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Rhesus rhadinovirus (RRV) is a gammaherpesvirus closely related to Kaposi’s sarcoma-associated herpes-
virus (KSHV), an oncogenic virus linked to the development of Kaposi’s sarcoma and several other lympho-
proliferative diseases, including primary effusion lymphoma and multicentric Castleman’s disease. RRV
naturally infects rhesus macaques and induces lymphoproliferative diseases under experimental conditions,
making it an excellent model for the study of KSHV. Unlike KSHV, which grows poorly in cell culture, RRV
replicates efficiently in rhesus fibroblasts (RFs). In this study, we have characterized the entry pathway of RRV
in RFs. Using a luciferase-expressing recombinant RRV (RRV-luciferase), we show that the infectivity of
RRV is reduced by inhibitors of endosomal acidification. RRV infectivity is also reduced by inhibitors of
clathrin-mediated but not caveola-mediated endocytosis, indicating that RRV enters into RFs via clathrin-
mediated endocytosis. Using a red fluorescent protein (RFP)-expressing recombinant RRV (RRV-RFP), we
show that RRV particles are colocalized with markers of endocytosis (early endosome antigen 1) and clathrin-
mediated endocytosis (clathrin heavy chain) during entry into RFs. RRV particles are also colocalized with
transferrin, which enters cells by clathrin-mediated endocytosis, but not with cholera toxin B, which enters cells
by caveola-mediated endocytosis. Inhibition of clathrin-mediated endocytosis with a dominant-negative con-
struct of EPS15, an essential component of clathrin-coated pits, blocked the entry of RRV into RFs. Together,
these results indicate that RRV entry into RFs is mediated by clathrin-mediated endocytosis.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also
known as human herpesvirus 8 (HHV8), is a gammaherpesvi-
rus associated with the development of Kaposi’s sarcoma, a
malignancy commonly found in AIDS patients (13). KSHV is
also associated with the development of multicentric Castle-
man’s disease (MCD) and primary effusion lymphoma (PEL),
two rare lymphoproliferative diseases. KSHV has a restricted
host range, making it difficult to study KSHV and its related
malignances directly in an animal model (25). Rhesus rhadi-
novirus (RRV) is closely related to KSHV. RRV infects its
natural host and induces lymphoproliferative diseases resem-
bling MCD and PEL; thus, it has been proposed as an animal
model for the study of KSHV (19, 26, 39). Two isolates of RRV
(26-95 and 17577) have been independently isolated and se-
quenced so far (3, 7, 32).

To establish a successful infection, a virus needs to enter the
target cells and release its genome (20). Thus, defining the
entry and trafficking pathway of RRV can help us understand
its mechanism of infection and replication in vitro and in vivo.
Herpesviruses bind to the cell surface through complex inter-
actions between viral glycoproteins and receptor molecules,
leading to either plasma membrane fusion or endocytosis (35).
Plasma membrane fusion is a pH-independent event between

the viral envelope and the host cell plasma membrane (23).
Enveloped viruses also take advantage of cellular endocytosis
pathways for their internalization (34). Endocytosis leads to
fusion between the membrane of the internalized vesicle and
the viral envelope at low pHs and to the release of the viral
particle into the cytoplasm. Following membrane fusion, the
nucleocapsid traffics to the perinuclear space and delivers the
viral genome to the nucleus. Thus, endocytosis offers a conve-
nient and fast transit system enabling the virus to enter and
traffic across the plasma membrane and cytoplasm of the in-
fected cell.

In mammalian cells, there are several endocytic pathways,
including clathrin-mediated endocytosis, caveola-mediated en-
docytosis, clathrin- and caveola-independent endocytosis, and
macropinocytosis (34). These endocytic pathways differ in the
nature and size of the cargo. The clathrin-mediated pathway is
the most commonly observed uptake pathway for viruses (30).
A viral particle is internalized into a clathrin-coated vesicle,
which then loses the clathrin-coated subunits before fusing
with the early endosome. An activation step occurs in the
endosome, leading to the fusion of the viral envelope with the
endosomal membrane and the delivery of the viral capsid to
the cytosol. The acidic pH in the endosome is thought to play
an essential role in triggering the fusion event. Therefore, pH
sensitivity is often considered an indication that a virus enters
the cell by endocytosis (30).

