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Simian virus 40 (SV40) enters cells by atypical endocytosis mediated by caveolae that transports the virus
to the endoplasmic reticulum (ER) instead of to the endosomal-lysosomal compartment, which is the usual
destination for viruses and other cargo that enter by endocytosis. We show here that SV40 is transported to
the ER via an intermediate compartment that contains 3-COP, which is best known as a component of the
COPI coatamer complexes that are required for the retrograde retrieval pathway from the Golgi to the ER.
Additionally, transport of SV40 to the ER, as well as infection, is sensitive to brefeldin A. This drug acts by
specifically inhibiting the ARF1 GTPase, which is known to regulate assembly of COPI coat complexes on Golgi
cisternae. Moreover, some 3-COP colocalizes with intracellular caveolin-1, which was previously shown to be
present on a new organelle (termed the caveosome) that is an intermediate in the transport of SV40 to the ER
(L. Pelkmans, J. Kartenbeck, and A. Helenius, Nat. Cell Biol. 3:473—-483, 2001). We also show that the internal
SV40 capsid proteins VP2 and VP3 become accessible to immunostaining starting at about 5 h. Most of that
immunostaining overlays the ER, with some appearing outside of the ER. In contrast, immunostaining with

anti-SV40 antisera remains confined to the ER.

Simian virus 40 (SV40) enters host cells by an atypical en-
docytic process mediated by caveolae (1, 10, 44, 53, 58, 65),
rather than by clathrin-coated pits. Caveolae are small invagi-
nations of the plasma membrane that are distinguished from
clathrin-coated pits by their size (70 to 100 nm), distinctive
flask-like shape, and lack of a visible coat in thin sections.
Expression of the caveola marker protein, caveolin-1, causes
caveolae to form in sphingolipid and cholesterol-enriched lipid
microdomains of the plasma membrane that are also known as
lipid rafts (20, 33). The cellular functions of caveolae and rafts
are not yet entirely clear. Nevertheless, they have been impli-
cated in a number of cellular processes, including organizing
signal transduction pathways and sorting and trafficking
through the endocytic and secretory pathways (2, 8, 27, 35, 62).

SV40 entry begins with the virus binding to major histocom-
patibility complex class I molecules that are distributed over
the whole cell surface (4, 7, 10, 65). SV40 then associates with
flat regions of raft domains, from which it transmits an extra-
cellular signal-regulated kinase- and mitogen-activated protein
kinase-independent intracellular signal that promotes its en-
closure within caveolar invaginations (10, 16). The virus then
enters in caveolin-1-containing vesicles (53). Thus, in the case
of caveola-mediated SV40 entry, ligand-induced signal trans-
mission from raft domains is coupled to subsequent endocyto-
sis of the cargo. In contrast, the clathrin-coated pit-mediated
entry of other viruses is generally considered to be a constitu-
tive process (39).
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An especially noteworthy feature of the caveola-mediated
SV40 entry pathway is that the virus bypasses the endosomal
compartment and, instead, is transported to the endoplasmic
reticulum (ER) (24, 46, 53). This is particularly unusual since
endocytic cargo in general, including other viruses that enter
by endocytosis, traffics to the endosomal-lysosomal compart-
ment (39).

How SV40 is transported to the ER is of considerable in-
terest. In a recent study, the pathway of SV40 to the ER was
shown to consist of two steps (53). First, caveolin-1-containing
vesicles deliver the virus to new larger nonacidic peripheral
organelles. As expected, those organelles do not contain li-
gands that are known to enter by clathrin-coated vesicle endo-
cytosis. Also, they do not contain markers for endosomes,
lysosomes, or the ER, nor do they contain the Golgi markers
TGN46 or mannosidase II. However, those organelles are rich
in caveolin-1 and consequently were dubbed caveosomes. Sec-
ond, SV40 is transported from caveosomes to the smooth ER
in caveolin-1-free tubular membranes.

