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Group B coxsackieviruses (CVB) use the CVB and adenovirus receptor (CAR) to enter and infect cells. Some
CVB also bind to decay-accelerating factor (DAF), but that interaction alone is insufficient for infection. We
previously found that CVB3 entry into polarized human intestinal cells (Caco-2) occurs by a caveolin-
dependent but dynamin-independent mechanism that requires DAF-mediated tyrosine kinase signals. In this
study, we examined how CVB enter and infect nonpolarized HeLa cells and how DAF binding affects these
processes. Using immunofluorescence microscopy and a combination of dominant-negative proteins, small
interfering RNAs, and drugs targeting specific endocytic pathways, we found that both DAF-binding and
non-DAF-binding virus isolates require dynamin and lipid rafts to enter and infect cells. Unlike what we
observed in Caco-2 cells, CVB3 entered HeLa cells with CAR. We found no role for clathrin, endosomal
acidification, or caveolin. Inhibition of tyrosine kinases blocked an early event in infection but did not prevent
entry of virus into the cell. These results indicate that CVB3 entry into nonpolarized HeLa cells differs
significantly from entry into polarized Caco-2 cells and is not influenced by virus binding to DAF.

Cells use multiple endocytic pathways to internalize soluble
factors and recycle surface proteins. Although some bacterio-
phages are known to inject their nucleic acid directly into the
host cell, most animal viruses rely on endocytic pathways to
enter cells and deliver their genomes (34). Two of the best-
studied endocytic pathways are mediated by clathrin or caveo-
lin. In clathrin-mediated endocytosis, clathrin and multiple
adaptor molecules coat vesicles and induce their internaliza-
tion (65, 73). Caveolin associates with cholesterol-rich lipid raft
domains to promote the formation of caveolar vesicles (44, 51).
Both clathrin-mediated and caveolar endocytosis typically re-
quire the function of dynamin 2, a GTPase that aids in the
fission of endocytic vesicles from the plasma membrane (18,
42, 67). A number of other dynamin-dependent and dynamin-
independent endocytic pathways—some involving lipid rafts,
but not caveolin—have been described but are less well char-
acterized (reviewed in references 20 and 34).

Group B coxsackieviruses (CVB) are nonenveloped, single-
stranded, positive-sense RNA viruses that belong to the en-
terovirus genus within the Picornaviridae family. They are hu-
man pathogens that cause febrile illnesses, meningitis, and
myocarditis (22, 50). There are six CVB serotypes (CVBI to
-6), all of which bind to the coxsackievirus and adenovirus
receptor (CAR) (4, 5, 35). CAR induces conformational
changes in the virus capsid that are thought to be essential for
release of the RNA genome (39), and the interaction between
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CVB and CAR on transfected rodent cells is required and
sufficient for infection (4). Some CVB isolates also bind to
decay-accelerating factor (DAF); however, DAF does not in-
duce conformational changes in the capsid, and virus interac-
tion with DAF is not sufficient for infection (6, 39, 55). None-
theless, many CVB isolates and many other enteroviruses bind
to DAF, suggesting it may play an important role in virus
pathogenesis (3).

In polarized epithelial cells, DAF is required for infection
because CAR is sequestered in intracellular tight junctions and
inaccessible to virus at the apical cell surface. Recent work with
Caco-2 cells (15, 17), a polarized intestinal epithelial cell line,
demonstrated that the RD strain of CVB3 binds to DAF on
the apical surface and is then transported to the tight junction,
where it interacts with CAR. By binding to DAF, virus initiates
specific kinase signals that are required both for translocation
to the tight junction and for subsequent internalization. Virus
entry into Caco-2 cells depends on caveolin but not dynamin or
clathrin and shows some features typically associated with mac-
ropinocytosis. CAR is not internalized with virus (15, 17).

In polarized cells, such as Caco-2, the sorting of DAF and
CAR to different membrane domains presents a unique obsta-
cle to virus entry. In nonpolarized cells, such as HeLa cells,
both CAR and DAF are accessible on the cell surface and both
DAF-binding and non-DAF-binding virus isolates infect effi-
ciently. It is unknown if the virus entry pathway in HeLa and
other nonpolarized cells is the same as that used to enter
polarized Caco-2 cells. It is also unknown whether in HeLa
cells the capacity of virus to bind to secondary receptors, such
as DAF, affects the virus entry mechanism. DAF-mediated
signals, which are required for entry of virus in Caco-2 cells,
could influence how virus enters and infects. Also, the associ-
ation of DAF with specific membrane compartments or with
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specific endocytic pathways could influence how virus enters.
DAF-binding and non-DAF-binding isolates of echovirus 11, a
closely related enterovirus, have different sensitivities to cho-
lesterol depletion and cytoskeleton disruption, suggesting po-
tential differences in their entry pathways (60). For vaccinia
virus, the capacity to bind to glycosoaminoglycans has been
reported to correlate with the use of pH-dependent versus
pH-independent entry pathways (2).

Other investigators have provided evidence that in HeLa
cells CVB3 infection involves dynamin (13, 33), as well as
clathrin and endosomal acidification (13). However, the re-
agents used to demonstrate the roles of clathrin and acidifica-
tion were not highly specific, endocytic inhibitors were not
shown specifically to affect virus entry rather than infection,
and it was not made clear whether the CVB3 isolate studied
did or did not bind to DAF.

In this work, we have examined the cellular factors required
for entry and infection of HeLa CCL-2 cells by CVB3-Nancy,
a prototype CVB isolate that does not bind to DAF, and by
CVB3-RD, a DAF-binding derivative of Nancy that was used
to examine entry in polarized Caco-2 cells (15, 17, 49). We
used inhibitors targeting specific endocytic pathways to deter-
mine the importance of those pathways for virus infection.
Where inhibition of a pathway blocked infection, we tested
whether the same inhibitors blocked entry (defined in this
study as uptake of viral particles) to verify that these endocytic
pathways were required for entry rather than for a postentry
event in infection.

