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Canine parvovirus (CPV) and feline panleukopenia virus (FPV) are closely related parvoviruses that differ
in their host ranges for cats and dogs. Both viruses bind their host transferrin receptor (TfR), enter cells by
clathrin-mediated endocytosis, and traffic with that receptor through endosomal pathways. Infection by these
viruses appears to be inefficient and slow, with low numbers of virions infecting the cell after a number of
hours. Species-specific binding to TfR controls viral host range, and in this study FPV and strains of CPV
differed in the levels of cell attachment, uptake, and infection in canine and feline cells. During infection, CPV
particles initially bound and trafficked passively on the filopodia of canine cells while they bound to the cell
body of feline cells. That binding was associated with the TfR as it was disrupted by anti-TfR antibodies.
Capsids were taken up from the cell surface with different kinetics in canine and feline cells but, unlike
transferrin, most did not recycle. Capsids labeled with fluorescent markers were seen in Rab5-, Rab7-, or
Rab11-positive endosomal compartments within minutes of uptake, but reached the nucleus. Constitutively
active or dominant negative Rab mutants changed the intracellular distribution of capsids and affected the
infectivity of virus in cells.

Cell infection by animal viruses involves a specific sequence
of steps that deliver the virus and its genome from the cell
surface to the compartment where replication can occur. For
nonenveloped viruses, infection initiates with binding to a spe-
cific cell receptor and uptake into the cell by receptor-medi-
ated endocytosis. Various factors can control the process of
viral uptake, including the characteristics of the receptor(s)
bound by the virus and its signaling and endocytic properties,
the affinity of the virus for the receptor, and the structural
features of the interaction in different environments (36, 61).
Receptors may be located on the cell body or may also be
displayed on the extended lamellipodia or filopodia with
greater surface areas. Viruses binding to filopodia can be ei-
ther passively delivered to the cell body for endocytosis by
dynamic movement of the entire structure or actively trafficked
by retrograde actin transport as well as the action of myosin-2
motors on the actin (32, 57). Cross-linking and clustering of
receptors by viral particles can influence the rate and pathways
of uptake from the cell surface (23), and many viral receptors
activate signaling pathways that alter the structure of the un-
derlying cytoskeleton to enhance uptake (see, e.g., references
12, 30, and 51). Receptor-bound viruses then enter one or
more endosomal pathways that results in the capsid being
enclosed in vesicles and trafficked within the endosomal path-
ways of the cell, where clustered virus and receptors (23) may
undergo structural alterations upon exposure to conditions
such as low pH or proteases (36, 61). The specific receptor-

mediated binding and entry pathways often provide signals for
viruses that allow endosomal escape and establish infection. A
variety of markers of the endosomal compartments have been
used in studies of viral entry. Rab proteins are monomeric
small GTPases which regulate endosomal membrane traffick-
ing, and specific Rab proteins are associated with different
endosomal compartments. Among the many Rab proteins in
the cells, Rab5 is primarily associated with the early endosome
and regulates trafficking through that compartment, Rab7 is
associated with the late endosome, and Rab11 is associated
with the recycling endosome (14, 58). Tracking viral particles
within the endosomal pathways during cell entry has been used
to define the steps in the entry and infection processes of a
variety of different viruses and has revealed many of the com-
mon features and variant processes that are used (7–9, 33, 71).

Here, we examine the uptake and infection of cells by par-
vovirus capsids and compare some of the steps followed by
capsids that differ in their receptor binding properties and host
ranges. Feline panleukopenia virus (FPV) infects cats (50, 66),
binds the transferrin receptor-1 (TfR) on feline cells, and uses
that receptor for uptake and infection (27, 44). FPV does not
bind the canine TfR or infect dogs or cultured canine cells.
Canine parvovirus (CPV) is a natural variant of FPV which
emerged in 1978 after acquiring a small number of mutations
that allow its capsid to bind the canine TfR (27). The original
strain of CPV (designated CPV type 2 [CPV-2]) spread world-
wide in dogs during 1978, but some of the same mutations that
gave it the canine host range rendered it unable to infect cats
(66, 67). CPV-2 was replaced worldwide during 1979 and 1980
by a natural variant, CPV type 2a (CPV-2a), which contained
an additional four to five changes in its coat protein gene (48,
49). Subsequently, the canine viruses have continued to evolve,
and additional single mutations have been selected that alter
antigenic epitopes. Strains altered at VP2 residue 426 are des-
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ignated CPV-2b (Asn426Asp) and CPV-2c (Asp426Glu) (13,
48). CPV-2a and its variants are able to infect both dogs and
cats but show reduced binding to the feline TfR on cells and in
vitro (27, 42). In addition, the affinity of binding to the canine
TfR is much lower than that seen for the feline TfR (42).

The TfR is a type II membrane protein expressed in
nonlipid raft regions of the plasma membrane, and it binds
iron-loaded (holo) transferrin (Tf) at neutral pH (2). TfR
expression is tightly regulated, and it is more highly ex-
pressed on dividing cells with high iron needs, which would
favor binding of these viruses. The TfRs of mice and humans
are used as receptors for cell infection by the mouse mam-
mary tumor virus and the New World hemorrhagic fever
arenaviruses (52, 56).

