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Feline calicivirus is a major causative agent of respiratory disease in cats. It is also one of the few cultivatable
members of Caliciviridae. We have examined the entry process of feline calicivirus (FCV). An earlier study
demonstrated that acidification in endosomes may be required. We have confirmed this observation and
expanded upon it, demonstrating, using drugs to inhibit the various endocytic pathways and dominant-negative
mutants, that FCV infects cells via clathrin-mediated endocytosis. We have also observed that FCV perme-
abilizes cell membranes early during infection to allow the coentry of toxins such as a-sarcin. Inhibitors of
endosome acidification such as chloroquine and bafilomycin Al blocked this permeabilization event, demon-
strating that acidification is required for uncoating of the genome and access to the cytoplasm.

The initial stages in virus infection involve attachment of
virions to cell surface receptors followed by penetration of the
cell membranes to release the capsids or their contents into the
cytoplasm. Many viruses, both enveloped and nonenveloped,
require endocytosis to enter cells, and they penetrate the cy-
toplasm from endocytic vesicles (reviewed in references 42 and
47). A number of different routes of endocytosis have been
characterized: clathrin-mediated endocytosis, endocytosis via
caveolae/lipid rafts, macropinocytosis, and phagocytosis. Using
drugs or dominant-negative mutants of key proteins, it is pos-
sible to distinguish between these different routes and so dis-
cover the routes of entry for different viruses.

Many nonenveloped viruses have been shown to use the
clathrin-mediated endocytic route to infect cells; examples in-
clude canine parvovirus (41, 59), adenovirus (60), and picor-
naviruses including rhinovirus (15, 22), foot-and-mouth disease
virus (7, 39), and coxsackievirus B3 (11). Recently, two viruses,
simian virus 40 and parechovirus 1, have been shown to use
caveolae in order to infect cells (3, 27), while human echovirus
11 and coxsackievirus B4 have been shown to enter cells in a
cholesterol-dependent manner suggesting entry via lipid rafts
(51, 54).

A phenomenon observed during entry of both enveloped
and nonenveloped viruses (21, 32, 34, 35, 40, 41, 62) is the
permeabilization of cellular membranes to toxins such as
a-sarcin and hygromycin, both of which inhibit protein synthe-
sis. Normally, these toxins are unable to cross the plasma
membrane and their passage into cells (indicated by the inhi-
bition of protein synthesis) can be used as a marker for pen-
etration of either intact capsids or viral nucleic acid into the
cytoplasm.

Little is known about the attachment and entry processes of
members of the Caliciviridae, as many of the group cannot be
propagated in vitro. Feline calicivirus (FCV), however, grows
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to high titers in vitro and has been used as a model for calici-
virus infection. FCV is a member of the Vesivirus genus of the
Caliciviridae family. Infection with FCV is widespread in cats,
and the virus is a major causative agent of upper respiratory
tract disease. FCV is a nonenveloped virus with a 7.7-kb pos-
itive-strand RNA genome (10) covalently linked to a viral
protein, VPg (9, 25). The genome encodes three open reading
frames (ORFs). ORF1 encodes the nonstructural proteins in-
cluding a 2C picornaviruslike helicase, a 3C-like protease, and
a 3D-like polymerase (38, 49). ORFs 2 and 3 are encoded by a
VPg-linked subgenomic RNA species. ORF2 encodes the cap-
sid protein, and ORF3 encodes a small protein recently shown
to be a minor virion component possibly involved in RNA
encapsidation (50).

Early studies demonstrated that the entry of FCV is sensitive
to the effects of chloroquine, suggesting that acidification is
necessary for efficient infection by this virus (31). We have
examined the entry process of FCV in more detail using drugs
and dominant-negative mutants to examine specific endocyto-
sis routes. We have shown that FCV entry is dependent upon
clathrin-mediated endocytosis and acidification. Entry of FCV
permeabilizes cells to allow coentry of a-sarcin and hygromy-
cin B, and this step can be inhibited by bafilomycin Al and
chloroquine, demonstrating that acidification of the virions in
endosomes is required for uncoating of the genome and access
to the cytoplasm.

MATERIALS AND METHODS

Reagents and antibodies. The following chemicals were purchased from Sigma:
chlorpromazine, chloroquine, bafilomycin A, nystatin, brefeldin A, cytochalasin
D, amiloride, nocodazole, and a-sarcin. The concentrations used are shown in
Table 1. Antibodies used were as follows: anti-FCV capsid (Chemicon), rat
anti-alpha tubulin (Serotec), Alexa Fluor 488 goat anti-mouse (Molecular
Probes), Alexa Fluor 488 goat anti-rat (Molecular Probes), and Alexa Fluor 594
phalloidin (Molecular Probes). Anti-FCV and anti-alpha tubulin were used at
1/1,000, phalloidin was used at 1/200, and all secondary antibodies were used at
1/1,000.