We find that entry and infection by CVB3-RD into HeLa
CCL-2 cells requires dynamin and lipid rafts but not clathrin,
caveolin, or endosomal acidification. This entry mechanism
differs significantly from the entry pathway for CVB3-RD in
Caco-2 cells. The same inhibitors that block CVB3-RD infec-
tion also block infection by CVB3-Nancy, suggesting, to our
surprise, that DAF-binding capacity has no effect on the viral
entry mechanism. We find a role for tyrosine kinases early in
infection; however, they do not appear to be necessary for
entry of virus particles.

MATERIALS AND METHODS

Cells and viruses. All experiments were performed on low-passage HeLa cells
acquired from the ATCC (HeLa CCL-2 cells). HeLa CCL-2 cells were main-
tained in minimal essential medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin, nonessential amino acids, and sodium
pyruvate (Invitrogen, Carlsbad, CA). Chinese hamster ovary (CHO) cells stably
transfected with cDNA constructs encoding human CAR (CHO-CAR), human
DAF (CHO-DAF), or vector alone (CHO-pcDNA) have been previously de-
scribed (56, 69).

CVB3-RD and CVB3-Nancy were originally obtained from Richard Crowell
(Hahnemann University) and expanded as previously described (6, 49). Because
CVB3 formed poor plaques in HeLa CCL-2 cells, titers were determined by
plaque assay on another laboratory HeLa cell line. Vesicular stomatitis virus
(VSV) was provided by Ron Harty (University of Pennsylvania) and was ex-
panded in and titers determined by plaque assays on BHK-21 cells (25).

Antibodies. For immunofluorescence, mouse anti-enterovirus VP1 monoclo-
nal antibody (NCL-Entero; clone 5-D8/1 [71, 72]) was obtained from Leica, and
affinity-purified rabbit anti-CAR has previously been described (56). We used
goat secondary antibodies conjugated to fluorescein isothiocyanate (FITC)
(Jackson Immunoresearch, West Grove, PA) or Alexa Fluor 405 or 547 (Invitro-
gen, Carlsbad, CA).

For immunoblots, rabbit anti-dynamin 2 (catalog no. ab3457) from Abcam
(Cambridge, MA), mouse anti-clathrin heavy chain (catalog no. 610499) and
rabbit anticaveolin (catalog no. 610060) from BD Transduction (San Jose, CA),
and rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-horse-
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radish peroxidase (catalog no. sc-25778) from Santa Cruz Biotechnology (Santa
Cruz, CA) were used. Secondary antibodies conjugated to horseradish peroxi-
dase were purchased from Santa Cruz.

Plasmids, small interfering RNAs (siRNAs), and pharmacological inhibitors.
Green fluorescent protein (GFP)-tagged wild-type (WT) and K44A dominant-
negative (DN) dynamin 2 were provided by Mark McNiven (Mayo Institute,
Rochester, MN) (10). WT caveolin-1 (Cav-1)-GFP and DN GFP-Cav-1 were
provided by Ari Helenius and Lucas Pelkmans (Swiss Federal Institute of Tech-
nology, Zurich) (47). Cells (1 X 10° cells/transfection) were transfected with 10
pg of plasmids using the Nucleofector system (Amaxa, Gaithersburg, MD) ac-
cording to the manufacturer’s protocol. Cells were plated at 2.5 X 10° cells per
well on chamber slides and infected 36 h later. Transfection efficiencies (deter-
mined by GFP expression) ranged between 65 and 80%.

Pooled validated siRNAs targeting dynamin 2 (catalog no. M-004007-03),
clathrin heavy chain (catalog no. M-004001-00), Cav-1 (catalog no. M-003467-
01), and Cav-2 (catalog no. M-010958-00) were purchased from Dharmacon
(Chicago, IL). Negative control siRNA (catalog no. AM4635) was purchased
from Ambion (Austin, TX). Cells were serially transfected with siRNAs using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Briefly, cells were plated in
six-well plates at 40% confluence (4 X 10* cells) in antibiotic-free medium and
transfected with 167 pmol siRNA the next day (day 1). Cells were washed the
following morning (day 2) and replated on day 3. A second transfection was
performed on day 4. Cells were replated in chamber slides or 24-well plates for
blots on day 5, and experiments were performed the next day. Protein depletion
was determined by immunoblotting. For experiments targeting both Cav-1 and
Cav-2 together, 167 pmol of each siRNA was used.

Dynasore, genistein, PP2, and bafilomycin Al were obtained from Calbiochem
(La Jolla, CA); chlorpromazine (CPZ), filipin ITI, NH,Cl, methyl-beta-cyclodex-
trin (MBCD), and water-soluble cholesterol from Sigma (St. Louis, MO); and
imatinib from LC Laboratories (Woburn, MA). CPZ, NH,Cl, imatinib, MBCD,
and water-soluble cholesterol stock solutions were made in sterile water; stock
solutions of the other inhibitors were made in dimethylsulfoxide (DMSO). For
drug experiments, cells were pretreated for 45 to 60 min and drug was present
during virus binding. Drugs were present for the first 3 h of infection with the
exception of the CPZ, NH,Cl, bafilomycin Al, and imatinib experiments, in
which the drug was present for the total time of infection. In some experiments,
cells were not pretreated and drugs were added only at the noted time after the
start of infection and remained until the end of infection. For experiments with
MBCD, a fast-acting drug that extracts cholesterol from the plasma membrane,
cells were pretreated with MBCD for 45 min and drug was not used again during
the course of infection. In experiments with MBCD where cholesterol was added
back, MBCD-treated cells were exposed to 0.25 mM water-soluble cholesterol
with 1.4 mM MBCD (to help keep cholesterol in solution). Complete medium
with 10% NuSerum (BD Biosciences, Bedford, MA) in place of FBS was used for
lipid raft disruption and dynasore experiments since serum components can
decrease the efficacy of those drugs (28).

