JVI

Journals.ASM.org

Uptake of Rabies Virus into Epithelial Cells by Clathrin-Mediated
Endocytosis Depends upon Actin
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Rabies virus (RABV) causes a fatal zoonotic encephalitis. Disease symptoms require replication and spread of the virus within
neuronal cells; however, in infected animals as well as in cell culture the virus replicates in a broad range of cell types. Here we
use a single-cycle RABV and a recombinant vesicular stomatitis virus (rVSV) in which the glycoprotein (G) was replaced with
that of RABV (rVSV RABV G) to examine RABV uptake into the African green monkey kidney cell line BS-C-1. Combining bio-
chemical studies and real-time spinning-disk confocal fluorescence microscopy, we show that the predominant entry pathway of
RABYV particles into BS-C-1 cells is clathrin dependent. Viral particles enter cells in pits with elongated structures and incom-
plete clathrin coats which depend upon actin to complete the internalization process. By measuring the time of internalization
and the abundance of the clathrin adaptor protein AP2, we further show that the pits that internalize RABV particles are similar
to those that internalize VSV particles. Pharmacological perturbations of dynamin or of actin polymerization inhibit productive
infection, linking our observations on particle uptake with viral infectivity. This work extends to RABV particles the finding that

clathrin-mediated endocytosis of rhabdoviruses proceeds through incompletely coated pits which depend upon actin.

Rabies virus (RABV) is the prototypical member of the zoo-
notic lyssavirus genus responsible for fatal encephalitis in an-
imals and humans. A single-stranded negative-sense RNA virus,
RABYV encases its RNA genome in a bullet-shaped, enveloped par-
ticle that incorporates a single surface glycoprotein (G). RABV G
mediates all internalization steps from cell binding to membrane
fusion. In addition, G is a major determinant of RABV neurotro-
pism (1). Conjugation or pseudotyping with the ectodomain of
pathogenic RABV G or peptides derived from receptor-binding
regions allows retargeting of biologically active molecules to the
central nervous system (CNS) for drug delivery or as neurotracers
(2, 3). Since a large part of RABV pathogenesis is reliant on the
virus garnering access to neurons and the CNS, G is also a deter-
mining factor in RABV virulence. The pathogenicity of attenuated
strains can be effectively increased by replacing the glycoprotein
with one from a neurotropic, virulent strain (4).

Like other rhabdoviruses, RABV gains access to the cellular
interior by endocytosis and subsequent low pH-dependent fusion
(5-7). Electron micrographs of viral particles in vesicles with elec-
tron-dense coats suggest that clathrin-coated pits mediate the up-
take of RABV in both neuronal and nonneuronal cells (8, 9).
However, static images cannot inform on the fate of such particles
or the relevance of these interactions for subsequent infection.
High-resolution live-imaging techniques permit tracking of viral
uptake into coated pits (10-15). Fluorescence tagging of coated-
pit components and quantitative analysis methods have revealed
differences for the pits engaging fluorescently tagged viral particles
(11, 12). In particular, vesicular stomatitis virus (VSV) particles
are internalized through partially coated clathrin pits that require
actin for the completion of envelopment (11). The morphology of
the particle is a key determinant of actin dependence, since a trun-
cated, defective interfering particle of VSV, DI-T, does not require
actin polymerization (12). This observation also extends to other
viruses with dimensions compatible with canonical coated pits, as
clathrin-dependent uptake of the 60-nm-diameter parvovirus is
also actin independent (10, 12).
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In the present study, we employed biochemical and high-res-
olution imaging approaches to study RABV internalization. For
this purpose, we used a recombinant VSV (rVSV) expressing
RABV G (rVSV RABV G) that mimics the morphology of authen-
tic RABV and allows experimentation at biosafety level 2. To es-
tablish rVSV RABV G as a surrogate virus, we compared its entry
behavior with that of a “single-cycle” version of RABV which lacks
a copy of the G gene and is amplified in cells that express RABV G
(rRABV AG). We show that, like that of VSV, the predominant
internalization route of RABV into BS-C-1 cells is through pits
that are partially coated with clathrin and depend upon actin for
internalization. The kinetics of internalization of RABV particles
are also indistinguishable from those of VSV in the time between
particle attachment to cells and association of the particles with
the clathrin machinery and in the time of clathrin-dependent up-
take.

MATERIALS AND METHODS

Cells and viruses. African green monkey kidney BS-C-1 cells (ATCC
CCL-26; American Type Culture Collection, Manassas, VA), either the
wild type or a line stably expressing the 02 subunit of AP2 fused to en-
hanced green fluorescent protein (eGFP) (AP2-eGFP) (16), were main-
tained at 37°C and 5% CO, in Dulbecco’s modified Eagle medium
(DMEM,; Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine
serum (FBS; Tissue Culture Biologicals, Tulare, CA). Recombinant G de-
letion RABV strain SAD L16 expressing eGFP (rRABV AG) was a kind gift
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of E. M. Callaway (17). rRABV AG stocks were produced by propagation
of the virus in 293T cells stably expressing SAD B19 RABV G (also a gift of
E. M. Callaway). Once amplified, rRABV AG was purified using the same
protocol as for recombinant VSV. Titer was estimated by infecting non-
complementing 293T cells with serial dilutions of purified rRABV AG and
counting eGFP-expressing infected cells at 30 hours postinfection (hpi) by
flow cytometry. rVSV eGFP, rVSV RABV G eGFP (rVSV RABV G) (18),
and a recombinant VSV expressing the Ebola virus glycoprotein, rVSV
EboV GP eGFP (rVSV EboV GP) (19), were amplified, purified, and
maintained as previously described (11). rVSV eGFP was generated by
amplification of the eGFP open reading frame (ORF) and insertion into
the Xho and MscI sites of pVSV1(+)41 (20). The resulting virus was
recovered as described previously (21).