The TfR is assembled as a homodimer, and each monomer
of the ectodomain is composed of protease-like, apical and
helical domains, as well as a 30-Å membrane-proximal stalk (5,
20, 31). The transmembrane domain mediates membrane in-
sertion and influences some aspects of trafficking within the
cell, while the cytoplasmic domain contains a tyrosine-threo-
nine-arginine-phenylalanine (YTRF) sequence that engages
the clathrin-mediated endocytic machinery through AP-2
(adaptor protein-2) (53, 55). The TfR sequence also includes
one or two cysteines adjacent to the inner leaflet of the mem-
brane that may be palmitoylated to influence the rate of re-
ceptor recycling, and it also contains sequences that control
basolateral localization in polarized cells (41). In the normal
pathway of TfR-mediated entry, the TfR-holo-Tf complex is
transported into the endosomal system, where low pH results
in conformational changes and iron release. The TfR-Tf com-
plex enters the early endosome, from which some of the com-
plex is rapidly recycled to the cell surface while most passes to
the perinuclear recycling endosome. From there it recycles to
the cell surface where the iron-free apo-Tf is released at neu-
tral pH (21, 22, 24, 37, 38, 69, 70). The rate of uptake and the
efficiency of TfR recycling depend on the form of the ligand,
and more than 97% of monomeric Tf recycles to the cell
surface within 10 to 30 min. However, cross-linking TfRs with
oligomeric Tf or antibodies causes the complexes to be re-
tained within endosomes for longer times, and a higher pro-
portion is trafficked to late endosomes and lysosomes for deg-
radation (35).

Holo-Tf binds the membrane-proximal side of the feline and
canine TfR ectodomain (11), while virus binding involves the
apical domain of the receptor as mutations in that structure
affect the ability to bind FPV and CPV capsids (43) The feline
and canine TfRs differ in �10% of their sequences, but a major
difference controlling the CPV-specific binding is a unique
glycosylation site in the apical domain of the canine TfR (43).
Alteration of the glycosylated Asn to Lys (the feline TfR res-
idue) allowed the canine TfR to bind FPV and also greatly
increased the affinity of binding to CPV-2 and CPV-2a-related
capsids (42).

CPV and FPV have small (25 nm) nonenveloped capsids
that package a single-stranded DNA genome of �5,120 bases
(68). The particles are made up of two overlapping proteins,
VP1 and VP2, with 90% of the capsid protein being VP2. VP1
contains a 143-residue amino (N)-terminal sequence that en-
codes a phospholipase A2 enzymatic activity, as well as basic
amino acid motifs that play a role in nuclear localization (72).

The VP1 unique region becomes exposed during cell entry
without capsid disintegration, and the phospholipase A2 mod-
ifies the endosomal membrane to enhance endosomal escape
(19, 75).

Previous studies of cell entry by CPV, minute virus of mice,
and various adeno-associated viruses (AAVs) show that viral
uptake primarily occurs through clathrin-mediated endocyto-
sis. However, when the AP-2-interacting sequences in the cy-
toplasmic tail of the feline TfR were mutated or deleted, the
altered receptor still allowed CPV infection at a similar effi-
ciency to that of wild-type TfR (26). The intracellular pathways
of viral entry and trafficking have been examined by using cells
fixed at various times after uptake and then antibody stained
for virus and cellular markers or by expressing green fluores-
cent protein (GFP)-labeled markers. Time courses examined
were between 1 and 6 h, and sequential steps of trafficking
were suggested, with the virus passed from the early endo-
somes to the recycling endosome, followed by localization in
late endosomes and lysosomes after uptake (65). By fluores-
cent antibody staining, VP1 release occurred only hours after
uptake, possibly in a low-pH degradative compartment (64,
72). In addition, CPV capsids appear to remain associated with
the receptor for 1 to 2 h after virus uptake as antibodies against
the TfR cytoplasmic tail microinjected into feline CRFK cells
block infection in this time period (44). Infection is also
blocked by neutralizing the low pH of the endosomal system
with ammonium chloride or bafilomycin A1, although it is not
clear whether this is due to direct effects on the capsid or to
indirect alterations in endosomal trafficking. When the X-ray
crystal structures of capsids of CPV and FPV were determined
at low pH or in the presence of EDTA or when capsids were
examined for changes in protease susceptibility, only small
changes in surface loops of the viral structure were present
(40, 60).

Here, we used microscopy to examine dynamic steps in the
binding, uptake, and early trafficking of parvovirus capsids in
live canine and feline cells. Labeled capsids were seen to un-
dergo rapid movement into multiple endosomal compartments
shortly after entry. Initial binding of CPV to canine cells in-
volved filopodia while in feline cells the virus bound primarily
to receptors on the cell body. In cells expressing GFP-conju-
gated Rab proteins, particles rapidly localized to multiple en-
dosomal compartments in the cytoplasm after uptake, which
gradually accumulated near the microtubule-organizing center.
The distribution of intracellular viruses and the viral infectivity
in feline cells were altered by expression of either constitutively
active (CA) or dominant negative (DN) mutants of the Rab
proteins.

