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In contrast to most enveloped viruses that enter the host cell via clathrin-dependent endocytosis, the Old
World arenavirus lymphocytic choriomeningitis virus (LCMYV) enters cells via noncoated vesicles that deliver
the virus to endosomes, where pH-dependent membrane fusion occurs. Here, we investigated the initial steps
of LCMYV infection. We found that the attachment of LCMYV to its cellular receptor a-dystroglycan occurs
rapidly and is not dependent on membrane cholesterol. However, subsequent virus internalization is sensitive
to cholesterol depletion, indicating the involvement of a cholesterol-dependent pathway. We provide evidence
that LCMV entry involves an endocytotic pathway that is independent of clathrin and caveolin and that does
not require the GTPase dynamin. In addition, neither the structural integrity nor the dynamics of the actin
cytoskeleton are required for infection. These findings indicate that the prototypic Old World arenavirus
LCMY uses a mechanism of entry that is different from clathrin-mediated endocytosis, which is used by the
New World arenavirus Junin virus, and pathways used by other enveloped viruses.

Arenaviruses provide powerful experimental models to un-
derstand viral pathogenesis as well as being important human
pathogens (8). Infection of the prototypic Old World arenavi-
rus, lymphocytic choriomeningitis virus (LCMV)), in its natural
host, the mouse, has illuminated numerous fundamental con-
cepts in virology and immunology that have been extended to
other viruses and pathogens (50). LCMV also is an important
pathogen in human pediatric medicine (32) and recently has
been implicated in lethal infections of transplantation patients
(24). The related Lassa fever virus (LFV) causes a severe
hemorrhagic fever in humans, with over 300,000 infections and
several thousand deaths per year in Africa (27, 44). The New
World arenaviruses Guanarito, Junin, Machupo, and Sabia
have emerged as causative agents of severe hemorrhagic fevers
in the Americas. Currently there is neither an efficient vaccine
nor efficacious treatment for human Old World arenavirus
infections, and novel therapeutic approaches are needed to
combat these pathogens. Thus, understanding the arenavirus
life cycle and virus-host cell interaction is crucial for the de-
velopment of potent antiarenaviral strategies.

Arenaviruses are enveloped single-strand RNA viruses with
a bisegmented genome in an ambisense organization (8). Their
genome consists of a large RNA segment encoding the virus
polymerase (L) and a small zinc finger motif protein (Z), as
well as a smaller RNA segment encoding the virus nucleopro-
tein (NP) and glycoprotein (GP) precursor. The GP precursor
is processed into peripheral GP1 and transmembrane GP2.
GP1 is implicated in receptor binding (6), and GP2 is struc-
turally similar to the fusion-active membrane-proximal por-
tions of other enveloped viruses (23, 26).

* Corresponding author. Mailing address: Molecular and Integrative
Neurosciences Department, The Scripps Research Institute, 10550 N.
Torrey Pines Rd., La Jolla, CA 92037. Phone: (858) 784-9447. Fax:
(858) 784-9981. E-mail: stefanku@scripps.edu.

+ Publication no. 18937 from the Molecular and Integrative Neuro-
sciences Department of the Scripps Research Institute.

¥ Published ahead of print on 28 November 2007.

1505

Viral entry is the first step of every virus infection and
represents an important target for combating viruses before
they can gain control over the host cell machinery for replica-
tion (31, 41, 42, 69). The cellular receptor for LCMV and LFV
is a-dystroglycan (a-DG), a cell surface receptor for proteins
of the extracellular matrix (2, 10, 70). Upon initial attachment
to the target cell, LCMV virions are taken up in smooth-walled
vesicles that are not associated with clathrin (7). The New
World arenaviruses Guanarito, Junin, Machupo, and Sabia can
use human transferrin receptor 1 as a cellular receptor (58),
and clathrin-dependent endocytosis has been reported for the
entry of Junin virus (43). Following internalization, arenavirus-
containing vesicles are acidified as they move through the cell.
Fusion of the viral membrane with the vesicle membrane is
triggered as the pH drops to 5.3 to 5.5, corresponding to the
pH of late endosomes (7, 11, 18, 19, 80). As is the case for
fusion-active GPs of other enveloped viruses, low pH is
thought to trigger conformational changes in the arenavirus
GP that result in the exposure of a fusion peptide that can
mediate the fusion of the virion and host cell membranes
(23, 206).

It is now widely accepted that animal viruses can use clath-
rin-independent pathways for endocytosis. The best studied
are cholesterol-dependent pathways involved in the entry of an
increasing number of enveloped and nonenveloped viruses (3,
12, 14, 16, 53, 54, 57, 71, 75). Recently, it was demonstrated
that the depletion of cholesterol from murine embryonic stem
cells inhibited infection with LCMV, suggesting a role for
membrane cholesterol in one or more steps of LCMV infec-
tion (66).

MATERIALS AND METHODS

Proteins and antibodies. «-DG was purified from mouse tissues as reported
previously (45). Natural mouse laminin-1 was obtained from Invitrogen. Mono-
clonal antibodies (MAbs) 113 (anti-LCMV NP) as well as 36.1 and 83.6 (anti-
LCMV GP) have been described previously (9, 77), as have MAb 10G4 (anti-
VSV NP), MAb I1 (anti-VSV GP) (40), and MADb ITH6 (anti-a-DG) (22). Mouse
hyperimmune serum against New World arenaviruses was kindly provided by
Christina F. Spiropoulou, Special Pathogens Branch, Centers for Disease Con-
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trol and Prevention (Atlanta, GA). Rabbit polyclonal anti-laminin antibody and
actin-phalloidin were purchased from Sigma (St. Louis, MO). Rabbit polyclonal
antibody to caveolin-1 was obtained from Santa Cruz Biotechnology, and MAb
to the simian virus 40 (SV40) large T antigen was purchased from BD Bio-
sciences. Rhodamine X-conjugated and fluorescein isothiocyanate-conjugated
secondary antibodies were from Jackson ImmunoResearch (West Grove, PA),
and horseradish peroxidase (HRP)-conjugated secondary antibodies were from
Pierce (Rockford, IL). 4',6'-Diamidino-2-phenylindole (DAPI) was from In-
vitrogen. For immunoprecipitation (IP) experiments, purified MAb 83.6 was
conjugated to cyanogen bromide-activated Sepharose 4B as described previously
(39).

Cells and viruses. African green monkey kidney (Vero E6) cells were main-
tained in minimal essential medium (Gibco BRL, NY) containing 7% fetal
bovine serum (FBS) and supplemented with glutamine and penicillin-streptomy-
cin. North African green monkey (Cercopithecus aethiops) kidney fibroblasts
(CV1) (ATCC CCL-70), human cervix carcinoma cells (HeLa), Syrian golden
hamster kidney cells (BHK-21), and human hepatocyte line Huh7 (46, 47) were
maintained in Dulbecco’s modified essential medium (DMEM) (Gibco BRL,
NY) containing 10% FBS and supplemented with nonessential amino acids,
glutamine, and penicillin-streptomycin.

Seed stocks of LCMV were prepared by growth in BHK-21 cells, and titers
were determined as reported previously (21). The origin, passage, and charac-
teristics of LCMV clone 13 (cl-13) have been described already (1). Wild-type
vesicular stomatitis virus (VSV) (Indiana serotype) and recombinant VSV con-
taining a green fluorescent protein (GFP) reporter (rVSV-GFP) were provided
by Juan-Carlos de la Torre (The Scripps Research Institute), and the Junin virus
Candid 1 vaccine strain was provided by Michael Buchmeier (TSRI). Junin virus
Candid 1 was grown in Vero E6 cells, and titers were determined by plaque assay
(21). VSV and rVSV-GFP stocks were grown in Vero E6 cells, and titers were
determined by plaque assay on Vero E6 cells. SV40 obtained from the ATCC
was grown in CV1 cells, and the titers of virus stocks were determined as
described previously (53).