Protein composition of purified virions. To separate the viral pro-
teins, we subjected purified virions to SDS-PAGE using 10% polyacryl-
amide (wt/vol) and 0.13% (wt/vol) bis-acrylamide and visualized them by
staining with Coomassie blue. Relative amounts of N or G protein were
established using Image] (U.S. National Institutes of Health, Bethesda,
Maryland; http://rsb.info.nih.gov/ij/).

Inhibitors. The following chemicals were administered at the listed
concentrations: 0.1 wM bafilomycin Al (BAF Al; Calbiochem, Milli-
pore); 100 pM dynasore; and 25 wM 5-(N-ethyl-N-isopropyl)amiloride
(EIPA; Sigma-Aldrich). Latrunculin B (LatB; Sigma-Aldrich) concentra-
tions ranged from 0.5 to 6 wM, as illustrated (see Fig. 7). One micromolar
LatB was administered for internalization assays.

Nucleic acid transfection. To visualize clathrin and actin dynamics
simultaneously, we cotransfected rat mCherry-LCa (constructed as de-
scribed for tomato-LCa [22]) with mouse actin-eGFP into 90%-confluent
BS-C-1 cells in 6-well plates. Plasmid DNA was introduced into the cells
using FuGene HD (Roche Diagnostics, Indianapolis, IN) according to the
manufacturer’s instructions, using a ratio of 3 ug DNA to 5 pl FuGENE
HD in 100 pl Opti-MEM. Following overnight incubation at 37°C, cells
were reseeded onto 25-mm coverslips at 25% confluence. Cells were im-
aged approximately 5 h later, after complete adherence to the coverslips
was verified by visual inspection.

Electron microscopy (EM). To visualize viral morphology, we depos-
ited purified rVSV eGFP or rVSV RABV G particles onto carbon-coated
copper grids and stained them with 2% phosphotungstic acid (wt/vol) in
H,O (pH 7.5). To visualize viral particles in clathrin-coated pits, we inoc-
ulated BS-C-1 cells at a multiplicity of infection (MOI) of 1,000 for 15 min
at 37°C. Samples were then processed for ultrathin sectioning as previ-
ously described (11, 23). Virus particles and ultrathin sections of cells were
viewed using a Tecnai G* Spirit BioTWIN transmission electron micro-
scope (FEI, Hillsboro, OR).

Dye conjugation to virus particles. Viral particles were labeled with
40 pgml ™" Alexa Fluor (AF647) succinyl esters (Molecular Probes, Invit-
rogen, Eugene, OR) as previously described (11). Titration of virus prep-
arations before and after labeling showed that dye conjugation had a neg-
ligible effect on infectivity.

Infectivity studies. Cytofluorimetry experiments were carried out in
24-well plates and epifluorescence microscopy experiments in black,
clear-bottomed 96-well microplates (Corning, Tewksbury, MA). BS-C-1
cells were treated either 15 min prior to infection or at 2 hpi with DMEM
plus inhibitors as indicated on the figures and in the figure legends.
rRABV AG inoculations were incubated for 2 h at 37°C with an estimated
MOI of 0.5, whereas rVSV RABV G inoculations were incubated with an
MOI of 0.5 for 1 h at 37°C. Following inoculation, cells were washed and
media were replaced as indicated. Cells were processed for epifluorescence
microscopy or cytofluorimetry at 4 to 6 hpi for VSV-RABV or 25 hpi for
rRABV AG. LatB was removed at 12 hpi to prevent cytotoxicity. Cells were
washed three times with DMEM and media was replaced with DMEM
supplemented with 10% FBS. For epifluorescence microscopy, cells were
washed twice with phosphate-buffered saline (PBS) and fixed for 15 min
with 4% paraformaldehyde (PFA). The fixed cells were washed with PBS
and stained with DAPI (4',6-diamidino-2-phenylindole) in the presence
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0f 0.1% Triton X-100 for 30 min at 37°C. rVSV eGFP-infected cells were
imaged using a CellWorX automated microscope (Applied Precision, Is-
saquah, WA); rRABV SAD B19 AG-infected samples were imaged using
an ImageXpress Micro automated microscope (Molecular Devices,
Sunnyvale, CA). For cytofluorimetry, cells were washed with PBS and
harvested using 0.5 mM EDTA in PBS. Mean fluorescence measurements
were obtained using a modified FACSCalibur (Cytek Development, Fre-
mont, CA) instrument and analyzed using Flow]Jo (Tree Star Industries,
Ashland, OR).

Uncoating assay. Confluent BS-C-1 cells seeded onto 12-mm cover-
slips were exposed for 15 min to DMEM containing 5 pg ml~ ! cyclohex-
imide (CHX) alone or with an entry inhibitor as indicated (see Fig. 3).
Cells were then inoculated with rVSV RABV G at an MOI of 1,000. Fol-
lowing 1 h of incubation at 37°C, unabsorbed virus was removed by wash-
ing with fresh media. The treatment media were replaced, and cells were
incubated for 2 h at 37°C. Note that CHX and the indicated entry inhib-
itors were maintained on cells throughout the inoculation as well as dur-
ing the subsequent 2 h of incubation. Cells were washed with PBS and
fixed with 4% PFA for 15 min. Following permeabilization with 0.1%
Triton X-100, cells were exposed to mouse 23H12 anti-M antibody (gift of
D. Lyles) (24, 25) and 1:3,000 propidium iodide (PI; Sigma-Aldrich, St.
Louis, MO) and an AF488-labeled goat anti-mouse secondary antibody.
Coverslips were mounted onto slides using ProLong Gold antifade
mounting media (Molecular Probes). z stacks were collected at 0.3-pm
intervals. Images were analyzed and processed using ImageJ, maintaining
contrast adjustments constant across samples for the AF488-conjugated
secondary-antibody signal.