KSHV has been shown to use clathrin-mediated endocytosis
to enter human foreskin fibroblasts, activated primary human
B cells, and primary human umbilical vein endothelial cells (1,
12, 29); however, the macropinocytic pathway and plasma
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membrane fusion pathway have also been implicated (17, 28).
The mechanism of RRV entry into cells has not been defined.
In this study, using two recombinant RRVs expressing lucifer-
ase (RRV-luciferase) and red fluorescent protein (RRV-
RFP), respectively, we have characterized the entry pathway of
RRV in rhesus fibroblasts (RFs), a cell type that RRV can
infect efficiently and in which it can replicate. The results show
that RRV entry into RFs occurs primarily via clathrin-medi-
ated endocytosis.

MATERIALS AND METHODS

Cell culture and virus preparation. The wild-type (WT) RRV isolate 26-95
was kindly provided by Ronald Desrosiers at the New England Primate Research
Center. RRV-luciferase and RRV-RFP were generated by replacing open read-
ing frame 49 (Orf49) with a secreted Gaussia luciferase cassette (Targeting
Systems, El Cajon, CA) and fusing RFP with Orf65 at the N terminus, respec-
tively, according to the protocol described previously (36, 41). Orf49 is a posi-
tional homologue of the Epstein-Barr virus BRRF1 gene (Na), while Orf65
encodes a small capsid protein. RRV-RFP replicates as efficiently as the WT
RRV. While RRV-luciferase produced approximately 20-fold fewer infectious
virions than the WT RRV (unpublished data), high-titer viral preparations were
obtained for this study following concentration of supernatants from infected
cultures as described below.

Recombinant viruses were grown in primary RFs or telomerase-immortalized
RFs (TERFs). Primary RFs were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 20% fetal bovine serum (FBS) and 50 �g/ml of
gentamicin. TERFs were grown in DMEM with 10% FBS and 5 �g/ml of
puromycin. At day 5 postinfection, cells were lysed with three consecutive freeze-
thaw cycles, and the supernatant was centrifuged first at 5,000 � g for 30 min to
eliminate cell debris and then at 100,000 � g for 2 h using 20% sucrose as a
cushion. The final pellet was dissolved in the culture medium overnight and was
adjusted to a desired volume. Undissolved debris was eliminated by centrifuga-
tion at 5,000 � g for 10 min. All the procedures for virus concentration were
carried out at 4°C. Virus preparations used for this study were concentrated
20-fold, and the concentrated virus preparations were aliquoted and stored at
�80°C for later experiments.

Virus titration. Culture supernatants or virus preparations containing infec-
tious virions were subjected to 10-fold serial dilution in DMEM containing 20%
FBS. RFs in 96-well plates were inoculated with 100 �l per well of the diluted
virus or the culture medium alone as a negative control. Ten replicate wells were
used for each dilution. After incubation at 37°C for 2 h, DMEM was added at 100

�l per well, and the cytopathic effect (CPE) was examined daily. The 50% tissue
culture infective dose (TCID50) was determined as described previously (40).

Antibodies and chemicals. A mouse monoclonal antibody to �-actin was ob-
tained from Sigma (St. Louis, MO). A mouse monoclonal antibody to the
clathrin heavy chain was obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). A fluorescein isothiocyanate (FITC)-conjugated monoclonal anti-
body to early endosome antigen 1 (EEA1) was purchased from BD Biosciences
(San Jose, CA). A rabbit antibody to RFP was a kind gift from Guangming
Zhong at the University of Texas Health Science Center at San Antonio. Alexa
Fluor 488-phalloidin, Alexa Fluor 488-transferrin, Alexa Fluor 568-transferrin,
the Alexa Fluor 488-cholera toxin B (CTB) conjugate, the Alexa Fluor 594-CTB
conjugate, and the secondary antibodies, Alexa Fluor 488-conjugated goat anti-
mouse IgG and Alexa Fluor 568-conjugated goat anti-rabbit IgG, were from
Molecular Probes, Invitrogen (Carlsbad, CA). Heparin and inhibitors of endo-
somal acidification bafilomycin A1 and monensin were obtained from Sigma, and
NH4Cl was purchased from Fisher Scientific (Pittsburgh, PA). The inhibitors of
clathrin assembly chlorpromazine and dextrose, and the inhibitors of caveola-
mediated endocytosis filipin, nystatin, and methyl-�-cyclodextrin (M�CD), were
purchased from Sigma. All inhibitors were prepared according to the manufac-
turer’s directions. 4�,6-Diamidino-2-phenylindole (DAPI) was purchased from
Sigma. A propidium iodide (PI) labeling kit was obtained from Roche (Nutley,
NJ).

