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Early results suggested that the amphotropic murine leukemia virus (A-MLV) does not enter cells via
endocytosis through clathrin-coated pits and this gammaretrovirus has therefore been anticipated to fuse
directly with the plasma membrane. However, here we present data implicating a caveola-mediated endocytic
entry route for A-MLV via its receptor Pit2. Caveolae belong to the cholesterol-rich microdomains character-
ized by resistance to nonionic detergents such as Triton X-100. Extraction of murine fibroblastic NIH 3T3 cells
in cold Triton X-100 showed the presence of the A-MLV receptor Pit2 in detergent-insoluble microdomains.
Using coimmunoprecipitation of cell extracts, we were able to demonstrate direct association of Pit2 with
caveolin-1, the structural protein of caveolae. Other investigations revealed that A-MLV infection in contrast
to vesicular stomatitis virus infection is a slow process (t1⁄2 �5 h), which is dependent on plasma membrane
cholesterol but independent of NH4Cl treatment of cells; NH4Cl impairs entry via clathrin-coated pits.
Furthermore, expression of dominant-negative caveolin-1 decreased the susceptibility to infection via Pit2 by
approximately 70%. These results show that A-MLV can enter cells via a caveola-dependent entry route.
Moreover, increase in A-MLV infection by treatment with okadaic acid as well as entry of fusion-defective
fluorescent A-MLV virions in NIH 3T3 cells further confirmed our findings and show that A-MLV can enter
mouse fibroblasts via an endocytic entry route involving caveolae. Finally, we also found colocalization of
fusion-defective fluorescent A-MLV virions with caveolin-1 in NIH 3T3 cells. This is the first time substantial
evidence has been presented implicating the existence of a caveola-dependent endocytic entry pathway for a
retrovirus.

Amphotropic murine leukemia virus (A-MLV) pseudotypes
are widely used in gene therapy trials, and A-MLV and other
gammaretroviral envelope proteins are often manipulated,
aiming at targeted retroviral gene delivery at the receptor level
(48). The basis for efficient and controlled gene delivery is
knowledge about the viral entry mechanisms.

Viral entry is initiated by the specific interactions between
the viral envelope protein and a cellular receptor. The type III
sodium-dependent phosphate transporter Pit2, a multimem-
brane-spanning protein, was identified as a receptor for A-
MLV in 1994; moreover, it is a receptor for the A-MLV-
related isolate 10A1 MLV (17, 31, 32, 37, 59, 60). Little is
known about the entry mechanism of viruses employing Pit2
for entry, and the current results are seemingly conflicting.

In principle, two general entry pathways exist for enveloped
viruses—entry via direct fusion with the plasma membrane and
entry via endocytosis. Until recently, the only known endocytic
viral entry pathway was endocytosis via clathrin-coated pits.
Sensitivity to, e.g., NH4Cl has been used to discriminate be-
tween the two viral entry routes; NH4Cl inhibits the pinching
off of clathrin-coated pits and the acidification of endosomes,

thereby impairing viral infection, while direct fusion at the
plasma membrane is NH4Cl insensitive (27, 49). Entry via
endocytosis of clathrin-coated pits and entry via direct fusion at
the plasma membrane are also referred to as pH-dependent
and pH-independent infection, respectively.

In 1990, McClure and coworkers found that A-MLV infec-
tion in NIH 3T3 cells and other cell lines is unaffected by
NH4Cl treatment, which led, at that time, to the conclusion
that A-MLV enters cells through direct fusion with the plasma
membrane (25). Moreover, the authors found that ecotropic
murine leukemia virus (E-MLV) infection in NIH 3T3 cells
was inhibited by NH4Cl treatment (25). Katen and coworkers
reexamined entry of E-MLV and A-MLV (16) and found that
they infect NIH 3T3 cells via the same infection mechanism.
They suggested that both viruses enter the cells via an endo-
cytic pathway that does not necessarily include acidic compart-
ments during the infection process (16).

The features of the A-MLV entry pathway described by
Katen et al. (16) are in agreement with a caveola-dependent
endocytic entry pathway. Caveola-dependent endocytosis was
originally identified as entry pathway for simian virus 40
(SV40) (1, 41). Since then, other viruses have been shown to be
able to employ caveolae for entry, e.g., echovirus 1 (24) and,
very recently, human polyomavirus BK (9) and human coro-
navirus 229E (36).

Investigations of caveola-dependent entry of SV40 have re-
vealed the characteristics of this new viral entry pathway. It has
been described as pH independent, phosphatase dependent,
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and dependent on plasma membrane cholesterol, and it can be
inhibited by expression of dominant-negative caveolin-1 (1,
41).

Caveolae, which are flask-shaped invaginations of the
plasma membrane, belong, together with rafts, to the choles-
terol-rich microdomains. In these plasma membrane regions,
cholesterol molecules are intercalated between the lipid acyl
chains and this causes a decrease of fluidity and resistance to
nonionic detergents. Caveolae have the same lipid composition
as other cholesterol-rich microdomains but consist, in addition,
of an important structural protein, caveolin-1 (47). Within the
last 10 years, several proteins which are specifically associated
with caveolae have been identified (reviewed in references 2
and 52). This association is not only a result of the specific lipid
environment of caveolae; proteins containing a caveolin-bind-
ing motif can bind directly to caveolin-1 (7).

We show here that the A-MLV and 10A1 MLV receptor
Pit2 associates with cholesterol-rich microdomains and we
show evidence for direct association with caveolin-1. More-
over, we show that infection via Pit2 has typical characteristics
of a caveola-mediated entry process, that is, it is a slow process,
pH independent, phosphatase dependent, cholesterol depen-
dent, and inhibited by dominant negative caveolin-1. More-
over, we observed an increase in A-MLV infection by okadaic
acid treatment as anticipated for endocytosis via caveolae. Fur-
thermore, by using confocal microscopy, we show that fluores-
cent fusion-defective A-MLV particles were able to enter NIH
3T3 cells and we also found colocalization of fusion-defective
fluorescent A-MLV virions with caveolin-1. Taken together,
our data show that entry via Pit2 can occur in a caveola-
mediated endocytic manner.

MATERIALS AND METHODS

Cells. NIH 3T3 (ATCC CRL-1658) cells were propagated in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Gibco BRL) supplemented with 10% newborn
calf serum (NCS) (Gibco BRL), 100 IU/ml of penicillin, and 100 �g/ml of
streptomycin (Gibco BRL) (DMEM/NCS/PS). 293T cells (ATCC CRL-11268)
were propagated in DMEM supplemented with 10% fetal calf serum, 100 IU/ml
of penicillin, and 100 �g/ml of streptomycin (DMEM/FCS/PS). CHO K1 (ATCC
CRL-61) cells were propagated in �-modified minimal essential medium (�-
MEM) (Gibco BRL) supplemented with 10% fetal calf serum, 100 IU/ml of
penicillin, and 100 �g/ml of streptomycin (�-MEM/FCS/PS). Mus dunni tail
fibroblastic (MDTF) cells (a kind gift from Melvyn Yap) were propagated in
DMEM/FCS/PS. NIH 3T3 cells overexpressing human Pit2 (K. Madsen, M. M.
Kjærgaard, K. Dreyer, P. M. Martensen, and L. Pedersen, unpublished data)
were propagated in DMEM/NCS/PS. All cells were grown at 37°C, 10% CO2 and
95% humidity.