MATERIALS AND METHODS

Cells and viruses. Feline CRFK and NLFK cells and canine A72 and Cf2Th
cells were grown in a 1:1 mixture of McCoy’s 5A and Liebovitz L15 media with
5% fetal bovine serum. Chinese hamster ovary-derived cells lacking the hamster
TfR (TRVb cells) (39) were grown in Ham’s F12 medium containing 5% fetal
bovine serum.

Viruses were derived from infectious plasmid clones of FPV (FPV-b), CPV-2
(CPV-d), and CPV-2b (CPV-39) strains (27, 47). Plasmids were transfected into
NLFK cells, and the viruses recovered were titrated using 50% tissue culture
infective dose (TCID50) assays (46). Virus capsids were concentrated by poly-
ethylene glycol precipitation, followed by sucrose gradient centrifugation, and
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then dialyzed against either phosphate-buffered saline (PBS) or 20 mM Tris-HCl
(pH 7.5) and stored at 4°C (1, 40).

Fluorescent markers and ligands, fluorescence microscopy, and intracellular
localization. Rab5, Rab11, and Rab7 genes with GFP fused to the N termini were
obtained from Craig Roy, Yale University, or in some cases prepared by site-
directed mutagenesis. CA mutants included Rab5-Q79L, Rab7-Q67L, and
Rab11-Q70V, and DN mutants were Rab5-S34N, Rab7-T22N, and Rab11-S25N.
Cells were transfected with plasmid DNA using Lipofectamine (Invitrogen, San
Diego, CA) and 2 days later were seeded in culture dishes with coverslip inserts
for imaging (MatTek, Ashland, MA).

Canine Tf (Sigma) was iron loaded as previously described (4). Purified CPV
capsids, FPV capsids, or canine Tf were labeled with Alexa Fluor 488, Alexa
Fluor 594, or Alexa Fluor 647 dyes (Invitrogen) at 20% of the recommended
concentrations for 30 min at 21°C (27). The labeled capsids or Tf were dialyzed
extensively against 0.2 M PBS at pH 8.2, passed through a P10 gel filtration
column (Millipore, Billerica, MA), and stored at 4°C. Capsids were examined by
fluorescence microscopy, and images collected were analyzed with ImageJ soft-
ware (U.S. National Institutes of Health, Bethesda, MD).

Cells were incubated at 37°C for 5 min with either labeled capsids or labeled
Tf, the medium was replaced with phenol red-free Dulbecco’s modified Eagle
medium, and the cells were observed using a 100� oil lens at 37°C and time-lapse
imaging. Images were collected with a Hamamatsu OrcaER charge-coupled-

device camera, with different labels collected sequentially as separate channels.
Images were analyzed using SimplePCI (Hamamatsu, Sewickley, PA). Colocal-
ization of the virions and endosomal markers was determined with ImageJ
software, and particle tracking was performed using the ImageJ manual tracker
plug-in (Institut Curie, Orsay, France). Confocal images were obtained from live
cells using a Zeiss LSM510 confocal microscope, and images were prepared and
analyzed using Zeiss ZEN 2008 software.

For intracellular actin Alexa Fluor 488-labeled actin from rabbit muscle (Mo-
lecular Probes, Eugene, OR) was injected into cells at a concentration of 1 mg/ml
using an Eppendorf injector and micromanipulator. Cells were incubated at 37°C
for 60 min to allow actin diffusion and incorporation into cellular structures, and
then Alexa Fluor 594-labeled CPV-2 capsids were added and visualized as de-
scribed above. In other cases cells were transfected with plasmids expressing
actin-GFP or lamin-A/C-GFP.

To determine the specific role of the TfR in virus or Tf binding to the cells,
antibodies against the cytoplasmic tail or the ectodomain of the receptor were
used. Antibody H68.4 (Zymed, South San Francisco, CA) recognizes the cyto-
plasmic tail of the TfR, and that was injected into cells using an Eppendorf
microinjector and micromanipulator 30 min prior to incubating the cells with
virus or Tf. Rabbit antibodies against the extracellular domain of the receptor
were prepared from the peptide at residues 559 to 571 of the human TfR after
being conjugated to keyhole limpet hemocyanin (42).