Monitoring of RRV infectivity by a luciferase assay. RFs pretreated with
inhibitors were inoculated with RRV-luciferase at a multiplicity of infection
(MOI) of 2 in the presence of the inhibitors for 1 h. Cells were washed three
times and were incubated with media containing the inhibitors. Supernatants
were collected at different hours postinfection (hpi), and their luciferase activi-
ties were measured using a Gaussia luciferase assay kit according to the manu-
facturer’s instructions (Targeting Systems). A parallel infection with no inhibitor
was used as a control. All treatments were carried out with 8 replicates in 96-well
plates.

Confocal microscopy. RFs grown on coverslips overnight were inoculated with
RRV-RFP at an MOI of 20 in the presence of Alexa Fluor 488-transferrin or
-CTB for 1 h. The cells were fixed and processed for immunofluorescence
analysis to visualize virus particles. To amplify the signal of virus particles, cells
were incubated with a rabbit anti-RFP antibody at a 1:1,000 dilution, and the
signal was detected with Alexa Fluor 568-conjugated goat anti-rabbit IgG. To
detect actin filaments, cells were costained Alexa Fluor 488-phalloidin. The
nuclei were stained by incubation with DAPI for 5 min. Cells were observed with
an Olympus FV1000 scanning confocal microscope equipped with a 60� objec-
tive (numerical aperture [NA], 1.42) (Olympus Life Science, Center Valley, PA)
as described previously (12).

To examine the colocalization of RRV with endosomal markers, RFs grown
on coverslips were inoculated with RRV-RFP for 1 h. Following fixation, the

FIG. 1. Tracking of RRV entry and trafficking using recombinant RRVs. (A) RRV-luciferase was generated by replacing Orf49 with a secreted
Gaussia luciferase reporter gene. (B) RRV-RFP was generated by fusing an RFP tag at the N terminus of Orf65. (C) Tracking of RRV infectivity
by use of RRV-luciferase. Infection of RFs with RRV-luciferase but not with WT RRV resulted in the expression of luciferase activity in the
supernatants of infected cultures. Treatment with 100 �g/ml heparin inhibited the infectivity of RRV-luciferase, as indicated by the low luciferase
activity. (D) Visualization of RRV particles (red) during entry into RFs at 1 hpi in an XY section and the corresponding YZ cross-section. Actin
filaments were stained green, while the nuclei were stained blue with DAPI. Rectangles delineate the regions shown at higher magnifications
directly to the right.
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cells were costained for virus particles with the rabbit anti-RFP antibody and for
the clathrin heavy chain with a mouse anti-clathrin monoclonal antibody. The
signals of virus particles and clathrin were revealed with Alexa Fluor 568-con-
jugated goat anti-rabbit IgG as described above and with Alexa Fluor 488-
conjugated goat anti-mouse IgG at a 1:100 dilution, respectively. To detect
EEA1, an FITC-conjugated mouse anti-EEA1 antibody was used at a 1:100
dilution.

Cytotoxicity assay. RFs grown in 24-well plates were treated with the inhibitors
at the concentrations and for the lengths of time given in the figures. Cells were
labeled with PI 1 h prior to fixation in order to identify nonviable cells. Cells were
washed twice with phosphate-buffered saline (PBS), fixed with 2% paraformal-
dehyde for 30 min, and stained with DAPI. The cells were visualized with a Zeiss
Axiovert 200M fluorescence microscope (Carl Zeiss Microimaging Inc., Thorn-
wood, NY).