Virus infection and entry assays. For both infection and virus particle uptake
experiments, cells were plated on eight-well chamber slides coated with poly-p-
lysine (BD Biosciences, San Jose, CA) at (1.5 to 2.0) X 10° cells/well (for
infection experiments) or at 7.5 X 10* cells/well (for particle entry experiments).
Virus in binding buffer (minimal essential medium with 20 mM HEPES) was
allowed to bind to cells for 1 h at 16°C at 5 PFU/cell (CVB3-RD) or 30 PFU/cell
(CVB3-Nancy) for infection experiments and 250 PFU/cell (CVB3-RD) for
entry experiments. A higher multiplicity of infection was used for CVB3-Nancy
in order to achieve a level of infection (~15 to 20% of cells) similar to that with
CVB3-RD. The relatively high multiplicities of infection required might reflect
the fact that titers were obtained with a different HeLa cell line than the HeLa
CCL-2 cell line from the ATCC that was used for experiments.

Unbound virus was washed off, complete medium was added, and cells were
placed at 37°C to initiate infection or virus particle entry. Infection experiments
were ended at 6 h with fixation and permeabilization with a 3:1 mixture of
ice-cold methanol:acetone for 2 min at room temperature. Virus particle entry
was stopped by fixation with 4% paraformaldehyde (PFA) for 15 min at room
temperature. Excess PFA was removed with PBS washes and a 5-min treatment
with PBS-50 mM NH,CI.

For measurements of infection, cells were stained with antiviral antibody as
described below (“Immunofluorescence microscopy” section). Three to four
fields at 10X objective were captured per well (total of 2,000 to 3,000 cells per
well). Each well was treated as a separate sample for analysis. The percentage of
cells expressing newly synthesized viral antigen was determined. Results obtained
for inhibitor-treated cells were normalized to results obtained for control cells.
Quantification of infection was performed using the ImageJ (National Institutes
of Health) and Adobe Photoshop (Adobe Systems) software programs.
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FIG. 1. CVB3 binding and entry. (A and B) **S-labeled CVB3-RD and CVB3-Nancy were bound to confluent CHO cells stably transfected with
CAR, DAF, or vector alone (pcDNA) (A) or to HeLa CCL-2 cells (B) for 1 h at 16°C. Unbound virus was washed off, cells were lysed, and
cell-bound radioactivity was measured. Data are presented as percentages of input virus bound to cells * standard deviations for triplicate samples.
(C) CVB3-RD (250 PFU/cell) was bound to HeLa CCL-2 cells, unbound virus was removed, and cells were placed at 37°C to permit virus
internalization. Cells were serially stained for virus as described in Materials and Methods. Images were captured with a laser-scanning confocal
microscope, using a 63X oil immersion objective. Virus was detected with a red fluorophore before permeabilization (VP1y,pe,m) and with a green
fluorophore after permeabilization (VP1p,,,,). Red fluorescence (or overlapping red and green fluorescence) indicates virus on the cell surface;
uniquely green fluorescence (absence of red) indicates internalized virus. Magnified inserts (X3) within merge panels demonstrate virus on the cell

surface at 0 min but internalized by 60 min.

For VSV experiments, 1 PFU/cell was allowed to bind to cells for 1 h at 37°C,
unbound virus was removed, complete medium was added, and virus was allowed
to infect cells for 5 h. Infected cells were detected with anti-M protein antibody
(clone 23H12), a kind gift from Ron Harty and Douglas Lyles (Wake Forest
University).

Immunofluorescence microscopy and serial staining for virus entry. For all
experiments, CVB was detected with anti-enterovirus VP1 and all staining was
performed at room temperature. For infection experiments, cells were perme-
abilized during fixation with methanol:acetone. Anti-VP1 antibody was added for
1 h at a 1:200 dilution in PBS. After three short washes, secondary antibody was
added for 30 min at a 1:500 dilution with 10% normal serum from the same
source as the secondary antibody.

For entry experiments, a serial staining process was used to differentiate
internalized virus from surface-associated virus (16). Cells were fixed with 4%
PFA, which does not permeabilize cells, and surface-associated virus was de-
tected with anti-VP1 antibody and an antimouse secondary antibody conjugated
to a fluorophore (typically Alexa Fluor 546 or 405). Cells were refixed with 4%

PFA, washed, treated with PBS-NH,CI, and permeabilized with 0.1% Triton
X-100 for 10 min. Cells were blocked for 1 h with blocking buffer (0.01% saponin,
0.25% fish gelatin, and 0.02% sodium azide) and then incubated with the same
anti-VP1 antibody (1:100 dilution in PBS) but with an antimouse secondary
antibody conjugated to a different fluorophore (typically FITC or Alexa Fluor
546 if a FITC-conjugated antibody was used to detect another cellular protein).
All costaining for cellular proteins was performed after permeabilization.

All slides were mounted with Vectaschield (Vector Laboratories). Infection
images were captured with a BX51 Olympus fluorescence microscope (Melville,
NY). Entry images were captured using a Leica TCS 4D laser-scanning confocal
microscope using a 63X oil objective (Bannockburn, IL). For three-dimensional
analysis, XZ- or YZ-series stacks were acquired at 0.6-pm intervals through the
cell monolayer (8 to 10 pm thick).