Internalization assay. Twenty-five to fifty percent-confluent BS-C-1
cells seeded onto 12-mm coverslips were treated with chemicals as indi-
cated (see Fig. 4). AF647-labeled rVSV RABV G was added at an MOI of
100 and incubated for 30 min at 37°C. Cells were washed with PBS, fixed
with 4% PFA, and exposed to anti-RABV G antibody (1:500; Millipore,
Billerica, MA), which was detected by a secondary goat anti-mouse AF488
(1:500; Molecular Probes). To stain the cell membrane, we also exposed
cells to 10 g ml~ ' AF594-labeled wheat germ agglutinin (WGA; Molec-
ular Probes). Coverslips were mounted onto slides using ProLong Gold
antifade mounting media (Molecular Probes). Samples were imaged by
spinning-disk confocal microscopy with z stacks collected at 0.3-pm in-
tervals. Stacks were processed using ImageJ (National Institutes of Health,
Bethesda, MD; http://imagej.nih.gov/ij/). For increased clarity, z-stack
maximal projections were processed to exclude coverslip-bound viruses.
The WGA signal was used to generate a mask matching the outline of the
cell(s). The area outside the border of the cell was replaced with a black
background. Exposure and contrast adjustments were kept constant
across samples throughout image acquisition and processing; WGA con-
trast and brightness were optimized to aid visualization of the cell bound-
aries.

Transferrin uptake. For cytofluorimetry experiments, BS-C-1 cells
were seeded onto 24-well plates to be confluent the next day. For fixed
confocal microscopy, BS-C-1 cells were seeded onto 12-mm coverslips to
be 50% confluent the next day for ease of imaging. BS-C-1 cells were
pretreated with DMEM plus LatB or DMEM alone for 5 to 10 min. AF488-
labeled transferrin (Tfn; Molecular Probes) was added to the media at a
final concentration of 20 pg ml™ ! and the cultures were incubated for 7
min at 37°C. On ice, cells were rapidly washed with acid solution (PBS, 0.5
M NaCl, 0.2 M acetic acid) and 3 times with PBS. Tfn uptake was assessed
by spinning-disk confocal cytofluorimetry. Cells intended for analysis by
flow cytometry were harvested and analyzed as described above.

Fixed-cell imaging. Slides were imaged using a Marianas system (In-
telligent Imaging Innovations) based on a Zeiss observer microscope
(Carl Zeiss Microlmaging, Thornwood, NY) outfitted with a CSU-22
spinning-disk confocal unit (Yokogawa Electric Corporation, Tokyo, Ja-
pan) and a 40X (Plan-Neofluar, NA 1.3; Carl Zeiss Microlmaging) or
63X (Plan-Apochromat, NA 1.4; Carl Zeiss Microimaging) objective lens.
Excitation wavelengths were 491 nm for AF488, 561 nm for AF594, and
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660 nm for AF647. For three-dimensional acquisitions, the vertical posi-
tion was manipulated in 0.3-pm increments using a PZ-2000 automated
stage (Applied Scientific Instrumentation, Eugene, OR). Images were col-
lected using a Photometrics Cascade II electron multiplication camera
(Photometrics, Tucson, AZ). SlideBook versions 4 and 5 (Intelligent Im-
aging Innovations, Denver, CO) were used to command the hardware
devices and visualize the acquired data.

Live-cell imaging. Live single-particle tracking on AP2-eGFP-ex-
pressing BS-C-1 cells was conducted as described previously, collecting
images at 3-s intervals over a period of 10 min per cell (11). Slidebook
4.2.13 and 5.0.0.2 (Intelligent Imaging Innovations) were used to com-
mand the hardware devices and visualize the acquired data. Prior to im-
aging, Alexa-labeled virus was centrifuged briefly on a tabletop microcen-
trifuge to remove aggregates. Cells were inoculated with a volume of virus
calibrated to result in attachment and internalization of approximately
100 particles per cell within 20 min (~1 X 10° PFU of rVSV RABV G).
Movies were generated by exporting time-lapse TIFF files from Slidebook
and compiling the images into a single AVI file using Image]. All contrast
editing, cropping, and scaling were performed using Image]J.

Analysis of time series. Image analysis was performed as previously
described (11, 12) with the following modifications. Images were exported
from Slidebook 4.2.13 and 5.0.0.2, cropped using Image]J, and analyzed
using a previously described automated image analysis application
(IMAB) within MATLAB (MathWorks, Natick, MA) (22). As previously
described (11, 12, 22), only events where single particles docked onto cells
and were seen to undergo internalization were included in our analysis.
Virus aggregates and predocked particles were excluded from the analysis.
Internalization events were confirmed by observation of rapid directional
movement of viral particles toward the perinuclear region. For compari-
son, 50 pits lacking virus particles within the time frame of virus uptake
were also analyzed to provide baseline measurements of coat lifetime and
intensity.

RESULTS

Recombinant VSV expressing RABV G. Recombinant VSVs in
which the glycoproteins from Ebola, Marburg, and Lassa fever
viruses replace the endogenous glycoprotein (G) serve as useful
surrogates to study the uptake pathways of these viruses (18, 19,
26) under biosafety level 2 conditions. We adapted such a strategy
to permit the study of RABV infection by replacing VSV G with
that of RABV SAD B19 (rVSV RABV G) (Fig. 1A) (18). As ex-
pected, rVSV RABV G retains the morphological features of au-
thentic RABV: rVSV RABV G virions are bullet shaped and mea-
sure on average 180 nm in length and 80 nm in width (Fig. 1B and
C). These dimensions are typical for RABV and also match those
of the parental VSV strain rVSV eGFP (Fig. 1B and C) (27, 28).
Purified rVSV RABYV G virions incorporate RABV G to an extent
comparable to VSV G incorporation into particles (Fig. 1D). Col-
lectively, these data show that the rVSV RABV G particles are
structurally indistinct from those of VSV except that they now
contain RABV G on their surfaces and thus appear externally as
RABV.