Inhibition of clathrin-mediated endocytosis with dominant negative con-
structs (DNs) of EPS15. Green fluorescent protein (GFP)-tagged EPS15 con-
structs (WT, EH29, DIII, and D3�2) and the enhanced GFP (EGFP) vector
were kind gifts from Alexandre Benmerah at the Institut Cochin, CNRS, Paris,
France. Cells were transiently transfected with EPS15 constructs or the EGFP
vector by using the Lipofectamine 2000 reagent according to the manufacturer’s
instructions (Invitrogen). At 24 h posttransfection, cells were inoculated with

RRV-luciferase or RRV-RFP for 1 h. RRV-luciferase-infected cells were first
washed and then incubated with growth medium in order to measure luciferase
activity at different time points. RRV-RFP-infected cells were fixed at 1 hpi and
were stained for virus particles with the rabbit anti-RFP antibody. To determine
the effectiveness and specificity of the constructs at inhibiting clathrin-mediated
endocytosis, cells transfected with the constructs were inoculated with either
Alexa Fluor 568-transferrin or Alexa Fluor 594-CTB for 20 min, and their
internalization was observed with an Olympus FV1000 scanning confocal micro-
scope equipped with a 60� objective (NA, 1.4).

RESULTS

Tracking of RRV entry with recombinant reporter viruses.
We generated two recombinant viruses, RRV-luciferase and
RRV-RFP, to facilitate the tracking of virus entry and traffick-
ing (Fig. 1A and B). RRV-luciferase expresses a secreted
Gaussia luciferase. Following infection of RFs with RRV-lu-
ciferase, luciferase activity was detected in the supernatants of
the infected cultures as early as 2 hpi (Fig. 1C). The luciferase

FIG. 2. Inhibitors of endosomal acidification block the entry of RRV into RFs. (A to C) RFs were infected with RRV-luciferase in the presence
of different concentrations of bafilomycin A1 (A), monensin (B), or NH4Cl (C). Luciferase activities in the culture supernatants were monitored
at the indicated time points and compared with those for control cells infected with RRV-luciferase in parallel without inhibitor treatment.
(D) Inhibitors of endosomal acidification blocked the entry of Alexa Fluor 488-transferrin into RFs. (E) Inhibitors of endosomal acidification had
no effect on cell viability. RFs were treated with inhibitors of endosomal acidification under the conditions used for the virus infection assay and
were evaluated for viability by staining with PI and DAPI. Cells left without medium and CO2 for 1 h were used as positive controls.
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activity increased rapidly in the next 4 h. In contrast, no lucif-
erase activity was detected in cultures infected with WT RRV.
The sensitivity of the method, combined with the fast expres-
sion of the luciferase reporter and the ability to sample the
reporter activity over time in the supernatants following infec-
tion, renders RRV-luciferase a useful tool for tracking viral
infectivity and examining factors that might regulate virus en-
try and trafficking. These features are particularly useful con-
sidering the possible side effects of the chemical inhibitors
commonly used in virus entry studies. To validate the method,
RRV-luciferase was incubated with 100 �g/ml heparin (a sol-
uble heparan sulfate-like compound) before inoculation into
RF cultures. Treatment with heparin is known to block the
entry of herpesviruses, because their attachment to target cells
is mediated by heparan sulfate (35). As shown in Fig. 1C, no
luciferase activity was detectable in cells infected with RRV-
luciferase following treatment with heparin, indicating that
RRV-luciferase infection was efficiently blocked by heparin.

To track virus entry more directly, we generated RRV-RFP
for the visualization of virus particles (Fig. 1B). We costained
for actin filaments and examined both XY and YZ images in
order to track the intracellular localization of the virus parti-
cles. As shown in Fig. 1D, we easily detected virus particles
inside RFs at 1 hpi. A large number of virus particles had
reached the perinuclear regions.