FIG. 1. (A and B) Analysis of Alexa Fluor 594-labeled CPV-2 full capsids by fluorescence microscopy. Diluted virus was sandwiched between
two coverslips and imaged with a 100� oil lens (A). Panel B shows the intensity of the fluorescence associated with the particles shown in panel
A. (C to E) Labeled capsids associated with canine or feline cells, determined by flow cytometry. The amount of FPV, CPV-2, or CPV-2b that
bound and was taken up into feline CRFK cells (C) or canine Cf2Th cells (D) after 1 h at 37°C is shown. Panel E shows canine Tf incubated with
canine and feline cells under the same conditions. TRVb cells expressing no TfR were used as a negative control for all assays. (F to H) The same
data are represented to allow comparison between binding and uptake of FPV, CPV-2, and CPV-2b capsids in feline or canine cells. (I and J) The
mean and standard deviation (from three independent experiments) of the background-subtracted mean fluorescence intensities, showing binding
and uptake of the three viruses or canine Tf. (*, P � 0.05).
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Virus or Tf cell binding, uptake, and recycling. Cell-associated Alexa Fluor
488-labeled virus or Alexa Fluor 647-labeled Tf was analyzed with a FACSCalibur
flow cytometer and Cell Quest software (Becton-Dickinson, San Jose, CA). Cells
cultured in 10-cm2 dishes overnight were incubated with 10 �g/ml labeled ligand
for 1 h at 37°C. After two washes in Hank’s buffered saline solution without
Mg2� or Ca2�, cells were detached using 1 mM EDTA in Hank’s buffered saline
solution on ice and then fixed with 4% paraformaldehyde in PBS prior to
analysis. One- and two-tailed Student’s t tests were performed to assess the
differences between the geometric mean fluorescence intensity levels after back-
ground subtraction.

To examine the recycling of capsids or Tf, Alexa Fluor 488-labeled virus or
Alexa Fluor 647-Tf was bound to CRFK or Cf2Th cells on ice for 30 min. The
cells were warmed to 37°C, and the relative amounts of cell-associated capsids or
Tf were determined at various times of incubation as above.

Cell infection assays and relative infectivity. TCID50 titers were determined
for freshly prepared stocks of the FPV, CPV-2, and CPV-2b strains of virus in
CRFK and Cf2Th cells as previously described (46). The amount of viral single-
stranded DNA in each inoculum was determined by quantitative PCR using a
SYBR Green 1-labeled probe (Applied Biosystems, Foster City, CA) and was
standardized using known samples of the cloned CPV-2 genome. Student’s t tests
and paired t tests were used where indicated to examine the differences between
the log TCID50/genome results.

Time course of infection. The rate of virus uptake was determined by mea-
suring the infectivity in cells treated with neutralizing rabbit anti-CPV antiserum
added at various times after inoculation (45). Cells seeded at 2 � 104 cells/cm2

were cultured overnight. The viruses were diluted in Dulbecco’s modified Eagle
medium with 0.1% bovine serum albumin and incubated with the cells for 30 min
on ice. The cells were cultured at 37°C in growth medium, and at various times
medium containing a 1:1,000 dilution of a rabbit anti-CPV serum was added.
After 24 h, cells were fixed with 4% paraformaldehyde and stained with an
anti-NS1 antibody (CE 10) (74) and an Alexa Fluor 488-labeled goat anti-mouse
immunoglobulin G secondary antibody.

RESULTS

Cell binding levels. Labeled virus particles showed an even
distribution of apparent single particles, with similar levels of
labeling (Fig. 1A and B), and they banded on sucrose gradients
at positions expected for full particles (results not shown). The
amounts of labeled viruses binding to the canine or feline cells
tested depended on the specific combination of virus strain and
host cell (Fig. 1). All viruses bound and entered feline cells
(Fig. 1C), though to different levels. Levels of binding and
uptake seen were similar to those seen for unlabeled viruses
that were subsequently detected with antibodies (27). Al-
though CPV-2 and CPV-2b both infected canine cells, the level
of CPV-2b binding was close to background levels, likely due to
the low affinity of this interaction (Fig. 1D and H) (42). Feline
cells bound and endocytosed CPV-2 and CPV-2b capsids to

3.5- and 5-fold higher levels, respectively, than canine cells
(Fig. 1G and H). Comparing different viral strains showed that
CPV-2 capsids bound to �10-fold higher levels than CPV-2b
capsids in all cell lines tested (Fig. 1C, D, and I). In feline cells,
FPV had an intermediate level of binding and uptake com-
pared to the two CPV strains. These differences were not
related to the levels of TfR expression as both the CRFK and
Cf2Th cells bound equivalent amounts of canine Tf while the
TfR-negative TRVb cells bound neither virus nor Tf (Fig. 1E
and 1J).

Infectivity of viruses in canine and feline cells. The relative
infectivity of FPV, CPV-2, and CPV-2b, determined as log
TCID50/genome, varied between cell lines (Fig. 2). Two canine
and two feline cell lines were tested with two separately pre-
pared inocula of each virus, and similar patterns were seen for
each host type. Data from one inoculum in one cell line per
species is shown in Fig. 2. CPV-2 had equal infectivity in canine
and feline cells while FPV and CPV-2b were significantly more
infectious in feline than in canine cells. About 1 � 105 virions
were needed to infect CRFK cells, with no significant differ-
ences in infectivity between the three virus strains. CPV-2 was
up to 100-fold more infectious than CPV-2b on a per-genome
basis in Cf2th canine cells while FPV showed only background
levels of infection in those cells.