Recombinant VSV pseudotyped with LFV GP, LCMV cl-13 GP, or VSV GP
was generated as reported previously (35). Virus titers were determined by the
infection of Vero E6 cell monolayers and detection of GFP-positive cells by
fluorescence microscopy. Titers of pseudotypes were expressed as infectious
units.

Generation of recombinant VSV containing the GP of LCMV cl-13. To gen-
erate r'VSV-LCMV GP, the open reading frame (ORF) of LCMV GP was
amplified from the pC-LCMYV cl-13 GP with primers 5'-CGA CGC GTT GAC
ACT ATG GGT CAG ATT GTG ACA ATG-3" and 5'-CTA GCT AGC TCA
GCG TCT TTT CCA GAC GGT TTT TAC ACC-3’ and was cloned into the
Milul and Nhel sites (corresponding sites in the primers are underlined) of the
pVSVAG-PL vector (59), in which the VSV GP ORF had been replaced by an
oligonucleotide-derived polylinker region (5’-Mlul-KpnI-XhoI-Smal-Eagl-SphI-
Nhel-3"). The infectious virus was rescued by following well-established proto-
cols (59, 65, 74). Briefly, BHK-21 cells were infected with vIFT7.3, a recombi-
nant vaccinia virus expressing the phage T7 RNA polymerase (25). After 1 h,
plasmids encoding VSV NP, P, GP, and L proteins were cotransfected together
with the full-length cDNA clone of the VSV genome (Indiana serotype) con-
taining LCMV GP Armstrong cl-13 as an additional VSV ORF. The supernatant
fluid was harvested 48 h after transfection, filtered to remove vTFT7.3, and used
to infect BHK-21 cells trans-complemented with VSV GP to enhance the effi-
ciency of virus rescue. Cells were examined for cytopathic effect and VSV NP
expression 24 h after infection to assess virus rescue. The virus recovered from
this second infection was plaque purified three times in BHK-21 cells expressing
VSV GP and then passaged three times on Vero E6 cells to ensure that the viral
preparation was cleaned of VSV GP. The LCMV GP gene in rVSVAG-LCMV
GP was sequenced and found to be identical to the parental LCMV cl-13 GP
gene. The virus was propagated on Vero E6 cells, and infectivity was quantified
using a Vero E6 cell plaque assay.

Detection of arenavirus GP incorporated into retroviral pseudotypes. For the
detection of the GPs of LCMV and VSV in LCMV cl-13, rVSV-LCMV GP, and
VSV, purified viruses (107 PFU/ml in phosphate-buffered saline [PBS]) were
coated in triplicate wells in 96-well enzyme immunoassay/radioimmunoassay
high-bond microtiter plates (Corning) for 2 h at 6°C; nonspecific binding was
blocked with 1% (wt/vol) bovine serum albumin (BSA)-PBS. For the detection
of LCMV GP, MAbs 36.1 (anti-GP1) and 83.6 (anti-GP2) were applied at 20
pg/ml, and MAD I1 (anti-VSV GP) was used at 2 pg/ml. The incubation was for
2 h at 6°C, and bound primary antibodies were detected with HRP-conjugated
anti-mouse immunoglobulin G (IgG) (1:1,000) in a color reaction using ABTS
[2,2"azino-bis(3-ethylbenzthiazoline-6-sulfonic acid] substrate. The optical den-
sity at 405 nm was measured with an enzyme-linked immunosorbent assay
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(ELISA) reader. For the determination of specific binding, background binding
to BSA was subtracted.

Virus infection of cells. For the infection of cells with LCMV cl-13, rVSV-
LCMV GP, VSV, and rVSV-GFP, seed stocks were diluted to the indicated
multiplicity of infection (MOI) and were added to cells for 1 h at 37°C. After 1 h
of incubation at the indicated temperature, inoculum was removed, cells were
washed twice with medium without serum, and cells were incubated for the
indicated time periods at 37°C and 5% CO,. Infection was quantified by immu-
nofluorescence detection of LCMV NP and VSV NP using MAbs 113 (anti-
LCMV NP) and 10G4 (anti-VSV NP) combined with fluorescence-labeled sec-
ondary antibodies (10). Quantification of LCMYV infection by flow cytometry was
performed as reported previously (61).

For blocking experiments with inactivated virus, LCMV cl-13 and VSV were
inactivated by UV irradiation (61). Vero EG6 cells cultured on 96-well plates (2 X
103 cells/well) were incubated with the indicated concentration of inactivated
viruses in a total volume of 100 wl/well in 50% OPTIMEM-50% PBS for 2 h on
ice. Two hundred plaque-forming units of LCMV cl-13, rVSV-LCMV GP, and
VSV then were mixed with the same concentrations of inactivated viruses in a
total volume of 100 pl OPTIMEM-PBS, and the inoculum was added to the cells.
After 45 min, supernatants were removed and cells were washed three times with
medium and incubated for 16 h in the cases of LCMV cl-13 and rVSV-LCMV
GP and 6 h in the case of VSV. Infection was quantified by immunofluorescence
detection of LCMV NP and VSV NP. The blocking of infection by rVSV-LCMV
GP and VSV with soluble a-DG was performed as described previously (38).

Infection and internalization assays with wild-type and DN mutants of caveo-
lin-1, dynamin, and Eps15. Wild-type GFP-caveolin-1 (53) and the GFP-tagged
dominant-negative (DN) caveolin-1 mutant cav-1Y14F (14) were provided by
Jeffrey M. Bergelson (University of Pennsylvania). GFP-tagged wild-type and
DN (K44E) dynamin I and dynamin II (76) were kindly provided by Sandra L.
Schmid (TSRI). For the analysis of the clathrin-mediated entry pathway of
arenaviruses, the control Eps15DIIIA2 construct (5) and the DN Eps15A95/295
mutant construct (4) were provided by Alice Daurty-Varsat and Nathalie Sau-
vonnet (Institut Pasteur, Paris, France). Cells were grown to 50 to 70% conflu-
ence in LabTek cell culture chamber slides (Nunc) and transiently transfected
with plasmid DNA using Superfect reagent (Qiagen) or the Nucleofector system
(Amaxa, Gaithersburg, MD) according to the manufacturer’s protocols. Trans-
fection efficiencies with plasmids, as assessed by the detection of GFP, were 40
to 60% depending on the cell type and transfection method used. Cells express-
ing GFP-tagged constructs for 16 to 20 h were infected with LCMV cl-13 and
Junin virus Candid 1 at the indicated MOI as described above and analyzed for
the expression of LCMV NP or Junin antigen after 12 to 16 h by immunofiuo-
rescence staining (10). In three independent transfections, at least 100 cells
with comparable levels of transgene expression were screened, and cells
positive for viral antigen were scored. Fluorescent images were captured
using a Zeiss Axiovert S100 microscope (Carl Zeiss Inc., Thornwood, NY)
with a X20 objective and an AxioCam digital camera. Images were assembled
using Adobe Photoshop.

Transferrin uptake studies were performed as reported previously (73).
Briefly, cells transfected with GFP-tagged constructs for 16 to 20 h were serum
starved for 30 min, chilled on ice for 5 min, and incubated with 10 pwg/ml Alexa
594-labeled human transferrin (Molecular Probes) in medium supplemented
with 20 mM HEPES, pH 7.2. After incubation on ice in the dark for 20 min, cells
were shifted to 37°C for 20 min. Cells were chilled on ice, briefly treated with 0.1
M glycine, 150 mM NaCl, pH 4.0, to quench surface fluorescence, and immedi-
ately fixed with 2% (wt/vol) paraformaldehyde in PBS for 15 min at room
temperature. Specimens were examined by fluorescence microscopy as described
above.