Inhibition of endosomal acidification reduces RRV infectiv-
ity. Enveloped viruses enter cells either by direct plasma mem-
brane fusion or by receptor-mediated endocytosis (35). Endo-
cytosis requires a low pH to trigger the fusion between the viral
envelope and the endosomal membrane. To determine
whether RRV entry into RFs is mediated by endocytosis, we
infected RFs with RRV-luciferase in the presence of inhibitors
of endosomal acidification. Bafilomycin A1 is a potent and
specific inhibitor of vacuolar H� ATPase, and it specifically
inhibits endosomal acidification (6). Monensin, a sodium iono-
phore, binds monovalent cations, leading to an increase in
endosomal pH (16). NH4Cl, an inhibitor of vacuolar acidifica-
tion, is often used to examine pH sensitivity during virus entry
(8). RFs were pretreated with different concentrations of the
inhibitors for 1 h and were then infected with RRV-luciferase
in the presence of the inhibitors. Luciferase activity was mon-
itored by sampling supernatants from the cultures over time.
As shown in Fig. 2A to C, all three inhibitors reduced lucifer-
ase activity in a dose-dependent manner, suggesting a pH-
sensitive route of RRV entry. These inhibitors also efficiently
inhibited the internalization of a fluorescence-labeled trans-
ferrin (Alexa Fluor 488-transferrin), a bona fide cargo of clath-
rin-mediated endocytosis (11), demonstrating their effective-
ness (Fig. 2D). To examine the cytotoxicity of the inhibitors, we
measured cell viability by PI staining following treatment with
the inhibitors. We observed no PI-positive cells at any of the
concentrations used for the experiments (Fig. 2E). Taken to-
gether, these results indicate that RRV uses the endocytosis
pathway to enter RFs.

Inhibition of clathrin-mediated endocytosis reduces RRV
infectivity. The endocytosis pathway can be clathrin dependent
or clathrin independent (34). We examined the effects of in-
hibitors of clathrin-mediated endocytosis on RRV entry. The
cationic amphiphilic agent chlorpromazine inhibits the recy-
cling of the AP-2 adaptor protein complex between mem-

branes and thus causes the misassembly of clathrin-coated pits
at the cell surface (38). The hypertonic reagent dextrose inhib-
its the formation of clathrin-coated pits at the plasma mem-
brane (14). RFs pretreated with different concentrations of
chlorpromazine or dextrose for 1 h were infected with RRV-
luciferase in the presence of the inhibitors. As shown in Fig. 3A
and B, both inhibitors of clathrin assembly reduced luciferase
activity in a dose-dependent manner. Both inhibitors also ef-
fectively inhibited the internalization of Alexa Fluor 488-trans-
ferrin but had no effect on the internalization of fluorescence-
labeled CTB (Alexa Fluor 488-CTB) (Fig. 3C), which enters

FIG. 3. Inhibitors of clathrin-mediated endocytosis block the entry
of RRV into RFs. (A and B) RFs were infected with RRV-luciferase
in the presence of different concentrations of chlorpromazine (A) or
dextrose (B). Luciferase activities in the culture supernatants were
monitored at the indicated time points and were compared with those
of control cells infected with RRV-luciferase in parallel without inhib-
itor treatment. (C) Inhibitors of clathrin-mediated endocytosis blocked
the entry of Alexa Fluor 488-transferrin, but not that of Alexa Fluor
488-CTB, into RFs. (D) Inhibitors of clathrin-mediated endocytosis
had no effect on cell viability. RFs were treated with inhibitors of
clathrin-mediated endocytosis under the conditions used for the virus
infection assay and were evaluated for viability by staining with PI and
DAPI.
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cells through the caveola-mediated endocytosis pathway (27).
Furthermore, no cytotoxicity was observed with the inhibitors
(Fig. 3D). Together, these results indicate that RRV is likely to
enter RFs through clathrin-mediated endocytosis.