Antibodies. Mouse anti-caveolin-1 antibodies were obtained from BD Bio-
science and Transduction Laboratories. Rabbit anti-Pit2 antibodies were gener-
ous gifts from David Kabat and Robert B. Gunn (56). For Western blot analyses,
pig anti-rabbit immunoglobulin G (DAKOCytomation) or goat anti-mouse im-
munoglobulin G (Jackson ImmunoResearch), both coupled to horseradish per-
oxidase, were used as secondary antibodies. For confocal microscopy, an anti-
mouse Texas Red-labeled secondary antibody (Molecular Probes) was used as
the secondary antibody.

Virus production. A-MLV (4070A isolate) pseudotypes carrying the �-galac-
tosidase-encoding vector G1BgSvN (26) were obtained from the producer cell
line PA317GBN (28, 30) (kind gift from M. Eiden). 10A1 MLV pseudotypes
carrying G1BgSvN were obtained from the producer cell line PT67GBN (6, 29).
PA317GBN and PT67GBN cells were grown in DMEM/NCS/PS. Filtered
(0.45-�m pore size) vector supernatants were stored at �80°C. To generate
particles carrying the vesicular stomatitis virus (VSV) glycoprotein, plasmids
encoding the VSV glycoprotein (Clontech), the Moloney MLV gag-pol gene
(pHIT60) (53), and a retroviral vector encoding the �-galactosidase gene
(pHIT111) (53) were cotransfected into 293T cells; 48 h after transfection, VSV

vector pseudotype-containing supernatants were harvested, filtered (0.45-�m
pore size), and stored at �80°C until use.

Virus titer. The titers of A-MLV and 10A1 MLV pseudotypes were deter-
mined on D17 cells as previously described (39); titers of VSV pseudotypes were
determined in a similar set-up on NIH 3T3 cells. The titers obtained were ca. 105

blue-forming units/ml for A-MLV and 10A1 MLV and 8 � 105 for VSV; how-
ever, in general, diluted stocks were employed.

�-Galactosidase staining of infected cells. The cells were fixed with 0.05%
glutaraldehyde (5 min at room temperature) and washed twice with phosphate-
buffered saline before they were overlaid with staining solution (5 mM potassium
ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl2) containing 1 mg/ml
X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside). �-Galactosidase-
positive (blue) cells were counted under a light microscope.

MBCD treatment. Extraction of cholesterol was performed as described by Lu
et al. (23). NIH 3T3 cells were washed once with DMEM without serum and
overlaid with DMEM without serum and containing 0 mM (mock treatment), 5
mM, or 10 mM methyl-beta-cyclodextrin (MBCD) (Merck). After incubation at
37°C for 15 min, the cells were washed twice with DMEM without serum.

Infection of MBCD-treated cells. One day prior to MBCD treatment and
infection, NIH 3T3 cells were seeded in 24-well plates. The cells were treated
with 0 mM, 5 mM, and 10 mM MBCD as described above. After MBCD
treatment, cells were infected with serial dilutions of A-MLV (PA317GBN pro-
duced, 0.45 �m filtered, 4 �g/ml Polybrene) or VSV (293T produced, 0.45 �m
filtered, 8 �g/ml Polybrene) (2 h infection). To inactivate adsorbed but nonin-
ternalized viruses, the cells were washed once with citrate buffer (40 mM sodium
citrate, 10 mM KCl, 135 mM NaCl, pH 3.1) for 1 min at room temperature (19);
they were thereafter grown for 2 days in DMEM–5% NCS and stained for
�-galactosidase activity.

Cell cycle analysis. To study the effect of the MBCD treatment on the cell
cycle, NIH 3T3 cells were seeded in six-well plates and treated with 0 mM, 5 mM,
or 10 mM MBCD as described above, washed once with DMEM without serum,
and cultivated with DMEM–5% NCS. After 0, 2, 8, 12, 24, and 48 h of treatment,
the cells were brought in suspension with trypsin (Gibco BRL) and pelleted.
They were fixed by dropwise addition of �20°C 70% ethanol while vortexing and
stored at �20°C until further investigation. The fixed cells were prepared for
analyses of DNA content by pelleting and subsequent resuspension in phos-
phate-buffered saline containing 20 �g/ml RNase A (Sigma). Finally, they were
passed through 35-�m filters (Falcon) and incubated with 100 �g/ml propidium
iodide. The DNA content of the cells was analyzed by flow cytometry (FACS-
Calibur, BD) and the resulting histograms were analyzed using the Dean-Jett-
Fox model of the FlowJo 4.4.3 software.

Cholesterol staining. NIH 3T3 cells were seeded on chamber slides (Nunc)
and grown to 50% confluence. For cholesterol staining after MBCD treatment,
the cells were overlaid with filipin (50 �g/ml in phosphate-buffered saline, Sigma)
and incubated for 1 h at room temperature. A fluorescence microscope (IX70,
Olympus; filter sets: filipin XF113, 387/450 nm [Em/Ex], Omega filters) with a
1,000x magnification was used for the detection of stained cells. Images were
taken with a Colorview II camera (Olympus). Brightness and contrast were
adjusted (Adobe Photoshop).

NH4Cl treatment. One day prior to NH4Cl treatment and infection, NIH 3T3
cells were seeded in 24-well plates. The cells were treated with 50 mM NH4Cl for
30 min, washed, and infected with A-MLV (PA317GBN derived, 0.45 �m fil-
tered). After 5, 15, 30, and 60 min, noninternalized viruses were inactivated using
citrate buffer. Forty-eight hours after infection, the cells were stained for �-ga-
lactosidase activity.

Triton X-100 extraction. T75 flasks with cells were washed once with phos-
phate-buffered saline, overlaid with 1 ml 4°C 0.5% Triton X-100 in the presence
of the protease inhibitor Pefabloc (Merck), and gently shaken on ice for 1 min.
The supernatant containing the Triton X-100-soluble proteins was removed and
stored on ice. The remaining cell remnants (insoluble fraction) were suspended
in 1 ml lysis buffer (300 mM NaCl, 50 mM Tris-HCl, 1% Triton X-100, 2 mM
Pefabloc) and homogenized by intensive pipetting. Equal volumes of soluble and
insoluble fractions were used for Western blot analysis.

Coimmunoprecipitation. T75 flasks with cells were suspended in lysis buffer
(300 mM NaCl, 50 mM Tris-HCl, 1% Triton X-100, 2 mM Pefabloc) at room
temperature and homogenized by intensive pipetting. The samples were incu-
bated with anti-Pit2 (from David Kabat) or 5 �g anti-caveolin-1 associated
protein A beads (Dynal). Using the magnetic separation system from Dynal, the
samples were washed and the bound proteins were removed with citrate buffer
(pH 3.0) as described by the manufacturer before use for sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) and Western blot analyses.

