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Densovirus Infectious Pathway Requires Clathrin-Mediated
Endocytosis Followed by Trafficking to the Nucleus�

Agnès Vendeville,1,2 Marc Ravallec,2 Françoise-Xavière Jousset,2 Micheline Devise,1,2

Doriane Mutuel,2 Miguel López-Ferber,3 Philippe Fournier,2
Thierry Dupressoir,1,2 and Mylène Ogliastro2*

UMR 1231 BiVi, EPHE-Montpellier II,1 and UMR 1231 INRA-Montpellier II,2 Montpellier, and
Ecole des Mines d’Alès, 30319 Alès,3 France

Junonia coenia densovirus (JcDNV) is an ambisense insect parvovirus highly pathogenic for lepidopteran
pests at larval stages. The potential use of DNVs as biological control agents prompted us to reinvestigate the
host range and cellular mechanisms of infection. In order to understand the early events of infection, we set
up a functional infection assay in a cell line of the pest Lymantria dispar to determine the intracellular pathway
undertaken by JcDNV to infect a permissive lepidopteran cell line. Our results show that JcDNV particles are
rapidly internalized into clathrin-coated vesicles and slowly traffic within early and late endocytic compart-
ments. Blocking late-endocytic trafficking or neutralizing the pH with drugs inhibited infection. During
internalization, disruption of the cytoskeleton, and inhibition of phosphatidylinositol 3-kinase blocked the
movement of vesicles containing the virus to the nucleus and impaired infection. In summary, our results
define for the first time the early endocytic steps required for a productive DNV infection.

Densoviruses (DNVs) are parvoviruses highly pathogenic
for arthropods, mostly insects, at larval stages. Their pathology,
first described in the greater wax moth, has been associated
with hypertrophied Feulgen-positive nuclei and “dense nucleo-
sis,” which gives the virus its name (2, 49). Because DNVs are
highly virulent for their insect hosts and do not replicate in
vertebrates and mammals, they have been considered as po-
tential biological tools against insect pests and vectors (7, 14,
15, 20, 23). Recently, Ren et al. (39) suggested another use for
a new DNV as a tool for viral paratransgenesis in Anopheles
gambiae. Discovered in an A. gambiae cell line, this virus has
lost its pathogenicity for mosquito larvae but still retains dis-
semination and transmission capacities that have been inves-
tigated for paratransgenic malaria control.

To date, at least 30 DNVs have been discovered; they dis-
play a high degree of biochemical and structural diversity dis-
criminating four genera in the Densovirinae subfamily (4). The
DNVs have in common that they are autonomously replicating
viruses with small (20 to 25 nm) icosahedral, nonenveloped
particles that must deliver their enclosed single-stranded DNA
genome into the nucleus of the target cells where these viruses
replicate. Palindromic sequences end the 4- to 6-kb linear
genomes that display a monosense or ambisense organization
(for a review, see reference 4).

First described by Rivers and Longworth (40), the prototype
of the genus Densovirus is the Junonia coenia DNV (JcDNV);
the ambisense genome of this virus carries on one strand two
open reading frames encoding three early nonstructural pro-
teins (NS1 to NS3), primarily implicated in viral replication

(11, 22, 1), and on the complementary strand, one single gene
encoding the four late structural proteins (VP1 to VP4) impli-
cated in capsid assembly. Each VP protein is able to auto-
assemble and form pseudo-capsids although the role of these
proteins in the infection process is largely unknown (6, 10).
The sequences of insect and vertebrate parvoviruses show little
overall sequence identity; however, the following domains dis-
play strong sequence homologies: the NS1 NTP-binding, nick-
ase, and helicase domains and the N terminus of VP1 that
encodes a phospholipase A2 (PLA2) motif and a basic nuclear
localization signal (NLS), both of which are required for in-
fection (27, 51, 53).