Binding assays. CVB3-RD and CVB3-Nancy were radiolabeled with [**S]me-
thionine-cystine mixture as described elsewhere (7). 3*S-labeled virus (20,000
cpm per well) was bound to confluent CHO-CAR, CHO-DAF, or CHO-pcDNA
cells in 24-well plates for 1 h at 16°C. Unbound virus was removed with three
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FIG. 2. CVB3-RD enters with CAR. CVB3-RD particles were bound to cells and allowed to enter for 60 min as in Fig. 1C. Virus was detected
with a blue fluorophore before permeabilization (VP1y,pe,m) and with a red fluorophore after permeabilization (VPlp,,,). Uniquely red
fluorescence indicates internalized virus. CAR was stained with a green fluorophore after permeabilization. Images were captured with a
laser-scanning confocal microscope using an oil immersion 63X objective. Inserts within merge panels are magnified 3X.

washes with binding buffer, cells were lysed with Solvable detergent
(PerkinElmer, Waltham, MA), and cell-bound radioactivity was assessed.

Transferrin uptake assay. For all transferrin uptake experiments, cells were
serum starved for 30 min prior to the start of the experiment. Cells were incu-
bated with 10 pg/ml transferrin conjugated to Alexa Fluor 594 for 40 min at 37°C.
Following the entry period, surface transferrin was stripped with two 5-min acid
washes (0.2 N acetic acid, 0.5 M NaCl; pH = 2.5) at 4°C. Chambers were
removed, and slides were submerged 10 times in ice-cold PBS and mounted using
Vectashield. For quantification, three fields at 40X objective were captured per
well and cells were scored for internalized transferrin based on the Alexa Fluor
594 signal (100 to 150 total cells).

Statistical analysis. Student’s ¢ test was used to determine statistical signifi-
cance. All graphs represent means and standard deviations of normalized data
points for duplicate or triplicate samples from each of three independent exper-
iments (n = 6 or 9).

RESULTS

CVB3-RD but not CVB3-Nancy binds to DAF. We first ver-
ified that CVB3-RD bound to both DAF and CAR, while its
parental strain, CVB3-Nancy, bound only CAR. As expected,
when °S-labeled virus was incubated with CHO cells stably
transfected with human DAF, human CAR, or vector alone,
CVB3-RD bound to both CHO-DAF and CHO-CAR whereas
CVB3-Nancy bound only to CHO-CAR cells (Fig. 1A).

CVB3-RD virus particles are internalized with CAR. To
examine virus particle entry, we used a serial staining approach
(described in more detail in Materials and Methods) to differ-
entiate internalized virus particles from virus on the cell sur-
face. We permitted CVB3-RD (250 PFU/cell) to bind to cells
at 16°C, shifted cells to 37°C to initiate entry, and at various
times after the temperature shift, fixed the cells with a non-
permeabilizing agent. Virus particles on the surface were de-
tected before permeabilization with antibody to the viral cap-
sid protein VP1 and secondary antibody conjugated to a red
fluorophore (VP1y,pem)- Cells were then permeabilized to

expose internalized particles and restained with anti-VP1
and secondary antibody conjugated to a green fluorophore
(VP1pe,m). Thus, internalized virus particles, which could be
stained only after permeabilization with the green fluoro-
phore-conjugated antibody, appeared uniquely green and were
typically distant from any red signal. Surface-associated virus
particles, which could be stained both before and after perme-
abilization, appeared either red or yellow (Fig. 1C).

CVB3-RD was first detected within the cell at 30 to 45
min (data not shown). At 60 min, internalized virus particles
were seen in most cells as uniquely green punctae, often
near the nucleus; some virus remained on the cell surface
(Fig. 1C). At later time points, virus particles were concen-
trated above the nucleus in many cells, although perinuclear
virus was still observed (data not shown). In subsequent
experiments, we assessed virus entry at 60 min, since we
could reliably observe virus particles in the majority of cells
at this time point.

CVB3-RD enters polarized Caco-2 cells without its major
receptor CAR, which remains within the tight junction (15). In
HeLa CCL-2 cells, we observed both CAR and CVB3-RD
predominantly on the cell surface at 0 min; at 60 min, most of
the CAR (green) was observed inside the cell, where it colo-
calized with internalized virus particles (red, VP1p,..,,) (Fig. 2).
This observation suggests that CAR enters these cells along
with the virus.

We were not able to visualize CVB3-Nancy on the cell sur-
face, most likely because the amount of bound virus was too
small to detect by immunofluorescence. **S-labeled CVB3-
Nancy bound to HeLa CCL-2 cells with much lower efficiency
than did CVB3-RD (Fig. 1B), consistent with the previous
observation that there are many fewer binding sites on HeLa
cells for CVB3-Nancy than for CVB3-RD (23). In all further
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FIG. 3. Both CVB3 isolates require dynamin for infection. (A) Cells transiently transfected with plasmids expressing WT or K44A dynamin 2
(Dyn2 WT or Dyn2 K44A) were infected with CVB3-RD (5 PFU/cell) or CVB3-Nancy (30 PFU/cell). Infection was stopped at 6 h, and new viral
protein was detected by staining. Infection was quantified as the percentage of transgene-positive cells that were positive for virus. (B) Cells serially
transfected with siRNAs targeting dynamin 2 were infected with CVB3-RD or CVB3-Nancy. In parallel, cells were scored for transferrin (Tfn)
uptake as described in Materials and Methods. Neg control, negative control. (C) Immunoblot of cell lysates after serial transfection with negative
control (Con) or siRNAs targeting dynamin 2 (Dyn2). The GAPDH blot serves as a loading control. (D) Dynasore-treated cells were infected
with CVB3-RD or CVB3-Nancy. Cells were pretreated with dynasore for 45 min, and drug was present throughout binding and for the first
3 h of infection. Complete medium with NuSerum instead of FBS was used. (E) Tfn uptake in dynasore-treated cells. Cells were treated with
dynasore for 45 min at 37°C, followed by 1 h at 16°C (to match treatment of virus-infected samples). Alexa Fluor 594-Transferrin was then
added to cells in complete medium with NuSerum and allowed to internalize for 40 min at 37°C. Images were captured with a 40X objective.
For all infection graphs, data represent the normalized percentages of cells infected = standard deviations for triplicate samples from each
of three independent experiments, except for dynasore experiments, in which duplicate samples were used. P values: *, <0.05; **, <0.01;

x%x%, <0.001.

experiments, both CVB3-RD and CVB3-Nancy were used
for infection assays but only CVB3-RD was used to examine
entry.