Pharmacological inhibitors. For cholesterol extraction with methyl-B-cyclo-
dextrin (MBCD), medium was removed, cells were washed twice with medium
without FBS, and MBCD (Fluka) was added at the indicated concentrations for
1 h at 37°C and 5% CO,. Cells were washed three times with medium to remove
residual MBCD, and infection assays were performed as described above. For
cholesterol replenishment, cholesterol-loaded MBCD was added to the medium
and incubated with the cells for an additional hour (17). The sequestration of
membrane cholesterol was achieved by incubation with nystatin (25 pg/ml) and
progesterone (10 pg/ml) for 16 h (16). In contrast to MBCD, nystatin and
progesterone were present for the duration of the experiment. For the quanti-
tative determination of cellular cholesterol, cells were extracted with chloroform
and methanol (2:1), and the amount of cholesterol was quantified by a commer-
cial colorimetric assay (BioVision Inc., Mountain View, CA) according to the
manufacturer’s recommendations.

Inhibitor drugs to help study the role of the actin cytoskeleton were used at
concentrations and for incubation times described previously (14, 16, 54). Cy-
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tochalasin D (Sigma) was used at 25 pg/ml, latrunculin A (Calbiochem) at 1 pM,
and jasplakinolide (Invitrogen) at 500 nM. Unless indicated otherwise, inhibitors
were added at the indicated time points and were present for the duration of the
experiment.

Flotation assay and fractionation. Triton X-100 extraction, flotation, and
fractionation were done as described previously (29). CV1 and Vero E6 cells
cultured in 10-cm tissue culture plates were lysed in lysis buffer (1 ml per dish)
containing 1% Triton X-100, 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
MgCl,, 1 mM CaCl, supplemented with 1 mM phenylmethylsulfonyl fluoride
(PMSF) and Complete protease inhibitor cocktail for 1 h. Lysates were cleared
by centrifugation at 10,000 rpm and 4°C for 10 min and were loaded on a 10, 55,
and 63% discontinuous sucrose gradient in a Beckman SW41 Ti rotor. Ultra-
centrifugation was performed at 37,000 rpm for 16 h at 4°C. After ultracentrif-
ugation, nine fractions (1.5 ml each) were collected from the top (numbered 1
to 9).

Virus binding and internalization assays. LCMV cl-13 was purified twice by
ultracentrifugation on a renografin gradient and biotinylated using the reagent
N-hydroxysuccinimide (NHS)-X-biotin (Calbiochem) as described previously
(38). The infectivity of biotinylated virus was verified by plaque assay on Vero E6
cells, and only preparations that retained >50% infectivity were used for binding.
For binding assays, 5 X 10° CV1 or Vero E6 cells were cultured per well of M6
plates to obtain closed monolayers. Medium was removed, and cells were washed
twice with cold Hanks balanced salt solution (HBSS) and chilled on ice. HBSS
was removed, and 1 ml biotinylated LCMV (107 PFU/ml in HBSS) was added.
After incubation for the indicated time periods on ice, virus was removed, and
cells were washed three times with cold HBSS and lysed immediately in 1 ml of
lysis buffer/well containing 1% (wt/vol) Triton X-100, 0.05% (wt/vol) sodium
dodecyl sulfate (SDS), 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA,
1 mM PMSF, Complete protease inhibitor cocktail (Roche) for 30 min. Lysates
were cleared by centrifugation at 12,000 rpm and 4°C for 10 min, and unlabeled
purified LCMV (107 PFU/ml final concentration) was added as a carrier. For the
IP of LCMV GP2, lysates were incubated with 10 pl of MADb 83.6 immobilized
on Sepharose 4B (5 pg purified mouse IgG per pl) overnight at 4°C. After four
wash steps with lysis buffer, bound LCMV GP2 was eluted by boiling the anti-
body matrix in SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer
for 5 min. IPs were separated by SDS-PAGE, proteins were blotted to nitrocel-
lulose, and biotinylated GP2 was detected by streptavidin-HRP (1:5,000) using
SuperSignal West Femto maximum sensitivity substrate (Pierce) and enhanced
chemiluminescence (ECL).

The internalization of virus was studied using a modified assay reported earlier
for vesicular uptake of cellular ligands (64, 79) and viruses (54). Briefly, purified
LCMYV was labeled with the thiol-cleavable reagent NHS-SS-biotin (Pierce) (38).
The cleavage of the biotin label was verified by treatment with 15 mM of the
membrane-impermeable reducing agent Tris(2-carboxyethyl)phosphine (TCEP)
(Pierce) for 30 min, which resulted in a loss of >95% of the biotin label.

For internalization assays, CV1 or Vero E6 cells were cultured in 10-cm dishes
to obtain closed monolayers. Medium was removed, and cells were washed twice
with cold HBSS and chilled on ice for 5 min. Cold solution containing NHS-SS-
biotinylated LCMV (107 PFU/ml) in HBSS was added. After incubation for 1 h
on ice, unbound virus was removed and cells were washed three times with cold
HBSS. For internalization, warm medium was added and cells were put on metal
blocks in an incubator at 37°C. After the indicated incubation times, medium was
removed, cold HBSS was added, and cells were chilled on ice to stop membrane
movements. A freshly prepared cold solution of TCEP (15 mM) in 50 mM
HEPES, pH 7.5, 150 mM NaCl, 1 mM CaCl,, 1 mM MgCl, was added (5 ml/dish)
and applied twice for 30 min on ice. Cells were washed three times with cold
HBSS, and the remaining TCEP was quenched with 100 mM iodoacetamide in
50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM CaCl,, 1 mM MgCl, for 10 min,
and cells were lysed immediately in lysis buffer (1 ml/dish) for 30 min. LCMV
GP2 was isolated by IP as described above. Immunocomplexes were separated by
nonreducing SDS-PAGE. Biotinylated LCMV GP2 was detected by Western
blotting with HRP-conjugated streptavidin as described above. For quantifica-
tion, X-ray films were scanned with a Storm densitometer, and acquired data
were processed using Image Quant software.

Immunoblotting, laminin overlay assay, and virus overlay assay. Standard
immunoblotting involved proteins being separated by SDS-PAGE and trans-
ferred to nitrocellulose. After being blocked in 5% (wt/vol) skim milk in PBS,
membranes were incubated with 10 pwg/ml primary antibody, MAb ITH6 to a-DG,
MAD 83.6 (anti-LCMV GP2), and rabbit polyclonal antibody (anti-caveolin-1) in
2% (wt/vol) skim milk, PBS overnight at 6°C. After several washes in PBS, 0.1%
(wt/vol) Tween 20 (PBST), secondary antibodies coupled to HRP were applied
(1:5,000) in PBST for 1 h at room temperature. Blots were developed using
SuperSignal West Pico ECL substrate (Pierce). The laminin overlay assay was
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performed as described previously (45), and the virus overlay protein binding
assay was performed as described previously (10).

Depletion of caveolin-1 by siRNA. For the depletion of caveolin-1 from CV1
cells, iGENOME ON-TARGETplus SMARTpool duplex (J-003467-06) to hu-
man caveolin-1 and a control short interfering RNA (siRNA) pool were obtained
from Dharmacon Research (Lafayette, CO). The pool consisted of the following
siRNAs: 1, 5'-CUA AAC ACC UCA ACG AUG AUU-3; 2, 5'-GCA AAU
ACG UAG ACU CGG AUU-3’; 3, 5'-GCA GUU GUA CCA UGC AUU
AUU-3"; and 4, GCA UCA ACU UGC AGA AAG AUU-3". siRNAs 2, 3, and
4, targeting human caveolin-1 ¢cDNA (GenBank accession no. NM_001753),
perfectly match the corresponding sequences in the caveolin-1 cDNA of C.
aethiops (GenBank accession no. DP000029), from which CV1 cells are derived.
siRNA 1 contains one mismatched U-C base between the human and C. aethiops
sequences (underlined).