Recent studies have depicted the main events of parvovirus
entry into host cells, all mediated by a wide diversity of cell
surface receptors, including glycoproteins, glycans, and glyco-
lipids, that trigger rapid clathrin-mediated endocytosis (re-
viewed in references 9, 18, and 37). The rapid endocytic uptake
is followed by slower traffic along the endocytic compartments
toward the nucleus. The endosomal pathway undertaken by
parvoviruses is complex and depends on the virus, its concen-
tration, and probably the cell type (12, 34, 46, 48). Conforma-
tional changes of the capsid probably occur in acidic vesicles,
but the place where viruses escape from the endosomes is still
unclear. The traffic may also require a cytoskeletal transport
via interactions with microtubules, actin, or dynein motor (42,
48, 52) even though recombinant adeno-associated virus 2
(AAV2) traffic has been shown to be independent of the mi-
crotubule network (19). As the virus finally reaches the nu-
cleus, some evidence indicates that parvovirus nuclear entry
might occur independently of the nuclear pore complex (8).
Once inside the nucleus and uncoated, the virus hijacks the
host S-phase replicative machinery to initiate viral replica-
tion (9).

The early steps in the virus cycle are crucial for replication
and therefore for the success of infection. Although the pres-
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ence of the receptor is a prerequisite for the entry, several
intracellular factors during particle routing also determine cell
specificity and host range. Insect parvovirus entry into a host
cell is poorly documented in part because very few and only
nonconventional insect cell lines are permissive to JcDNV
(26), and, consequently, molecular markers are missing. Curi-
ously, cell culture infections do not form plaque lysis, which
contrasts with the high pathogenicity for their larval host. In
order to understand the early steps of JcDNV infection, we
have characterized the crucial endocytic events leading to the
productive infection of a permissive lepidopteran cell line,
Lymantria dispar 652. Here, we show that the JcDNV infection
pathway mainly involves rapid clathrin-mediated uptake fol-
lowed by slower traffic through low-pH and late-endosomal
compartments. Virus traffic along this pathway requires an
intact cytoskeleton network, probably facilitating the move-
ment of organelles containing viruses to the nucleus, where
viral replication occurs.

MATERIALS AND METHODS

Cells. L. dispar ovarian cells, IPLB-Ld 652 (17), and Spodoptera frugiperda Sf9
cells (ATCC CRL 1711) were used in this study. Cells were grown at 28°C in
TC100 medium (Gibco Invitrogen), pH 6.2, supplemented with 10% heat-inac-
tivated fetal calf serum (HyClone, Perbio).

JcDNV and VP4 virus-like particle (VLP) production and purification.
JcDNV was prepared from 20 Spodoptera littoralis injected larvae as previously
described (10). Briefly, at 6 days p.i., larvae were collected and disrupted in
phosphate-buffered saline (PBS) containing 2% ascorbic acid buffer. The extract
was clarified at 8,000 � g for 30 min (min), and viral particles were next con-
centrated at 100,000 � g for 2 h. Viruses were then loaded onto a 20 to 76%
Radioselectan (Sherring Laboratories) density gradient and centrifuged over-
night at 100,000 � g. A band containing the concentrated viral fraction was
recovered and dialysed against 1�TE buffer (10 mM Tris [pH 7.5], 1 mM EDTA)
for 48 h. Viral particles were layered on carbon-coated grids, negatively stained
with 2% phosphotungstic acid, pH 7.0 (21), and examined with a Zeiss EM
10C/R transmission electron microscope (TEM) at 80 kV.

For production of VLPs containing VP4 (VP4-VLPs), Sf9 cells were infected
by recombinant Autographa californica multiple nucleopolyhedrovirus virus, and
VLPs were purified as described previously (10).

Virus titers were determined on L. dispar 652 cells by 50% tissue culture
infective dose (TCID50) assay in 96-well plates as previously described (26).
VP4-VLP concentration was assessed spectrophotometrically using a bicincho-
ninic protein assay kit (Pierce), and particle morphology was controlled by TEM
observation.

Infection and inhibitor assays. Infections with JcDNV (0.1 TCID50 unit/cell)
were performed by first incubating cells for 1 h at 4°C to allow virus binding.
Then, infected cells were switched or not to 28°C for 1 h. For the inhibitor assays,
L. dispar cells were pulse treated at 28°C with the drugs (all purchased from
Sigma) dynasore (DYN; 20, 40, and 80 �M), chlorpromazine (CPZ; 20 �M),
methyl-�-cyclodextrin (M�CD; 5 mM), cytochalasin D (CD; 10 �M), nocodazole
(ND; 30 �M), wortmannin (WTN, 1 �M), brefeldin A (BFA; 5 �g/ml), and
nystatin (Nys; 50 �M) 1 h before virus adsorption (30 min for DYN), at infection
(following virus adsorption), and postinfection (4 h after virus adsorption). For
the infection assays, at the end of drug treatments, cells were washed and further
incubated with fresh medium for 48 h postinfection to allow VP protein produc-
tion; the medium contained ammonium chloride (50 �M NH4Cl), chloroquine
(CQ; 10 �M) and 40 �M DYN. For all the inhibitors, a dose-response assay was
done to determine the working dose, and cell viability was checked by trypan blue
exclusion assay. Control cells were similarly treated with a drug solvent (dimethyl
sulfoxide [DMSO] or ethanol) and infected with JcDNV.