Inhibition of caveola-mediated endocytosis has no effect on
RRV infectivity. Caveola-mediated endocytosis is another
highly efficient pathway for the internalization of cargos and is
often exploited by viruses for entry into cells (34). Several
inhibitors can target caveola-mediated endocytosis. Both nys-
tatin and filipin disrupt lipid rafts, while M�CD sequesters
cholesterol from the plasma membrane (18, 31). As shown in
Fig. 4A to C, all three inhibitors had no effect on luciferase
activity following RRV-luciferase infection, indicating that
they do not inhibit RRV infectivity. To confirm that these
inhibitors do indeed inhibit caveola-mediated endocytosis, we
determined their effects on the internalization of Alexa Fluor
488-CTB. As shown in Fig. 4D, nystatin, filipin, and M�CD
effectively inhibited the internalization of Alexa Fluor 488-
CTB but had no effect on the internalization of Alexa Fluor
488-transferrin, thus demonstrating the specificity of these in-
hibitors for caveola-mediated endocytosis. Furthermore, PI
staining did not detect any cytotoxicity of these inhibitors (Fig.
4E). Together, these results indicate that RRV is unlikely to
enter RFs through caveola-mediated endocytosis.

RRV particles are colocalized with transferrin and markers
of clathrin-mediated endocytosis during entry into RFs. Our

results so far indicate that the entry of RRV into RFs is
mediated by clathrin-mediated endocytosis. To further confirm
these observations, we examined the colocalization of RRV
particles with different endocytic markers. As shown in Fig. 5,
colocalization of RRV particles with Alexa Fluor 488-trans-
ferrin, clathrin, and EEA1, but not with Alexa Fluor 488-CTB,
was observed. These results confirmed that RRV enters RFs
primarily through clathrin-mediated endocytosis.

The entry of RRV into RFs is inhibited by an EPS15 DN. To
provide additional evidence to support the results with chem-
ical inhibitors, we used DNs of EPS15 to inhibit clathrin-
mediated endocytosis and assayed their effects on RRV entry
(Fig. 6A). EPS15 is a component of clathrin-coated pits and
interacts with AP-2, an adaptor protein of clathrin-mediated
endocytosis (4, 5). Mutant EH29 lacks part of the EPS15 ho-
mology (EH) domains but retains the AP-2 binding site. Mu-
tant DIII lacks the entire EH domains and coiled-coil domains
but also retains the AP-2 binding site. In human cells, both
mutants are capable of blocking the efficient targeting of AP-2
and clathrin to clathrin-coated pits without affecting other en-
docytic pathways, and thus, they are often used as DNs for
clathrin-mediated endocytosis (Fig. 6A) (4, 5). In contrast,
mutant D3�2, which lacks the AP-2 binding site in addition to
lacking the EH and coiled-coil domains, has no effect on the
formation of clathrin-coated pits and thus is often used as
negative control for the inhibition of clathrin-mediated endo-

FIG. 4. Inhibitors of caveola-mediated endocytosis fail to block the entry of RRV into RFs. (A to C) RFs were infected with RRV-luciferase
in the presence of different concentrations of nystatin (A), filipin (B), or M�CD (C). Luciferase activities in the culture supernatants were
monitored at the indicated time points and were compared with those for control cells infected with RRV-luciferase in parallel without inhibitor
treatment. (D) Inhibitors of caveola-mediated endocytosis blocked the entry of Alexa Fluor 488-CTB, but not that of Alexa Fluor 488-transferrin,
into RFs. (E) Inhibitors of caveola-mediated endocytosis had no effect on cell viability. RFs were treated with inhibitors of caveola-mediated
endocytosis under the conditions used for the virus infection assay and were evaluated for viability by staining with PI and DAPI.
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cytosis (4, 5). We used a set of EPS15-GFP fusion constructs to
examine their effects on RRV infectivity in RFs following tran-
sient overexpression (Fig. 6A). As shown in Fig. 6B, when
transfection rates reached 50 to 60% based on the percentage
of GFP-positive cells, overexpression of the GFP vector, WT
EPS15, or D3�2 had no obvious effect on luciferase activity
following RRV-luciferase infection compared to that for cells
that were not transfected with any of the constructs (mock). In
contrast, transfection with EH29 inhibited 51% of luciferase
activity compared to that for cells transfected with GFP vector.
In a kinetic experiment in which the transfection rates reached
80 to 90%, EH29 inhibited �70% of the luciferase activity
while D3�2 had no obvious effect compared to activity for the
GFP vector (Fig. 6C). By direct tracking of the internalization
of RRV-RFP, it was observed that EH29 but not GFP vector,
WT EPS15, or D3�2 inhibited the internalization of RRV
particles (Fig. 6D). As expected, EH29, but not the GFP vec-
tor, WT EPS15, or D3�2, inhibited the internalization of Alexa
Fluor 568-transferrin (Fig. 6E). In contrast, none of the con-
structs blocked the internalization of Alexa Fluor 594-CTB
(Fig. 6F). These results demonstrated the specificity of EH29
in inhibiting clathrin-mediated endocytosis, and further con-
firmed this pathway as the entry pathway of RRV into RFs.