The depletion of caveolin-1 was performed as described previously (63).
Briefly, CV1 cells (2 X 10* cell/well) were seeded in 96-well plates and trans-
fected with siRNAs at concentrations of 50 nM per siRNA, corresponding to a
total concentration of 200 nM, using Lipofectamine 2000. After 48 h, cells were
lysed and the depletion of caveolin-1 was detected by Western blot analysis, using
a-tubulin for normalization. Parallel samples were infected with LCMV cl-13,
Junin virus Candid 1, or SV40 (200 PFU/well). Infections of LCMV cl-13 and
Junin virus Candid 1 were assessed by immunofluorescence, as described above.
For the detection of SV40 infection, cells were fixed after 16 h and stained with
a MAD to the SV40 T antigen combined with a rhodamine red-X-conjugated
anti-mouse IgG secondary antibody as reported previously (53, 54). To exclude
unwanted off-target effects of siRNA treatment, siRNA pools to caveolin-1 and
control siRNA were cotransfected with the luciferase expression construct
PEGSH-Luc, and luciferase activity was assessed by a Steady-Glo luciferase assay
from Promega (Madison, WI) according to the manufacturer’s recommenda-
tions. No significant reduction in luciferase activity was observed in cells cotrans-
fected with pEGSH-Luc and caveolin-1 siRNAs or control siRNAs.

RESULTS

Entry of LCMYV is dependent on membrane cholesterol. To
investigate the early steps of LCMV infection, we chose the
prototypic immunosuppressive LCMV isolate cl-13, which
binds its cellular receptor a-DG with high affinity and has
receptor binding characteristics and cellular tropism similar to
those of the related human pathogenic LFV (10, 35, 36, 61).
VSV, which uses a cellular receptor(s) different from o-DG
(10, 62) and enters cells via a cholesterol-independent, clath-
rin-dependent pathway (73), was selected as a control. The GP
of arenaviruses is necessary and sufficient for the attachment to
and entry into target cells. In order to separate LCMV entry
from subsequent steps of viral replication, we generated a
recombinant VSV that contained the GP of LCMV cl-13
(rVSV-LCMV GP) using VSV reverse genetics (for details,
see Materials and Methods).

Compared to that of wild-type VSV, rVSV-LCMV GP
showed attenuated growth in Vero EG6 cells (Fig. 1A). A similar
attenuation has been observed recently with a recombinant
VSV containing the GP of Borna disease virus (55). The in-
corporation of LCMV GP into rVSV-LCMV GP was verified
by the detection of the GP1 and GP2 parts of LCMV GP by
specific MAbs in an ELISA (Fig. 1B). Based on our ELISA
data, the incorporation of LCMV GP into rVSV-LCMV GP
was less efficient than that into LCMV cl-13. A similarly re-
duced efficiency of incorporation of heterologous viral GPs
into recombinant VSV has been reported previously (55). The
infection of cells by rVSV-LCMV GP was blocked specifically
by inactivated LCMV cl-13 but not inactivated VSV (Fig. 1C),
and the infection of cells with rVSV-LCMV GP, but not VSV,
was strongly inhibited by soluble a-DG (Fig. 1D), indicating
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FIG. 1. Recombinant VSV expressing the GP of LCMV cl-13 (rVSV-LCMV GP). (A) Attenuated growth of rVSV-LCMV GP. Vero E6 cells
were infected with r'VSV-LCMV GP or wild-type VSV (MOI = 1), and virus titers were determined in the supernatants after the indicated time
points. (B) Detection of LCMV GP in rVSV-LCMV GP. Immobilized rVSV-LCMV GP, LCMV cl-13, and VSV were probed with MAbs to
LCMV GP1, LCMV GP2, and VSV GP in ELISA (n = 3 * standard deviations). OD(405), optical density at 405 nm. (C) Blocking of
rVSV-LCMYV GP infection by inactivated LCMV cl-13. Vero E6 cells were blocked with inactivated LCMV cl-13 (LCMVi) or VSV (VSVi) at the
indicated ratios of virus particles per cell, followed by infection with 200 PFU of the indicated viruses. Infection was assessed by immunofluo-
rescence staining with MAbs to the corresponding viral NPs after 16 h for LCMV cl-13 and rVSV-LCMV GP and 6 h for VSV. NP-positive cells
were scored (n = 3 = standard deviations). (D) Infection of rVSV-LCMV GP is blocked by soluble a-DG. rVSV-LCMV GP and VSV (200 PFU
each) were incubated with the indicated concentrations of soluble a-DG or BSA and added to monolayers of Vero E6 cells. Infection was

determined as described for panel C (n = 3 * standard deviations).

that the r'VSV-LCMV GP chimera indeed has the receptor
binding characteristics of LCMV cl-13.

Recently, membrane cholesterol has been implicated in
LCMV infection (66), although the specific step(s) of virus
infection that depended on cholesterol was not identified. To
clearly define the role of membrane cholesterol in viral entry,
we studied the impact of drugs that either extract or sequester
membrane cholesterol on infection with LCMV cl-13 and
rVSV-LCMV GP, using VSV as a control.

In a first set of experiments, MBCD, a well-characterized
drug that efficiently extracts membrane cholesterol (78), was
applied. As cellular models, we used two different primate cell
lines, the fibroblast line Vero E6 and the epithelial cell line
CV1. Treatment of cells with increasing concentrations of
MBCD for 1 h reduced cellular cholesterol levels in a dose-
dependent manner (Fig. 2A). To address the impact of cho-
lesterol depletion on virus infection, cells were pretreated with
increasing concentrations of MBCD for 1 h, followed by wash-
ing out the drug. Cells then were infected with LCMYV cl-13,
rVSV-LCMV GP, and rVSV-GFP. Infections with LCMV
cl-13 and rVSV-LCMV GP were assessed after 16 h by immu-
nofluorescence detection of the NP of LCMYV and VSV, which
represent the earliest viral gene products. Infection with rVSV-
GFP was assessed by direct fluorescence detection of GFP. As
shown in Fig. 2B, the depletion of cellular cholesterol resulted
in a significant reduction of subsequent infection with LCMV
cl-13 and rVSV-LCMYV GP, but infection with rVSV-GFP was
not reduced. The lack of an effect on infection with rVSV-GFP
excludes severe and nonspecific toxicity of the drug. However,
since acute cholesterol depletion by MBCD also may affect
cholesterol-independent endocytosis (60, 72), we studied the
combination of the cholesterol-sequestering drug nystatin and
the cholesterol synthesis inhibitor progesterone (16, 54) in a
complementary manner. As with our observations with
MBCD, preincubation of cells for 16 h with nystatin/proges-

terone resulted in a significant reduction of subsequent infec-
tion with LCMYV cl-13 and rVSV-LCMV GP, but infection
with rVSV-GFP was not reduced (Fig. 2C).

If the effects of MBCD on infection with LCMV cl-13 and
rVSV-LCMV GP were due to the removal of cholesterol, the
replenishment of cholesterol after MBCD treatment should
restore infection. After treatment with 10 mM MBCD for 1 h,
cells were allowed to recover either in cholesterol-free medium
or in medium supplemented with cholesterol-loaded MBCD
(17), which resulted in the nearly complete restoration of cho-
lesterol levels (Fig. 2D). Cholesterol replenishment resulted in
a reversal of the inhibitory effect of MBCD on virus infection
(Fig. 2E), indicating that cholesterol depletion likely is respon-
sible for the observed inhibition.

To confirm a role of membrane cholesterol in early steps of
LCMYV infection, cells either were preincubated with MBCD
or were treated at different time points postinfection. This
approach is based on the fact that MBCD treatment removes
membrane cholesterol rapidly, resulting in low cellular choles-
terol levels for >6 h, followed by slow recovery (Fig. 2F).
While pretreatment with MBCD for 1 h markedly reduced the
levels of infection with LCMYV cl-13 and rVSV-LCMV GP, the
addition of MBCD at later time points had no effect (Fig. 2G),
indicating that cholesterol depletion affects an early step of
infection.