Immunocytochemistry. Cells were fixed with 4% paraformaldehyde for 20 min.
After washes in PBS, cells were permeabilized with PBS containing 0.1% Triton
(PBT). Blocking was performed with PBT containing 1% bovine serum albumin
(BSA) for 30 min, and cells were then incubated for 1 h with PBT containing
0.1% BSA and a mouse polyclonal anti-JcDNV antibody (1:1,000 dilution) to
reveal JcDNV or with a rabbit antitubulin antibody (Sigma) to label the micro-
tubules. For fluorescent visualization, the secondary antibodies anti-mouse or
anti-rabbit Alexa Fluor 594 and Alexa Fluor 488 (Molecular Probes-Invitrogen)

were used at 1:500 and were next incubated for 1 h. Cellular cortical actin and
nuclei were labeled for 30 min with fluorescein isothiocyanate (FITC)-phalloidin
(Sigma) and 4�,6�-diamidino-2-phenylindole (DAPI; Sigma), respectively. Cov-
erslips were then mounted in Prolong Gold antifade reagent (Invitrogen).

For colocalization assays, L. dispar cells were infected and concomitantly
incubated with tetramethyl rhodamine isothiocyanate-conjugated transferrin
(TRITC-Tfn) for 30 min, albumin conjugated with FITC (Sigma), or Lyso-
Tracker Red DND-99 (Invitrogen) for 4 h in serum-free medium to discriminate
the subcellular compartments.

Images were obtained by confocal laser scanning microscopy with a Zeiss
Axioplan2 microscope equipped with an LSM510 META confocal module, using
a 63� (numerical aperture, 1.4) objective and filter settings optimized for the
dyes. The pinhole was adjusted to 1 Airy unit. For each sample, a series of
0.3-�m-thick horizontal sections was performed. Colocalization analysis was
performed from 10 cells and three z-section images per cell. Images were ac-
quired with the same parameters. For each stack and each cell, the fluorescence
areas were calculated for each fluorochrome using Metamorph software to
define the percentage of colocalized JcDNV area relative to marker. We esti-
mated the intensity correlation (Pearson’s coefficient) using ImageJ software.
This coefficient reflects the degree of linear relationship between the two sets of
fluorochrome images (5). For the DYN assay, the integrated intensity per cell
was measured for JcDNV and TRITC-Tfn on 10 cells and three z-sections per
cell by using the Metamorph software. Three-dimensional (3D) reconstructions
were obtained with Imaris, version 5.7.0 (Bitplane), software.

Viral replication assay. L. dispar cells were infected as described above. To
avoid any loss of cells after infection due to their modified attachment to the
flasks, cells were pelleted at different times postinfection (p.i.) for 5 min at 800 �

g and fixed with 4% paraformaldehyde and 2.5% glutaraldehyde for 1 h on ice.
After several washes with PBS, cells were dehydrated with 30 to 100% ethanol
and then embedded in 100% Unicryl resin (BB International) after progressive
30-min incubations in 1:2, 1:1, and 2:1 (vol/vol) resin-ethanol. Resin polymer-
ization was performed for 48 h under UV light at 4°C. Freshly cut 1-�m semithin
sections were first incubated for 10 min with 50 mM NH4Cl and then blocked for
10 min in freshly prepared 1% BSA before immunolabeling.

To quantify the percentage of JcDNV-positive fluorescent cells, 150 cells were
viewed with a Zeiss Axiovert 200 M/Apotome instrument equipped with Zeiss-
specific filters with a 40� objective (numerical aperture, 1.3). Images were
obtained with an Axiocam MRm charge-coupled-device camera and analyzed
with Axiovision software. Images were acquired with the same time of exposure,
and images were processed with ImageJ software.