Cells and virus. Crandall Reese feline kidney (CRFK) cells were obtained
from the European Collection of Cell Cultures (ECACC). The cells were grown
in Glasgow’s minimal essential medium (MEM) supplemented with 10% fetal
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TABLE 1. Drugs, effects, and concentrations used”

Optimum Concentration resultin;
Drug Effect concpentration in side effects ¢

Chlorpromazine Prevents assembly and disassembly of clathrin lattices at cell surface 14 M (in water) 28 uM

and on endosomes and inhibits clathrin-mediated endocytosis
Nystatin Sequesters cholesterol, inhibits endocytosis via lipid rafts/caveolae 25 uM (in DMSO) 50 pM
Chloroquine Inhibits acidification of endosomes 100 M (in water) 200 pM
Bafilomycin Al Inhibits vacuolar-type H*-ATPase, inhibits acidification of endosomes 200 nM (in DMSO) 500 nM
Brefeldin A Inhibits vesicle transport, disrupts Golgi apparatus, inhibits 18 uM (in DMSO) Not tested

picornavirus RNA replication
Cytochalasin D Prevents actin polymerization, disrupts actin cytoskeleton 4 uM (in DMSO) 10 uM
Nocodazole Disrupts microtubules, inhibits trafficking of endosomes 20 uM (in DMSO) >50 pM
Amiloride Inhibits Na*/H " exchanger, inhibits macropinocytosis 100 uM (in DMSO) 250 uM
EIPA Inhibits Na*/H"exchanger, inhibits macropinocytosis 25 uM (in DMSO) 100 pM
Benzamil Inhibits Na*/H " exchanger, inhibits macropinocytosis 50 M (in DMSO) 200 uM
Verapamil Inhibits Ca*" ion channels 50 uM (in DMSO) Not tested
PP2 Inhibits Src family of tyrosine kinases 10 uM (in DMSO) Not tested

“ DMSO, dimethyl sulfoxide.

calf serum, 100 U/ml penicillin, and 100 pg/ml streptomycin. The F9 strain of
feline calicivirus was kindly provided by Intervet, United Kingdom.

Optimization of drug concentrations to inhibit endocytosis. The drugs used
are listed in Table 1. CRFK cells (10°) were seeded onto 13-mm-diameter glass
coverslips in a 24-well plate. The following day, cells were pretreated with
drugs (at various concentrations) for 30 min. Drug-treated cells were then
incubated with 10 wg/ml Alexa Fluor 594-conjugated transferrin or 5 pg/ml
Alexa Fluor 488 cholera toxin subunit B for 30 min on ice. Cells were washed
twice with phosphate-buffered saline (PBS) and incubated for 30 min at 37°C.
Cells were washed twice with PBS containing 0.2% newborn calf serum
(PBS-NCS) and then fixed with PBS containing 4% formaldehyde (PBS-F)
prior to examination on a Leica SP confocal microscope using TCS NT
software. Laser and microscope settings were according to the manufacturer’s
instructions.

Optimization of drug concentrations to inhibit endosome acidification. CRFK
cells were seeded onto 13-mm-diameter glass coverslips in a 24-well plate. The
following day, cells were pretreated with drugs (at various concentrations) for 30
min. Drug-treated cells were then incubated with 2 uM acridine orange for 1
min. Cells were washed three times with PBS, mounted onto glass slides using
Citifluor (Citifluor Ltd.), and viewed immediately on a Leica SP confocal micro-
scope.

Drug treatments to block entry. CRFK cells were seeded onto 13-mm-diam-
eter glass coverslips in a 24-well plate. The following day, cells were pretreated
with drugs (at various concentrations as shown in Table 1) for 30 min and then
infected with the F9 strain of FCV at a multiplicity of infection (MOI) of 10 in
medium containing the appropriate concentration of each drug for a further 60
min. Supernatant containing virus was removed and the cells were washed three
times with PBS. Fresh medium containing the drugs was added and the cells were
incubated for a further 6 h. Cells were washed twice with PBS-NCS and then
fixed with PBS-F prior to immunofluorescence staining.

Purification of F9 RNA and transfection into drug-treated cells. Virus was
purified from CRFK cells infected with F9 using the method described by Zhou
et al. (63). Briefly, virus was precipitated using 0.2 M NaCl and 10% polyethylene
glycol 3350. Pelleted virus was resuspended in 200 mM boric acid, pH 7.4,
containing 0.5 M NaCl. Virions were isolated by isopycnic CsCl gradient cen-
trifugation (1.31 g/ml) for 20 h at 270,000 X g in a Beckman SW40Ti rotor.
Fractions containing virus were subjected to further ultracentrifugation to con-
centrate the samples and remove the CsCl.

RNA was isolated using the method adapted from that described by Burroughs
and Brown (9). F9 virus in PBS was extracted three times with phenol and then
ethanol precipitated overnight at —20°C. The pellet was washed with 100%
ethanol to remove residual traces of phenol.

The purified RNA was used to transfect drug-treated CRFK cells (as described
in the method above) using jetPEI (Autogen Bioclear) following the manufac-
turer’s protocol. Briefly, 1 pg RNA was diluted with 0.15 M NaCl, and 2 pl
jetPEI was diluted in 0.15 M NaCl. Each tube was vortexed briefly, and they were
then mixed together. The RNA-jetPEI transfection mix was incubated at room
temperature for 15 to 30 min before adding it to cells. Cells were incubated at
37°C and assessed for infection by immunofluorescence after 16 h.

Immunofluorescence. Fixed cells were permeabilized by the addition of 0.2%
Triton X-100, and the cells were incubated for 5 min at room temperature. Cells
were then washed twice with PBS-NCS. Anti-FCV antibodies were added at the
required concentration of 1/500 and incubated at room temperature for 30 min.
Cells were then washed twice with PBS-NCS, the secondary antibody (diluted to
1/1,000) and DAPI (4',6'-diamidino-2-phenylindole) were added, and the mix-
ture was incubated for a further 30 min. Samples were then washed three times
with PBS-NCS and coverslips were removed and mounted onto glass slides using
ProLong Gold antifade mountant (Molecular Probes). Samples were examined
using a Leica SP confocal microscope and TCS NT software. Laser and micro-
scope settings were according to the manufacturer’s instructions.