SDS-PAGE and Western blotting. Samples were mixed with gel loading buffer
(125 mM Tris, 5% SDS, 12.5% �-mercaptoethanol, 50% glycerol, 0.25% brom-
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phenol blue) and loaded on an SDS-PAGE gel using 12% and 3% acrylamide for
the resolution and stacking gels, respectively. After separation, the proteins were
transferred to an Immobilon-P polyvinylidene difluoride membrane (Millipore).
The membrane was blocked for 30 min with Tris-buffered saline containing 0.1%
Tween 20. To detect Pit2 or caveolin-1 proteins, the membranes were incubated
with antibodies (1:1,000 dilution) against these proteins in blocking buffer. The
secondary antibodies, pig anti-rabbit and goat anti-mouse (both coupled to
horseradish peroxidase), were used at a 1:2,000 and 1:1,000 dilutions, respec-
tively. The blots were developed in ECL solution.

Transient cotransfections and infection assays. Transient transfection and
infection assays were performed essentially as described elsewhere (6, 39). CHO
K1 cells were seeded in 60-mm dishes at 2 � 103 cells/cm2. The next day, the cells
were cotransfected by calcium phosphate DNA precipitation. Each precipitate (1
ml) contained 5 �g of pOJ74 (Wyeth-Ayerst Research, Pearl River, NY) encod-
ing human Pit2 (39) or pcDNA3 (empty vector), 2.5 �g of C- or N-terminally
green fluorescent protein (GFP)-tagged caveolin-1 expression plasmid in
pEGFP-derived vectors from Clontech (kind gifts from Ari Helenius) (41) and
7.5 �g of pUC19 plasmid as a carrier. Aliquots of 200 �l precipitate were used
per 60-mm dish, and three independent precipitates (three dishes) were made for
each combination. Twenty hours after transfection, media were withdrawn from
the dishes, and 2 ml CHO K1-conditioned medium was added to each dish. Four
hours later, the cells were infected with 10A1 MLV (1.5 ml PT67GBN superna-
tant diluted 1:1 with CHO K1-conditioned medium) adjusted to 8 �g/ml of
Polybrene; after 4 h, the Polybrene was diluted to a final concentration of 2 �g/ml
with CHO K1-conditioned medium. Forty-eight hours after transfection, the
cells were fixed and stained for �-galactosidase activity.

The effect of transient expression of the two caveolin-1 constructs on cell
growth was analyzed as follows. Precipitates (1 ml) were made which contained
5 �g of the retroviral �-galactosidase encoding vector pLZSN, 2.5 �g of C- or
N-terminally GFP-tagged caveolin-1 expression plasmid or 2.5 �g of pEGFP-N1
(empty vector), and 7.5 �g pUC19 plasmid as a carrier. Aliquots of 200 �l
precipitate were used per 60-mm dish, and three independent precipitates (three
dishes) were made for each combination. Forty-eight hours after transfection,
the cells were fixed and stained for �-galactosidase activity.

Okadaic acid treatment. One day prior to okadaic acid treatment and infec-
tion, NIH 3T3 cells were seeded in 24-well plates. NIH 3T3 cells were incubated
with A-MLV (PA317GBN derived, 0.45 �m filtered) or VSV (293T derived, 0.45
�m filtered) for 4 or 6 h, washed with medium, and subjected to mock treatment
(1:100 dimethyl sulfoxide in medium) or 0.1 �M okadaic acid (10 �M stock
solution in dimethyl sulfoxide) for 60 min. Subsequently, noninternalized viruses
were inactivated by citrate buffer wash and 48 h after infection, the cells were
stained for �-galactosidase activity.

Alternatively, NIH 3T3 cells were subjected to mock treatment (1:100 di-
methyl sulfoxide in medium) or 0.1 �M okadaic acid for 60 min to remove cell
surface caveolae. Subsequently, the cells were infected with A-MLV or VSV for
4 or 6 h in the presence of dimethyl sulfoxide or 0.1 �M okadaic acid. Nonin-
ternalized viruses were inactivated using citrate buffer and 48 h after infection,
the cells were stained for �-galactosidase activity.

Production of Gag-YFP A-MLV. For production of yellow fluorescent protein
(YFP)-tagged fusion-defective A-MLV particles (Gag-YFP A-MLV particles),
293T cells were seeded in T75 flasks and grown to 70% confluence. The cells
were transiently cotransfected with a Gag-YFP construct (encoding Moloney
MLV Gag structural proteins and a YFP-tagged nucleocapsid protein) (3),
pHIT111 (harboring a �-galactosidase-encoding retroviral vector) (53), and a
pHIT-derived vector encoding the A-MLV (4070A isolate) envelope. Forty-eight
hours after transfection, the supernatants were filtered (0.45 �m) and stored
until use at �80°C.

Entry of fusion-defective Gag-YFP A-MLV. For the investigation of the uptake
of fusion-defective Gag-YFP A-MLV particles, NIH 3T3 cells were incubated
with these viral particles for 6 h at 37°C, washed with phosphate-buffered saline
and citrate buffer, and fixed using 4% paraformaldehyde. The plasma membrane
of the cells was subsequently stained using rhodamine-labeled concanavalin A
(Vector Laboratories, Burliggane, CA). The confocal images were captured with
a Leica TCS SP confocal Microscope (Leitz). YFP and rhodamine were excited
individually using argon laser 488 nm line and green helium neon laser 543 nm
line, respectively. The two single-color images were subsequently merged into a
red-green-blue (RGB) image.

Colocalization of fusion-defective Gag-YFP A-MLV with caveolin-1. For in-
vestigation of the colocalization of fusion-defective Gag-YFP A-MLV particles
with caveolin-1, NIH 3T3 cells were incubated with these viral particles for 6 h
at 37°C and washed with phosphate-buffered saline. The cells were permeabil-
ized with 0.25% Triton X-100 and fixed using 4% paraformaldehyde. The cells
were subsequently stained for caveolin-1 using mouse anti caveolin-1 antibody

(Transduction Laboratories), washed and incubated with an anti-mouse Texas
Red labeled secondary antibody (Molecular Probes). Confocal images were
captured with a Leica TCS SP confocal Microscope (Leitz). YFP and Texas Red
were excited individually using argon laser 488 nm line and green helium neon
laser 543 nm line, respectively. The two single-color images were subsequently
merged into a RGB image.

Statistical analysis. Receptor functions are presented as mean � standard
deviation. The hypothesis that two mean values were identical was tested by a
two-tailed Student’s t test; values were considered different at a 95% confidence
level.

RESULTS

A-MLV infection is a pH independent and slow process.
A-MLV infection has been shown to be pH independent (25).
In addition, Katen and coworkers have provided data suggest-
ing that A-MLV enters through an endocytic pathway (16). A
possible endocytic pathway which is pH independent is
caveola-mediated entry (41) and we have here investigated
whether caveolae could play a role in entry of A-MLV.