Infection depends on dynamin. Dynamin 2 is a GTPase
required for the fission of vesicles in several endocytic path-
ways (20). We examined the importance of dynamin for CVB3
infection by use of a well-characterized DN dynamin mutant
(K44A) (18, 42, 67) and by depletion of dynamin with siRNA.
Cells transiently transfected with GFP-tagged WT or DN
dynamin and cells serially transfected with pooled validated
siRNAs targeting dynamin were exposed to CVB3-RD (5 PFU/
cell) or CVB3-Nancy (30 PFU/cell). At 6 h, cells were fixed and
stained with anti-VP1 to detect newly synthesized viral protein
as a measure of infection. Cells transfected with DN dynamin
or depleted of dynamin by siRNA were infected by both CVB3
isolates at a much lower frequency than cells transfected with
WT dynamin or negative control siRNA (Fig. 3A and B).
Transferrin uptake, which is known to require dynamin and

clathrin (67), was inhibited, as expected, by both dynamin 2
K44A (data not shown) and dynamin depletion (Fig. 3B).
Because dynamin is required for a number of nonendocytic
cellular functions (31, 38, 41), we used a rapidly acting revers-
ible dynamin inhibitor, dynasore, to determine if dynamin was
required early in infection (32). When cells were pretreated
and kept in the presence of dynasore throughout virus binding
and the first 3 h after initiation of infection, infection by both
CVB3-RD and CVB3-Nancy was inhibited in a dose-depen-
dent manner; at 200 wM, the inhibition was virtually complete
(Fig. 3D). In a control experiment, dynasore had no effect on
binding of **S-labeled virus (data not shown). Transferrin up-
take was inhibited in a similar dose-dependent manner, with a
complete block of transferrin uptake at 200 wM and a partial
effect at 100 wM (Fig. 3E). Addition of dynasore at 3 h had a
significantly smaller inhibitory effect on infection (data not
shown). These results suggest that for both isolates, dynamin is
required for a postattachment event early in infection.
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FIG. 4. CVB3-RD entry requires dynamin. CVB3-RD particles were bound to and allowed to enter cells pretreated with DMSO or 200 pM
dynasore. Unbound virus was washed off, complete medium with NuSerum and dynasore was added, and virus was allowed to enter cells for 60
min. Virus was detected with a red fluorophore before permeabilization (VP1y,perm) and with a green fluorophore after permeabilization
(VP1p.,m)- Uniquely green fluorescence indicates internalized virus. Images were captured with a laser-scanning confocal microscope using an oil
immersion 63X objective. The magnified insert (X3) in the bottom merge panel demonstrates VPl signal significantly colocalizes with
VP1yperm Signal and no uniquely green signal is present near the nucleus.

Dynamin is required for entry. We next determined whether
dynamin inhibition blocked virus particle entry rather than
another early event. We pretreated cells with dynasore or
DMSO carrier, exposed them to CVB3-RD, and examined
virus particle uptake at 60 min. In control cells, virus was
observed primarily as green punctae near the nucleus (Fig. 4,
top panels). However, in dynasore-treated cells, virus was
trapped on the surface and restricted to the cell periphery, as
demonstrated by the extensive colocalization of red (unperme-
abilized) and green signals (permeabilized) (Fig. 4, bottom
panels). A similar block to virus entry was observed in cells
transfected with dynamin 2 K44A (data not shown). Thus, we
show for the first time that dynamin inhibition blocks CVB3
entry as well as infection. This result also indicates that infec-
tion requires the uptake of virions into the cells and is not
consistent with a model of entry in which viral genomes enter
the cell directly from the surface.

Infection does not require clathrin or endosomal acidifica-
tion. Clathrin-dependent endocytosis is the best-characterized
dynamin-requiring pathway. Cargoes internalized by clathrin,
as well as other pathways, are delivered to the endosomal
system, and some viruses require endosomal acidification to
complete the entry process. Both clathrin endocytosis and acid-
ification had previously been implicated in CVB3 infection of
HeLa cells (13); however, we wanted to test this using more-
specific reagents.

We tested the importance of clathrin endocytosis by using
CPZ, a drug commonly used to inhibit clathrin pathways, and
siRNAs targeting clathrin heavy chain. A small decrease in
infection by both CVB3-RD and CVB3-Nancy was seen when

cells were treated with CPZ (Fig. 5A), but the effect was not
dose dependent. In contrast to its slight effect on virus infec-
tion, CPZ had a marked dose-dependent effect on transferrin
uptake (Fig. 5A). We also observed a decrease in binding of
33S-labeled virus to CPZ-treated cells (data not shown), sug-
gesting that the decreased infection might reflect a decrease in
virus attachment rather than internalization. These results sug-
gested that virus infection did not depend on clathrin-mediated
endocytosis.