Virus binding assay. CRFK cells were seeded into 24-well plates and allowed
to grow to become confluent. Before use, the cells were pretreated with drugs for
30 min at 37°C. The plates were then washed twice in serum-free RPMI 1640
medium. Purified [**S]methionine-labeled virus (generated using the method
described by Zhou et al. [63]) was added (30,000 cpm) in 100 pl medium
containing the appropriate drug. The plates were incubated at 4°C for 45 min.
Cells were washed three times with serum-free RPMI medium and lysed with 100
wl 3 M NaOH. Scintillation counting was used to assess virus binding.

Transfection of CRFK cells by plasmids expressing wild-type and mutant rab5
and eps15 followed by infection with F9 virus. CRFK cells (10°) were seeded into
a 24-well plate containing 13-mm-diameter coverslips and grown overnight. Cells
were transfected with 0.4 pg of either control plasmids (wild-type rab5 or D3D2
deletion of eps15) or plasmids expressing mutant rab5 (S34N [46]) and eps15
(EHA95-295 and AIII [5, 6]) using Fugene (Roche) transfection reagent. After
transfection, cells were incubated at 37°C for 18 h to allow expression of the
green fluorescent protein (GFP)-labeled wild-type and mutant proteins. The
transfected cells were then infected with F9 virus at an MOI of 10 and incubated
at 37°C for 30 min. Supernatant containing virus was then removed, and the cells
were washed twice with PBS. The infected cells were then incubated at 37°C for
6 h to allow infection to proceed. Cells were then washed twice with PBS-NCS
and fixed with 4% formaldehyde in PBS, ready for immunofluorescent staining.

Cell permeabilization assay. Confluent monolayers of CRFK cells in 96-well
tissue culture plates were infected with FCV at an MOI ranging from 0.1 to 10
in the absence or presence of 100 pg/ml a-sarcin. After cells had been incubated
at 37°C for 60 min the virus inoculum and toxin were removed, and fresh
serum-free MEM was added for an additional period of 30 min. After this, the
medium was replaced with methionine-cysteine-free MEM supplemented with
25 wCi/ml of the [**S]Met-Cys (Promix, Amersham) and the cells were incubated
for 1 h at 37°C. After the labeling period, the cells were washed with PBS, treated
with 5% trichloroacetic acid for 5 min at room temperature, and washed three
times with ethanol. The cell monolayer was allowed to dry before the addition of
50 pl of 0.1% sodium dodecyl sulfate in 0.1 N NaOH. Total radioactivity in the
sample was determined by liquid scintillation counting by solubilizing the sample
in OptiPhase “HiSafe” 2 (PerkinElmer).

Effect of inhibitors of endosome acidification on FCV-induced permeabiliza-
tion. Confluent monolayers of CRFK cells in 96-well tissue culture plates were
pretreated with chloroquine (100 pM) or bafilomycin A1l (200 nM) for 30 min.
Cells were then infected with 10 PFU of FCV per cell in the presence of 100
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pg/ml a-sarcin. At 60 min postinfection at 37°C, the virus and the toxin were
removed, and fresh serum-free MEM was added for an additional 30 min. After
this, the medium was replaced with methionine-cysteine-free MEM supple-
mented with 25 pCi/ml of the [*S]Met-Cys (Promix, Amersham) and the cells
were incubated for 1 h at 37°C. The cells were washed with PBS, treated with 5%
trichloroacetic acid for 5 min at room temperature, and washed three times with
ethanol. The cell monolayer was allowed to dry before the addition of 50 wl of
0.1% sodium dodecyl sulfate in 0.1 N NaOH. Total radioactivity in the sample
was determined by liquid scintillation counting by solubilizing the sample in
OptiPhase “HiSafe” 2 (PerkinElmer).

RESULTS

Optimization of drugs to block endocytosis. In order to
check the efficacy of the various drugs in CRFK cells we car-
ried out dose-response assays using transferrin to examine
clathrin-mediated endocytosis, cholera toxin to examine lipid
raft/caveola endocytosis, acridine orange to examine endo-
some acidification, fluorescent phalloidin to examine microfila-
ments, and a monoclonal antibody to alpha tubulin to examine
microtubules. The results shown in Fig. 1a demonstrate that
chlorpromazine inhibited the uptake of transferrin by CRFK
cells in a dose-dependent manner, confirming the ability of this
drug to inhibit clathrin-mediated endocytosis. Maximal inhibi-
tion occurred with concentrations of chlorpromazine between
14 and 28 M. Concentrations of 14 pM and below had no
effect on cholera toxin uptake; however, we did observe a 50%
inhibition of cholera toxin uptake at 28 wM, suggesting some
loss of specificity in the drug at this concentration. At this
concentration of chlorpromazine we also observed toxic effects
in the CRFK cells; DAPI-stained nuclei showed signs of ap-
optosis (not shown).

Figure 1b shows a similar assay on cells treated with nystatin.
Here, we observed an inhibition of cholera toxin uptake but
not transferrin, demonstrating the ability of nystatin to inhibit
lipid raft/caveola-mediated endocytosis. Maximal inhibition
was observed at 50 wM; however, this concentration also par-
tially inhibited transferrin uptake. It has been published pre-
viously that excessive cholesterol depletion can also inhibit
clathrin-mediated endocytosis (52). Subsequent experiments
were carried out with 25 wM nystatin to avoid potential side
effects.