First, we investigated if A-MLV infection is pH independent
in our hands using an experimental set-up similar to that of
Katen et al. (16). NIH 3T3 murine fibroblasts were treated
with 50 mM NH4Cl, which inhibits entry via clathrin-coated
pits (27, 49), before they were exposed to A-MLV (Fig. 1A).
After the indicated time periods, noninternalized viruses were
inactivated using citrate buffer. As expected and shown by
others (16, 25), NH4Cl treatment did not inhibit A-MLV in-
fection. Mock and NH4Cl-treated cells were equally suscepti-
ble to A-MLV (Fig. 1A) confirming that A-MLV entry is pH
independent, that is, independent of clathrin-coated pits. The
citrate wash inactivates noninternalized virus but does not in-
fluence the viral infection (16; data not shown).

Interestingly, although we infected the cells with a multiplic-
ity of infection of 	 1, only approximately 5% of the cells were
infected after 1 h of virus exposure (data not shown). To
investigate the infection kinetics of A-MLV, we infected NIH
3T3 cells and inactivated noninternalized viruses after different
time periods. A-MLV infection of NIH 3T3 cells reached the
half-maximal infection level (t1⁄2) about 5 h after virus addition
whereas an MLV core pseudotyped with VSV glycoprotein
reached t1⁄2 after just 1.5 h (Fig. 1B); VSV enters cell via
clathrin-coated pits (8).

To investigate whether A-MLV binding to the cells was a
limiting factor, we incubated NIH 3T3 cells for different time
periods with a fluorescently labeled A-MLV where the nucleo-
capsid protein is tagged with YFP (3). As shown in Fig. 1C,
cell-bound viral particles could be detected 5 min after addi-
tion of the viral supernatant. Mock-treated cells did not show
any fluorescent signal (data not shown). Binding of YFP-
tagged A-MLV to glass surface and size comparison with
110-nm Texas Red-labeled beads show that the viral particles
are separated from each other and do not have the tendency to
aggregate (Fig. 1D). These results demonstrate that binding of
A-MLV to cells is not the limiting factor and not the reason for
the slow infection process.

Entry kinetics alone were also analyzed. Thus, A-MLV and
VSV pseudotyped particles were bound to MDTF cells at 4°C,
and the cells were washed with medium to remove unbound
viruses and incubated at 37°C for the indicated time periods at
which noninternalized viruses were inactivated. As expected
from the infection kinetics (Fig. 1B), A-MLV needed approx-
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FIG. 1. Infection of NIH 3T3 is a slow pH-independent process. (A) NH4Cl treatment has no effect on A-MLV infection. NIH 3T3 cells were
treated with 50 mM NH4Cl for 30 min, washed, and incubated with A-MLV pseudotyped vectors. At the indicated time points, noninternalized
viruses were inactivated using citrate buffer. Forty-eight hours after vector addition, infected �-galactosidase-positive cells were counted. Shown
is one representative experiment done in triplicate. Similar results were obtained in another independent experiment. (B) Infection kinetics of
A-MLV and VSV pseudotyped vectors. NIH 3T3 cells were exposed to A-MLV or VSV pseudotyped vectors and at the indicated time points,
noninternalized viruses were inactivated using citrate buffer. Forty-eight hours after vector addition, infected �-galactosidase-positive cells were
counted. The number of infected cells is normalized to the 24-h value. Shown is one representative experiment done in duplicate. Similar results
were obtained in a second independent experiment. (C) Binding kinetics of fluorescently labeled A-MLV. NIH 3T3 cells were incubated with
A-MLV particles containing a YFP-labeled nucleocapsid protein. At the indicated time points, cells were washed, fixed, and analyzed by
fluorescence microscopy; particles not in focus in the cell cultures can appear larger than a single particle. Pictures were taken with an
oil-immersion objective (original magnification, 1,000�). (D) Size comparison of fluorescent A-MLV with 110-nm fluorescent beads. A-MLV and
110-nm Texas Red-labeled beads were bound to chamber slides in the presence of Polybrene. After fixation with paraformaldehyde, pictures were
taken with an oil-immersion objective (original magnification, 1,000�). (E) Entry kinetic of A-MLV and VSV. A-MLV or VSV pseudotypes were
bound to MDTF cells at 4°C, the cells were washed to remove unbound virus, incubated at 37°C, and at the indicated time points, noninternalized
viruses were inactivated using citrate buffer. Forty-eight hours after vector addition, infected �-galactosidase-positive cells were counted. The
number of infected cells is normalized to the 24-h value. Values are the average of two independent experiments done in duplicate.
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imately four times longer to enter the cells and to reach t1⁄2 than
VSV (Fig. 1E). Slow entry kinetics is one of the characteristics
of a caveola-dependent entry.

A-MLV infection is dependent on plasma membrane cho-
lesterol. Caveolae belong to cholesterol-rich microdomains
and MBCD is often used to investigate whether an infection is
dependent on these microdomains. It is known to extract cho-
lesterol out of the plasma membrane of eukaryotic cells (18)
leading to disruption of cholesterol-rich microdomains and
release of associated proteins (13).

NIH 3T3 cells were mock-treated or treated with 5 mM or
10 mM MBCD, and thereafter infected with A-MLV for 2 h
before noninternalized viral particles were inactivated with
citrate buffer. Forty-six hours later, the number of infected
cells was counted and the percentages of infected cells were
calculated and related to the percentages of infected cells in
the mock-treated cultures. As a control, NIH 3T3 cells were
infected for 2 h, washed with citrate to inactivate noninternal-
ized viral particles and then treated with 10 mM MBCD to
determine whether the MBCD treatment itself had an effect on
viral infection after internalization. As shown in Fig. 2A, the
susceptibility of MBCD-treated cells to A-MLV was reduced
by 72%, whereas MBCD treatment after A-MLV infection had
no effect. Treatment with 5 mM MBCD resulted in a reduction
in the susceptibility to A-MLV by 39% � 6% (data not shown).
As expected, MBCD treatment had no inhibitory effect on
infection with a VSV pseudotype, which is known to enter cells
via clathrin-coated pits (8).

To investigate whether the MBCD treatment conditions in-
deed were sufficient to extract cholesterol out of the plasma
membrane, we treated NIH 3T3 cells with 5 mM or 10 mM
MBCD for 15 min at 37°C and stained the cells with filipin.
This fluorescent polyene macrolide antibiotic binds specifically
to cholesterol and is used for the detection of cholesterol in,
e.g., plasma membranes (11). Fluorescence microscopy re-
vealed that the MBCD treatment reduced the amount of cho-
lesterol in the plasma membrane (Fig. 3). Determination of the
mean fluorescence using photo analyzing software showed that
treatment of NIH 3T3 cells with 5 mM MBCD decreased
plasma membrane cholesterol by 36% compared to mock-
treated cells, while treatment with 10 mM MBCD led to a 73%
reduction (Fig. 3E).