Consistent with this conclusion, depletion of clathrin heavy
chain, an essential component of the clathrin-coated vesicle
(21, 40), had no effect on infection by either CVB3 isolate but
markedly decreased transferrin uptake; 50% of clathrin heavy
chain siRNA-transfected cells showed no internalized trans-
ferrin (Fig. 5B and C). We examined virus entry and trans-
ferrin uptake simultaneously in cells depleted of clathrin heavy
chain; even in the cells with no transferrin uptake (i.e., those
with most-effective depletion of clathrin), internalized virus
was clearly evident (data not shown). Further, depletion of
alpha-adaptin, an adaptor molecule important for internaliza-
tion of many clathrin cargoes (40), did not reduce infection
despite blocking transferrin uptake (data not shown). Thus, in
contrast to the conclusion of other investigators (13), our data
obtained using more clathrin-specific inhibitors indicate that
CVB3 infection of HeLa cells does not require clathrin endo-
cytosis.

We used NH,CI (a lysosomotropic agent) and bafilomycin
(an endosomal Na/H" pump inhibitor) to prevent endosomal
acidification. At concentrations that blocked infection by VSV,
a virus known to depend on acidification (63), neither agent
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inhibited infection by either CVB3 isolate (Fig. 5D and E).
These results suggest that acidification is not required for in-
fection by CVB3-RD or CVB3-Nancy.

Caveolin depletion does not inhibit infection. Another well-
studied dynamin-dependent pathway is caveolar endocytosis.
Caveolin associates with lipid rafts to form caveolae, through
which a number of cargoes are internalized (15, 42). Dynamin
is typically required for internalization of caveolae (42).
Caveolin is also required for dynamin-independent uptake
of CVB3-RD in Caco-2 cells (15).

HeLa CCL-2 cells express both Cav-1 and Cav-2. Cav-1 is
the functional caveolin found within caveolae (51). Cav-1 and
Cav-2 are expressed in the same cell types and are known to
oligomerize, although Cav-2 does not have a known role in
caveolar endocytosis (46, 54). Serial transfections with pooled
validated siRNAs targeting Cav-1 and Cav-2 led to a robust
reduction of total caveolin (Fig. 6B). When transfected cells
were exposed to either isolate, no substantial reduction in
infection was observed (Fig. 6A). We also tested the effect on
infection of a previously characterized DN caveolin (Cav DN)
(15, 47, 59). Cells transfected with Cav DN were infected by

both isolates at the same frequencies as were cells transfected
with WT caveolin (Fig. 6C). In a control experiment (data not
shown), Cav DN inhibited CVB3-RD infection of Caco-2 cells,
as we had previously observed (15).

We were unable to demonstrate that perturbations of caveo-
lin function blocked internalization of described caveolin-de-
pendent cargoes—simian virus 40 (SV40) and cholera toxin B
subunit (CTB)—in HeLa CCL-2 cells (data not shown). We
found that HeLa CCL-2 cells resisted SV40 infection and did
not bind CTB, most likely because they lack GM1 ganglioside,
the receptor for both of these ligands (45, 66). We were able to
restore binding of CTB and susceptibility to SV40 by treating
cells with exogenous GM1. However, we were still unable to
inhibit CTB uptake or SV40 infection (data not shown). These
cargoes depend on caveolin for entry in some cell types (1, 43,
47, 57) but may use noncaveolar pathways as well (19, 36, 45,
57, 64). In particular, CTB entry has been seen to occur by a
noncaveolar mechanism in HeLa cells with low levels of en-
dogenous caveolin (57), suggesting a noncaveolin pathway may
allow for CTB internalization in HeLa CCL-2 cells after de-
pletion or inhibition of caveolin. Also, the addition of exoge-
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nous GM1 has been demonstrated to alter the internalization
mechanism of GM1 bound to CTB in HeLa cells (57), suggest-
ing that in some cell types, GM1 ligands may enter by different
pathways if they are bound to exogenous GM1 as opposed to
endogenous GM1.

Because of our inability to block uptake of cargo that can use
caveolar endocytosis, we cannot definitively exclude a role for
caveolar endocytosis in CVB3 entry into HeLa CCL-2 cells.
However, given the magnitude of caveolin depletion by
siRNAs and the efficacy of Cav DN in other nonpolarized and
polarized cells (8, 15, 16, 59), as well as previous reports dem-
onstrating that caveolar cargoes SV40 and CTB may use non-
caveolar pathways, we think our data support the conclusion
that CVB3 entry does not require clathrin or caveolin.

Lipid rafts are required for infection and entry. Dynamin-
dependent but clathrin- and caveolin-independent endocytic
pathways have been described previously, and many of these
require cholesterol-rich lipid rafts for their function (20, 34).
We used two different drugs that act upon cholesterol to dis-

DYNAMIN- AND RAFT-DEPENDENT CVB3 ENTRY 11071

rupt lipid rafts; both have been used to study lipid rafts in virus
entry. Filipin forms a complex with cholesterol in the plasma
membrane (11, 26, 58), whereas MBCD extracts cholesterol
from the plasma membrane (24).

When cells were pretreated with 1 wg/ml filipin and kept in
the presence of drug throughout virus binding and the first 3 h
following infection initiation, infection by both CVB3-RD and
CVB3-Nancy was inhibited (Fig. 7A). The inhibitory effect did
not result from a loss of membrane integrity, as demonstrated
by exclusion of propidium iodide by cells treated with 1 pg/ml
filipin (data not shown). When filipin was added at 3 h after
initiation of infection, there was no reduction of infection, indi-
cating that filipin acted early in the virus life cycle (Fig. 7B).

Consistent with the results obtained with filipin, infection by
both CVB3-RD and CVB3-Nancy was inhibited in cells pre-
treated with 5 mM MBCD (Fig. 7C). When cholesterol was
added back to the cells after MBCD treatment but prior to
virus binding, no inhibition was seen. Further, treatment of
cells with MBCD at 3 h after infection initiation had no inhib-
itory effect on infection by either virus, again suggesting that
lipid rafts were needed early in infection. Both drugs acted
specifically on raft-dependent pathways, since neither filipin
nor MBCD had an inhibitory effect on transferrin uptake (data
not shown) and MBCD treatment did not reduce infection by
VSV (Fig. 7C), a virus that uses raft-independent clathrin-
mediated endocytosis to infect cells (62).