In general, there are few ligands known that are taken up by
non-clathrin vesicle endocytosis, and there are few examples of
ligands that traffic to the ER. Included among these are certain
bacterial toxins such as cholera toxin (CT). Interestingly, CT
enters via caveolae and is then transported to the ER via a
retrograde pathway from the Golgi (30, 31, 51). The Golgi-
to-ER pathway normally acts to retrieve resident ER proteins
that have escaped to the Golgi with the anterograde flux. The
retrograde transport of these proteins, and of CT, depends on
their sorting into COPI-coated vesicles that mediate trafficking
from the Golgi back to the ER (32, 36, 63). This pathway is
sensitive to brefeldin A (BFA) (29, 50), which acts by specifi-
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cally inhibiting the Ras-like GTPase ARF-1, which regulates
assembly of COPI coat complexes on Golgi cisternae (54).
The retrieval pathway from the Golgi to the ER provides a
precedent for a transport pathway from an internal cellular
compartment to the ER. Since the Golgi-to-ER retrieval path-
way is mediated by COPI coatamer complexes and is depen-
dent on ARF-1, it is interesting to ask whether the pathway of
SV40 from its intermediate compartment, the caveosome, to
the ER similarly might display those characteristics. This ques-
tion was addressed by application of multiparameter confocal
immunofluorescence microscopy with antibodies against
B-COP, which is a coatamer protein component of COPI coat
complexes (17, 52, 57, 68). We also examined the effect of BFA
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FIG. 1. Subcellular location of SV40 at 3 h. CV-1 cells were exposed to SV40 at an MOI of 100 PFU per cell for 1 h at 4°C and then incubated
for 3 h at 37°C. (A and D) Cells immunostained for SV40 by using rabbit anti-SV40 polyclonal primary antiserum, followed by a fluorescein-
conjugated goat anti-rabbit IgG secondary antiserum. (B) Cells immunostained for 3-COP using a monoclonal primary antiserum and a Texas

Red-conjugated donkey anti-mouse IgG secondary antiserum. (E) Cells immunostained for the ER using an anti-PDI monoclonal primary
antiserum and a Texas Red-conjugated anti-mouse IgG secondary antiserum. (C) Merge of panels A and B; (F) merge of panels D and E.

on SV40 transport and infection. We report that SV40 is trans-
ported to the ER through an intermediate compartment that
contains B-COP. In addition, some B-COP colocalizes with
intracellular caveolin-1, completely consistent with the likeli-
hood that this B-COP-containing compartment is the caveo-
some. Moreover, transport of SV40 from its intermediate com-
partment to the ER is blocked by BFA and, thus, is also
dependent on the ARF-1 GTPase. Finally, this COPI-medi-
ated SV40 pathway to the ER is part of the predominant
pathway leading to productive infection, since infection is also
blocked in BFA-treated cells.

The SV40 capsid is composed of three viral-encoded pro-
teins, VP1, VP2, and VP3. VP3 translation initiates from an
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FIG. 2. Subcellular location of SV40 at 5 h. CV-1 cells were exposed to SV40 at an MOI of 100 PFU per cell for 1 h at 4°C and then incubated
for 5 h at 37°C. (A and D) Cells immunostained for SV40; (B) cells immunostained for B-COP; (E) cells immunostained for the ER marker PDI;

(C) merge of panels A and B; (F) merge of panels D and E.

internal AUG within the VP2 coding sequence, using the same
translational frame. Thus, both proteins share 234 identical
amino acids at their carboxy part. VP1 forms the outer shell of
the capsid, while VP2 and VP3 form a bridge between the VP1
shell and the viral double-stranded circular DNA genome,
which is complexed in nucleosomes. The VP1 monomers are
tightly bound in pentamers, forming structures of fivefold sym-
metry with an inward-facing cavity (34). A single molecule of
VP2 or VP3 is strongly anchored, as a hairpin loop, in the inner
cavity of each VP1 pentamer by high-affinity hydrophobic in-