Uptake from the cell surface. Antibody neutralization of
extracellular virus was used to determine the rate of uptake
from the surface of feline and canine cells. The infecting vi-
ruses rapidly acquired resistance to neutralization in feline
cells, with CPV-2 infection levels reaching 50% of control
levels within 10 min of warming to 37°C. The uptake into
canine cells was slower, taking 45 min to reach 50% protection
of the virus (Fig. 3).

Fluorescence microscopy was used to follow the capsids into
cells. Purified full capsids were labeled with Alexa Fluor dyes
to a ratio of 5 to 12 mol of dye molecules per capsid (Fig. 1A
and B). In general the labeled capsids showed similar overall
uptake patterns of cell binding and entry to those reported for
unlabeled capsids examined after fixing and antibody staining,
but there was more resolution in terms of special distribution
over time (65). The labeled capsids had similar levels of infec-
tivity (data not shown;).

FIG. 2. Relative infectivities of FPV, CPV-2, or CPV-2b samples
when inoculated into canine and feline cells, showing the mean log
TCID50/genome. The mean � 1 standard deviation from three inde-
pendent experiments is shown (*, P � 0.05).

FIG. 3. Kinetics of uptake and infection of CPV-2 in feline and
canine cells. The percentage of infecting virus that resisted antibody
neutralization at various times after virus binding to feline CRFK or
canine Cf2th cells was compared to control infections where no anti-
body was added (�, P � 0.05 for differences between feline and canine
cells).

VOL. 83, 2009 PARVOVIRUS CELL ENTRY 10507



A clear difference was seen between the surface distribution
of labeled capsids on canine and feline cells. When incubated
with CRFK cells, CPV-2 (Fig. 4A) and CPV-2b (data not
shown) capsids bound and were taken up uniformly over the
cell surface. In contrast, lower levels of CPV-2 or CPV-2b
particles bound to canine cells, and after 5 to 15 min at 37°C,
most of the bound capsids were associated with filopodia
rather than the cell body (Fig. 4B) (CPV-2b data not shown).
Under the same conditions Alexa Fluor 594-labeled Tf bound
evenly over both the feline and canine cells (Fig. 4C and D),
indicating that this pattern was not the result of altered recep-

tor distribution. After Alexa Fluor 488-labeled actin was mi-
croinjected into cells, the CPV-2 particles bound to filopodia
showed mostly random and bidirectional movement (Fig. 4E)
and did not move at the 1.8 to 3.2 �m/min rate reported in
other systems which engage the retrograde actin transport pro-
cesses (32, 57). Nonetheless, capsids accumulated at the cell
body, perhaps associated with the retraction of the filopodia, as
seen for some particles (Fig. 4E). Within about 10 to 20 min
most virus was lost from the filopodia and became localized in
vesicles within the cell. The attachment to filopodia was con-
trolled by the surface expression of the canine TfR. Either

FIG. 4. Association of CPV-2 with filopodia on canine or feline cells. Alexa Fluor 594-labeled capsids were incubated with feline (A) or canine
(B) cells for 5 min at 37°C and then observed immediately. Alexa Fluor 594-Tf was also incubated with feline (C) and canine (D) cells under the
same conditions. The white arrows highlight filopodia without virus or Tf bound while the arrow in panel B shows virus concentrating on the
filopodia of canine cells. (E) Time-lapse frames showing CPV-2 particles bound to filopodia of Cf2Th cells containing microinjected Alexa Fluor
488-actin. The tracks show particle movement on the filopodia; the yellow arrow indicates one particle moving toward the cell at the same rate
as filopodial retraction. (F) Binding and uptake of CPV-2 capsids or canine Tf into Cf2Th cells expressing actin-GFP. In each field one cell has
been injected with an antibody against the cytoplasmic tail of the Tf (labeled). (G) Effect of rabbit antibody against the TfR ectodomain on the
binding and uptake of CPV-2 capsids or canine Tf to Cf2Th cells. Binding and uptake were performed similarly for the antibody-treated and
untreated cells, and the images were taken at similar levels of exposure and camera gain. t, time; �, anti.

10508 HARBISON ET AL. J. VIROL.



microinjection of an antibody recognizing the cytoplasmic se-
quence of the TfR (Fig. 4F) or the addition to the medium of
antibody against the ectodomain of the TfR (Fig. 4G) greatly
reduced or eliminated the attachment of the virus to the filop-
odia and capsid accumulation in the cell cytoplasm. The same
treatments reduced but did not eliminate the binding of la-
beled Tf to the cells (Fig. 4F and G), most likely a reflection of
the greater affinity of Tf for the remaining receptor on the
cells.