Electron microscopy. Infected cells were fixed in 2% glutaraldehyde–0.1 M
cacodylate (pH 7.4) for 1 h at 4°C and then postfixed for 1 h in 2% osmium
tetroxide at room temperature. After dehydration in a graded series of ethanol
solutions, cells were embedded in Epon resin. Ultrathin sections (0.1 �m) were
mounted on copper grids and stained with uranyl acetate and lead citrate.
Observations were performed with a Zeiss EM10CR electron microscope at 80
kV. The size of particles associated with coated pits or vesicles was measured
using a Lheritier camera and Digiphot software.

Real-time qPCR. Total DNA was extracted from 1 � 106 infected cells at
different times p.i. Viral forward (5�GGAGGAGGCAACACTTCAGG 3�) and
reverse (5� TCTGCCATGGAATTTCAGCC 3�) primers were designed using
Primer Express software (Applied Biosystem) optimized for the ABI prism 7000
Sequence Detection System. A 200-bp fragment was amplified from position
1710 to 1911 of the viral genome located within open reading frame 1, the major
capsid protein. The �-actin gene was used as a control gene to normalize DNA
quantity between samples and experiments. For �-actin, the forward (5�-TCGC
GACTTGACCGACTA-3�) and reverse (5�-GAGTAACCCCTCTCGGTGAG
G-3�) primers were designed from the L. dispar �-actin cDNA sequence (GI
166012628). Reactions were carried out using a Platinum SYBR Green qPCR
Super Mix kit (Invitrogen). Fluorescent amplicons were detected using the ABI
Prism 7000 apparatus (Applied Biosystems) using 96-well microtiter plates in a
final volume of 25 �l under the following conditions: 50°C for 2 min, 95°C for 2
min, and 40 cycles of 95°C for 15 s and 60°C for 30 s. For each quantitative PCR
(qPCR) analysis, 5 �l of diluted DNA was deposited in triplicates. A standard
curve was generated after 40 cycles of PCR using seven serial 10-fold dilutions of
a plasmid containing the viral genome. The linear range was obtained over 7
orders of magnitude and allowed to determine the viral DNA copy number. Data
from two biological replicates, three technical replicates, and two plate permu-
tations were analyzed by the ��CT method (where CT is threshold cycle) (30).

The linear range was obtained from 1.25 � 103 to 1.25 � 109 copies of the viral
genome.



RESULTS

JcDNV entry is mediated by a rapid clathrin-mediated en-
docytosis. Many viruses infect their host through endocytosis,
and several pathways may be exploited to gain access to the
appropriate replication compartment. JcDNV uptake was first
analyzed by electron microscopy. The incubation of the in-
fected cells at 4°C (0 min p.i.) blocked virus internalization,
and the viral particles were concentrated into phenotypically
characteristic clathrin-coated pits at the plasma membrane
(Fig. 1A). An average of 100 particles was counted on a 0.1-�m
cell section, and we evaluated that roughly 10,000 viral parti-
cles might be bound/internalized to the dorsal surface of a cell,
simplifying a cell to a smooth 25-�m diameter sphere. Since 0.1
TCID50 unit per cell was used to infect cells, the particle-to-
infectivity ratio would be estimated at 1:100,000, meaning that
most virus-containing clathrin vesicles were not infectious and
were probably sent to degradation during the intracellular traf-
ficking. Switching cells to 28°C allowed virus internalization
and revealed that within 5 min p.i. most viral particles were
located in characteristic clathrin-coated vesicles inside the
cells. Similar to full-virus capsid, VPLs containing only the
major structural protein VP4 (10) were localized within appar-
ently similar structures, revealing no obvious role in the uptake
process for the three other viral structural proteins.

To examine the mechanism of JcDNV uptake, we first stud-
ied the time course of the virus trafficking from the cell surface
to the nucleus by confocal microscopy. Following their binding
to the L. dispar cells, viral particles were observed at 15 min p.i.
displaying scattered localizations within the cell, from the tip of
cellular projections to perinuclear localization (Fig. 1B). At 30
min, most viral particles displayed perinuclear localization
(Fig. 1B). A few particles were observed next to DAPI-stained
chromatin; whether these particles were inside the nucleus or
associated with nuclear membrane invaginations as observed
for AAV (31) is unclear. By 4 h p.i., most of the viral staining
was clustered in a crescent-shaped structure far from the nu-
cleus (Fig. 1B).