teractions (shown by X-ray crystallograpy for the closely re-
lated polyoma virus) (6, 9). The strong association between the
VP1 pentamers and VP2 or VP3 monomers suggests that VP1-
VP2/VP3 complexes are the building blocks of the viral capsid.
The VP1 pentamers are tied together through their carboxy-
terminal arms (34). Five arms extend from each pentamer and
insert into the neighboring pentamers in three distinct kinds of
interactions. This unique type of bonding underlies the vari-
ability in contacts between the identical building blocks, allow-
ing the flexibility required for the packing geometry. It has
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been suggested that correct interpentamer bonding is facili-
tated by host chaperones (34).

Viruses that enter by endocytosis generally disassemble in
endosomes as a consequence of the low pH in that compart-
ment (39). However, since the SV40 entry pathway does not
intersect endosomes (24, 53), SV40 infection is not dependent
on exposure to the low pH of the endosomal compartment.
This was shown earlier by an insensitivity to the weakly basic
lysosomotropic agent chloroquine (47). Thus, the location and
mechanism of virion disassembly and genome release are in-
triguing. For a number of years it was believed that SV40
virions enter the nucleus and disassemble there. This view was
based largely on an early study, from 1970, in which electron-
dense SV40 particles were seen in nuclei soon after infection
(23). In addition, SV40 virions that were microinjected into the
cytoplasm were reported to enter nuclei via nuclear pore com-
plexes (15). However, passage of intact virions through nuclear
pore complexes seems unlikely, since the maximum diameter
of the gated nuclear pore channel is 28 nm (18), whereas the
diameter of SV40 virions is 45 nm. A recent study suggested
that some conformational alteration or capsid disassembly oc-
curs in the cytoplasm and that the viral minichromosome en-
ters the nucleus in association with a few capsid proteins (42).
To address where disassembly of the virion occurs, we used
confocal immunofluorescence microscopy with antibodies spe-
cific for the internal capsid proteins VP2 and VP3 (60). Our
results imply that SV40 disassembly occurs in the ER.

MATERIALS AND METHODS

Confocal immunofluorescence microscopy assay. CV-1 cells (from the Amer-
ican Type Culture Collection) were seeded on glass coverslips in Costar 24-well
cell culture dishes (Corning). SV40 was adsorbed to cells for 1 h at 4°C at a
multiplicity of infection (MOI) of 100 PFU per cell. Cultures then were incu-
bated at 37°C in Dulbecco modified Eagle medium plus 10% newborn calf serum
(Atlanta Biologicals). At the times indicated for each experiment, the cultures
were washed five times in phosphate-buffered saline and fixed with 70% meth-
anol at —20°C for 10 min. Cells then were immunostained to detect SV40 by
using rabbit anti-SV40 antiserum, prepared as previously described (1). Other
cell cultures were immunostained to detect exposed epitopes on VP2/3 by using
antiserum raised in rabbits against glutathione S-transferase-VP3 produced in
Escherichia coli (60). Cultures were simultaneously immunostained for either the
marker 3-COP, caveolin-1, or the ER marker PDI, using the respective specific
monoclonal antisera (Sigma and Transduction Laboratories). The secondary
antibodies used were fluorescein-conjugated goat anti-rabbit immunoglobulin G
(IgG), and Texas Red-conjugated donkey anti-mouse IgG (Jackson Laborato-
ries, West Grove, Pa.). Cells were incubated with primary antibodies for 1 h and
with secondary antibodies for 45 min. All antisera were diluted 1:100. Coverslips
were mounted and cells were visualized using a LSM5 PASCAL scanning con-
focal microscope (Carl Zeiss, Thornwood, N.Y.). Samples were visualized with a
100X objective (unless indicated otherwise) using 488-nm krypton/argon and
633-nm helium/neon laser excitation. Fluorescein isothiocyanate fluorescence
was collected using a 505-to-530-nm band-pass emission filter and Texas Red was
collected using a 543-to-560-nm band-pass emission filter. For colocalization
studies, samples were illuminated sequentially. Images represent a single optical
section approximately 1.0 wm in thickness. Images were processed using Adobe
Photoshop.