Productive infection of rVSV RABV G occurs through a
clathrin-dependent endocytic pathway and requires endosomal
acidification. To determine whether rVSV RABV G serves as a
useful surrogate to study RABV entry and define the route of in-
fection, we compared its sensitivity to inhibitors of different en-
docytic mechanisms with that of a recombinant single-cycle
RABYV virus, rRABV AG. We tested bafilomycin A1 (BAF Al), an
inhibitor of the H" ATPase pump which by blocking endosomal
acidification eliminates the trigger of conformational rearrange-
ments in G necessary for membrane fusion; amiloride (EIPA), an
inhibitor of macropinocytosis (29); and dynasore, an inhibitor of
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FIG 1 Characterization of recombinant VSV expressing RABV G. (A)
Genomic structures of rRABV AG eGFP, rVSV eGFP, and rVSV RABV G
eGFP. The single-stranded, negative-sense RNA genomes are shown ina 3’ to
5" orientation. N, nucleocapsid gene; P, phosphoprotein gene; M, matrix gene;
G, glycoprotein gene; L, large polymerase gene. Noncoding genomic leader
(Le) and trailer (Tr) regions serve as promoters for RNA synthesis and
genomic RNA encapsidation, respectively. All viruses express the eGFP gene
(green) as a marker for infection. The glycoprotein open reading frame of
rRABV AG eGFP was replaced with that of eGFP. To produce infectious virus,
rRABV AG was grown in complementing cells expressing SAD B19 G. In rVSV
RABV G eGFP, the wild-type VSV G (1,535 nt) was replaced with RABV G
(1,574 nt) from the SAD B19 strain. (B) Electron micrographs of rVSV eGFP
and rVSV RABV G eGFP viral particles demonstrate morphological homoge-
neity. Particles were negatively stained with 1% PTA. (C) Dimensions of indi-
vidual viral particles measured from micrographs like those shown in panel B.
Each open circle represents the measurement for a single virion. A line denotes
the mean (* the standard deviation [SD]; n = 50) for each population, the
value of which is provided. (D) SDS-PAGE analysis of purified virions. Viral
proteins were stained with Coomassie blue. The ratio of N to G was quantified
using Image] to estimate the average glycoprotein density in each particle
population.

dynamin required for the scission step of clathrin-mediated endo-
cytosis (30). To discriminate between the effect of inhibitors on
entry versus postentry steps of viral replication, we compared their
effects when added prior to or 2 h following inoculation with virus
(Fig. 2A). For controls, we monitored the impact of these inhibi-
tors on infection with rVSV eGFP, a virus that depends upon
clathrin-dependent endocytosis and endosome acidification, and
a recombinant VSV expressing the Ebola virus glycoprotein
(rVSV EboV GP), which requires macropinocytic uptake (Fig.
2D). For each virus, infection was measured by the expression of
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FIG 2 Dynamin and endosomal acidification are required for productive RABV G-dependent infection. (A) Schematic of the methods employed for panels B
and C. A graphical representation of a cell at each time point indicates the stage of infection. Circles represent viral particles, surface bound (filled) or internalized
(hollow). Expression of the reporter gene, eGFP, is shown as a diffuse green in the cytoplasm. BS-C-1 cells were inoculated with virus (MOI = 0.5) and assayed
for infection by detection of the eGFP reporter gene either by autoscope microscopy or cytofluorimetry at the collection point (25 hpi for rRABV AG; 4 to 6 hpi
for rVSV RABV G). The effect of inhibitor on viral infection was assayed by treating cells with drug prior (pre) or following (post) inoculation with virus.
Comparison of pretreated and posttreated samples enables determination of the effect of each inhibitor on viral entry. (B) Fluorescence microscopy of
single-cycle rRABV AG infection following treatment with inhibitor. The H" pump inhibitor bafilomycin A1 (BAF Al; 0.1 M), macropinocytosis inhibitor
amiloride (EIPA; 25 pM), and dynamin inhibitor dynasore (100 uM) were tested for their abilities to impact RABV infection. rRABV AG infection was detected
via expression of the eGFP reporter gene (green). Cell nuclei were labeled with DAPI (blue). (C) Fluorescence microscopy of rVSV RABV G infection following
treatment with inhibitors. rVSV RABV G infection is also detected as expression of the eGFP reporter gene (green). Cell nuclei were labeled with DAPI (blue).
Images were collected using the same exposure and processed to the same brightness and contrast settings. Dynasore has a moderate effect on the rate of viral-gene
expression; as a result, the brightness and contrast were readjusted in the dynasore insets to highlight lower-intensity infected cells. (D) Cytofluorimetric analysis
of infection. Total eGFP expression following pretreatment with drug was calculated from mean fluorescence intensites using FlowJo software and expressed as
percentages relative to that of controls treated following inoculation (% post). rVSV eGFP (VSV) and rVSV EboV GP (EboV) served as prototypical clathrin-
dependent and macropinosome-dependent pathogens, respectively. Statistically significant differences are demarcated by asterisks (Student’s ¢ test; P < 0.01).
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FIG 3 Absence of M protein release and expression in cells treated with BAF A1 or dynasore. (A) Schematic of the uncoating assay protocol. Release of M protein
is monitored as an indication of viral fusion. Fifteen minutes prior to infection, cells were treated with 5 uM cycloheximide (CHX) to prevent de novo synthesis
of viral proteins. CHX was administered alone or in conjuction with entry inhibitor, 0.1 uM BAF A1, or 100 uM dynasore, as indicated. Cells were inoculated with
rVSV RABV G virus (MOI = 500) for 1 h. At 3 hpi, cells were fixed, permeabilized (indicated by dashed cell outline), and stained with antibody against VSV M
(aM; green) and propidium iodide (P red). External, surface-bound virus is shown as filled circles, internalized virus as open circles. Anti-M antibody stained
both diffuse M in the cell and tightly packed M in individual particles. (B) Confocal microscopy of M release in cells treated with entry inhibitors and CHX. Above
the merged images are single-plane z-stack cross sections. PI (red) and aM (green) signals are shown separately below the merged images. (C) Confocal
microscopy of M localization in the absence of CHX treatment. Cells were stained with PI (red) and aM (green). Large panels were imaged with a 40X lens
objective; insets for BAF Al- and dynasore-treated conditions were imaged with a 60X lens objective, allowing visualization of aggregates of unfused viral