To test whether intact lipid rafts were required for virus
particle entry, we treated cells with filipin or MBCD. In both
cases, virus particles were trapped on the cell surface at 60 min,
as demonstrated by the extensive colocalization of red (preper-
meabilized) and green (permeabilized) signal on the edge of
the cell (Fig. 8, second and fourth rows). Addition of choles-
terol following MBCD treatment reversed the inhibitor effect
of MBCD on particle entry, and virus could be clearly seen in
a perinuclear location at 60 min (Fig. 8, third row). Thus, both
CVB3-RD and CVB3-Nancy require intact lipid rafts in addi-
tion to dynamin for entry and infection in HeLa CCL-2 cells.

Potential kinase involvement early in infection. CVB3-RD
infection of polarized Caco-2 cells requires activation of ty-
rosine kinases, specifically Abl and Fyn (15). We used imatinib,
a specific Abl inhibitor, and genistein, a tyrosine kinase inhib-
itor with broad specificity, to test the role of tyrosine kinases in
CVB3 infection of HeLa CCL-2 cells. Imatinib treatment had
no effect on infection by either virus isolate (Fig. 9A); however,
in a control experiment, imatinib inhibited CVB3-RD infec-
tion of Caco-2 cells by more than 50% (data not shown).
Genistein treatment inhibited infection of HeLa CCL-2 cells
by both viruses but only when present at the start of infection
(Fig. 9B). When genistein was added at 1 h or later, the inhib-
itory effect was markedly reduced (Fig. 9B). These results
suggest a role for some tyrosine kinase, but not Abl, early in
infection.

Given that genistein blocks entry of a number of viruses,
including CVB3-RD entry into Caco-2 cells (9, 15, 48), the
early effect of genistein on infection led us to expect that
genistein would trap CVB3-RD particles on the cell surface, as
we had observed with the dynamin inhibitor dynasore and raft
disruptors filipin and MBCD (Fig. 4 and 8). Surprisingly, this is
not what we observed. At 60 min, although there appeared to
be fewer internalized virus particles in genistein-treated cells
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than in control cells, uniquely green punctae were clearly visible in
most cells (Fig. 9C, top two rows, arrows and insert). At a later
time point (120 min), there was no difference in the appearance
of internalized virus in genistein-treated and control cells
(Fig. 9C, bottom two rows). Taken together, the results with
kinase inhibitors suggest that tyrosine kinases are important
for an early event in virus infection, although they do not
appear to be essential for internalization of viral particles.

DISCUSSION

In this study, we examined how CVB3 enters nonpolar-
ized HeLa CCL-2 cells and whether DAF-binding capacity
affects this entry process. Inhibition of dynamin and disrup-
tion of lipid rafts blocked infection by both DAF-binding
CVB3-RD and non-DAF-binding CVB3-Nancy. The same
inhibitors that blocked infection also blocked the internal-
ization of CVB3-RD virus particles into cells. Inhibition of
clathrin-mediated endocytosis or endosomal acidification, as
well as depletion of caveolin and Cav DN, had no effect on
infection by either isolate. Taken together, our results indicate
that both isolates require dynamin and lipid rafts to enter and
infect HeLa CCL-2 cells and suggest that interaction with DAF
does not change the entry pathway.

The virus entry pathway we characterized in HeLLa CCL-2
cells differs significantly from the caveolin-dependent and dy-

namin-independent pathway by which CVB3-RD enters polar-
ized Caco-2 cells (15, 17). Because CVB3-RD was used to
characterize entry in both cell lines, the differences in the entry
mechanism cannot be attributed to strain variation. Our results
are consistent with a growing body of evidence that a single
virus may use different mechanisms to infect different cell types
(2, 19, 70). If viruses use multiple entry mechanisms, it may
prove difficult to target entry mechanisms for antiviral therapy.
It remains to be determined whether the Caco-2 entry pathway
is used for infection of polarized cells in general and whether
the HeLa CCL-2 entry pathway is used for infection of other
nonpolarized cell types.

Our observations are consistent with reports by other inves-
tigators that dynamin is required for CVB3 infection (13, 33).
Further, the results demonstrate that dynamin is specifically
required for internalization of virus particles, an important
clarification given that dynamin has nonendocytic cellular
functions. Our results do not support the previously reported
idea that CVB3 depends on clathrin or endosomal acidification
for infection (13). The difference between our observation and
those of other investigators may be explained by differences in
CVB3 strains used or by differences in HeLa cell lines carried
in different laboratories. However, we believe that technical
differences are also important. Chung and colleagues (13) ob-
served that infection was inhibited by siRNA depletion of
Hsc70, a chaperone protein involved in uncoating of clathrin-
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FIG. 8. Virus particle entry is blocked by filipin and MBCD. CVB3-RD particles were bound to and allowed to enter cells pretreated with
medium alone, 5 mM MBCD, 5 mM MBCD plus cholesterol rescue, or 1 pg/ml filipin. For MBCD with cholesterol rescue cells, cells were treated
with 0.25 mM cholesterol for 1 h after MBCD treatment and before virus binding. Only filipin-treated cells had drug present during virus binding.
Unbound virus was washed off, complete medium with NuSerum and filipin or complete medium with NuSerum alone (MBCD, MBCD +
Cholesterol) was added, and virus was allowed to enter cells for 60 min. Virus was detected with a red fluorophore before permeabilization
(VP1ypperm) and with a green fluorophore after permeabilization (VP1p,,,,). Uniquely green fluorescence indicates internalized virus. Images were
captured with a laser-scanning confocal microscope using an oil immersion 63X objective. Inserts within merge panels are magnified 3 X.
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coated vesicles. However, Hsc70 is also important for many
other cellular functions, including protein folding, degradation,
and transport across membranes (reviewed in reference 37). It
has been reported to affect multiple events in virus infection,
including transport of adenovirus DNA into the nucleus, as-
sembly of the polyomavirus capsid, and disassembly of the
reovirus capsid during entry (12, 27, 53).