We next addressed the role of membrane cholesterol in the
entry of the related LFV. To overcome biosafety restrictions
imposed by the requirement of biosafety level 4 facilities for
work with live LFV, we used an established VSV pseudotype
system. The GP of LFV (strain Josiah) was incorporated into
the surface of recombinant VSV, in which the VSV G gene was
replaced by a GFP reporter gene (VSVAG*) as described
previously (35, 56). These pseudotyped VSV particles
(VSVAG*-LFV GP) acquire the receptor binding characteris-
tics of LFV (35). In addition, we generated VSV pseudotypes
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FIG. 2. Entry of LCMV depends on membrane cholesterol. (A) Depletion of membrane cholesterol by MBCD. Monolayers of Vero E6 and
CV1 cells were incubated with the indicated concentrations of MBCD for 1 h, and the total amount of cholesterol was determined in a colorimetric
assay. Data are triplicates expressed as percentages of values for the untreated control (means *+ standard deviations). (B) Cholesterol depletion
reduces infection with LCMV and rVSV-LCMV GP. Vero E6 and CV1 cells were treated with the concentrations of MBCD indicated for panel
A and infected with 200 PFU each of LCMV cl-13, r'VSV-LCMV GP, and rVSV-GFP. The level of infection was determined by immunofluo-
rescence assay (values are means * standard deviations; n = 3). (C) Reduction of LCMV and rVSV-LCMV GP infection after sequestration of
membrane cholesterol. Vero E6 and CV1 cells were cultured in the presence of nystatin/progesterone (Ny/Pr) or control medium (control) for 16 h
and then infected with 200 PFU each of LCMV cl-13, rVSV-LCMV GP, and rVSV-GFP in the presence of drugs. Infection was assessed as
described for panel B (values are means = standard deviations; n = 3). (D) Replenishment of cholesterol. Vero E6 and CV1 cells were left
untreated or were treated with 10 mM MBCD, followed by either 1 h in serum-free medium or 1 h of incubation with cholesterol-loaded MBCD
(MBCD Chol). Total cellular cholesterol was determined as described for panel A (values are means * standard deviations; n = 3). (E) Cho-
lesterol replenishment reverses the inhibition of infection. Cells left untreated, depleted with 10 mM MCBD, and replenished with MBCD-loaded
cholesterol as described for panel D were infected with LCMYV cl-13, rVSV-LCMV GP, and rVSV-GFP, and infection was determined as described
for panel B (values are means = standard deviations; n = 3). (F) Kinetics of cholesterol depletion by MBCD. Vero E6 cells were left untreated
or were treated with 10 mM MBCD for 1 h and cultured in complete medium for up to 24 h. Total cholesterol was determined at the indicated
time points as described for panel A (values are means * standard deviations; n = 3). (G) Cholesterol depletion affects an early step of LCMV
infection. Vero E6 cells were either left untreated, treated with 10 mM MBCD 1 h prior to infection (pretreated), or treated at 3 or 6 h
postinfection (p.i.) with 200 PFU each of LCMV cl-13, r'VSV-LCMV GP, and rVSV-GFP. Infection was assessed after 16 h as described for panel
B (values are means * standard deviations; n = 3).

with the GPs of LCMV cl-13 (VSVAG*-LCMV GP) and VSV data indicate that the cholesterol dependence of entry is con-
(VSVAG*-VSV GP). Vero E6 and CV1 cells were pretreated served between the Old World arenaviruses LCMV and LFV.
with MBCD and nystatin/progesterone as described above and LCMYV binding to cellular a-DG is independent of mem-
then infected with VSV pseudotypes. Infection was deter- brane cholesterol. Membrane cholesterol may be involved in
mined after 16 h by fluorescence detection of GFP. Treatment LCMYV entry in several ways, including the association of the
of cells with MBCD (Fig. 3A) or nystatin/progesterone (Fig. cellular receptor a-DG with cholesterol-rich membrane do-
3B) reduced the level of the subsequent infection of VSV mains. Vero E6 and CV1 cells express a form of a-DG that
pseudotypes containing the GPs of LFV and LCMV but not shows high-affinity binding to LCMV cl-13 in virus overlay
VSV. Again, normal virus infection was restored after the assays (Fig. 4A), and virus infection can be blocked with an
replenishment of cholesterol (Fig. 3A). Taken together, our anti-a-DG monoclonal antibody (Fig. 4B).
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FIG. 3. LFV entry depends on membrane cholesterol. (A) Vero E6 and CV1 cells left untreated, depleted with 10 mM MBCD, or replenished
with cholesterol as described for Fig. 2D were infected with 100 infectious units of VSV pseudotypes containing the GPs of LCMV cl-13 (LCMV),
LFV, and VSV. Pseudotype infection was determined by the detection of the number of GFP-expressing cells per well (means * standard
deviations; n = 3). (B) Vero E6 and CV1 cells were treated with nystatin/progesterone as described for Fig. 2C and infected with 100 infectious
units of the indicated VSV pseudotypes. Pseudotype infection was determined as described for panel A (means * standard deviations; n = 3).

Membrane domains enriched in cholesterol and sphingo-
lipids are operationally defined as lipid rafts based on their
resistance to solubilization in cold Triton X-100 (68). Due to
their lower buoyant density, such detergent-resistant mem-
branes (DRMs) can be separated from the much larger frac-
tion of detergent-soluble material in a sucrose gradient in
flotation assays. To address the association of a-DG with
DRMs, lysates of Vero E6 and CV1 cells were treated with 1%
Triton X-100 at 4°C for 1 h and then subjected to a membrane
flotation assay. The successful separation of DRMs was veri-
fied by the detection of the DRM marker protein caveolin-1.
As shown in Fig. 4C, most a-DG in Vero E6 and CV1 cells was
detected in detergent-soluble fractions at the bottom of the
tube and not in caveolin-containing DRM fractions, indicating
that a-DG is localized predominantly in non-raft membranes.
In line with this observation, the extraction of membrane cho-
lesterol with 10 mM MBCD had no detectable effect on the cell
surface expression of a-DG as determined by flow cytometry
(data not shown).

To examine the role of membrane cholesterol in virus at-
tachment, a virus-cell binding assay was performed. To moni-
tor virus binding to cells, we chose the transmembrane GP2
portion of LCMV GP as a marker. LCMV GP2 is anchored in
the virion membrane and remains, under neutral pH and phys-
iological salt concentrations, firmly attached to the receptor
binding GP1 portion after binding to a-DG (37). For detection
purposes, LCMV was labeled with biotin using the reagent
NHS-X-biotin, which results in the efficient labeling of GP1
and GP2 without affecting virus infectivity (6, 38). Vero E6 and
CV1 cells were treated with 10 mM MBCD for 1 h or left
untreated. After cooling cells on ice to prevent virus internal-
ization, biotinylated virus was added (100 PFU/cell) and incu-
bated for increasing periods of time. After the removal of
unbound virus, cells were lysed and LCMV GP2 was isolated
by IP using MAb 83.6 to LCMV GP2 immobilized on Sepha-
rose 4B (for details, see Materials and Methods). Immuno-

complexes were separated by SDS-PAGE, and biotinylated
GP2 was detected with streptavidin-HRP by Western blotting.
As indicated by the data displayed in Fig. 4D and E, virus
binding was not affected by cholesterol depletion and occurred
rapidly, with half-maximal binding after <10 min.

LCMYV internalization depends on membrane cholesterol.
Since the initial attachment of the virus to the cell occurred in
non-raft membranes and was independent of cholesterol, we
addressed the role of cholesterol in subsequent virus internal-
ization. In order to differentiate between virus binding to the
cell surface and uptake, we used a well-established internaliza-
tion assay for the study of endocytosis of macromolecular li-
gands (64, 79) and viruses (54). For this purpose, virus was
labeled with the reagent NHS-SS-biotin, resulting in a biotin
label that is cleavable by reducing agents. In virus bound to the
cell surface, and thus exposed to the extracellular space, the
biotin label can be cleaved efficiently with the potent, mem-
brane-impermeable reducing agent TCEP. However, once in-
ternalized, the biotin-labeled virus is protected from TCEP
and retains its biotin group after treatment of cells with the
reducing agent. This allows a clear distinction between virus
particles bound to the cell surface and virus present in intra-
cellular compartments. The labeling of purified LCMV by
NHS-SS-biotin resulted in efficient biotinylation of LCMV
GP2, and treatment with TCEP cleaved >95% of the biotin
label (data not shown).

