of antigen-positive cells per field (⫾ standard deviation) for five fields. Results are
representative of three experiments.
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CAR is concentrated in tight junctions where it is relatively
inaccessible to virus (9). In the experiments reported here, we
found that, unlike CAR, DAF was present on the apical surface of polarized cells and that DAF-binding isolates of CB3
and CB5 infected polarized epithelial cells more efficiently
than did isolates incapable of attaching to DAF. Virus attachment and subsequent infection of polarized cells by
DAF-binding isolates were prevented in the presence of
anti-DAF antibody. Serial passage on polarized cell monolayers resulted in enrichment of DAF-binding variants
within a virus stock. Taken together, these results indicate
that interaction with DAF on the apical cell surface facilitates infection of polarized epithelial cells by a subset of CB
isolates.
Virus attachment to CAR on transfected cells leads to infection, whereas attachment to DAF does not (4, 21, 27),
suggesting that DAF is by itself incapable of mediating postattachment events essential for virus infection. We suspect that
once virus is bound to DAF at the apical surface of an epithelial cell, further interaction with CAR may be necessary for
infection to proceed. In these experiments, however, anti-CAR
antibodies had little inhibitory effect on infection of polarized
epithelial cells by CB3-RD; this suggests that if transfer of
DAF-bound virions to CAR occurs, it does so either by a
mechanism that is not easily inhibited by antibody or within a
cellular compartment that antibody cannot reach. We cannot
exclude the possibility that DAF alone is sufficient for infection
of these polarized cells. Further work will be required to define
the mechanism by which attachment to DAF leads to infection
of polarized epithelial cells.
Coxsackieviruses are transmitted by the fecal-oral route, and
respiratory transmission may also occur. For poliovirus, both
mucosal epithelium (20) and mucosa-associated lymphoid tissue (7) have been proposed to be the primary site of virus
replication. Attachment to DAF and replication within epithelial cells of the intestinal tract may augment the capacity of
DAF-binding viruses to initiate infection in vivo and thus may
play an important part in the pathogenesis of coxsackievirus
disease. It is not known whether DAF-binding viruses differ in
pathogenicity from those that interact only with CAR. Viruses

that do not interact with DAF may avoid the barrier imposed
by the tight junction by passing through M cells to reach
submucosal lymphoid tissue. It is interesting that reoviruses,
which also infect by way of the gastrointestinal tract, interact
with junctional adhesion molecule (1), a receptor that—like
CAR—is concentrated in tight junctions.
Phylogenetically distinct enteroviruses interact with DAF
but differ in their interaction with individual DAF structural
domains, suggesting that the capacity to bind DAF may have
evolved independently and repeatedly (17). However, the selective advantage afforded to DAF-binding viruses has remained enigmatic. Given that viruses must cross epithelial
barriers, DAF-mediated infection of epithelial cells in vivo may
account for the widespread occurrence of DAF binding among
the human enteroviruses.
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