Endosomal trafficking of Tf and viral capsids. As a control
for the trafficking of virus in the cells expressing Rab-GFP
constructs, we examined uptake and trafficking of Alexa Fluor
594-Tf and showed that it followed the endosomal pathways
reported for Tf-TfR complexes (63). Tf first colocalized with
Rab5-GFP in vesicles within 10 min of uptake (Fig. 5A) and
with Rab11-GFP by 10 to 15 min (Fig. 5B). Little Tf colocal-
ized with Rab7-GFP (Fig. 5C). Recycling in feline and canine
cells also had similar dynamics to those described for Tf and
TfR in human cells, with loss of cell-associated Tf within 20 to
30 min due to recycling to the cell surface and release (Fig. 5D
and E) (10, 54). In contrast, the level of labeled virus associ-
ated with the cells decreased only slightly over 60 min of
incubation, indicating that either capsids were retained within
the recycling compartment or were diverted into other path-
ways where they persisted (Fig. 5D and E).

Soon after CPV-2 binding and uptake, particles were found
within each of the three Rab-labeled endosomal compartments

examined. Capsids colocalized and also showed comovement
with Rab5-GFP-labeled vesicles as early as 5 min after uptake
(Fig. 6A; see also Movie S1 in the supplemental material). At
later times the association with Rab5 decreased although lim-
ited colocalization was still seen after �1 h, particularly in cells
showing high levels of Rab5-GFP expression (Fig. 6B). Ex-
pressing the CA Rab5-GFP resulted in the formation of large
ring-shaped, Rab5-positive vesicles within the cells. Virus par-
ticles accumulated in these vesicles and were retained for pro-
longed periods (up to hours) after uptake. In some cases,
particles were associated with the inner wall of the vesicles,
while in others they released into the lumen (Fig. 6C; see also
Movie S2 in the supplemental material). Trafficking patterns of
the particles in canine Cf2Th cells expressing Rab5-GFP were
similar to those seen in feline cells (Fig. 6D and E).

Within 15 to 20 min of uptake virus particles both colocal-
ized and moved with Rab11- and Rab7-GFP vesicles (Fig. 7A
and B). Movement of the virus-containing vesicles varied from
stationary to very rapid and in some cases could not be accu-
rately tracked even at frame rates of 0.2 s. Bidirectional move-
ment, most likely on microtubules, was seen for virus-contain-
ing vesicles labeled with any of the Rab proteins examined.
Within 30 to 45 min, the virus-containing vesicles accumulated
in a perinuclear location near the microtubule organizing cen-
ter. This area has high concentrations of both Rab11-positive
(Fig. 7C and D) and Rab7-positive (Fig. 7E and F) vesicles,
and in feline cells colocalization of capsids with particular

FIG. 5. Intracellular trafficking of labeled Tf (red) in CRFK cells containing GFP-Rab proteins (green) labeling different endosomal com-
partments. Colocalization is shown with Rab5 at 20 min (A) and Rab11 at 10 min (B) but not with Rab (27 min shown) (C). The large arrow
highlights the perinuclear area, smaller vesicles showing colocalization are marked with small white arrows, and the cell body (white line) and
nucleus (yellow line) are outlined. Retention and/or recycling of capsids or Tf to the cell surface was measured in CRFK (D) or Cf2Th (E) cells
by the change in the level of fluorescently labeled ligand over time. (*, P � 0.05).
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markers was difficult even by confocal microscopy (results not
shown).

Although viruses rapidly dispersed to multiple compart-
ments after uptake in both feline and canine cells, some dif-
ferences were seen in the intracellular distribution of virions.
First, the patterns of accumulation at the perinuclear area
differed. CRFK cells showed a tight accumulation of viral par-
ticles in vesicles (Fig. 7C and E),while in Cf2Th cells they
clustered more loosely, and many endosomes appeared to con-
tain several particles (Fig. 7D and F). In canine cells, colocal-
ization of these groups of particles with Rab7-positive vesicles
could be more clearly identified. The pattern of virus associa-
tion with Rab11 vesicles also differed between the two cell
types. Clusters of Rab11-positive vesicles were seen near the
cell periphery of both cell types (Fig. 7C and D); however,
localization of virus within these peripheral or polar vesicles
was seen only in feline cells. These results suggest subtle dif-

ferences in the endosomal trafficking of virions in different cell
types. Examining for transport of virus into the nucleus, we
used confocal microscopy to examine the location of virus in
CRFK or Cf2th cells expressing lamin-A/C (Fig. 7G and H). In
both cases only very small numbers of viral particles were
observed within the nucleus. However, it was relatively difficult
to distinguish the virus that was truly intranuclear from that
which appeared intranuclear because it had entered the invagi-
nations of the nuclear membrane (17), and the nuclear accu-
mulation of the capsids was inefficient.

Expression of constitutively active Rab11 (Fig. 8A) or Rab7
(Fig. 8B) showed virus colocalization patterns similar to those
seen for the wild-type proteins. However, as shown in Fig. 6C,
the CA Rab5 disrupted the accumulation of virus at the pe-
rinuclear area, and particles were retained within larger ring-
shaped vesicles (see Movie S2 in the supplemental material).
The DN Rab5 had variable effects on intracellular trafficking.
Some cells appeared similar to the wild type, but most cells
showed moderate disruption of the perinuclear concentration
of the virus (Fig. 8C). The DN Rab7 largely prevented perinu-
clear concentration (Fig. 8D). Finally, expression of DN Rab11
did not disrupt accumulation of the virus at the perinuclear
area (Fig. 8E), suggesting that virus becomes localized within
the late endosome at this location. For CPV-2 capsids, these
patterns were similar in both canine and feline cells (data for
canine cells not shown). Capsid release into the cytoplasm was
not readily observed in these studies, and, as mentioned, only
a small proportion of the particles enter the nucleus.