To monitor virus internalization, NHS-SS-biotin-labeled vi-
rus was bound to cells at 4°C for 1 h, unbound virus was
removed, and cells were incubated at 37°C. After the indicated
time points, cells were quickly chilled on ice to stop membrane
movements and were treated with TCEP or reaction buffer
only. After the quenching of residual TCEP, cells were lysed,
LCMV GP2 was isolated by IP, and biotinylated GP2 was
detected with Western blotting under nonreducing conditions.
In control samples, similar amounts of cell-associated bio-
tinylated GP2 were detected over time, indicating little disso-



VoL. 82, 2008 CELLULAR ENTRY OF LCMV 1511
A B C Top Cellular o-DG Bottom
1 2 3 4 5 6 7 8 9
e Lanili 4 CV1 cells o VeroE6 cells
203- «-DG- -_- %
5 - 5
3 3 13}
81- g E —=- LCMV cl-13/mAb IIH6 p— s e
= = —= LCMV cl-13/control
g 2
Al % % —e- I'VSVLCMVGP/mAb lIH6 DRM Intermediate Soluble
v € —& rVSVLCMVGP/control
To B
kDa LCMV g E —&— VSV/mAD IIHE ‘p 2 3 4 5 (] 7 8 01;0"1
203 = E —— VSVicontrol
126- e . 0-DG- — ©
i
81- s
S
0 0
41- 0 1 10 100 1000 0 1 10 100 1000 Cav1- .
yr g W5 (rpfnl) et DRM Intermediate Soluble
u

D E

Virus binding CV1 cells Virus binding VeroE6 cells

Virus binding CV1 cells Virus binding VeroE6 cells

s 5 £ %0 f\-——- 2 —s
= =4 c 4

a2- . o . e R
o o E 2000 Ty § /
o =] g ; 2 |
8 s g & |/ £ 1om

GP2- —-Eaees - cr - --—-—- - g 1000- ”.n’ —m- Control 3 —m- Control
+ + /

—=—+MBCD —=++MBCD
(0 2 5 10 20 30 60 (0 2 5 10 20 30 60 i
Time (min) Time (min) 0 10 20 30 40 50 60 70 DE 10 20 30 40 50 60 70

Time (min)

FIG. 4. Initial virus binding to a-DG occurs in non-raft membranes. (A) CV1 (C) and Vero E6 (V) cells express a-DG with high-affinity binding
to LCMV and laminin. a-DG was isolated from CV1 and Vero E6 cells by wheat germ agglutinin lectin affinity purification. Binding to laminin
was assessed by a laminin overlay assay using 10 pg/ml mouse laminin-1 and a polyclonal anti-laminin antibody, along with ECL for detection. For
the virus overlay protein binding assay, blots were probed with 107 PFU/ml purified LCMV cl-13. Bound virus was detected with MAb 83.6, an
HRP-conjugated secondary antibody, and ECL. (B) Blocking of LCMV cl-13 infection in CV1 and Vero E6 cells with MAb ITH6 (anti-a-DG).
Cells were blocked with the indicated concentrations of MAb ITH6 or an unrelated mouse IgM (control) for 2 h at 4°C. LCMV cl-13, r'VSV-LCMV
GP, or VSV (200 PFU of each) was added for 45 min, and infection was assessed by the detection of LCMV NP and VSV NP with specific MAbs
and fluorescein isothiocyanate-conjugated secondary antibodies in immunofluorescence. Data points represent values for triplicate samples *
standard deviations. (C) a-DG partitions into non-raft membranes. CV1 and Vero E6 cells were extracted with 1% Triton X-100 at 4°C, and
samples were floated in a linear sucrose gradient. «-DG and the DRM marker caveolin-1 (Cav1l) were detected in individual fractions by Western
blotting with specific antibodies. DRMs, intermediate fractions, and detergent-soluble fractions are indicated. (D) Binding of LCMV to cells does
not depend on membrane cholesterol. CV1 and Vero E6 cells either were treated with 10 mM MBCD for 1 h (+MBCD) or left untreated
(control). Cells then were chilled on ice and incubated with purified biotinylated LCMV (100 PFU/cell). After the indicated times, unbound virus
was removed, cells were washed and lysed, and LCMV GP2 was isolated by IP. Biotinylated GP2 in IPs was detected by Western blotting using
HRP-conjugated streptavidin. (E) Quantification of results shown in panel D. X-ray films were analyzed by densitometry.
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ciation of bound virus (Fig. 5A). This is consistent with previ-
ous observations that LCMYV cl-13 binds to its cellular receptor
a-DG with high affinity in a virtually irreversible manner (37).
In samples treated with TCEP, biotinylated GP2 became de-
tectable after circa 20 min, with an increase over the next 30 to
90 min (Fig. 5A, B). Compared to the total amount of cell-
associated biotinylated GP2 detected in untreated samples, the
amount of biotinylated GP2 protected from TCEP was small
(circa 15% of cell-associated virus), possibly due to inefficient
uptake of labeled virus and/or only partial protection against
the reducing agent.

To address the role of membrane cholesterol in virus uptake,
cells were pretreated with 10 mM MBCD for 1 h. Cells were
chilled on ice, and biotinylated virus was added for 1 h in the
cold. Cells then were shifted to 37°C for 1 h to allow internal-
ization and then either treated with TCEP or left untreated.
We detected no significant change in total cell-associated GP2
in cells treated with MBCD but a marked reduction in inter-

nalized GP2 (Fig. 5C), indicating that virus internalization
depends on membrane cholesterol.

Entry of LCMV is independent of clathrin and caveolin and
does not require dynamin. The best characterized among the
clathrin-independent, cholesterol-dependent endocytotic path-
ways involved in viral entry are caveolar pathways (31, 42).
Since many cell types infected by Old World arenaviruses are
rich in caveolae, we addressed the role of caveolae in arena-
virus entry. To this end, we utilized the recently developed DN
caveolin-1 mutant cav-1Y14F (14), which is unable to undergo
phosphorylation at tyrosine residue Y14 and is deficient in
some caveolin functions, including coxsackievirus entry. Cho-
lesterol-dependent endocytotic pathways also frequently in-
volve the recruitment of the GTPase dynamin, which is crucial
for the final stage of vesicle scission. The DN mutant K44A of
dynamin I, Dyn1K44A, has been shown to inhibit the function
of both endogenous dynamin I and dynamin II and to block
clathrin-mediated and caveolar endocytosis (15, 49). In addi-
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FIG. 5. LCMV internalization depends on membrane cholesterol. (A) Internalization of LCMV. CV1 and Vero E6 cells were incubated with
LCMYV labeled with NHS-SS-biotin (100 PFU/cell) for 1 h on ice, unbound virus was removed, and cells were shifted to 37°C. After the indicated
time periods, cells were chilled on ice and treated either with TCEP (+TCEP) or reaction buffer only (control). After the removal of TCEP, cells
were lysed, LCMV GP2 was isolated by IP, and biotinylated GP2 was detected by nonreducing Western blotting with HRP-conjugated streptavidin.
(B) Quantification of the results shown in panel A, with the signals for GP2 in untreated (control) cells set as 100%. For each time point,
the ratio of the signal obtained with TCEP-treated cells, S(+TCEP), divided by the signal from control cells, S(control), was calculated in
percentages and plotted against the incubation time. (C) LCMV internalization depends on membrane cholesterol. Triplicate samples of
CV1 cells were treated for 1 h at 37°C with either 10 mM MBCD (+MBCD) or control medium (control). After chilling the cells on ice,
NHS-SS-biotin-labeled LCMV was added for 1 h in the cold. Cells then were shifted to 37°C for 1 h, and an LCMYV internalization assay
was performed as described for panel A.