Acridine orange is a weak base and is trapped and concen-
trated in acidic compartments such as endosomes and lyso-
somes. Incubation of cells with acridine orange results in the
emission of green fluorescence where acridine orange is at low
concentrations and red fluorescence at higher concentrations
in the acidic endosomes. Figures 1c and d show the results of
experiments to study the ability of bafilomycin A and chloro-
quine to inhibit endosome acidification by the lack of red
fluorescence in treated cells. Bafilomycin A (Fig. 1c) and chlo-
roquine (Fig. 1d) both inhibited the number of cells displaying
red fluorescence in a dose-dependent manner, demonstrating
their ability to inhibit endosome acidification. Both drugs
showed some degree of toxicity at the highest concentration
used (from the appearance of irregular/apoptotic DAPI-
stained nuclei). The concentrations used in subsequent exper-
iments were 200 nM bafilomycin A and 200 wM chloroquine.
This experiment was also carried out with ammonium chloride
and resulted in a similar dose-dependent decrease in red flu-
orescence in the presence of increasing ammonium chloride
(data not shown).

J. VIROL.

The effects of cytochalasin D and nocodazole were moni-
tored by immunofluorescence of microfilaments with fluores-
cent phalloidin and those of microtubules with an antibody to
alpha tubulin. The effects of the optimal concentrations, 4 uM
cytochalasin D and 20 wM nocodazole, are shown in Fig. le
and f, respectively, and can be compared to results for un-
treated cells in Fig. 1g. Cytochalasin D treatment resulted in
the loss in filamentous actin as detected by Alexa Fluor 594
phalloidin, while microtubules were still visible by indirect im-
munofluorescence with anti-alpha tubulin primary antibody
and Alexa Fluor 488 anti-rat secondary antibody. Nocodazole
treatment caused a loss of microtubules, but filamentous actin
could still be detected. The concentrations used for the other
drugs (amiloride, brefeldin A, and PP2) were based on previ-
ously published data (20, 36, 48).

Drug treatment of CRFK cells demonstrates that FCV in-
fects cells via clathrin-coated pits and requires endosome acid-
ification. Previous studies of FCV infection suggested that the
virus required acidification in endosomes (31). We have exam-
ined the infection route of FCV in more detail using a number
of drugs known to inhibit various endocytosis routes (shown in
Table 1). CRFK cells were pretreated with each of the drugs
and then infected with the F9 strain of FCV at an MOI of 10
in the presence of each drug for the duration of the assay (6 h).
Infection was examined by immunofluorescence of the viral
capsid protein. The effects of the drugs were assessed by count-
ing the percentages of virus-positive cells per DAPI-stained
nucleus, and the results are shown in Fig. 2a.

It can be seen that pretreatment of CRFK cells with chlor-
promazine, which blocks endocytosis via clathrin-coated pits,
inhibited FCV infection, reducing the proportion of virus-pos-
itive cells from 99% in untreated cells to 5% in chlorproma-
zine-treated cells. FCV infection is also inhibited by ammo-
nium chloride (data not shown), chloroquine, and bafilomycin
Al, all of which block endosome acidification. The proportion
of virus-positive cells was reduced from 99% to 22% (chloro-
quine) and 25% (bafilomycin A). We also examined the role of
actin microfilaments in FCV entry and demonstrated that dis-
ruption of microfilaments with cytochalasin D and jasplakino-
lide (data not shown) inhibited FCV infection, reducing the
proportion of positive cells from 99% to 4% (cytochalasin D)
and 5% (jasplakinolide). A potential role for macropinocytosis
in FCV infection was examined using amiloride. Pretreatment
of cells with amiloride inhibited FCV infection, reducing it
from 99% to 10%.

Pretreatment of cells with nystatin, which blocks lipid raft/
caveola endocytosis, PP2, which blocks Src family tyrosine ki-
nases, brefeldin A, which inhibits vesicle transport in the se-
cretory pathway, or nocodazole, which disrupts microtubules,
has no effect on the infection by FCV.

Inhibition of FCV infection by other ion channel inhibitors.
Having observed the effect of amiloride, we then examined the
effect of other ion channel inhibitors: 5-(N-ethyl-N-isopro-
pyl)amiloride (EIPA) and benzamil, which also block Na™/H™
ion channels, and verapamil, which blocks Ca™® channels. We
demonstrated (shown in Fig. 2b) that all the inhibitors of
Na™*/H™" ion channels could inhibit FCV infection: EIPA re-
duced infection from 99% to 6% and benzamil reduced infec-
tion from 99% to 11%. Verapamil pretreatment had no effect
on FCV infection.
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FIG. 1. Optimization of drug concentrations to inhibit endocytosis. CRFK cells were treated with drugs at various concentrations: (a)
chlorpromazine, (b) nystatin, (c) bafilomycin A1, (d) chloroquine, (e) cytochalasin D (cytD), (f) nocodazole (noco), or (g) untreated. (a and b)
Cells were then incubated on ice for 30 min with transferrin (black bars) or cholera toxin (grey bars) in the presence or absence of the various drugs.
Samples were then transferred to 37°C for a further 30 min. The cells were fixed and examined by fluorescent microscopy. (c and d) Cells were
incubated with 2 wM acridine orange for 1 min before washing three times with PBS. Samples were mounted using Citifluor and examined
immediately by fluorescent microscopy. (e, f, and g) Cells were fixed and examined by fluorescent microscopy. This experiment was repeated twice
and this figure represents one experiment.