RESULTS

Early transport of SV40 to a 3-COP-containing compart-
ment and then to the ER. We began by asking whether input
SV40 might be associated with a compartment that contains
B-COP and, if so, whether that association might precede
transport of the virus to the ER. SV40-infected CV-1 cell
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FIG. 3. Subcellular location of SV40 at 10 h. CV-1 cells were ex-
posed to SV40 at an MOI of 100 PFU per cell for 1 h at 4°C and then
incubated for 10 h at 37°C. (A) Cells immunostained for SV40;
(B) cells immunostained for the ER marker PDI; (C) merge of panels
A and B.

cultures were examined at different times postinfection with
double-label confocal microscopy. Parallel samples were im-
munostained for SV40 and either B-COP or the ER-specific
marker protein disulfide isomerase (PDI), which enables pro-
teins to attain their most stable conformations.
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FIG. 4. Effect of BFA on subcellular location of SV40 at 5 and 10 h. CV-1 cells were exposed to SV40 at an MOI of 100 PFU per cell for 1 h
at 4°C and then incubated for 5 h (A, B, and C) or 10 h (D, E, and F) at 37°C. BFA (0.5 pg/ml) was added to the cell cultures after 30 min at
37°C and was present thereafter. (A and D) Cells immunostained for SV40; (B and E) cells immunostained for the ER marker PDI; (C) merge

of panels A and B; (F) merge of panels D and E.

At 3 h, essentially all of the SV40 indeed overlapped the
immunostain for 3-COP (Fig. 1A to C). Importantly, at that
time little, if any, virus associated with the PDI-containing ER
(Fig. 1D to F). At 5 h, the immunostain for SV40 still predom-
inantly associated with the immunostain for B-COP (Fig. 2A to
C), with little if any SV40 evident in the ER (Fig. 2D to F).
However, by 10 h, most of the input virus was located in the
PDI-containing ER (Fig. 3). These results demonstrate that
SV40 associates with an intermediate compartment that con-
tains B-COP before it accumulates in the ER.

Effect of BFA on intracellular trafficking of SV40 and infec-

tion. Next, we asked whether the B-COP-containing complexes
on the intermediate compartment might be necessary for SV40
transport to the ER. This was accomplished by examining
SV40 trafficking in BFA-treated cells. As noted above, BFA
acts by specifically inhibiting the Ras-like GTPase ARF-1,
which regulates the assembly of membrane-associated COPI
coat complexes (54). Treating uninfected cells with BFA
caused the rapid redistribution of B-COP into a more diffuse
cytosolic pattern (results not shown), in agreement with earlier
findings of others (25).

The effect of BFA treatment on the transport of SV40 to the
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ER was examined at 5 and 10 h postinfection. In BFA-treated
cells, SV40 was interspersed with, and close to, the PDI-con-
taining ER compartment, but it did not appear to be in con-
junction with that compartment at either 5 h (Fig. 4A to C) or
10 h (Fig. 4D to F). In contrast, in untreated cells at 10 h, most
of the virus immunostain did overlay the ER (Fig. 3). These
experimental results imply that transport of SV40 to the ER
depends on ARF1 GTPase activity and COPI coat complexes.
Note that BFA treatment did not prevent SV40 from entering
cells per se (Fig. 4).

To determine whether the BFA-sensitive pathway of SV40
to the ER is necessary for productive infection, we examined
the effect of BFA treatment on infection. BFA treatment es-
sentially prevented infection, as shown by immunofluorescent
staining with anti-SV40 antiserum at 24 h (Fig. 5). Indeed, in
BFA-treated cells the input virus appeared to accumulate in
what is likely the intermediate non-ER compartment (Fig.
5B).