Viruses that eventually enter into the nucleus must wait for
the S phase to replicate (9, 37). We studied the kinetics of viral
DNA synthesis using real-time PCR. Total DNA was extracted
at various times p.i., and real-time PCR was performed with
virus- and cell-specific primers to evaluate the kinetics of viral
genome buildup per cell. The relative viral DNA amplification
per cell (calculated by the ��CT method) showed that viral
DNA was detected within the cells at 4 h p.i. and remained
stable until 48 h p.i. (Fig. 1C). We quantified the amount of
virus detected at 4 h p.i. with a standard curve (See Materials
and Methods) and estimated that 4 � 104 genome copies were
detected per cell. Interestingly, the estimated number of virus
copies per cell at 4 h p.i. was in a similar range as the inter-
nalized viral particles estimated by electron microscopy, thus
confirming the estimation of a high particle-to-infection ratio.
These results confirmed that most DNA-containing incoming
particles were nonproductive and probably sent to degrada-
tion. At 16 h p.i. we could detect 2 � 104 genome copies per
cell, and by 24 h, the number of genome copies had started to
increase, suggesting that viral replication had begun. This was
confirmed at 48 h p.i. by the exponential increase of the viral
copy number.

These results define the timing of JcDNV infection; how-
ever, early viral genome replication is difficult to quantify by
this method due to the overlap between viral DNA input and
newly synthesized genome amplification.

Kinetics of the traffic to the nucleus: from early to late
endocytic compartments. To identify which endocytic or-
ganelles were used by JcDNV for its intracellular trafficking,
cells were incubated with JcDNV and with either TRITC-Tfn
(an early/recycling endosome tracer), FITC-albumin (late en-
dosome tracer), or LysoTracker (lysosome tracer). To estimate
time-dependent colocalization events with different specific en-
docytic tracers, confocal laser images were obtained and pro-
cessed with ImageJ and Metamorph analysis software. At 30
min p.i., overlay images showed that TRITC-Tfn was internal-
ized with JcDNV, probably within early endosomes according
to the perinuclear localization of large punctate structures
(Fig. 2A). Fewer labeled TRITC-Tfn structures were observed
per cell than in work done with vertebrate cells, which might be
attributed to low expression of a Tfn receptor not character-
ized in insect cells. We thus analyzed JcDNV traffic through
late endosomes and lysosomes by colocalization with albumin
and LysoTracker, respectively (Fig. 2A). Overlay images
showed that colocalization within late endosomes was partial
while JcDNV was apparently excluded from lysosomes. Colo-
calizations were then analyzed in 3D space, quantifying for
each marker the fluorescence intensity area from cell z-sec-
tioning images. Results showed that 50% of JcDNV colocal-
ized with Tfn at 30 min (Fig. 2B) and 20% with albumin in late
endosomes. JcDNV was never found within lysosomes at this
stage of infection (Fig. 2B). The same analysis was performed
at 4 h p.i. Overlay images and quantification assays showed that
at this time point, 20% of JcDNV was colocalized with TRITC-
Tfn, probably in recycling endosomes, while 50% was colocal-
ized with albumin within perinuclear late endosomes (Fig. 2).
At that time, 20% of JcDNV colocalized with LysoTracker
within lysosomes. This localization was observed far from the
nucleus (Fig. 2A).

At 16 h p.i. no fluorescence was detected in the cells (data
not shown), suggesting that degradation of the capsids had
occurred by this time. It is of note that previous qPCR
analysis showed that 2 � 104 genome copies were detected
per cell; as no fluorescent viral particles (representative of
the input virus) were observed at 16 h p.i., the presence of
viral genomes probably reflects that viral replication had
already started.