tion, we used the K44A mutant of dynamin II (76). To exclude ference. Out of the three caveolin isoforms present in
the involvement of clathrin-mediated endocytosis, we included mammals, the formation of caveolae requires the expression of

a DN mutant of the clathrin coat-associated protein Epsl5, either caveolin-1 or caveolin-3, with the latter being restricted
Eps15A95/295, lacking the second and third of the three EH to muscle cells. Caveolin-2, although frequently coexpressed
domains of Epsl5. The overexpression of Eps15A95/295 re- and associated with caveolin-1, cannot form caveolae alone

sults in a DN protein that specifically interferes with clathrin- (51). To address the role of caveolae in LCMV entry into CV1
coated pit assembly (4) without affecting clathrin-independent epithelial cells, we depleted caveolin-1 by using a pool of four
endocytotic pathways (48). To distinguish the specific effect of synthetic siRNAs targeting the ORF of the human homologue.
the DN mutants from changes caused by the overexpression Due to the high sequence conservation between caveolin-1

of the transgenes, we directly compared GFP-tagged versions from humans and that from the North African green monkey
of the wild-type forms to those of the DN mutants, using the (C. aethiops), from which CV1 cells are derived, three out of
GFP label for the assessment of transgene expression levels. four human caveolin siRNAs perfectly matched both se-

CV1 cells were transfected with GFP-tagged versions of the quences, and the fourth siRNA had only a single base mis-
wild-type forms and the DN mutants of caveolin-1, dynamin I, match (for details, see Materials and Methods). The pool of
dynamin II, and Epsl5. Twenty-four hours posttransfection, caveolin-1-specific siRNAs and control siRNA was transfected

cells were infected with LCMV cl-13. As a control virus to test into CV1 cells as described previously (63). Cells were lysed
the activity of the DN mutants, we included the clade B New after 48 h and caveolin-1 was detected by Western blotting,
World arenavirus Junin virus (vaccine strain Candid 1), which using a-tubulin for normalization. Transfection with caveolin-1
uses transferrin receptor 1 as a cellular receptor (58) and siRNAs resulted consistently in a >80% reduction in caveolin
enters cells via clathrin-mediated endocytosis (43). After 16 h expression compared to that of control siRNA (Fig. 7A, B).
of infection, cells were fixed and analyzed for infection by CV1 cells transfected with caveolin-1 or control siRNAs then
immunofluorescence staining for LCMV NP or Junin virus were infected with LCMV cl-13 at a low MOI (0.01). Junin
antigen. Specimens were examined by fluorescence micros- virus Candid 1, the entry of which is independent of caveolae
copy, and cells that expressed similar levels of the GFP-tagged (43), again served as a negative control. As a positive control,
wild type and DN mutants were selected. The percentage of we used SV40, which enters CV1 cells by caveolar endocytosis

infection in transgene-expressing cells was determined by scor- (53, 54).

ing cells expressing viral antigens. As shown in Fig. 6, the Infection of LCMV cl-13 and Junin virus Candid 1 was
expression of the DN mutant Y14F of caveolin-1 had no effect assessed after 16 h by immunofluorescence as described above.
on the infection of cells with either LCMV cl-13 or Junin virus. SV40 infection was determined by immunostaining for the

Interestingly, the expression of DN dynamin I, dynamin II, and SV40 T antigen (53, 54). As shown in Fig. 7C, the marked
Eps15 did not affect infection with LCMV cl-13 but caused a depletion of caveolin-1 in cells treated with the specific sSiRNA
significant reduction in infection with Junin virus (Fig. 6). As had no significant effect on infection with LCMV cl-13 and
expected, the DN mutants of dynamin I, dynamin II, and Junin virus, making a critical role for caveolae in infection

Epsl5 also inhibited the uptake of transferrin (data not unlikely. In contrast, treatment with caveolin-1 siRNA resulted
shown). in a moderate (circa 40%) but consistent and specific reduction

Since the caveolin-1 DN mutant used in our studies may of infection with SV40, as reported previously (52), indicating
block some functions of caveolin-1 but not others, we ad- significant impairment of caveolar endocytosis by the extent of
dressed the role of caveolae in LCMV entry using a comple- caveolin-1 depletion achieved.

mentary approach: the depletion of caveolin-1 by RNA inter- To further confirm the ability of LCMV to enter cells inde-
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FIG. 6. Infection with LCMV occurs independently of caveolin-1, dynamin, and Esp15, while infection with Junin virus requires clathrin and
dynamin. (A) CV1 cells were transfected with the GFP-tagged wild type and DN mutants of caveolin-1, dynamin I (not shown), dynamin II, and
Eps15. Twenty hours posttransfection, cells were infected with either LCMYV cl-13 or Junin virus Candid 1 at an MOI of 5. After 16 h, cells were
fixed and infection was assessed by immunofluorescence detection of LCMV NP or Junin virus antigen using a rhodamine red-X-conjugated
secondary antibody (red). Cell nuclei were counterstained with DAPI (bar, 20 wm). (B) For quantification, 100 cells with similar levels of transgene
expression, as assessed by the intensity of their GFP signals, and cells positive for viral antigen were screened (means * standard deviations; n =
3). Note that cells with high expression levels of Eps15A95/195 show signs of cytopathic effect and were excluded from the analysis.
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FIG. 7. Depletion of caveolin-1 does not affect infection with
LCMV. (A) Depletion of caveolin-1 from CV1 cells by siRNA. Trip-
licate samples of CV1 cells were transfected either with a pool of
siRNA targeting caveolin (50 nM per siRNA, 200 nM total concen-
tration) or with control siRNA (200 nM). After 48 h, cells were lysed
and caveolin-1 (Cav-1) and a-tubulin (a-Tu) were detected by Western
blotting. (B) Quantification of results shown in panel A using densi-
tometry (means * standard deviations; n = 3). (C) Caveolin depletion
does not affect infection with LCMV cl-13 and Junin virus Candid 1.
Cells transfected with siRNA to either caveolin (Cav-1) or control
siRNAs (Control) as described for panel A were infected with LCMV
cl-13, Junin virus Candid 1, or SV40 (200 PFU per well, corresponding
to an MOI of 0.01). Cells were fixed after 16 h. Infections with LCMV
cl-13 and Junin virus Candid 1 were assessed as described for Fig. 6A.
For the detection of SV40 infection, cells were stained with an anti-
body to the SV40 T antigen and a fluorescence-conjugated secondary
antibody. Cells positive for viral antigen were scored (values are
means * standard deviations; n = 3). Asterisks indicate significant
Student’s ¢ test values (P < 0.01).

pendently of caveolae, we looked at the infection of the human
hepatocyte line Huh7, which is naturally deficient in caveolin-1
and caveolin-2 and thus lacks caveolae (16). Despite being
deficient in caveolin-1 (Fig. 8A), Huh7 cells turned out to be
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highly susceptible to infection with VSV pseudotypes of
LCMV, LFV, and VSV (Fig. 8B). As in the case of caveolin-
1-positive Vero E6 and CV1 cells, infection with VSV
pseudotypes of LCMV and LFV, but not VSV, critically de-
pended on membrane cholesterol (Fig. 8C). Although the spe-
cific mechanism of viral entry may differ among cell types, our
data show that LCMV can efficiently infect cells naturally de-
void of caveolae.

Neither structural integrity nor dynamics of the actin cy-
toskeleton are required for LCMYV infection. Initial studies
documented that the disruption of actin microfilaments by
cytochalasin D did not reduce LCMYV infection (7), indicating
that the structural integrity of actin fibers is not required. To
address a possible role of actin dynamics in LCMV entry, we
compared the effects of cytochalasin D to those of latrunculin
A, an actin monomer-sequestering drug, and jasplakinolide, an
actin polymer-stabilizing drug that blocks the dynamics of actin
filaments. When added to CV1 or Vero E6 cells for 30 min,
cytochalasin D, latrunculin A, and jasplakinolide induced the
expected changes in the cellular actin cytoskeleton (Fig. 9A)
but had no effect on LCMV infection (Fig. 9B), indicating that
neither the structural integrity nor the dynamics of the actin
cytoskeleton are required for LCMV entry and early replica-
tion.