B-COP and intracellular SV40 colocalize with caveolin-1.
To determine whether the intermediate B-COP-containing
compartment might be the caveosome, cells were immuno-
stained for B-COP and caveolin-1 at 5 h postinfection. Parallel
samples were immunostained for SV40 and caveolin-1. The
confocal micrographs show that some of the 8-COP indeed
colocalized with intracellular caveolin-1 at 5 h and that most of
that caveolin-1 was associated with B-COP (Fig. 6A to C).
Additionally, most of the intracellular SV40 was associated
with caveolin-1 at 5 h (Fig. 6D to F). Since SV40 also is
associated predominantly with its 3-COP-containing interme-
diate compartment at that time (Fig. 2), these results are com-
pletely consistent with the likelihood that the B-COP-contain-
ing intermediate compartment is the caveosome.

Disassembly of virions in the ER. SV40 disassembly was
monitored by immunostaining with antibodies specific for
epitopes on the internal capsid proteins VP2 and VP3 (60).
Since VP2 and VP3 are not exposed on the surface of virus
particles (9, 34), the availability of epitopes on these proteins
for immunostaining is indicative of particle rearrangement or
disassembly. Because the antibodies we used are reactive with
VP2 as well as VP3, the immunostained entity is referred to
here as VP2/3.

Epitopes on VP2/3 already were exposed for immunostain-
ing at 5 h postinfection (Fig. 7A and D). At that time, inter-
nalized SV40 virions still were mostly seen in conjunction with
B-COP (Fig. 2). In contrast, the immunostain for VP2/3 at 5 h
mostly overlapped the ER, with lesser amounts seen outside
the ER (Fig. 7D to F). Virtually no VP2/3 was evident in
association with the B-COP-containing compartment at that
time (Fig. 7A to C). By 10 h, more VP2/3 was exposed for
immunostaining (Fig. 7G). Most of that VP2/3 still was asso-
ciated with the ER, but some VP2/3 again was seen outside the
ER (Fig. 7G to I). Since no VP2/3 was seen in the 3-COP-
containing compartment, the VP2/3 that is external to the ER
is either in the cytosol or some other cellular compartment. Its
precise location is not yet clear. In contrast, we have not ob-
served immunostaining for input virus particles or disassoci-
ated VP1 outside of the ER, as late as 20 h (Fig. 8). Impor-
tantly, immunostaining for VP2/3 first was visible in the ER
and was not evident anywhere else at times preceding the
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FIG. 5. Effect of BFA on SV40 productive infection. CV-1 cells
were exposed to SV40 at an MOI of 100 PFU per cell for 1 h at 4°C,
incubated for 24 h at 37°C, and then immunostained for SV40. (A) Un-
treated infected cells; (B) treated infected cells, in which BFA (0.5
wg/ml) was added to the cell cultures after 30 min at 37°C and was
present thereafter. Cells were viewed using a 40X objective.

arrival of virions in the ER, supporting the premise that SV40
disassembly occurs in the ER.

DISCUSSION

SV40 is the first virus that has unequivocally been shown to
enter cells by endocytosis mediated by caveolae (1, 10, 53, 58,
65). A particularly noteworthy feature of SV40 endocytosis
mediated by caveolae is that the virus is transported to the ER
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FIG. 6. Colocalization of B-COP and SV40 with caveolin-1 at 5 h. (A) Cells immunostained for caveolin-1; (B) cells immunostained for 3-COP;
(C) merge of panels A and B; (D) cells immunostained for SV40; (E) cells immunostained for caveolin-1; (F) merge of panels D and E.

rather than to the usual endosomal-lysosomal compartment ganelle, the caveolin-1-containing caveosome, which is distinct

(24, 46, 53). from endosomes and the Golgi. SV40 is then transported from
SV40 transport to the ER was recently reported to occur by the caveosome to the ER in caveolin-1-free tubular mem-

a two-step process (53). In the first step, the virus enters in branes.