Although the main part of the cholesterol was depleted
using 10 mM MBCD there was no obvious lethal effect when
investigating the cells in a light microscope. However, since
A-MLV can successfully infect only dividing cells it is impor-

FIG. 2. MBCD treatment of NIH 3T3 cells. (A) MBCD decreases
the susceptibility of NIH 3T3 cells to A-MLV infection. NIH 3T3 cells
were treated with 10 mM MBCD at 37°C for 15 min and infected for
2 h with A-MLV or VSV pseudotyped vectors. Noninternalized viruses
were removed by citrate wash and 2 days after vector addition, infected
�-galactosidase-positive cells and noninfected cells were counted and
the percentages of infected cells was calculated. As a control, NIH 3T3
cells were infected for 2 h with A-MLV or VSV, washed with citrate
buffer, and treated with 10 mM MBCD at 37°C for 15 min. The
infection levels shown are normalized to the infection levels in the
control cultures. Values are the average of two independent experi-
ments done at least in triple; for A-MLV P values were � 0.001
(MBCD treatment before infection) and 	0.5 (MBCD treatment after
infection), respectively, compared to mock-treated (0 mM MBCD)
cultures. (B and C) Investigation of the effect of MBCD treatment on
the cell cycle. NIH 3T3 cells were treated with 0 mM (mock), 5 mM,

or 10 mM MBCD at 37°C for 15 min. The cells were washed and fresh
DMEM containing 5% NCS was added. At 0, 2, 8, 12, 24, and 48 h
after treatment, the cells were harvested and analyzed for their DNA
amount using flow cytometry. (B) An example of a typical flow cytom-
etry analysis is shown (0 mM MBCD, 2 h after treatment). (C) Frac-
tions of cells in the S and G2/M phase of the cell cycle after MBCD
treatment. At every time point is shown the fractions of cells in S and
G2/M in mock-treated (0 mM MBCD) cultures and cultures treated
with 5 mM and 10 mM MBCD. The straight line depicts the fraction
of cells in S and G2/M in an NIH 3T3 cell culture exhibiting only
slightly more cell-cell contacts than the 48 h mock- and MBCD-treated
cultures to illustrate the proliferative state of the used NIH 3T3 cells
in a nonmanipulated culture.
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tant to know how the MBCD treatment influences the cell
cycle. Therefore, we treated NIH 3T3 cells with 5 mM or 10
mM MBCD for 15 min at 37°C, harvested the cells 0, 2, 8, 12,
24, and 48 h after treatment, stained for DNA with propidium
iodide, and analyzed for the amount of DNA using flow cy-
tometry. The DNA amount and the resulting fluorescence re-
flect the stage of the cell cycle. A typical curve for DNA
fluorescence measurement via flow cytometry is shown in Fig.
2B. The percentage of cells arrested in the different stages of
the cell cycle was determined using the FlowJo cell cycle ana-
lyzing software. Twelve hours after MBCD treatment, the cho-
lesterol depletion caused a decrease in the fraction of dividing
cells (S and G2/M phase) of 3% (5 mM) and 6% (10 mM),
respectively, compared to mock-treated cells (Fig. 2C); the
maximal decrease of 8% (5 mM MBCD) and 8% (10 mM

MBCD) was reached 48 h after treatment compared to mock-
treated cells.

These data demonstrate that the reduced A-MLV infection
level was not due to an impaired cell cycle, and thus A-MLV
infection is dependent on plasma membrane cholesterol.

Pit2 is directly associated with caveolin-1. The slow, pH-
independent but cholesterol-dependent infection route sup-
ports an involvement of caveolae in A-MLV entry. We there-
fore investigated whether the A-MLV receptor Pit2 is
associated with caveolae. First, we analyzed whether Pit2 in
general associates with cholesterol-rich microdomains. It has
been shown that proteins localized within these microdomains
are insoluble in nonionic detergents such as Triton X-100 at
4°C (51). Therefore, we treated NIH 3T3 cells with Triton
X-100 at 4°C and isolated the soluble and insoluble protein
fractions. These were analyzed by Western blot using an anti-
Pit2 antibody (Fig. 4). Pit2 proteins were present in the soluble
as well as in the insoluble fractions, and thus at least a part of
the Pit2 protein in the cell is associated with cholesterol-rich
microdomains. Similar results were obtained using NIH 3T3
cells overexpressing human Pit2 (data not shown).

To investigate whether Pit2 directly associates with caveo-
lin-1 and caveolae, we performed coimmunoprecipitation stud-
ies. For this purpose, NIH 3T3 cells overexpressing human Pit2
were lysed in Triton X-100 at room temperature to disperse
cholesterol-rich microdomains. The cell lysate was immuno-
precipitated with antibodies to caveolin-1 or Pit2 and the re-
sulting precipitates were analyzed for the content of Pit2 or
caveolin-1, respectively. As shown in Fig. 4B, the caveolin-1
antibody recognized caveolin-1 in the Pit2 immunoprecipitate.
Two strong bands were detected, which correspond to the
monomeric (�24 kDa) and the dimeric forms (�48 kDa) of
caveolin-1. Correspondingly, Pit2 protein could be detected in
the caveolin-1 immunoprecipitate (Fig. 4C). These results are
in agreement with the findings from the Triton X-100 treat-
ment of cells at 4°C, which showed that a part of Pit2 is
associated with cholesterol-rich microdomains.

Immunoprecipitation using anti-caveolin-1 antibody re-
sulted in two bands recognized by the anti-Pit2 antibody (Fig.
4C). To ensure that the anti-Pit2 antibody used in these ex-
periments was specific, we immunoprecipitated Pit2 using the
same anti-Pit2 antibody and analyzed the immunoprecipitate
using Western blot and another anti-Pit2 antibody. The results
confirmed the specificity of the antibody (data not shown).

These results demonstrate that under the cell culture con-
ditions used a fraction of the Pit2 protein is localized in cho-
lesterol-rich microdomains and that at least a fraction of Pit2
is directly associated with caveolin-1.

Overexpression of dominant-negative caveolin-1 decreases
infection via Pit2. The direct association of Pit2 with caveolin-1
further supports that caveolae are involved in viral entry via
Pit2. To directly address the role of caveolae in Pit2-mediated
entry, we used an N-terminally GFP-tagged caveolin-1 (GFP-
cav-1), which functions as a dominant-negative caveolin-1.
GFP-cav-1 inhibits caveola-mediated entry of SV40 (41),
whereas cav-1-GFP, a C-terminally GFP-tagged caveolin-1, be-
haves like wild-type caveolin-1 (41, 55).

NIH 3T3 cells are susceptible to Pit2’s cognate viruses A-
MLV and 10A1 MLV, which hinders direct investigation of the
effect of dominant-negative caveolin-1 expression on viral in-

FIG. 3. Effect of MBCD treatment on the plasma membrane cho-
lesterol level of NIH 3T3 cells. NIH 3T3 cells were treated with (A) 0
mM (mock), (B) 5 mM, or (C and D) 10 mM MBCD at 37°C for 15
min. After this treatment, the cells were fixed and stained with 50
�g/ml filipin for 1 h. Pictures were all taken with an oil-immersion
objective (original magnification, 1,000�) using the same camera set-
tings. (A to C) Unprocessed pictures; (D) copy of the picture in C,
which has been processed in Adobe Photoshop to visualize the pres-
ence of the cells. (E) Quantification of cholesterol extraction. Pictures
of mock (0 mM) and MBCD-treated NIH 3T3 cells were analyzed for
their fluorescently labeled cholesterol. The cholesterol levels shown
are normalized to that of mock-treated cells. At least six randomly
taken pictures were measured.
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fection in these cells. However in another study, we found that
expression of GFP-cav-1 decreases infection of NIH 3T3 cells
expressing a Pit2 mutant, which supports infection with feline
leukemia virus B (D. S. Andersen, C. Beer, and L. Pedersen,
manuscript in preparation). We here used CHO K1 cells in a
transient transfection assay to directly study the effect of caveo-
lin-1 expression on infection via wild-type Pit2. CHO K1 cells
were cotransfected with human Pit2 (pOJ74) and an empty
vector, cav-1-GFP, or GFP-cav-1. Twenty-four hours after
transfection, the cells were infected with 10A1 MLV derived
from the PT67 packaging cell line.