Infection of cells expressing CA or DN Rab-GFP proteins
showed that wild-type Rab-GFP proteins had little effect on
infection rates while wild-type Rab7 increased the infection
rate (Fig. 9). However, expressing DN or CA Rab5 mutants
reduced infection by about 50% in the expressing cells, as did
DN Rab7. CA and DN Rab11 expression did not significantly
affect infection rates.

DISCUSSION

Here, we examine the TfR-dependent binding, uptake, traf-
ficking, and infection of cells by parvoviruses and show natural
differences in the steps involved in feline and canine cells.
Parvovirus infection is a complex process, and the various
parvoviruses and AAVs that have been examined bind many
different receptors and have been reported to follow many
different pathways with different dynamics (reviewed in refer-
ences 15 and 25). These live-cell studies revealed the processes
of binding and entry of CPV when two distinct versions of the
TfR were used, starting around �5 min after virus addition,
and showed a much more rapid and less linear process of
endosomal trafficking than has been previously suggested. Vi-
rus particles taken up by the TfR were clearly identified as
being within both recycling and late endosomes as early as 10
to 15 min after uptake. Although increasing expression of the
wild-type Rab proteins likely perturbs aspects of the endoso-
mal system, the intracellular capsid distribution was generally
similar to that seen in cells fixed and stained for endosomal
markers, and infection in cells expressing those proteins was
not reduced. The behavior of Tf in cells expressing wild-type
Rab-GFP has been examined in many studies and shows traf-
ficking comparable to that seen in normal cells (29, 63). Even

FIG. 6. The association of CPV-2 capsids with Rab5-GFP after
endocytosis into cells. Time-lapse frames show the colocalization and
comovement of Alexa Fluor 594-labeled capsids with wild-type Rab5-
GFP in CRFK cells at 15 min (A) and 80 min (B). (C) CRFK cells
expressing CA Rab5-GFP contain large vesicles that accumulate
CPV-2 capsids (57 min after uptake). (D and E) Rab5-GFP expressed
in Cf2Th or CRFK cells 15 min after virus uptake. Tracks of colocal-
ized particles and vesicles are shown (A to C), while white arrows
highlight colocalized virus and Rab5 (D and E). t, time.
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when the CA Rab5 is expressed in cells, endocytic trafficking
continues with some efficiency (10).

Binding and endocytosis. Although the levels of TfR expres-
sion in feline and canine cells were similar as detected by Tf or
antibody binding, CPV capsids bound to canine cells at much
lower levels due to their much lower affinity of binding. The
infection efficiencies for canine cells differed for the different,
naturally variant CPV strains. The CPV-2a/b variants first
emerged in 1979, and these quickly replaced the original
CPV-2 in dogs worldwide (48). These viruses differ antigeni-
cally and in their ability to infect and replicate in cats (66) and
also in binding to the feline and canine cells and to the purified
TfRs in vitro (42). Despite these differences, these viruses were
seen here to be similar in surface and intracellular trafficking.

The uptake of infecting CPV from the surface of canine cells
was delayed compared to that seen on feline cells, and this is
likely to be due to both the lower affinity of the canine TfR and

the interactions with filopodia before endocytosis. Filopodia
are dynamic structures that contain actin bundles covered in
membrane and are prominent at the leading edges of mobile
cells (28). In tissue culture cells they present a large surface
area and would therefore be of particular benefit for low-
affinity interactions. The filopodial binding of CPV on canine
cells was not a result of differences in receptor distribution as
labeled canine Tf bound evenly over these cells. Binding and
cellular uptake were associated with the TfR as it was inhibited
by anti-TfR antibodies against either the cytoplasmic tail or the
ectodomain (Fig. 4). The antibodies bind and cross-link the
receptor, preventing correct trafficking and recycling, so that
they greatly reduce TfR expression on the cell surface (44, 73).
Capsids of a number of viruses bind preferentially to filopodia
on cells, including retroviruses, papillomaviruses, and AAVs,
and some are actively trafficked to the cell body by retrograde
actin flow and/or myosin II acting on actin filaments (3, 32, 57).