We targeted clathrin endocytosis in a more specific manner
by depleting cells of clathrin heavy chain, a protein required
for formation of clathrin vesicles, and observed no effect on
infection. In cells depleted of clathrin heavy chain that could
not internalize transferrin (i.e., functionally deficient in clath-
rin endocytosis), internalized virus particles were still ob-
served, suggesting that virus entry, in addition to infection, is
not effected by clathrin inhibition. We also found that deple-
tion of the clathrin adaptor protein alpha-adaptin had no effect
on infection and CPZ had only a slight effect, which correlated
with a decrease in binding of virus to the cell. The previous
study also found that CVB3 infection was blocked by 50 mM
NH,C], a concentration that is much higher than required to
block infection by many acidification-dependent viruses (14,
29, 61, 63). We saw no inhibition of CVB3 infection by 5 mM
NH,Cl or 10 nM bafilomycin, both of which completely
blocked VSV infection. Taken together, our results with more-
specific inhibitors of clathrin endocytosis and endosomal acid-
ification demonstrate that there is no requirement for either
process in CVB3 entry and infection of HeLa CCL-2 cells.

The dynamin-dependent pathway that CVB3-RD and
CVB3-Nancy use to enter HeLa CCL-2 cells also depends on
membrane cholesterol and most likely lipid rafts. Many inves-
tigators consider caveolar endocytosis to be a subset of the
endocytic pathways dependent on lipid rafts. We were unable
to confirm that caveolin depletion or Cav DN blocked inter-
nalization of SV40 or cholera toxin B subunit in HeLa CCL2
cells supplemented with the GM1 receptor. In the absence of
a robust positive control, we cannot definitively exclude a role
for caveolin in CVB3 entry. However, these ligands have been
reported to enter by noncaveolar routes in some cells (19, 36,
45, 57, 64), including some HeLa cells, and our results provide
no evidence that caveolin is necessary. Entry by CVB3 may
occur by recently described dynamin- and lipid raft-dependent
but caveolin- and clathrin-independent pathways, such as those
responsible for internalization of interleukin 2 receptor (30),
rotavirus (52), and feline infectious peritonitis virus (68). Ad-
ditional studies are required to understand and define the
molecular components of these pathways, and CVB3 may
serve as a model ligand.

We used two closely related CVB3 strains that differed in
their DAF-binding capacity to examine the role of DAF in
CVB3 entry into nonpolarized cells. Although we were unable
to directly observe the entry of CVB3-Nancy particles, endo-
cytic inhibitors that blocked CVB3-RD particle entry had the
same effects on infection by both CVB3-RD and CVB3-Nancy,
suggesting that the entry pathways for the two isolates are the
same. Despite evidence that interaction with specific surface
proteins can influence virus entry mechanisms (2, 60), these
results suggest that DAF binding does not alter the way CVB3
enters HeLa CCL-2 cells.

We observed that virus and CAR colocalized within the cell,
suggesting that they enter and traffic together. CAR induces
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conformational changes in the viral capsid that are believed to
be necessary for release of the RNA genome. We found that
inhibition of dynamin activity, as well as disruption of lipid
rafts, blocked virus infection and trapped virus particles at the
cell surface; these results suggest that genome release does not
occur until viral particles have been internalized. We do not
know whether virus is directly bound to CAR as it enters the
cell, but the proximity of CAR and virus in intracellular com-
partments suggests that CAR may be well situated to trigger
genome release within the cell.

Because tyrosine kinase signals are critical for CVB3 entry
into Caco-2 cells, we examined the effects of tyrosine kinase
inhibitors on entry into HeLa CCL-2 cells. Abl kinase is re-
quired for the infection of Caco-2 cells because Abl-mediated
rearrangements of the cell surface are needed for virus to come
into contact with CAR in the tight junction. In HeLa cells,
where both CAR and DAF are accessible on the cell surface,
we found that inhibition of Abl by imatinib had no effect on
infection. Additional tyrosine kinase signals are also essential
in Caco-2 cells for caveolin-dependent virus internalization.
We found that genistein, a broad-spectrum inhibitor of protein
tyrosine kinases, inhibited an early step in infection in HeLa
CCL-2 cells. However, unlike dynasore, filipin, and MBCD,
which trapped virus on the cell surface, genistein did not block
entry of virus particles. This suggests that tyrosine kinases may
be required for other early events in infection, such as virus
trafficking to an appropriate intracellular compartment or the
release of the genome into the cell. Analysis of kinases and
other signaling molecules required for these early events may
be highly informative about nonendocytic processes coopted
by viruses.

Viruses use normal cellular processes to accomplish each
step in their life cycle. These processes may be subtly different
in different cell types, presenting viruses with distinctive envi-
ronments in which to make their way. To initiate infection in
any cell, a virus must bind to a receptor, move into the cell, and
release its genome at an appropriate time and place. It is not
clear why CVB3 use one mechanism to enter HeLa cells and
another to enter Caco-2 cells, but it is likely that the entry
process in each cell type reflects a different solution to the
same problem. Learning more about the subtle differences that
lead viruses to enter cells in different ways will teach us about
both the viruses and the endocytic processes upon which they
rely.
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