Effect of time of drug addition suggests a role in either entry cells under three different conditions: (i) we infected drug-
or replication. The initial experiments were carried out with treated cells, and the drug remained present for an hour
drugs present throughout infection. In order to examine when postinfection before washing off; (ii) we infected drug-treated
the various drugs might be affecting FCV infection, we infected cells, and the drug remained present for the duration of the
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FIG. 2. (a) Effect of endocytosis inhibitors on FCV infection. CRFK cells were treated with either chlorpromazine (chlor), nystatin (nys),
chloroquine (CQ), bafilomycin Al (BafAl), cytochalasin D (cytD), amiloride (AM), nocodazole (noco), brefeldin A (BFA), or PP2 at the
concentrations shown in Table 1. They were then infected with FCV at an MOI of 10 in the presence or absence of the various drugs. At 5 h
postinfection (p.i.), the cells were fixed and viral capsid antigen was detected by immunofluorescence. The cells were scored as virus-positive cells
per DAPI-stained nucleus. This experiment was repeated four times and this figure represents one experiment. (b) Effect of ion channel blockers
on FCV infection. CRFK cells were treated with amiloride (AM), verapamil (ver), EIPA, or benzamil (benz) at the concentrations shown in Table
1. They were then infected with FCV at an MOI of 10 in the presence or absence of the various drugs. At 5 h p.i., the cells were fixed and viral
capsid antigen was detected by immunofluorescence. The cells were scored as virus-positive cells per DAPI-stained nucleus. This experiment was

repeated three times and this figure represents one experiment.

assay; and (iii) we infected untreated cells, and the drug was
added 1 hour postinfection. We used the drugs that had shown
activity in the previous assay: chlorpromazine, chloroquine,
bafilomycin A, cytochalasin D, amiloride, EIPA, and benzamil.

From the results shown in Fig. 3 we can see that chlorprom-
azine, chloroquine, and bafilomycin all act at an early stage in
infection and are effective only when used prior to infection,
i.e., they are acting during an entry step. However, cytochalasin
D and the Na™/H™ channel inhibitors all appear to be acting
at a later time during infection, as can be seen in Fig. 3: no
inhibition is observed when the drug is present for the first
hour, but when it is added postinfection, a level of inhibition is
observed similar to that when the drug is present for the du-
ration of the assay. This suggests that the drugs may be influ-
encing a stage in replication such as RNA or protein produc-
tion. Due to the nature of the assay we can exclude a role in
assembly, as the capsid antibody will detect capsid monomers
as well as mature virions.

Effect of drugs on transfected RNA. In order to clarify the
effects of the drugs seen in the previous assay, we purified virus
RNA from FCV virions for use in transfection of drug-treated
cells. This assay examined any role of the drugs in replication
alone, as the RNA is delivered artificially in order to circum-
vent the entry process. We examined the drugs that had shown
an effect on FCV infection from the previous assays. Drug-
treated cells were transfected with 1 wg FCV RNA and incu-
bated for 16 h. We examined infection by immunofluorescence
of the FCV capsid antigen, and the results from a representa-
tive assay are shown in Fig. 4. From these results we observed
that pretreatment of cells with chlorpromazine, chloroquine,
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FIG. 3. Stage of FCV infection affected by the various drugs.
CRFK cells were incubated with drugs during entry only (filled bars),
after entry (open bars), or throughout infection (gray bars). At 5 h p.i.,
the cells were fixed and viral capsid antigen was detected by immuno-
fluorescence. The cells were scored as virus-positive cells per DAPI-
stained nucleus. This experiment was repeated four times and this
figure represents one experiment. chlor, chlorpromazine; CQ, chloro-
quine; BafAl, bafilomycin Al; cytD, cytochalasin D; AM, amiloride.
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FIG. 4. Effect of inhibitors on replication from transfected FCV
RNA. CRFK cells were pretreated with various inhibitors at the con-
centrations shown in Table 1. They were then transfected with 1 pg
purified FCV RNA. Cells were fixed after 16 h and stained for virus
capsid antigen by immunofluorescence. Results are presented as the
percentage of infected cells compared to untreated controls (which are
scored at 100%). This experiment was repeated twice and this figure
represents one experiment. chlor, chlorpromazine; CQ, chloroquine;
BafAl, bafilomycin Al; AM, amiloride; benz, benzamil; cytD, cytocha-
lasin D.

and bafilomycin Al resulted in no change compared to un-
treated controls, indicating that these drugs act at a stage prior
to virus uncoating and replication. Pretreatment of cells with
cytochalasin D and amiloride and its derivatives, however, did
result in a decrease in the detected infectivity from transfected
RNA. Cytochalasin D treatment reduced the observed infec-
tivity from 100% in the control samples to 5%j; amiloride,
benzamil, and EIPA reduced infectivity to 33%, 29%, and
21%, respectively.

FCYV binding is unaffected by drugs which inhibit clathrin-
mediated endocytosis. Additional studies were undertaken to
discriminate between drug effects on virus binding and entry. A
potential effect of the drugs could be to alter virus binding by
downregulation of receptor and accessory proteins (a known
action of chlorpromazine is to downregulate receptor recycling
[61]). We examined the drugs that had shown an effect on FCV
infection from the previous assays. Drug-treated cells were
incubated with highly purified [**S]methionine-cysteine-la-
beled FCV; the results from a representative assay are shown
in Fig. 5. Pretreatment of cells with chlorpromazine, chloro-
quine, bafilomycin A, amiloride, EIPA, benzamil, or cytocha-
lasin D had no effect on the ability of FCV to bind to CRFK
cells. When virus was preincubated with a polyclonal anticapsid
antibody, however, binding was inhibited 10-fold; a control
polyclonal antibody to FCV ORF3 had no effect on virus
binding.