DISCUSSION

We investigated the entry of the prototypic Old World
arenavirus LCMV and make the following points. The initial
attachment of LCMV to its cellular receptor a-DG occurs
independently of cholesterol, followed by internalization by a
cholesterol-dependent mechanism. The endocytotic pathway
involved in LCMYV entry is independent of clathrin and caveo-
lin and does not require dynamin or actin, features that are
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FIG. 8. Infection of caveolin-1-deficient Huh7 cells with pseudotypes of LCMV and LFV. (A) Detection of caveolin-1 in total lysates of Huh7
and HeLa cells by Western blotting. The loading control was the detection of a-tubulin. (B) Infection of Vero E6 and Huh7 cells with VSV
pseudotypes of LFV and LCMV. Cells were infected with 200 infectious units of the indicated VSV-based pseudotypes, and the infection status
was determined after 24 h by the detection of the GFP reporter. Doublets of infected cells were counted as one infectious event (means * standard
deviations; n = 3). (C) Infection of Huh7 cells with LCMV and LFV pseudotypes is dependent on membrane cholesterol. Huh7 cells either were
treated with 10 mM MBCD for 1 h (cholesterol depletion) or were incubated for 16 h with nystatin/progesterone (cholesterol sequestration) and
infected with 200 infectious units of the indicated VSV pseudotypes. Infection was assessed by the detection of the GFP reporter as described for

panel B (values are means = standard deviations; n = 3).
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FIG. 9. Neither structural integrity nor dynamics of the actin cytoskeleton are needed for LCMV infection. (A) CV1 and Vero cells were
treated with 1 wM latrunculin A (LatA), 500 nM jasplakinolide (Jas), and 25 pg/ml cytochalasin D (CytoD) for 1 h or were left untreated (control).
Cells then were fixed, and actin filaments were visualized with phalloidin conjugated to rhodamine. Cell nuclei were counterstained with DAPI
(bar, 20 pm). (B) Quantitative determination of LCMV infection in cells treated as described for panel A by intracellular staining for LCMV NP
using MAb 113 combined with a phycoerythrin-conjugated secondary antibody and flow cytometry. Data were acquired in a FACSCalibur flow
cytometer and analyzed using FloJo software, and NP-expressing cells were scored (values are means = standard deviations; n = 3).

strikingly different from those of the pathway used by the New
World arenavirus Junin virus and other enveloped viruses.

Initial studies revealed that upon binding to its cellular re-
ceptor, LCMV enters cells via noncoated vesicles, followed by
pH-dependent membrane fusion in an endosomal compart-
ment (7). More recent studies indicated a role of membrane
cholesterol in infection (66), suggesting that a cholesterol-de-
pendent endocytotic pathway was involved in virus entry.

To specifically address the role of membrane cholesterol for
LCMYV entry, a recombinant VSV containing the GP of LCMV
cl-13 (rVSV-LCMV GP) was generated. This approach was
based on the fact that infection by and replication of VSV is
not dependent on cholesterol (66) and that the arenavirus GP
is necessary and sufficient for viral entry. Employing well-char-
acterized drugs that either deplete or sequester membrane
cholesterol, it was revealed that cholesterol is indeed required
for LCMV entry but is not needed for later steps in infection.
A similar requirement for membrane cholesterol was found for
the entry of LFV, another member of the Old World arenavi-
rus family.

Since the entry of Old World arenaviruses is likely a multi-
step process, membrane cholesterol may be involved in differ-
ent ways. First, we addressed a possible role of membrane
cholesterol for virus-receptor binding. An examination of the
partition of a-DG into DRMs by flotation assay provided no
evidence for an association of a-DG with cholesterol-rich lipid
raft domains. Consistent with the location of the receptor in
non-raft membranes, virus attachment was not affected by cho-
lesterol depletion. In contrast, subsequent internalization of
the virus was sensitive to cholesterol depletion, implicating a
cholesterol-dependent pathway of endocytosis.

Although our data clearly implicated membrane cholesterol

in Old World arenavirus entry, the cholesterol dependence of
endocytosis was defined operationally as the sensitivity to cho-
lesterol extraction and sequestration. Experimental conditions
were optimized to avoid a general perturbation of membrane
properties, as illustrated by the unaffected entry of VSV, which
uses clathrin-mediated endocytosis (73). However, our data
still could cover a wide range of endocytotic pathways and
therefore by no means implicate a specific mechanism of entry.
For further characterization of the endocytotic pathway used
by LCMYV, we utilized a set of well-characterized DN mutants
of caveolin-1, dynamin I, dynamin II, and the clathrin coat-
associated protein Eps15. As a control, we used the clade B
New World arenavirus Junin virus, which uses clathrin-medi-
ated endocytosis for entry (43). While the overexpression of
DN dynamin I, dynamin II, and Epsl5 significantly blocked
infection with Junin virus, the DN mutants had no effect on
LCMYV infection. This is consistent with earlier immune-elec-
tron microscopy studies that reported the binding of LCMV to
cells outside of coated pits and the detection of LCMV pre-
dominantly in noncoated vesicles (7) (Fig. 2). The striking
difference in the roles of clathrin and dynamin in the entry of
the Old World arenavirus LCMV and the New World virus
Junin may be a consequence of the use of distinct cellular
receptors by these viruses. While LCMV cl-13 uses a-DG,
Junin virus and the other pathogenic clade B New World
arenaviruses Guanarito, Machupo, and Sabia use human trans-
ferrin receptor 1 (58), a classical cargo receptor internalized by
clathrin-mediated endocytosis (13).

The lack of inhibition of LCMV infection by either overex-
pression of the caveolin-1 DN mutant Y14F or depletion of
caveolin-1 by siRNA indicates a noncaveolar mechanism of
entry. This is consistent with the efficient infection of caveolin-
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deficient Huh7 cells with LCMYV pseudotypes demonstrated in
this study and the fact that caveolae are rare or absent from
some cell types infected by LCMV in vivo and in vitro, includ-
ing hepatocytes and neuronal cells (51).

Initial studies on the role of the actin cytoskeleton for
LCMYV infection revealed that the disruption of actin micro-
filaments by cytochalasin D has no effect on virus infection (7).
Extending the findings of these studies, we confirm that neither
the structural integrity nor the dynamics of actin fibers are
required for LCMV entry and early infection. This rules out a
mechanism of viral entry involving macropinocytosis, which
critically depends on actin dynamics (13, 20, 30, 41).

In sum, our data indicate that the endocytotic pathway used
by LCMYV is cholesterol dependent, clathrin independent, and
caveolin independent, and it is at least not blocked by DN
mutants of dynamin that inhibit clathrin- and caveolin-depen-
dent pathways. The pathway involved in LCMV entry there-
fore appears to be different from the clathrin-dependent en-
docytosis pathway used by other enveloped viruses such as
Semliki Forest virus (67), VSV (73), and Junin virus (43), as
well as the caveolar pathways used by nonenveloped viruses
like SV40 (53, 54, 71), picornaviruses (14, 57), and polyoma-
virus (28). Interestingly, the characteristics of the endocytotic
pathway used by LCMV uncovered here resemble in some
respects those of a recently discovered cholesterol-dependent,
clathrin-, caveolin-, and dynamin-independent pathway used
by SV40 in cells devoid of caveolae (16, 33, 34). However, in
contrast to SV40, which is targeted to pH-neutral compart-
ments like the endoplasmic reticulum (16), the pH profile of
LCMYV membrane fusion requires the delivery of the virus to
late endosomes. Since the cellular factors involved in LCMV
entry are largely unknown so far, a possible relationship be-
tween the two pathways remains speculative at this point. We
currently are aiming at the identification of the host cell factors
required for LCMV entry, which should provide novel insights
into virus-host cell interaction and may illuminate novel drug
targets for the development of antiarenaviral strategies.
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