Expression of dominant-negative GFP-cav-1 decreased the
viral infection level by approximately 70% compared to cells
expressing human Pit2 together with an empty vector (Fig. 5).
Expression of cav-1-GFP, which behaves like wild-type caveo-
lin-1, had only a negligible effect on the infection, suggesting
that the down-regulatory effect was not due to a general inhib-
itory effect on cell proliferation caused by overexpressed
caveolin-1. In addition, the effect of transient expression of
GFP-cav-1 and cav-1-GFP on cell proliferation was evaluated
but no significant difference in the number of cell divisions
were observed between cells transfected with GFP-cav-1 or
cav-1-GFP expression plasmids and cells transfected with
empty vector (data not shown). These observations make it
highly unlikely, although they not entirely rule out, that the
observed effect is caused by a general effect of GFP-cav-1 on
the cells. Thus, in line with previous studies on SV40 entry
(41), we interpret the observed effect of dominant-negative
caveolin-1 on viral infection via Pit2 as a result of impaired
caveolar function. These data strongly implicate a role of
caveolae in gammaretroviral entry via Pit2.

Okadaic acid treatment affects A-MLV infection. Viral entry
via caveolae is dependent on phosphatases (42). Okadaic acid
is an inhibitor of phosphatases 1 and 2A, and treatment with
okadaic acid has been shown to induce endocytosis and thus
removal of caveolar structures from the cell surface (38).
Moreover, okadaic acid was shown to inhibit endocytosis via
clathrin-coated pits (38). Thus, pretreatment of cells with oka-
daic acid impairs entry via both endocytic pathways, and we

therefore investigated whether it impaired A-MLV and VSV
entry. In one set of experiments, NIH 3T3 cells were treated
with okadaic acid before the cells were exposed to A-MLV or
VSV vector pseudotypes in the presence of okadaic acid and
noninternalized viruses were inactivated 4 or 6 h after vector
exposure. As expected, this experimental setting resulted in a
decrease in A-MLV as well as in VSV infection (Fig. 6A).
Compared to 4 h, 6 h okadaic acid exposure had a more
pronounced effect on the viral infection (Fig. 6A). Okadaic
acid can be washed out (38), and it is possible that more
vectors captured in the process of endocytosis are capable of

FIG. 4. Pit2 localization and interaction with caveolin-1. (A) Immunoblot analysis of Triton X-100 soluble (S) and insoluble (I) fractions for
the presence of Pit2. NIH 3T3 cells were treated with 0.5% Triton X-100 for 1 min at 4°C. The supernatant containing the soluble fraction and
the cell remnant-containing insoluble fraction, respectively, were separated by SDS-PAGE and analyzed by immunoblot for the presence of Pit2
proteins. Similar results were obtained using NIH 3T3 cells overexpressing human Pit2 (not shown). (B) Caveolin-1 coimmunoprecipitate with Pit2.
NIH 3T3 cells overexpressing human Pit2 were lysed at room temperature in 1% Triton X-100 and lysates were immunoprecipitated with an
anti-Pit2 antibody. The resulting immunoprecipitates were analyzed for the presence of caveolin-1 using SDS-PAGE and immunoblotting. (C) Pit2
coimmunoprecipitate with caveolin-1. NIH 3T3 cells overexpressing human Pit2 were lysed at room temperature in 1% Triton X-100 and lysates
were immunoprecipitated with an anti-caveolin-1 antibody. The resulting immunoprecipitates were analyzed for the presence of Pit2 using
SDS-PAGE and immunoblotting. IP, immunoprecitation; WB, Western blot (immunoblotting). The anti-Pit2 antibodies recognize both human
and mice Pit2. When using an antibody to a multimembrane-spanning protein not harboring a caveolin-binding consensus sequence, no caveolin-1
was coimmunoprecipitated nor could the protein be detected in lysates immunoprecipitated with anti-caveolin-1 antibodies (not shown).

FIG. 5. Retroviral entry via Pit2 is dependent on caveolin-1. CHO
K1 cells were cotransfected with a Pit2 expressing plasmid (POJ74)
and an empty vector, or cav-1-GFP or GFP-cav-1 expression plasmids
as described in Materials and Methods. The following day, cells were
exposed to 10A1 MLV pseudotyped vectors encoding �-galactosidase.
The data shown represent the means of the number of blue cells from
three independent transfections � standard deviation (P 
 0.356 and
P 
 0.011 comparing empty vector with cav-1-GFP and with GFP-
cav-1, respectively). The number of blue cells per dish was normalized
to the number of blue cells per dish cotransfected with POJ74 and the
empty expression vector. No blue cells were detected in mock-trans-
fected (empty vectors) cells (data not shown).
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completing their infection after 4 h of blocking of the pathways
than after 6 h of blocking of the pathways.

In another set of experiments, the cells were treated with
okadaic acid after virus exposure. Thus, NIH 3T3 cells were
infected with A-MLV or VSV for 4 or 6 h, washed, and treated
with okadaic acid; noninternalized viral particles were subse-
quently inactivated using citrate buffer. Okadaic acid treatment
after virus binding enhanced A-MLV entry (Fig. 6B). This
observation is in agreement with a stimulation of endocytosis
of caveolae (38) and supports a caveola-mediated endocytic
entry pathway of A-MLV. As expected from the studies of
VSV infection and entry kinetics in Fig. 1B and E, respectively,
this treatment had no effect on the VSV infection.

These data further confirm that A-MLV can use caveolae
for entry and furthermore implicate endocytosis as entry mech-
anism.

Fusion-defective A-MLV can enter NIH 3T3 cells and colo-
calize with caveolin-1. The okadaic acid experiments strongly
suggested that A-MLV can infect NIH 3T3 cells using an
endocytic entry pathway. An endocytic pathway should allow
entry of fusion-defective viral particles. We therefore investi-
gated whether such A-MLV particles can enter NIH 3T3 cells.
The particles were made by transiently cotransfecting 293T
cells with a retroviral vector, an A-MLV envelope protein-
encoding plasmid, and a Gag-YFP construct. In the last con-
struct, the nucleocapsid protein encoded was tagged with YFP
(3), which results in the lack of viral enzymes in the viral
particle. This leads to unprocessed envelope proteins and
therefore to noninfectious and fusion-defective viral particles.
Forty-eight hours after transfection, the Gag-YFP A-MLV
particles were harvested and tested for their fluorescence and
infectivity. As expected, the viral particles exhibited a strong
fluorescence but were noninfectious (data not shown).