JcDNV infection is mainly mediated by dynamin and clath-
rin-dependent endocytosis. To address which functional path-
way(s) leads to productive infection, we first set up an assay to
analyze JcDNV endocytosis beyond entry, i.e., to productive
infection. Since fluorescent viral particles had disappeared at
16 h p.i., de novo VP proteins expression at late time points
was taken as a reporter of viral replication. The kinetics of VP
production was first established, and viral immunostaining was
detected from 48 h p.i. within the cytoplasm of infected cells,
while at 96 h p.i. the typical densonucleosis was observed (Fig.
3A). We then quantified viral infectivity by determining the
immunofluorescence intensity as the reporter of JcDNV infec-
tion. These quantitative results confirmed our microscopic ob-
servations (Fig. 3B). Using this assay, we tested the effects late
in infection of blocking endocytic pathways with specific inhib-



FIG. 1. Uptake and kinetics of JcDNV internalization and DNA replication within L. dispar cells. (A) Electron microscopy analysis of JcDNV (upper) and
VP4-VLPs (lower) entry into L. dispar 652 cells. L. dispar cells were incubated with JcDNV virus particles or VP4-VLPs at 4°C for 1 h and then shifted to 28°C
for 0 or 5 min before fixation and preparation for TEM examination. Scale bar, 100 nm. The arrows indicate either JcDNV or VLP4-VLPs. (B) Kinetics of
JcDNV internalization within L. dispar cells was analyzed by immunofluorescence at various times p.i. L. dispar cells were infected with JcDNV as specified in
Materials and Methods and immunolabeled with anti-JcDNV antibody (red). Confocal optical sections and epifluorescence images (black and white) of infected
cells were examined at 0 min, 15 min, 30 min, and 4 h p.i. Arrows indicate JcDNV immunostaining. Nuclei were labeled with DAPI (blue). Scale bar, 20 �m.
The inset is a confocal optical section of JcDNV-infected cells at 30 min p.i. Actin was labeled with phalloidin (green), and the nucleus was labeled with DAPI
(blue). (C) JcDNV DNA replication kinetics. L. dispar cells were infected with JcDNV (0.1 TCID50 unit per cell) for 1h at 4°C, followed by washing to remove
unbound virus, and were further incubated at 28°C. At various times p.i., total DNA was extracted and quantified with real-time PCR. Viral DNA was quantified
using virus-specific primers, and the actin gene was used to quantify cellular DNA. Values represent the mean ratio of viral/cellular DNA of two different
experiments.



itors. Analyzing the effects of these molecules 2 days p.i. re-
quired a low-dose exposure, thus minimizing toxic effects of
inhibitors, since only live and replicating cells are taken into
account.

We analyzed biochemically the JcDNV early entry process
and first tested the role of the large GTPase dynamin, essential
for clathrin-coated-vesicle formation (reviewed in reference
24). Recently, Macia and colleagues discovered DYN, a highly
specific inhibitor of dynamin’s GTPase activity (32). They es-
tablished a dual role for dynamin in clathrin-coated vesicle
formation at an early invagination step and at a late constric-
tion step (32). One dynamin (Shibire) is present in flies, and
homologous sequences were found in expressed sequence tag
collections from Bombyx mori (http://morus.ab.a.u-tokyo.ac.jp

/cgi-bin/index.cgi), but no functional data are available in
Lepidoptera. We thus used DYN and first established whether
this molecule was active in L. dispar cells. We quantified the
uptake of TRITC-Tfn and JcDNV at different DYN
concentrations. As described for mammalian cells, a powerful
block was obtained with 40 �M DYN (Fig. 4A and B). This
effect was dose dependent, but at late times of infection (2 days
p.i.) toxicity was observed with a higher concentration (80 �M)
(data not shown). We thus defined 40 �M as the working dose.
The inhibitory effect was also reversible, as traffic to the
nucleus was partially restored 20 min after the removal of
DYN from the medium (Fig. 4A and B). We also verified that
this inhibition was not due to a decrease in the number of
putative respective receptors at the cell surface since Tfn and

FIG. 2. Time course of JcDNV delivery to early and late endocytic compartments: colocalization with endocytic markers. (A) Cells were
concomitantly infected with JcDNV and either TRITC-Tfn, FITC-albumin, or LysoTracker red for 30 min or 4 h at 28°C. After fixation cells were
labeled with anti-JcDNV antibody (green or red) and endocytic markers (red or green), and nuclei were labeled with DAPI (blue). Scale bar, 20
�m. (B). Time-dependent colocalization of JcDNV with Tfn, albumin, or LysoTracker. The percentage of colocalized JcDNV with Tfn (diamond),
albumin (square), or LysoTracker (triangle) over three consecutive stacks (0.3 �m) is shown. Colocalization was significant, with a Pearson
coefficient of �0.9.