FIG. 7. Association of CPV-2 particles with Rab11-GFP or Rab7-GFP vesicles in cells after uptake. (A and B) Time-lapse frames of CPV-2
in feline CRFK cells expressing Rab11-GFP 11 min after uptake (A) and Rab7-GFP 17 min after uptake (B). Colocalization and comovement of
some particles with labeled vesicles are highlighted as individual tracks. (C and D) Colocalization of virus with Rab11-GFP after uptake into CRFK
cells for 55 min (C) or Cf2th cells for 46 min (D). The white arrows highlight polar accumulations of Rab11-positive vesicles. (E and F)
Colocalization of virus with Rab7-GFP after uptake into CRFK cells at 96 min or Cf2th cells at 61 min. (G and H) Examining for nuclear
localization of CPV capsids that entered CRFK or Cf2th cells expressing lamin-A/C-GFP. Confocal analysis shows cells and a section through the
nucleus (at the level of the blue line), as well as two Z-sections (along the red and green lines) in each case. t, time.
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No consistent directional movement was seen for CPV parti-
cles on the filopodia of canine cells, but the bound virions
accumulated at the base of these structures and entered the
cells, at least in part due to the normal dynamic movement of
the filopodia. We saw no evidence that CPV capsids induced
the formation of filopodia or modified their behavior (62).

Binding and entry via the cell surface or filopodia allowed
similar efficiencies of CPV-2 infection of both feline and ca-
nine cells while lower CPV-2b infection rates were seen in the
canine cells. The efficient endocytosis by the TfR likely allows
entry even for low-affinity interactions. TfR binding appears to
provide a structural interaction necessary for infection as re-
placement of the TfR ectodomain with binding domains of
antiviral antibodies allowed attachment and uptake of virus but
not infection (26).

Endosomal trafficking. Within a few minutes of uptake, cap-
sids were colocalized with Rab5-positive vesicles. Early endo-
somes are important in the initial sorting of many endocytosed
cargoes into their correct endosomal pathways, a process that
depends both on the cargo and the receptors (29, 59). The CA
form of Rab5 induces large, ring-like vesicles in cells (10, 16),
and a high proportion of the CPV particles entered these
expanded vesicles and remained there for extended periods of
1 h or more (Fig. 6C). Many of these particles remained at-
tached to the wall of the vesicle, probably as a result of their
remaining attached to receptors. This confirms models show-
ing prolonged interactions and slow trafficking, as was also
seen by the microinjection of antibodies against the cytoplas-

mic tail of the TfR, which can block virus infection even when
antibodies are injected 1 to 2 h after inoculation (44). The DN
Rab5 also disrupted normal trafficking of the virus to the
perinuclear region in many cells, again suggesting that the
early endosome is required for correct endosomal trafficking,
and reduced infectivity was seen in these cells.

Virus capsids were localized in both Rab11 and Rab7 vesi-
cles by 15 min of uptake, a more rapid and complex trafficking
of virus than previously suggested (64, 65). This trafficking
would also be different from that of monomeric Tf. The ico-
sahedral virus and dimeric TfR would result in cross-linked
TfR-capsid complexes, which would be at least partly diverted
into the degradative pathway (35). Even with limited cross-
linking, the large virus capsid may alter trafficking within the
tubular-vesicular endosomal sorting structures (6, 59).

Parvoviruses have been suggested to escape from the endo-
some along the degradative pathway (18, 34), and this view was
supported by the finding that DN Rab7-GFP significantly de-
creased infection. Because the viruses require cell division for
genome replication, expression of DN Rab proteins may dis-
rupt the intracellular environment to indirectly inhibit replica-
tion. However, the mutants that disrupt the accumulation of
virus at the perinuclear area showed the largest decreases in
infection rates, suggesting a specific role for this trafficking in
infection.

The entry of viruses into cells by receptor-mediated endo-
cytosis can involve a variety of routes, and even for the parvo-
viruses receptors of many types are used for functional entry.
These studies show that these viruses can efficiently use canine
and feline TfRs with very different affinities of binding and
initially follow different routes of uptake from the surface of
feline and canine cells but then converge on the same vesicular
compartments. This shows that the infection process can ac-
commodate significant flexibility. In the case of CPV, binding
to the canine TfR resulted in the host range shift from cats to
dogs, and changes in TfR binding also resulted from the sub-
sequent evolution in dogs. By examining the details of the
interaction and trafficking events leading to infection, we can
define the essential properties of the capsid and its interaction
with the receptor and the cell entry pathways allowing efficient
cell infection.

FIG. 8. Distribution of CPV-2 particles in CRFK cells expressing
CA or DN Rab-GFP mutants. The individual Rab-GFP (green) and
CPV-2 (red) channels are shown as well as the merged image.
(A) CPV-2 capsids in cells expressing CA Rab11-GFP (35 min after
uptake) or (B) CA Rab7-GFP (39 min) showing similar behavior to the
wild type. (C) DN Rab5-GFP (43 min) showing limited disruption of
the perinuclear virus concentration. (D) DN Rab7-GFP (50 min)
caused an extensive redistribution of virus-containing vesicles. (E) Vi-
rus in cells expressing DN Rab11-GFP (59 min after uptake). Orange
arrows highlight the perinuclear area in all cells.

FIG. 9. The effect on FPV cell infection of wild-type (wt) and
dominant negative Rab5-, Rab11- and Rab7-GFP expression. The
percentages of cells expressing mutant Rab-GFP proteins that became
infected by FPV compared to infection rates of nontransfected cells
are shown (�, P � 0.05).
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