NIH 3T3 cells were incubated with these particles for 6 h at
37°C and washed with citrate buffer before fixation. Citrate
buffer removes viral particles which are not closely associated
with the membrane or internalized. The plasma membrane was

stained using a rhodamine-labeled lectin and the cells were
investigated for the presence of intracellular fusion-defective
Gag-YFP A-MLV particles using three-dimensional scanning
confocal microscopy. Possibly due to the citrate treatment im-
mediately before fixation, the intracellular membranes were
partly stained. Despite this, it was possible to detect intracel-
lular A-MLV particles (Fig. 7A). In each cell investigated, we
were able to identify between one and five intracellular viral
particles, which were clearly surrounded by the plasma mem-
brane (Fig. 7A and pink arrows in 7B). Furthermore, we de-
tected a number of particles which were not clearly intracellu-
lar but seemed to stick within the plasma membrane (Fig. 7B,
yellow arrows).

We furthermore investigated whether Gag-YFP A-MLV
particles colocalize with caveolin-1. As expected from the data
presented, the viral particles colocalize with caveolin-1not only
at the cell surface but also intracellularly (Fig. 8). However,
only part of the cell-associated vectors were found to colocalize
with caveolin-1, in agreement with data showing that only 1%
to 10% of vector particles in a stock give rise to successful
infection (57).

In summary, the data in Fig. 7 and 8 together with the
okadaic acid data shown in Fig. 6A and 6B strongly suggest
that the caveola-dependent entry of A-MLV in NIH 3T3 oc-
curs through endocytosis.

DISCUSSION

Caveola-mediated entry of viruses was first demonstrated for
SV40 (1, 41) and SV40 infection is presently the best-defined
virus model for caveola-dependent entry and is used to define
the properties of this entry pathway. We have here in a series
of experiments shown that A-MLV infection of NIH 3T3,
MDTF, and CHO K1 cells has the typical characteristics of a
caveola-mediated infection as defined by studies on SV40 en-
try. We found that A-MLV infection is a slow process, pH
independent, cholesterol dependent, and phosphatase sensi-

FIG. 6. Effect of okadaic acid on A-MLV and VSV infection. (A) NIH 3T3 cells were treated with 0.1 �M okadaic acid (OA) for 30 min.
Subsequently, the cells were infected with A-MLV or VSV pseudotyped vectors for 4 and 6 h in the presence of okadaic acid. Noninternalized
viruses were inactivated using citrate buffer and 48 h after vector addition, infected �-galactosidase-positive cells were counted. The numbers of
infected cells are normalized to the mock values. Shown are the means of three (A-MLV) or two (VSV) independent experiments done in
duplicate. (B) NIH 3T3 cells were incubated with A-MLV or VSV pseudotyped vectors for 4 or 6 h, washed, and treated with 0.1 �M okadaic acid
for 30 min. Subsequently, noninternalized viruses were inactivated using citrate buffer and 48 h after vector addition, infected �-galactosidase-
positive cells were counted. The numbers of infected cells are normalized to the mock values. Shown are the means of two independent
experiments done in duplicate.
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tive in NIH 3T3 cells, moreover, it was inhibited by dominant-
negative caveolin-1 in NIH 3T3 and CHO K1 cells. Further-
more, our okadaic acid experiments strongly implicate
endocytic entry of A-MLV in NIH 3T3 cells.

Okadaic acid is a known inhibitor of phosphatases 1 and 2A
(4) and okadaic acid treatment of cells removes caveolae from
the cell surface and thereby transiently increases endocytosis of
caveolae, while only an inhibitory effect on the clathrin-coated
pits pathway has been described (38). Treatment of NIH 3T3
cells with okadaic acid prior to virus exposure decreased VSV
as well as A-MLV infection, in agreement with VSV�s known
entry pathway via clathrin-coated pits, and confirming the ex-
istence of an endocytic entry pathway for A-MLV. Moreover,
treatment with okadaic acid after virus exposure increased
A-MLV entry, as expected for a caveola-dependent endocytic
pathway in that okadaic acid increases endocytosis of caveolae,
whereas there was no effect on VSV infection. The latter is in

agreement with our data on VSV infection kinetics in that at
4 h post-initiation of virus exposure the maximal infection level
had been reached (Fig. 1) and thus no impairment of infection
due to okadaic acid inhibition of endocytosis of clathrin-coated
pits is expected.

In summary, the results from the okadaic acid experiments
strongly suggest that A-MLV is able to enter cells via an en-
docytic pathway. Moreover, they are in agreement with a
caveola-mediated entry pathway. These observations were fur-
ther supported by the ability of fusion-defective A-MLV to
enter NIH 3T3 cells and the observed colocalization of GFP-
labeled fusion-defective A-MLV particles with caveolin-1. This
is the first time a caveola-dependent entry pathway has been
described for A-MLV. Moreover, we also show for the first
time the association of the A-MLV receptor Pit2 with choles-
terol-rich microdomains as well as its physical association with
caveolin-1, the major protein of caveolae. Thus, the cellular

FIG. 7. Fusion-defective Gag-YFP A-MLV particles can enter NIH 3T3 mouse fibroblasts. (A and B) NIH 3T3 cells were incubated for 6 h
with Gag-YFP A-MLV particles (green), which are fusion defective due to an unprocessed envelope protein. The cells were washed with citrate
buffer and fixed with paraformaldehyde, and the plasma membrane was stained using rhodamine-labeled concanavalin A (red). The cells were
investigated for the presence of intracellular fluorescent viral particles via three-dimensional scanning confocal microscopy. Shown are the YZ
(left) and XZ (top) sections with the corresponding XY section. The insert in A shows the virus particle (arrow) at the XY cross-section. (B) XZ
and YZ sections. Pink arrows: intracellular particles; yellow arrows: membrane-associated particles; white arrow: extracellular cell-bound particle.

FIG. 8. Colocalization of fusion-defective Gag-YFP A-MLV particles with caveolin-1 in NIH 3T3 cells. NIH 3T3 cells were incubated for 6 h
with Gag-YFP A-MLV particles (green), which are fusion defective due to an unprocessed envelope protein. The cells were permeabilized, fixed
with paraformaldehyde, and stained for caveolin-1 (red). The cells were investigated using three-dimensional scanning confocal microscopy. Shown
is one example of a YZ section showing colocalization of Gag-YFP A-MLV with caveolin-1. Arrows: Gag-YFP A-MLV particles colocalized with
caveolin-1. Arrowhead: intracellular Gag-YFP A-MLV particle colocalized with caveolin-1.
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behavior of the A-MLV receptor Pit2 supports its role in
sustaining caveola-mediated viral entry.