JcDNV binding was the same in cells kept at 4°C with and
without DYN (data not shown).

These data were confirmed by treating cells with a second
inhibitor of clathrin-dependent endocytosis, CPZ (30, 48)
which inhibits the AP2/clathrin uptake pathway by removing
AP2 from the plasma membrane (Fig. 4C). (33, 50). In con-
trast, treatment of cells with the sterol-sequestering drugs
M�CD and Nys, which specifically inhibits the caveola- and
lipid raft-dependent endocytosis (36), had no effect on JcDNV
entry (Fig. 4A). These results are consistent with the lack of
immune colocalization between JcDNV and caveolin-1 (data
not shown). All together these results confirmed that different
blocks in the clathrin-mediated endocytosis strongly affect
JcDNV uptake and traffic.

To strengthen these data, we then analyzed the effects of
these inhibitors on the infection process. Infection assays
showed that blocking the clathrin-dependent pathway 1 h be-
fore virus adsorption strongly affected infection since 80% of
either DYN- or CPZ-treated cells were not infected while no
difference in infection was observed in M�CD-treated cells
compared to the controls (Fig. 5). To better define the role of
dynamin on infection, DYN was then applied at infection (just
after virus adsorption) and 4 h after infection, as specified in
the legend of Fig. 5. When applied at infection, DYN partially
affected infection (Fig. 5B). These results confirmed the role
of dynamin in the virus uptake. When added 4 h after
infection, DYN lost its effect and no longer affected virus
replication, validating that this drug targeted the early entry
process (Fig. 5C).

We were not able to perform this test with Nys due to the
cytotoxic effect of this drug at 48 h p.i..

These results established that dynamin-dependent clathrin-
mediated endocytosis was the main JcDNV functional entry
pathway of JcDNV. The residual 20% of the DYN- and CPZ-
treated cells which were infected could reflect a partial or
reversible effect of the drug, allowing the recovery of the in-
fection from cell surface-bound particles. Alternatively a clath-
rin- (and caveolin-) independent infectivity pathway(s) may
play a minor role in the infection of L. dispar cells.

Trafficking of the virus through early and late endocytic
organelles is essential for JcDNV infection. To determine the
infectious pathway, L. dispar cells were treated with drugs
blocking endocytic traffic between early to late compartments.
Phosphoinositide-3-OH kinase (PI3K) pathways have been re-
ported to play a critical role in the endocytosis of adenovirus,
AAV2, and clathrin-mediated endocytosis of other viruses (3,
25, 42). We hypothesized that PI3K might also play a role
during JcDNV entry. L. dispar cells were treated with the
specific PI3K inhibitor, the fungal toxin WTN (44). The fungal
antibiotic BFA was also used to block the early to late traffic as
well as retrograde traffic between the trans Golgi network and
the endoplasmic reticulum (ER) (28, 41). In order to define
the time course of infectious traffic and to assess for the spec-
ificity of the drugs, treatments were added before, at, and after
infection. Cells were treated 1 h before infection, and we first
tested the effects of drugs on virus entry by immunolabeling the
cells at 30 min p.i. BFA did not impair JcDNV entry even
though the presence of small punctate structures might reflect

FIG. 3. Infection assay to quantify JcDNV infectivity. (A) Microscopic observation of the time course of viral proteins synthesis. Kinetics was
assessed at different times p.i. Semithin sections of infected cells were immunolabeled with anti JcDNV antibody (red). Nuclei were labeled with
DAPI (green). Scale bar, 20 �m. (B) Fluorescence quantification of JcDNV-immunopositive cells. Results are an average of three different
sections. Ni, noninfected.



that fewer particles were internalized. WTN-treated cells dis-
played viral staining localized within punctate structures larger
than with control cells (Fig. 4C and 6A). The resulting infec-
tion showed a strong inhibition of viral replication with both

treatments (Fig. 5A). Cells were then treated at infection, and
results showed that viral replication was still strongly impaired
with both drugs (Fig. 5B). When added after infection (4 h
p.i.), BFA lost its activity, and cells were efficiently infected