particles.

eGFP detected by fluorescence microscopy (Fig. 2B and C) or
cytofluorimetry (Fig. 2D).

The addition of BAF Al or dynasore prior to inoculation
blocked rRABV AG infection, whereas EIPA had no effect. None
of the inhibitors had a significant effect following postentry addi-
tion. This result indicates that rRABV AG entry is dependent on
dynamin and is likely clathrin mediated. As expected, productive
infection also requires endosome acidification. rVSV RABV G
(Fig. 2C) shared the same sensitivity profile as rRABV AG (Fig.
2B), supporting that this recombinant virus serves as a useful sur-
rogate to study rabies virus entry. To quantitate the reduction in
infection, we used cytofluorimetry (Fig. 2D). Pretreatment of cells
with BAF Al reduced rVSV RABV G infection to 1% of that of
postinoculation-treated controls. Pretreatment with dynasore re-
duced rVSV RABYV G infection, like VSV infection, to 20% of that
of postinoculation-treated controls, and pretreatment with EIPA
had a negligible effect on eGFP expression (Fig. 2C and D). By
contrast, infection of rVSV EboV GP was strongly inhibited by
EIPA but not by dynasore (Fig. 2D). These results support the
hypothesis that infection with rVSV RABV G requires dynamin
and that macropinocytosis does not play a role in infection. Fur-
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thermore, the similarity in sensitivity profiles for rVSV RABV G
and VSV is suggestive of a clathrin-dependent route of entry.
BAF Al and dynasore block RABV infection at separate steps
in internalization. To identify the steps at which BAF Al and
dynasore block infection, we employed separate assays that di-
rectly monitor uncoating (Fig. 3) and internalization (Fig. 4) of
the virus (31). For uncoating, we detected the release of internal
virion matrix (M) protein following successful membrane fusion.
Briefly, cells were infected in the presence of the protein synthesis
inhibitor cycloheximide so that only the incoming virion proteins
were detected. Successful membrane fusion releases the virion
contents into the cytoplasm, a step that is visualized by monitor-
ing the diffuse distribution of the input M protein by immunoflu-
orescence (Fig. 3A and B), and in the absence of CHX, infection
was established in almost every cell (Fig. 3C). By contrast, intact
particles result in high-intensity perinuclear punctate staining, as
shown by treatment of cells with BAF A1 in the presence (Fig. 3B)
or absence (Fig. 3C) of CHX. This is consistent with the fact that
inhibition of the vacuolar ATPase prevents the drop in endo-
somal pH required for RABV G fusion, leading to the accumu-
lation of intracellular particles. In the presence of dynasore,
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there was no diffuse cytoplasmic M or perinuclear accumula-
tion of intact particles. Intact particles appeared uniformly dis-
persed over the presumed cell surface and absent from the cell
interior (Fig. 3B and C).

To confirm that dynasore prevents particle internalization at
the plasma membrane, we inoculated cells with Alexa Fluor-la-
beled virions for 30 min and, following fixation, exposed cells to
an antibody directed against RABV G in the absence of membrane
permeabilization (Fig. 4A). This approach results in dually labeled
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surface-bound particles and permits their discrimination from
singly labeled internalized particles. Following 30 min of inocula-
tion, approximately half of cell-associated particles were internal
and singly labeled, resulting in 42% colocalization of the Alexa
Fluor signal with the anti-RABV G stain (Fig. 4B). Internal parti-
cles were distributed between the perinuclear region and the cell
periphery. In the presence of BAF Al, rVSV RABV G particles
were internalized into endocytic compartments, resultingin a per-
centage of colocalization (44%) similar to that of untreated con-
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FIG 5 Visualization of clathrin-dependent uptake of rVSV RABV G by trans-
mission electron microscopy. Electron micrographs show the presumed order
of internalization for empty, rVSV eGFP, or rVSV RABV G clathrin-coated
pits. BS-C-1 cells were exposed to virus at an MOI of 1,000 for 15 min prior to
fixation and processing as outlined in Materials and Methods. Arrowheads
highlight sections of the endocytic vesicle lacking electron-dense clathrin.

trols (Fig. 4C). By contrast, treatment of cells with dynasore re-
sulted in the accumulation of dually labeled particles distributed
evenly on the cell surface (Fig. 4D, 78% colocalization). Those
particles remained at the plasma membrane, as detected by WGA
staining (Fig. 4D, z cross-section). We conclude that inhibition of
dynamin-dependent processes prevents rVSV RABV G uptake at
the cell surface.