We found that Pit2 protein was associated with cholesterol-
rich membrane regions, but to what degree Pit2 is localized in
other plasma membrane regions cannot be directly deduced
from these data as the insoluble and soluble fractions also
contain intracellular Pit2. In addition, Pit2 was found to be
directly associated with caveolin-1. Proteins that are physically
associated with caveolin-1 often possess a caveolin-binding
motif (7); reviewed in reference (22). The caveolin-binding
consensus sequences are �x�xxxx� and �xxxx�xx�, where �
is an aromatic and x is any amino acid (7). Indeed, a consensus
caveolin-binding motif is conserved in murine and human Pit2
(FaFfvwlF; amino acid positions 226 to 233 in both proteins),
but no palmitoylation or myristoylation of Pit2, which could
also direct it to cholesterol-rich microdomains, has been re-
ported. Thus, the caveolin-binding motif is the only identified
region in Pit2 with known caveola-targeting properties and we
suggest that the direct association of Pit2 with caveolin-1 is
most likely mediated by the identified caveolin-binding motif.
We are currently investigating what role the plasma membrane
localization of Pit2 plays in its function and regulation as a
phosphate transporter.

The present results showing a caveola-mediated endocytic
entry via Pit2 in CHO K1 cells is strengthened by the fact that
disturbance of the actin cytoskeleton impaired A-MLV infec-
tion of CHO K1 cells (45) as caveolae are known to be an-
chored to the actin cytoskeleton and disruption of actin assem-
bly blocks caveola-mediated endocytosis (54).

In an earlier report from McClure et al. it was suggested that
A-MLV enters NIH 3T3 cells via direct fusion with the plasma
membrane (25). This conclusion was based on the observation
that A-MLV infection was not affected by NH4Cl. On the other
hand, the authors found infection of cells with E-MLV to be
influenced by NH4Cl treatment (25). Therefore, E-MLV has
been described as a pH-dependent virus and A-MLV as a
pH-independent virus. Katen and coworkers reexamined E-
MLV and A-MLV entry in NIH 3T3 cells (16) and they re-
ported that these viruses infect the host cells via the same
infection route. Thus, they found that NH4Cl treatment
equally affected both MLV species but that this effect could be
attributed mainly to a spontaneous inactivation of the viruses
due to the experimental set-up. Therefore, they suggested a
receptor-mediated endocytic pathway for E-MLV and A-MLV
entry into NIH 3T3 cells and that the pathway does not nec-
essarily involve acidic compartments such as endosomes and
lysosomes. Indeed, for E-MLV it has been shown that the
E-MLV receptor mCAT1 is directly associated with caveolin-1
and, in addition, infection with E-MLV was dependent on
plasma membrane cholesterol (23). Thus, in light of the data
presented here, we suggest that the previous results on E-MLV
entry reflect a caveola-mediated entry pathway for E-MLV in
NIH 3T3 cells.

Jobaggy and coworkers found that GFP-tagged Pit2 was
present in an intracellular compartment after A-MLV infec-
tion of NIH 3T3 cells; the compartment was shown to be
distinct from Golgi, endoplasmic reticulum, endosomes, and
lysosomes (15). This observation is in agreement with a
caveola-dependent A-MLV entry pathway in that caveola-me-
diated endocytosis can bypass the acidic compartments of cells

(20, 34, 35, 40). For example, glycosyl-phosphatidyl-inositol-
GFP and CD59 are transported from the plasma membrane to
the Golgi in a clathrin-independent manner (35). These pro-
teins accumulate in caveosomes (20, 34), which lack the clas-
sical markers for early and recycling endosomes but are posi-
tive for caveolin-1 (34). Indeed, very recent data point at
caveolae as an elaborate system for sorting proteins from the
plasma membrane while being able to maintain their integrity
as caveolin-stabilized microdomains (40); the regulation of
where caveolar vesicles end up in the cells, however, seems
complex and is not fully elucidated. However, forcing SV40-
containing caveolar vesicles to the endosomal compartment
did not lead to SV40 infection, and thus SV40 exploits the fact
that caveosomes can directly target the smooth endoplasmic
reticulum (40). It is thought that the ability of caveosomes to
bypass acidic compartments supports the intracellular survival
of viruses and bacteria taking this entry route (40, 41, 46).
Whether A-MLV targets caveosomes or other intracellular
compartments after its endocytosis and how A-MLV escapes
from endocytosed caveolar vesicles is presently not known.

We found that fusion-defective A-MLV is able to enter NIH
3T3 cells. The observed high ratio of plasma membrane-bound
intracellular particles could imply that caveolar entry of A-
MLV represents an unspecific accidental endocytosis of the
particles. However, the observation that only a few particles
were intracellular whereas the main part were bound to the
plasma membrane is in agreement with the viruses entering via
caveola-mediated endocytosis, in that the process has been
shown to be infrequent and possibly regulated in fibroblastic
cells (38). Moreover, nonspecific uptake of latex beads by
caveolae has been shown to be strongly dependent on the
particle size and no uptake of beads via caveolae is seen with
beads having a diameter of 200 nm or smaller (44). Thus, the
uptake of the fusion-defective fluorescent viral particles is not
in agreement with an unspecific uptake of A-MLV via caveo-
lae.

The majority of the viruses attached to the plasma mem-
brane are probably bound to fibronectin produced by the NIH
3T3 fibroblasts, as it has been shown that MLV binds via
heparin sulfate to fibronectin of the extracellular matrix (21).
Indeed, Pizatto and coworkers have shown that virus-like par-
ticles without envelope protein can bind to cells (43).

From our data and the existing understanding of MLV in-
fection, we suggest that A-MLV binds first to fibronectin and
afterwards to Pit2. Moreover, we believe that this Pit2 protein
is not initially associated with deep invaginated caveolae as
these, with their average diameter of approximately 50 to 70
nm, are too small for a direct uptake of the 110-nm-diameter
virus particles. It is, however, known that the size of caveolae
can be increased after induction, as it has been shown for the
uptake of Streptococcus pyogenes (46). Furthermore, for the
caveola-mediated entry of SV40 it has been demonstrated that
the majority of the viruses bind the receptors outside caveolae
and are subsequently transported to caveolae where they are
endocytosed (41). It is possible that similar mechanisms are
involved in A-MLV entry and we are currently performing
studies addressing the initial steps in Pit2-mediated entry.

In another study, deletion of about the middle half of human
Pit2 was found to reduce A-MLV and 10A1 entry by 75% to
90% in CHO K1 cells compared to entry via wild-type human
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Pit2 (5). In this Pit2 mutant, the caveolin-binding consensus
sequence in positions 226 to 233 is deleted. We are currently
investigating whether the remaining infection may represent
an alternative entry route in CHO K1 cells or whether the
mutant receptor reaches caveolae through another mecha-
nism. Thus, while our data show that amphotropic MLVs enter
at least NIH 3T3 and CHO K1 cells efficiently in a caveola-
dependent manner, we do, however, believe that there also
exist other entry pathways for these viruses. One reason for this
is the ability of A-MLV and 10A1 MLV to infect hematopoi-
etic cell lines, including T-lymphocytic lines (14, 58). Human
and murine T lymphocytes, with the exception of activated
T-cell leukemia lines, as well as many other established human
hematopoietic cell lines seem not to express caveolin-1 at ei-
ther the protein or the mRNA level (10, 12, 50). Thus, other
entry mechanisms must exist which allow A-MLV infection in
these cells. One possible alternative route could be entry via
rafts in caveolin-negative cells. That retroviruses are able to
use this entry route has been shown for avian sarcoma and
leukemia virus (33).
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