In contrast to those for EH29, the results obtained with DIII
are intriguing. Transfection with DIII inhibited only 20% of
the luciferase activity following RRV-luciferase infection com-
pared to that for cells transfected with the GFP vector (Fig.
6B), indicating that inhibition of clathrin-mediated endocytosis
in RFs by DIII was not efficient. Indeed, by tracking the RRV-

RFP particles, we were able to observe the internalization of
RRV particles in cells transfected with DIII, albeit at a slightly
lower rate than that for cells transfected with the GFP vector,
WT EPS15, or D3�2 (Fig. 6D). DIII also did not inhibit the
internalization of Alexa Fluor 488-transferrin or Alexa Fluor
488-CTB, as expected (Fig. 6E and F). Compared to EH29,
DIII is a weaker inhibitor of clathrin-mediated endocytosis in
human cells (4). Our results confirm the previous observation
and indicate that DIII is likely not functional in RFs.

DISCUSSION

Enveloped viruses enter cells either by fusion of the viral
envelope with the plasma membrane or by using endocytic
pathways (23). Endocytosis, an essential biological process me-
diating cellular internalization events, is often exploited by
many enveloped and nonenveloped viruses for their entry into
target cells (34). Endocytosis pathways allow viruses to pass
quickly and in an orderly manner through the plasma mem-
brane barrier and the crowded cytoplasm so that viral nucleo-
capsids can gain access to the perinuclear space and deliver
their genomes to the nucleus (30, 34). In this study, we used
two recombinant RRVs, RRV-luciferase and RRV-RFP, to
examine the entry pathway of RRV in RFs. RRV-luciferase
expresses a secreted Gaussia luciferase reporter, allowing con-
secutive sampling of supernatants from the infected cultures.
The high sensitivity and simplicity of the luciferase assay, as
well as the early expression of the luciferase gene, also make
this reporter virus attractive for the study of virus entry. On the

FIG. 5. RRV particles are colocalized with markers of clathrin-mediated endocytosis during entry into RFs. (A to D) Detection of colocal-
ization of RRV-RFP particles with Alexa Fluor 488-transferrin (A), clathrin (B), and EEA1 (C), but not with Alexa Fluor 488-CTB (D), at 1 hpi.
Regions delineated by rectangles are shown at higher magnifications in adjacent panels.
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FIG. 6. Inhibition of clathrin-mediated endocytosis with a DN of EPS15 blocks the entry of RRV into RFs. (A) Schematic illustration of
different EPS15 constructs. (B) EH29, but not the GFP vector, WT EPS15, or D3�2, efficiently inhibited the entry of RRV into RFs, while DIII
inhibited 20% of RRV entry. For this experiment, transfection rates were estimated at 50 to 60% based on percentages of GFP-positive cells.
(C) Inhibition of RRV entry into RFs by EH29, but not D3�2, at different time points postinfection. The transfection rates were estimated at 80
to 90% for this experiment. (D) EH29, but not the GFP vector, WT EPS15, D3�2, or DIII, efficiently inhibited the entry of RRV into RFs, as
monitored by direct staining of RRV particles at 1 hpi. (E) EH29, but not the GFP vector, WT EPS15, D3�2, or DIII, efficiently inhibited the entry
of Alexa Fluor 568-transferrin into RFs. (F) None of the EPS15 constructs had any effect on the entry of Alexa Fluor 594-CTB into RFs.
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other hand, RRV-RFP provides a convenient way to directly
track the entry of a single virus particle into cells. While it has
not been shown in this study, it is also possible to track the
entry of RRV-RFP particles in real time.