Kinetics of rVSV RABV G uptake in clathrin-coated pits. To
further understand the steps of clathrin-mediated uptake of rVSV
RABV G particles, we visualized single viral particles undergoing
internalization by electron microscopy. Clathrin-coated pits are
readily identifiable in electron micrographs as invaginations of the
plasma membrane surrounded by an electron-dense coat (Fig. 5,
first row). Vesicles arising from clathrin-mediated endocytosis are
largely spherical and have an average interior diameter of 60 nm.
As expected for VSV (11) and as shown here for rVSV RABV G,
viral particles are found within elongated vesicles with electron-
dense material visible on the spherical end (Fig. 5).

Previously we demonstrated that the clathrin-coated struc-
tures that internalize VSV take longer to form than pits lacking
virus; they also lack the expected content of clathrin and its adap-
tor molecule, AP2 (11). To investigate whether pits internalizing
rVSV RABV G share similar properties, we monitored the inter-
nalization of single viral particles into BS-C-1 cells stably express-
ing fluorescently tagged AP2 (11, 12). We analyzed particles that
displayed the following properties: (i) docking of the particle on
the cell surface; (ii) a period of surface association with the cell
membrane characterized by limited motility and potential associ-
ation with AP2; and finally, (iii) sustained, rapid, directed move-
ment toward the perinuclear region. A representative internaliza-
tion event shows docking and a period of short-range, low-speed
movement at the cell surface followed by a steady increase in AP2
(Fig. 6A and C). After reaching peak intensity, the AP2 signal
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abruptly disappears, and the virus moves rapidly toward the peri-
nuclear region (Fig. 6A and C; see Movie S1 in the supplemental
material). This loss of the AP2 signal is indicative of the uncoating
of clathrin following scission of the coated pit from the plasma
membrane (32). We found that the majority (76%) of rVSV
RABV G particles were seen within AP2-containing structures
during entry (Fig. 6A). The remaining particles internalized in the
absence of a detectable AP2 signal (Fig. 6B and D; Movie S2).

To compare internalization of rVSV RABV G to that of the
related rhabdovirus, VSV, we measured the following parameters:
maximum AP2 intensity and duration relative to those of empty
pits (Fig. 6E) and the time from docking to a cell to association
with AP2 relative to the time for WT VSV (Fig. 6F). rVSV RABV
G-internalizing pits recruit on average 1.7 times more AP2 than
their empty counterparts (median value; n = 66) (Fig. 6E). In
addition, the duration of AP2 recruitment was approximately 1.8
times that of a pit lacking virus. These changes mirror those pre-
viously measured for the internalization of WT VSV into pits (11,
12). We also found that the time to capture of rVSV RABV G
particles by coated pits was indistinguishable from that of VSV
(Fig. 6F). Collectively, the fixed and live-cell-imaging data sup-
port that RABV particles internalize into incompletely clath-
rin-coated pits with structures and a lifetime similar to those
that internalize VSV.

Actin dependence of RABV entry. We found previously that
VSV also internalizes through partially coated clathrin pits which
depend on actin to complete uptake (11). We therefore examined
whether RABV entry is also actin dependent. Using the actin-
depolymerizing drug latrunculin B (LatB), we disrupted forma-
tion of actin structures and monitored the effect on r'VSV RABV G
infection by cytofluorimetry (Fig. 7A). Inhibition of actin polym-
erization prior to the addition of virus resulted in a 62% reduction
in r'VSV RABV G infection, similar to that observed for VSV (Fig.
7A). Treatment of cells with LatB at 2 h postinoculation had a
marginal effect on infection of both viruses, confirming that the
requirement for actin is specific to entry (Fig. 7A). Inhibition of
uptake was also observed for the single-cycle rabies virus, rRABV
AG (Fig. 7B and C). Consistent with an entry block, viral particles
fail to internalize and remain surface bound on cells pretreated
with LatB (Fig. 7D). Previous work demonstrated that disruption
of actin polymerization does not block coated-pit formation or
alter the kinetics of internalization in BS-C-1 cells (11, 33). Ac-
cordingly, depolymerization of actin had a negligible effect on
transferrin accumulation as detected by cytofluorimetry (Fig. 7A)
and confocal microscopy (data not shown). Live-cell imaging of
clathrin pits also confirmed that the formation and kinetics of
coated pits are largely unchanged in the presence of LatB (see
Movie S3 in the supplemental material). These data demon-
strate a requirement for actin polymerization during the inter-
nalization of VSV and RABYV that is not shared by pits that lack
virus particles.