caveolin-1-containing vesicles that transport it to a new or- The experimental results presented here also show that
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FIG. 7. Location of immunostaining for VP2/3 at 5 and 10 h. (A and D) Cells immunostained for VP2/3 at 5 h; (G) cells immunostained for
VP2/3 at 10 h; (B) cells immunostained for 3-COP; (E and H) cells immunostained for PDI; (C) merge of panels A and B; (F) merge of panels

D and E; (I) merge of panels G and H.

transport of SV40 to the ER is a two-step process. First, the
virus is transported to a compartment that contains B-COP.
That protein is best known as a component of the COPI
coatamer complexes that mediate the recycling pathway from
the Golgi to the ER (17, 52, 57, 68). SV40 is then transported
from the B-COP-containing compartment to the ER. More-
over, transport of SV40 to the ER, and productive infection,
are blocked by BFA. This drug is known to impede the Golgi-
to-ER recycling pathway by specifically blocking the ARF-1
GTPase, which regulates assembly of COPI coat complexes on
membranes (54).

The simplest interpretation of our findings is that the
B-COP-containing compartment that SV40 traffics through is
indeed the caveosome. This interpretation is supported by our
observation that most intracellular caveolin-1 is seen in con-
junction with B-COP. In addition, at a time when SV40 was
associated with its B-COP-containing intermediate compart-
ment, it also was associated with caveolin-1. The interpretation
that this B-COP-containing intermediate compartment is the
caveosome, rather than the Golgi, also is supported by the fact

that SV40 particles have not been seen in the Golgi, either in
thin-section electron micrographs or when entry was followed
by dual-color live fluorescence microscopy (24, 53). In the
latter study, TGN46 and ManllI were used as markers for the
trans Golgi network and the cis and medial Golgi, respectively
(53). Note that caveolin-1 is preferentially found at the cell
surface, where it is associated with caveolae (56). In addition,
intracellular caveolin-1 also has been observed and is best
known as a component of post-Golgi transport vesicles (26).

Our finding that BFA blocks transport of SV40 to the ER
implies that transport from the caveosome to the ER, like
retrograde transport from the Golgi to the ER, is dependent
on COPI coat complexes and ARF-1 GTPases. Moreover,
since productive SV40 infection is blocked by BFA, even under
conditions of high MOI, the entry pathway of SV40 via the
B-COP-containing compartment indeed is the pathway that
leads to productive infection.

As noted above, B-COP is best known for its association with
the lateral rims of the cis and medial Golgi cisternae and also
for its presence on the buds and vesicles derived from them
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FIG. 8. SV40 and the ER at 20 h. CV-1 cells were exposed to SV40
at an MOI of 500 PFU per cell for 1 h at 4°C and then incubated for
20 h at 37°C. Cycloheximide was present to prevent synthesis of prog-
eny virions. (A) Cells immunostained for SV40; (B) cells immuno-
stained for the ER marker PDI; (C) merge of panels A and B. Identical
results were obtained in the absence of cycloheximide.

(17, 21, 40, 49, 68). Our finding that B-COP also is present on
the intermediate compartment of the SV40 pathway to the ER,
and moreover mediates that pathway, is not the first instance in
which the presence and activity of 3-COP has been noted on
organelles other than the Golgi. In an earlier report, 3-COP
was found on endosomes, where it appears to function with

J. VIROL.

ARF1 GTPase for delivery of cargo from early endosomes to
late endosomes and lysosomes (3, 67). The finding of 3-COP
on endosomes is not relevant to the entry pathway of SV40,
since this virus does not intersect the endosome-lysosome com-
partment (24, 53). Regardless, B-COP and ARF1 appear to
function in several intracellular trafficking pathways, including
the pathway utilized by SV40, which involves transport from
caveosomes to the ER.

Our results, based on immunostaining for the internal SV40
capsid proteins VP2 and VP3, show that SV40 disassembly
occurs in the ER. Whereas dissociation of the carboxy-terminal
VP1 arms may be sufficient to expose VP2 and VP3 for im-
munostaining, we suggest that at least some VP2 and VP3
disassociates from virus particles. This intimation is based on
immunostaining for VP2/3 located outside of the ER, whereas
immunostaining using anti-SV40 antiserum, which recognizes
particles and VP1, remains confined to the ER. Together,
these findings are consistent with the premise that some of the
VP2/3 molecules completely separate from the VP1 pentamers
in the ER and then selectively leave the ER.