Dominant-negative mutants of rab5 and eps15 demonstrate
that clathrin-mediated endocytosis is required for FCV entry.
The use of drugs to examine viral endocytosis routes has been
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FIG. 5. Effect of inhibitors on FCV binding. CRFK cells were pre-
treated with the various inhibitors at the concentrations shown in
Table 1. Cells were then incubated with [**S]methionine-cysteine-la-
beled purified FCV (30,000 cpm) on ice for 45 min. Samples were
washed with serum-free medium and then harvested by lysing the cells
with 3 M NaOH. Virus binding was assessed by scintillation counting.
This experiment was repeated twice and this figure represents one
experiment. chlor, chlorpromazine; CQ, chloroquine; BafAl, bafilo-
mycin Al; AM, amiloride; benz, benzamil; cytD, cytochalasin D.

well documented; however, there does remain the possibility of
side effects from the use of drugs, and we therefore wished to
confirm the role of clathrin-mediated endocytosis using a more
precisely targeted inhibitor. We obtained wild-type and dom-
inant-negative mutants of epsl5 (from Alexandre Benmerah)
and rab5 (from Stephen Ferguson). The wild-type proteins of
both are important in clathrin-mediated endocytosis. To check
their efficacy in feline cells, plasmids expressing the dominant-
negative mutants and controls were transfected into CRFK
cells that were then subsequently incubated with fluorescent
transferrin or cholera toxin. Figure 6a shows that transfection
of CRFK cells with no plasmid or the control plasmids (D3D2
and rab5 wild type) had no effect on the uptake of transferrin.
However, transfection with AIIl, EHA95-295, or rab5 S34N
inhibited transferrin uptake by 95, 91, or 90%, respectively,
demonstrating that these dominant-negative mutants function
in the feline cells. None of the wild-type or mutant proteins
had any effect on cholera toxin B uptake.

The results from subsequent experiments involving FCV
infection of transfected cells are shown in Fig. 6b. Transfection
of the control plasmids D3D2 (for eps15) and the rab5 wild
type had no effect of the number of infected cells. However,
when mutants of epsl5 (AIIl and EHA95-295) were trans-
fected, a reduction in the proportion of virus-positive cells was
observed: 95% infected cells to 8% and 15%, respectively. A
similar result was observed when the rab5 dominant-negative
mutant, S34N, was transfected, with a reduction from 97% to
19% infected cells.

FCV entry permeabilizes CRFK cells and allows coentry of
the translation inhibitor a-sarcin. Viruses such as poliovirus
and rotavirus have been shown to permeabilize cells to toxins
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FIG. 6. Dominant-negative mutants inhibiting clathrin-mediated endocytosis block FCV infection. CRFK cells were transfected with either
wild-type rab5 or a dominant-negative mutant of rab5 (S34N) or control eps15 (D3D2) or one of two dominant-negative mutants of eps15 (DIII
or EHD95-295) and incubated for 16 h. Cells were then either (a) incubated with 10 pwg/ml Alexa Fluor 594 transferrin (black bars) or 5 pg/ml
Alexa Fluor 488 cholera toxin B (gray bars) for 30 min on ice followed by 30 min at 37°C or (b) infected with FCV at an MOI of 10 and incubated
for a further 5 h. They were then fixed and infection was assessed by immunofluorescence staining of virus capsid antigen. All plasmids express
the proteins as GFP fusion proteins. Results are shown as the percentages of virus-positive cells per GFP-positive cell. This experiment was
repeated four times, and this figure represents one experiment.

such as a-sarcin and hygromycin B. We examined FCV infec- when increasing amounts of FCV were added, the levels of
tion in the presence of a-sarcin to see if this phenomenon host cell translation were reduced compared to uninfected cells
occurred. The results shown in Fig. 7a demonstrate that o-sar- and untreated cells, indicating that the toxin was able to gain
cin is unable to enter mock-infected CRFK cells. However, entry during FCV infection. Effects could be seen even when
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FIG. 7. FCV infection permeabilizes cells to toxins. (a) CRFK cells were infected with FCV at MOIs ranging from 0.1 to 10 in the absence (s—)
or presence (s+) of a-sarcin at various concentrations. After 60 min virus and toxin were removed and the cells were incubated with methionine-
cysteine-free MEM. This medium was removed after 30 min and replaced with methionine-cysteine-free MEM supplemented with [**S]methi-
onine-cysteine (Promix). Cells were incubated for a further 60 min before washing and harvesting. Total radioactivity in the samples was
determined by scintillation counting. This experiment was repeated twice, and this figure represents one experiment. (b) Endosome acidification
inhibitors block FCV-induced permeabilization of cells to a-sarcin. CRFK cells were treated with bafilomycin Al or chloroquine and then either
infected with FCV at an MOI of 10 or mock infected in the absence (black bars) or presence (gray bars) of 100 pg/ml a-sarcin. Samples were
processed as in the legends to the previous figures. CQ, chloroquine; BafAl, bafilomycin Al.
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0.1 PFU/cell FCV was added. [*S]methionine incorporation
was reduced by 67%. The maximum effect was observed at 10
PFU/cell, when [**S]methionine incorporation was reduced by
87%. No further reduction is achieved by adding more virus, as
infecting with 200 PFU/cell does not inhibit [**S]methionine
incorporation to any greater extent (data not shown).