In this study, by using several complementary approaches,
we have shown that RRV enters RFs through the clathrin-
mediated endocytosis pathway. First, we used chemical inhib-
itors to block different virus entry pathways. The entry of many
viruses by endocytosis is thought to be pH dependent (34).
RRV entry is blocked by inhibitors of endosomal acidification,
indicating the requirement for an acidification step during
RRV entry into cells, and thus the involvement of a receptor-
mediated endocytosis pathway rather than a plasma membrane
fusion pathway. To identify the endocytosis pathway involved
in RRV entry, we further used a variety of chemical reagents
to inhibit clathrin- and caveola-mediated endocytosis, in turn.
The results have shown that RRV entry is sensitive to inhibi-
tors of clathrin-mediated endocytosis but not to inhibitors of
caveola-mediated endocytosis.

Second, we have demonstrated the colocalization of RRV
particles with transferrin but not with CTB. Transferrin enters
cells though clathrin-mediated endocytosis, while CTB enters
cells through caveola-mediated endocytosis (11, 27). During
clathrin-mediated endocytosis, the clathrin subunit mediates
the formation of clathrin-coated pits following the interaction
of the ligand with its cell surface receptor, resulting in the
internalization of the ligand into the clathrin-coated vesicle
and the subsequent formation of the early endosome (30).
Different markers can be used to identify these early vesicles
during clathrin-mediated endocytosis. For example, the clath-
rin heavy chain and EEA1 have been widely used for the
identification of clathrin-containing vesicles and early endo-
somes, respectively (12, 30). By staining for clathrin and EEA1,
we have observed the colocalization of RRV particles with
both clathrin and EEA1, indicating that RRV indeed enters
clathrin-coated vesicles and early endosomes during internal-
ization.

Finally, we have shown, either by monitoring luciferase ac-
tivity following RRV-luciferase infection or by tracking RRV
particles following RRV-RFP infection, that inhibition of
clathrin-mediated endocytosis with a DN of EPS15, EH29,
blocks the entry of RRV into RFs, thus further confirming the
role of clathrin-mediated endocytosis in RRV entry. EH29 also
inhibits the internalization of transferrin but not that of CTB,
demonstrating the specificity of this construct in inhibiting
clathrin-mediated endocytosis. EPS15 DNs have been widely
used for studying endocytosis in human cells (4, 5). However,
limited information is available regarding the functions of
these constructs in rhesus cells. Our results show that EH29 is
fully functional while DIII is a weak inhibitor of clathrin en-
docytosis in rhesus cells; these findings are consistent with
those reported for human cells (4).

It is well accepted that viruses may use more than one
pathway to enter target cells and that the entry pathway could
be cell type dependent. For example, human immunodefi-
ciency virus type 1 (HIV-1) is commonly known to enter cells
through plasma membrane fusion at a neutral pH (37); how-
ever, HIV-1 also enters cells by endocytosis (22). Herpesvi-
ruses encode multiple glycoproteins that interact with different
receptors during entry (35). The entry of herpesviruses is a

complex process, and both plasma membrane fusion and en-
docytosis have been reported. Herpes simplex virus type 1
infects some cell types through plasma membrane fusion but
enters others through endocytosis (9, 21, 24). Epstein-Barr
virus enters epithelial cells through plasma membrane fusion
but infects B cells via endocytosis (15). KSHV entry is also
complex, involving multiple receptors and entry pathways, in-
cluding both plasma membrane fusion and endocytosis, de-
pending on the cell type (1, 2, 10, 12, 17, 28, 29). However,
KSHV enters human foreskin fibroblasts and primary human
umbilical vein endothelial cells through the clathrin-mediated
pathway (1, 13). Since RRV is closely related to KSHV and is
often used as an animal model for KSHV infection, it would be
interesting to determine whether RRV entry into RFs involves
viral glycoproteins and cellular receptors similar to those re-
ported in KSHV entry. While we have provided evidence that
clathrin-mediated endocytosis is the major pathway mediating
RRV entry into RFs, it is entirely possible that other pathways
might also be involved, particularly in other cell types. This is
even more likely considering the recent discovery of sequence
variation in RRV glycoproteins (33).
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