We next visualized the association of actin with clathrin-coated
pits during rVSV RABV G entry by live confocal microscopy in
BS-C-1 cells transiently expressing fluorescently labeled clathrin
light chain and actin (see Movie $4 in the supplemental material).
No detectable recruitment of actin was observed for pits lacking
viral particles. In contrast, when the clathrin machinery was
engaged in uptake of rVSV RABV G particles, we observed an
accumulation of actin shortly following assembly of the clath-
rin coat. These results demonstrate that actin recruitment is
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FIG 6 Live-cell imaging and kinetics analysis of r'VSV RABV G internalization. (A) Tile view of images taken from a 10-min time-lapse movie (see Movie S1 in
the supplemental material) of rVSV RABV G labeled with AF647 (top, blue) entering a BS-C-1 cell stably expressing AP2-eGFP (middle, green) via clathrin-
mediated endocytosis. Particles were imaged at a rate of 20 images min ™~ ". Circles highlight the presence of detectable virus and AP2, respectively. The percentage
(atleft) refers to the fraction of recorded events that were clathrin dependent (76%; n = 66). (B) Tile view of images taken from a 10-min time-lapse movie (Movie
S2) of AF647-labeled rVSV RABV G (top, blue) entering a BS-C-1 cell stably expressing AP2-eGFP (middle, green) in an AP2-independent manner. The
percentage (at left) refers to the fraction of recorded events that were clathrin independent (24%; n = 66). (C and D) Graphical representations of the particle
behaviors illustrated in panels A and B. AF647-labeled rVSV RABV G fluorescence (RABV G) was plotted as a percentage of its maximum. AP2 was plotted as a
percentage of the average maximal fluorescence of empty pits. Particle speed is also plotted on the right y axes. (E) Plots of maximal AP2 intensity and duration
during AP2-dependent internalization of r'VSV RABV eGFP plotted as a percentage of the average for all measured empty pits. Empty and viral pits are compared.
Empty circles refer to individual measurements; bars indicate the median value, which is shown on the plot. For both parameters, the difference between empty
and viral pits is statistically significant as determined by Student’s f test (P < 10~ '?). (F) Plot comparing the time between docking and AP2 capture for WT VSV
and rVSV RABV G. Empty circles refer to individual measurements; bars indicate the median value, which is shown on the plot. The difference between time to
capture of WT VSV and rVSV RABV G is not statistically significant as determined by Student’s ¢ test (P > 0.1).

integral to clathrin-mediated internalization of RABV parti-
cles. These data extend our findings on the clathrin-dependent
uptake of VSV to another member of the family Rhabdoviridae,
RABYV, providing further support for the model that the parti-
cles are internalized through partially coated pits that require
actin for internalization.

DISCUSSION

In this study, we used a combination of infectivity-based and sin-
gle-particle-tracking approaches to examine how RABV produc-
tively enters epithelial cells. We employed a single-cycle rabies
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virus, rRABV AG, and a recombinant VSV in which the endoge-
nous glycoprotein was replaced with that of RABV. We showed
that uptake of rVSV RABV G mimics uptake of rRABV AG, dem-
onstrating its usefulness as a surrogate for studying RABV entry.
We present evidence that RABV internalization into BS-C-1 fibro-
blasts is primarily clathrin mediated. Furthermore, RABV uptake
proceeds through partially coated clathrin pits which require actin
for completion of envelopment, a mechanism shared for internal-
ization of the related rhabdovirus VSV. Live-microscopy ap-
proaches revealed that the kinetics of internalization of RABV and
VSV are indistinguishable. The presence of RABV G on the sur-
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FIG 7 Impact of actin depolymerization on rVSV RABV G internalization. (A) Impact of chemical depolymerization of actin on rVSV RABV G (RABV) and
rVSV eGFP (VSV) infections. BS-C-1 cells were treated with various concentrations of latrunculin B (LatB) to inhibit polymerization of actin. As shown in the
schematic, drug was added either 10 min prior to a 1-h inoculation with virus or at 2 hpi and maintained until analysis. eGFP expression was assayed by
cytofluorimetry at 4 hpi. rVSV eGFP is shown in red and rVSV RABV G in blue. Uptake of fluorescent transferrin (Tfn, gray) is included as a control for general
disruption of clathrin-dependent endocytosis. Cells were pretreated with LatB 10 min prior to Tfn addition. Cells were incubated with Tfn for 7 min. Following
a wash with acid buffer to remove surface-bound Tfn, intracellular Tfn levels were measured by flow cytometry. (B) Effect of actin depolymerization on rRABV
AG infection. BS-C-1 cells were treated with 6 uM LatB prior to inoculation (pre) or at 2 hpi (post). Expression of eGFP (green) from viral genomes was detected
by confocal microscopy at 25 hpi. Cells were stained with propidium iodide (red). (C) Quantification of LatB effect on rRABV AG infection. BS-C-1 cells treated
as for panel B were collected and analyzed for eGFP expression by flow cytometry. (D) Confocal microscopy of internalization assay in cells. Above the merged
images are single-plane z-stack cross sections. Cells pretreated as indicated were inoculated with AF647-labeled rVSV RABV G (RABV), fixed, and stained with
antibody against RABV G in the absence of permeabilization. The LatB concentration used was 1 wuM. RABV (blue) and aG (green) signals are shown separately
in inlays below the merged images. WGA is shown in red. Singly labeled, internalized particles appear blue; dually labeled, surface-bound particles appear cyan.

faces of the particles does not impact the kinetics of internalization ~ RABV. It incorporates the single glycoprotein efficiently and re-

of particles by clathrin-coated pits or their time to association with
clathrin. This work therefore characterizes the clathrin-dependent
process of RABV uptake at the plasma membrane and reveals
commonalities with the internalization of VSV into epithelial
cells. These results also further support our prior finding that the
length of a rhabdovirus particle correlates with the lifetime of the
coated pit and the involvement of the actin machinery for coated-
pit internalization.

rVSV RABV G as a surrogate to study RABV entry. Particle
morphology as well as the identity, number, and abundance of
viral surface proteins that bind cell surface attachment factors at
the plasma membrane influences viral entry. The rVSV RABV G
particle faithfully replicates the surface characteristics of authentic
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tains the characteristic bullet shape. Furthermore, its biological
behavior during the entry stages of infection is identical to that of
a “single-cycle” RABV. Therefore, rVSV RABV G is functionally
indistinguishable from an authentic RABV particle and can be
used as a surrogate to study viral uptake.