Drugs that block endosome acidification inhibit membrane
permeabilization induced by FCV uncoating. Cells preincu-
bated with the inhibitors were incubated with 10 PFU/cell FCV
and 100 pg/ml a-sarcin. The results are shown in Fig. 7b.
Neither chloroquine nor bafilomycin A permeabilized the cells
to a-sarcin, as seen by the fact that there was no decrease in
host cell translation. FCV incubated with cells in the presence
of sarcin but in the absence of bafilomycin A or chloroquine
reduced incorporation by 90%, as seen previously. When cells
were pretreated with either bafilomycin A or chloroquine be-
fore infection, they incorporated levels of [*>S]methionine sim-
ilar to those of the controls, demonstrating that acidification
was required during virus-induced intoxication.

DISCUSSION

Early events during virus infection involve the interaction of
virions with cell surface molecules, their subsequent internal-
ization, uncoating of the virus genome, and penetration of the
cytoplasm. A number of internalization and trafficking routes
have been demonstrated for different viruses. Our present
study has involved examining the entry route taken by feline
calicivirus to infect cells.

We examined the entry route of FCV initially using drugs
that have been shown to inhibit various entry routes. These
drugs (shown in Table 1) inhibited clathrin-mediated endocy-
tosis (chlorpromazine), lipid raft/caveola-mediated endocyto-
sis (nystatin), macropinocytosis (amiloride), and endosome
acidification (chloroquine and bafilomycin Al), or disrupted
the cytoskeleton in order to inhibit trafficking routes (cytocha-
lasin D and nocodazole). The drugs were first tested at a range
of concentrations to identify the optimum dose to use to inhibit
uptake of fluorescent transferrin, cholera toxin, and acridine
orange (markers for clathrin-mediated endocytosis, caveolae,
and endosome acidification, respectively) and also to look for
any possible additional effects at higher doses. We discovered
that the optimum concentrations in our system were as follows:
nystatin at 25 wM, chlorpromazine at 14 wM, chloroquine at
100 M, bafilomycin Al at 200 nM, amiloride at 200 M,
nocodazole at 20 wM, and cytochalasin D at 4 wM. Previous
studies on picornavirus replication have shown that the opti-
mal concentration for brefeldin A to inhibit replication was 18
pM. We also observed that at higher concentrations, nonspe-
cific effects of the drugs could be observed. Doses of nystatin at
50 wM and above interfere with other endocytosis pathways, as
inhibition of transferrin entry could be observed. It has been
reported previously that excess depletion of cholesterol from
the membrane leads to inhibition of clathrin-coated pit endo-
cytosis as well as uptake through lipid rafts/caveolae (45, 52).
At higher doses of chlorpromazine, bafilomycin A, chloro-
quine, and cytochalasin D, an increase in cell death could be
detected by DAPI staining, demonstrating that the reduction
in the number of infected cells observed was due to decreased
cell viability and not the inhibition of specific entry pathways.

FCV ENTRY VIA CLATHRIN-MEDIATED ENDOCYTOSIS 7507

We have demonstrated that FCV infection was inhibited by
chlorpromazine, chloroquine, and bafilomycin Al. These data
showed that FCV entered cells via clathrin-mediated endocy-
tosis and required endosome acidification. A previous study by
Kreutz and Seal (31) had also observed the inhibition of FCV
infection by chloroquine. No effect was seen with cells treated
with nystatin, nocodazole, or brefeldin A, demonstrating that
caveolae/lipid rafts, trafficking along microtubules, and the re-
quirement for Arfl in generating vesicles for viral RNA rep-
lication (4) are not involved in FCV infection. Cytochalasin D
and amiloride and its derivatives did inhibit FCV infection and
will be discussed in more detail below.

Further experiments to identify the time of action of the
drugs included the addition of the drugs at times prior to
infection and during entry only, during replication only, or
throughout the entire infection. These data suggested that
chlorpromazine, chloroquine, and bafilomycin A were acting at
early times only, as no inhibition could be seen when the drugs
were added 1 hour postinfection. These data were confirmed
when purified viral RNA was transfected into drug-treated
cells and showed no difference in the levels of virus replication
compared to untreated controls. Further controls were carried
out to study the effect of the drug treatments on virus binding
to the cells. This experiment showed that chlorpromazine,
chloroquine, and bafilomycin A do not affect FCV binding to
cells. These data confirmed that chlorpromazine, chloroquine,
and bafilomycin A were acting at an early stage during entry,
postbinding but prior to virus RNA release.

In order to examine more precisely the role of clathrin-
mediated endocytosis in FCV entry, we obtained GFP fusion
proteins of dominant-negative mutants of rabS (from Steven
Ferguson, Ontario, Canada) and eps15 (from Alexandre Ben-
merah, Paris, France), both of which are known to inhibit
clathrin-mediated endocytosis. Experiments were carried out
to check the efficacy of these mutants in feline cells by moni-
toring the uptake of fluorescent transferrin and cholera toxin
B. We demonstrated that dominant-negative mutants of eps15
and rab5 inhibited the uptake of fluorescent transferrin but not
cholera toxin B. Transfection of the dominant-negative mu-
tants into cells markedly decreased the ability of FCV to infect
the transfected population, thus confirming the importance of
clathrin-mediated endocytosis in FCV infection. Ideally, we
would have checked the effect of the dominant-negative mu-
tants on binding and virus replication after virus RNA trans-
fection. However, in order to do this we would have had to
generate stable cell lines, as the transfection efficiency in our
experiments was around 50% and any results would have re-
flected this mixed population of mutant-expressing and un-
transfected cells.