The exact location of the non-ER VP2/3 is not yet certain.
Nevertheless, we believe it may be in the cytosol. This is con-
sistent with the findings that little, if any, SV40 traffics to
endosomes (24, 53) and that no immunostaining for VP2/3 was
seen in the intermediate compartment.

The mechanism by which SV40 disassembly occurs is not
known. We propose that disassembly, which requires dissoci-
ation of high-affinity hydrophobic interactions, might be facil-
itated by ER chaperones. Chaperone activity was implicated in
the formation of the intricate bonding between the C-terminal
arms of neighboring VP1 pentamers during SV40 assembly,
which occurs in the nucleus (34). The SV40 T antigen might
provide that nuclear chaperone activity (64). It is attractive to
hypothesize that a chaperone activity likewise is required for
the reverse process of disassembly of the VP1 and VP2/3 build-
ing blocks, which occurs in the chaperone-rich ER.

Our findings raise the question of how the SV40 minichro-
mosome might be released from the ER. Our working hypoth-
esis is that the myristylated N terminus of VP2 has a role in
coupling release of the genome to its transport out of the ER
(9), perhaps by forming a membrane channel. Myristylated
proteins are found in a variety of other nonenveloped virus
families, including picornaviruses (11), rotaviruses (12), reovi-
ruses (43), and polyomaviruses (59, 66), and indeed are asso-
ciated with viral entry in each instance. Both VP2 and VP3 of
SV40 have a DNA binding domain (13) and a nuclear trans-
port signal (14), which together may provide the functions
required for nuclear delivery of the SV40 minichromosome.
This model is supported by the findings that antibodies against
VP2 and VP3 in the cytosol block infection and that microin-
jected minichromosomes alone do not enter the nucleus (42).

Although SV40 is the first virus shown to enter cells via
caveolae (1, 10, 53, 58, 65), evidence is accumulating which
indicates that other viruses may also enter in this way (e.g., see
references 38 and 55). Human immunodeficiency virus can
enter cells using the related lipid raft microdomains (37), and
the example of secreted CT was noted above. In addition, a
variety of other obligate intracellular pathogens, including pro-
tozoa and bacteria, are now known to enter cells via caveolae
or caveolae-like raft domains (reviewed in reference 45).
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Those pathogens include the protozoa Toxoplasma gondii (41)
and Plasmodium falciparum (28) and the bacteria Campy-
lobacter jejuni (69), FimH-expressing E. coli (5, 61), and sero-
var K of Chlamydia trachomatis (48). Each of these intracellu-
lar protozoan and bacterial pathogens must find an
appropriate niche within the host cell in which they can survive
and propagate. Importantly, the endocytic vesicles or inclu-
sions that contain these pathogens avoid intersecting the en-
dosomal-lysosomal compartment and the potentially lethal ef-
fects of acidification and lysosomal hydrolases. Together, these
findings suggest that caveola-mediated entry may indeed be a
determinant of the atypical intracellular targeting of these par-
asites, bacteria, viruses, and secreted toxins (45). Furthermore,
this targeting provides an advantage in each instance. It facil-
itates intracellular survival of the protozoan and bacterial
pathogens (19, 45), activation of CT (31), dissemination of
human immunodeficiency virus by transcytosis across the vas-
cular endothelia (22), disassembly of SV40, and perhaps nu-
clear transport of the viral minichromosome, as discussed here.
Thus, clarification of the entry pathways of the several patho-
gens noted above should provide important new insights into
the interactions of these microbes with their host cells and the
development of rational therapies. Moreover, SV40 will be a
valuable probe for the study of what is apparently a unique new
pathway for endocytosis mediated by caveolae.
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