Viral factors that impact the mechanism and actin depen-
dence of envelopment in a clathrin-coated pit. We show that
clathrin-coated pits internalizing rVSV RABV G particles have
an altered morphology compared to those lacking virus. The
amounts of clathrin and adaptors recruited and the duration of
the coating process observed by live confocal imaging as well as the
appearance of the nascent coated pit by EM support rVSV RABV
G uptake through partially coated pits. In addition, uptake of, and
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infection with, rVSV RABV G or rRABV AG are inhibited by
chemicals that block actin polymerization. The related rhabdovi-
rus VSV also internalizes via partially coated clathrin pits and
requires actin polymerization (11, 12). The pits are indistinct in
their appearance by EM and live-cell imaging, and the uptakes of
the viruses follow similar kinetics. These studies also showed that
the partially coated pit and the requirement for actin during viral
internalization depend upon the size of the particle, as truncated
VSV particles enter through fully coated pits and do not require
actin polymerization (12). While we did not examine whether
truncated RABV particles are taken up through fully clathrin-
coated pits and bypass the need for actin polymerization, we pre-
dict this to be the case. The fact that both VSV and RABV particles
of similar dimensions internalize through similar coated pits lends
further support to this prediction.

Recent studies show that the structural adaptability of clathrin-
coated pits is an intrinsic property of the host machinery. Sup-
porting this view, the actin dependence of clathrin-mediated en-
docytosis is induced by artificially tensing the plasma membrane
either by exposing cells to hypoosmotic media or by mechanical
stretching of the plasma membrane (34). Under conditions of
elevated membrane tension, actin is required to provide sufficient
force to counteract membrane resistance and constrict the neck of
nascent coated pits prior to the final recruitment of dynamin. The
incoming viral particle, which represents a physical obstacle to pit
constriction, may lead to the recruitment of actin by inducing
membrane tension (11, 12, 34). Therefore, the presence of VSV or
RABV G on the surface of the viral particle does not impact the
formation of the clathrin-coated pit.

Commonalities in the uptake of two distinct rhabdoviruses.
Despite employing the same endocytic pathway, viruses internal-
ized by clathrin-mediated endocytosis display different behaviors
when associating with coated pits. Lateral diffusion into pre-
formed pits has been reported for parvovirus and dengue virus
entry (10, 15). In contrast, VSV and influenza A virus do not
exhibit such properties and are internalized by pits that form at or
in close proximity to viral particles (11, 14). The kinetics of uptake
also vary, as parvovirus capture is very rapid (<20 s) (10) whereas
dengue virus remains surface bound for several minutes prior to
capture (15). For VSV and influenza A virus, the interval between
binding and detection of a virus-associated clathrin signal is in the
range of minutes (11, 14).

Like those of VSV, RABV particles rarely associate with preex-
isting pits and show no detectable lateral movement prior to the
appearance of the AP2 signal. The interval between rVSV RABV G
particle docking and clathrin appearance was indistinguishable
from that observed with VSV. These similarities suggest that the
clathrin uptake mechanisms for VSV and rVSV RABV G converge
upon a common pathway. The rVSV RABV G glycoprotein is
derived from the SAD B19 vaccine strain of RABV. Vaccine strains
which have been extensively passaged in cell culture are believed to
use ubiquitous molecules for cell attachment and entry. Although
a recent report suggests that the low density lipoprotein receptor
(LDLR) family serves as a VSV receptor, direct interaction of VSV
G and LDLR has not been demonstrated and cells lacking LDLR
are susceptible to VSV infection (35). Additional evidence sup-
ports a relatively nonspecific electrostatic interaction of VSV with
the host cell surface (36). Although RABV and VSV engage the
clathrin machinery with similar kinetics, we do not think it likely
that this reflects the use of a shared cell surface attachment mole-
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cule. Whether the engagement of distinct receptor molecules can
impact the kinetics with which a given particle associates with the
clathrin machinery remains to be determined.

Implications for RABV internalization into different cell
types. RABV infects epithelial cells in the final stages of disease,
when virus spreads from the CNS to a variety of extraneural tissues
through innervation routes. Epithelial-cell infection is also a pri-
mary and necessary step in intranasal or oral infections in animals
and in accidental exposures of laboratory workers to RABV (37—
40). The BS-C-1 cells used in this study do not express the putative
RABV receptors p75 neurotrophin receptor (p75~"®) and neural
cell adhesion molecule (NCAM), as both were undetectable by
reverse transcription (RT)-PCR (data not shown). Cells were not
tested for the presence of the nicotinic acetylcholine receptor
(nAChR) because it is known to be expressed only on the postsyn-
aptic membrane of neuromuscular junctions and in the CNS (41).
Infection was also unaffected by ganglioside depletion by neur-
aminidase treatment (data not shown). Consequently, the means
by which RABYV attaches to these cells is uncertain. Nevertheless,
our observation of a primarily clathrin-mediated entry mecha-
nism for RABV is consistent with previous EM studies with non-
neuronal fibroblasts (9). We also observed, however, the AP2-
independent uptake of a minor proportion (24%) of RABV
particles. We do not know the entry route for these internalization
event(s), but our pharmacological studies show that such events
are unlikely to reflect a macropinocytic uptake.

Pathogenic strains of RABV which have not been passaged in
culture show a narrow and specific neurotropism. Although our
studies were conducted with epithelial cells, RABV infection of
neurons and RABV receptor biology support internalization by
clathrin-mediated processes. For example, RABV particles are vis-
ible in clathrin-coated pits by electron microscopy of cultured
hippocampal neurons (8). Furthermore, p75~ ™ and NCAM both
internalize via clathrin-mediated endocytosis when bound to
their endogenous ligands or when cross-linked with antibody
(42-44). These observations suggest that clathrin-coated pits
likely play a central role in RABV uptake in neuronal cells as well as
in epithelial cells. Our ongoing studies are aimed at elucidating
the internalization mechanism of RABV into primary neuronal
cells and evaluating how engagement of specific receptors by
RABYV G can influence the mechanism and kinetics of particle
internalization.
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