We studied the ability of FCV to permeabilize cells to toxins
during entry. This phenomenon has been observed for a num-
ber of enveloped and nonenveloped viruses including Semliki
Forest virus, reovirus, rotavirus, canine parvovirus, hepatitis C
virus, Sindbis virus, and poliovirus (19, 32, 34, 35, 40, 41, 62).
This permeabilization is thought to coincide with either fusion
of the virus envelope with cell membranes in enveloped viruses
or the entry of capsids and/or virus RNA into the cytosol in
nonenveloped viruses. We studied the ability of FCV (with
increasing MOIs) to permeabilize cells using a-sarcin. We
demonstrated that even at 0.1 PFU/cell FCV was able to per-
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meabilize cells and allow the uptake of a-sarcin. This resulted
in an inhibition of 67% in the incorporation of [**S]methi-
onine-cysteine. This is greater than would be expected, as only
10% of the cells should be infected (based on PFU count). It
is possible that the effect observed is due to the action of
noninfectious particles that would not generate a plaque but
could still undergo entry and permeabilize the cells, allowing
intoxication. Maximal intoxication, with around 90% inhibition
of [*S]methionine-cysteine incorporation, was seen at 10
PFU/cell as would be expected, as statistically every cell should
be infected. No further decrease was seen when a count of 200
PFU/cell was used (data not shown). Drugs such as chloro-
quine or bafilomycin Al that raise the endosomal pH could
inhibit this permeabilization. These data suggested that FCV
undergoes structural changes in the low-pH environment of
the endosome to allow the release of its RNA (or capsid) into
the cytoplasm. We are currently examining the mechanism of
RNA release to see whether FCV creates a pore, like picor-
naviruses, to release its RNA or massively disrupts the endo-
some, like adenovirus, to release the contents (43).

The experiments to examine the time of action of the drugs
showed that cytochalasin D and amiloride and its derivatives
acted at later times during infection and inhibited virus repli-
cation. This was confirmed by transfection of FCV RNA,
where drug-treated cells showed a marked reduction in virus
replication. We have used this assay previously to examine the
effect of a similar set of drugs on echovirus 11 entry (51). In
that experiment cytochalasin D (amiloride was not used in the
study) had no effect on the abilities of two human cell lines
(HT29 and RD cells) to replicate EV11 from transfected
RNA. This suggests that the effect we have observed here,
where cytochalasin D is able to inhibit FCV replication from
transfected RNA, is unlikely to be due simply to any toxic
effects of the drug. Both cytochalasin D and amiloride and its
derivatives had no effect on FCV binding to cells. These data
suggested that these drugs were acting later during infection on
a stage during virus replication, either during virus RNA rep-
lication or translation or capsid assembly and release.

A possible explanation for the inhibition resulting from cy-
tochalasin D and amiloride is an effect on macropinocytosis,
which both of these drugs are known to affect. Meier et al. (37)
described a role for macropinocytosis in adenovirus infection.
However, in this system macropinocytosis was involved in the
release of adenovirus from endosomes. This is unlikely to be
the case with FCV, as cytochalasin D and amiloride and its
derivatives are involved at a step after the RNA has been
released from endosomes.

Previous studies have suggested that amiloride and its de-
rivatives could inhibit the replication of picornaviruses due to
their effects on intracellular pH. Human rhinovirus type 14 was
shown to be inhibited by EIPA in tracheal epithelial cells; the
mechanism of action put forward in that study was a block in
endosome acidification induced by EIPA and the subsequent
failure to release HRV RNA from endosomes (53). Our data
do not, however, support this mechanism for FCV, as virus
replication from transfected RNA was still susceptible to the
effects of the drugs. Gazina et al. (20) studied the effect of
EIPA on rhinovirus type 2 replication and suggested that it
inhibited virus production and release with a more pronounced
effect on virus release. Our data are in agreement with an effect
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on virus production; however, our assay did not examine virus
release. Another study by Holsey et al. (26) demonstrated that
poliovirus infection results in an elevation in cytoplasmic pH
which was necessary for efficient virus replication. This rise in
intracellular pH could be blocked by EIPA and led to a de-
crease in poliovirus replication.

An alternative possibility is that the effect of EIPA may be
due to interactions with viral proteins. Ewart et al. (18) and
Premkumar et al. (44) have demonstrated that derivatives of
amiloride could block the ion channels formed by human im-
munodeficiency virus (HIV) Vpu and hepatitis C virus (HCV)
p7, respectively. These derivatives were also shown to inhibit
HIV replication (17). It was suggested by Gazina et al. (20)
that the picornaviral transmembrane protein 2B could be the
target for EIPA. This protein has some structural similarity to
Vpu and p7 and is important for viral RNA replication. It may
also play a role in virus release (1, 2, 16, 20, 28, 55, 56, 57, 58).
It is not known if FCV encodes an ion channel similar to 2B,
but it does encode a number of polypeptides with sequence
motifs characteristic of picornaviral proteins, such as the heli-
case, proteinase, and polymerase (38).

This is the first report of cytochalasin D inhibiting the rep-
lication of a nonenveloped RNA virus. There are examples of
the importance of an intact actin network in the transcription/
replication of human parainfluenza virus type 3, canine dis-
temper virus, respiratory syncytial virus, and Newcastle disease
virus (8, 12, 13, 14, 23, 24, 29, 30). Early ultrastructural studies
of FCV infection noted the formation of filaments in infected
cells and the association of virions with these filaments (33).
During infection we have observed, using immunofluores-
cence, that while cortical actin remained intact and some fibers
could also be observed in the cytoplasm, the majority of stress
fibers disappeared (data not shown). Further experiments are
ongoing to investigate the effects of both cytochalasin D and
amiloride and its derivatives in FCV replication.
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