FIG. 4. JcDNV early entry process. (A) Dynamin-dependent internalization of transferrin and JcDNV was inhibited by DYN. L. dispar cells
were incubated for 30 min at 28°C with 40 �M DYN or 0.8% DMSO (vehicle). TRITC-Tfn (red) and JcDNV (green) were then added
concomitantly for 30 min at 28°C in the continuous presence of DMSO or DYN (pulse) or 20 min after washout of 40 �M DYN (chase). Cells
were then washed before fixation and immunolabeling of JcDNV with an anticapsid antibody (red). Nuclei were stained with Hoechst dye (blue).
Scale bar, 20 �m. Cells were examined under a Zeiss confocal microscope. (B) Histogram shows the blocking and reversible effects of 40 �M DYN
on Tfn and JcDNV uptake. The integrated intensity/cell of internalized JcDNV (closed bars) or Tfn (hatched bars) was quantified using
Metamorph (3 stacks; n � 10 cells). (C) Effects of different inhibitors on JcDNV early entry process. L. dispar cells were pretreated or not with
CPZ, M�CD, or Nys and subsequently infected with JcDNV as described in Materials and Methods. The analysis was made by immunofluores-
cence using anticapsid antibody (red) on 0.5-�m sections with an Apotome Axiovision microscope at various times p.i. Cortical actin was labeled
with phalloidin (green) and nuclei were labeled with DAPI (blue). Scale bars, 20 �m and 5 �m (zoom). Nt, nontreated.



while WTN treatment still impaired viral replication (Fig. 5C).
Since at 4 h p.i. virus was mainly localized within late endo-
somes (Fig. 2), these results showed (i) that unlike WTN, BFA
treatment did not affect viral replication and (ii) that impairing
virus routing through late endosomes or the ER impaired
infection. With respect to WTN, the effects were not restricted
to traffic since blocking the phosphatidylinositol pathway af-
fected DNA replication. Further experiments are required to
analyze the function of these pathways on viral replication.

JcDNV productive infection in L. dispar cells requires tran-
sit through late endocytic compartments. It has been shown
that endosomal acidification is essential for parvovirus infec-
tion, triggering capsid structural rearrangements and escape of
the virus from endosomes into the cytoplasm (13, 34, 38, 41,
53). To determine the role of a low-pH-dependent step in
JcDNV infectivity, we examined the effects on infection of two
weak bases known to raise the pH in endosomes and lyso-
somes, CQ and ammonium chloride (NH4Cl) (35, 43). Thirty
minutes after treatments, viral staining appeared diffuse in
both types of treated cells compared to the control, which
might be due to the swelling of acidic vesicles (Fig. 6A). Full
inhibition of virus replication was observed when NH4Cl treat-
ment was applied before infection while this effect was partial
with CQ, suggesting a dose effect of this drug in L. dispar cells
(Fig. 5A). Treatment with NH4Cl performed at infection
strongly inhibited infection (Fig. 5B) while a loss in activity was

observed 4 h p.i. (Fig. 5C). Since raising the pH at 4 h p.i. no
longer affected viral replication, it is possible that viral escape
had already occurred from late endosomes or, alternatively,
that that virus escape might be pH independent. Further ex-
periments with pH-independent molecular markers and virus
mutants will help to solve this important question.

JcDNV infection requires an intact host cytoskeleton. It has
been reported that host cell cytoskeleton components are in-
volved in early events during infection with viruses from sev-
eral families including parvoviruses (41, 47). To determine
whether actin and microtubule networks were involved in the
transport of JcDNV particles to the nucleus, L. dispar cells
were treated 1 h prior to infection either with the actin-poly-
merization inhibitor CD or the microtubule-disrupting agent
ND. Both drugs strongly affected L. dispar microfilaments and
microtubule organization; actin labeling was punctiform, while
a tubulin network became visible, thus contrasting with the
diffuse labeling in nontreated cells (Fig. 6B). By 30 min p.i. in
both ND- and CD-treated cells, JcDNV immunostaining was
maintained within cells at the plasma membrane, contrasting
with control cells displaying a predominant perinuclear stain-
ing (Fig. 6A). As exemplified by overlay images and 3D anal-
ysis using Imaris software (Fig. 6C), virus colocalized at the
plasma membrane with cortical actin, suggesting that host cy-
toskeleton was required for internalization. We further ex-
plored the effects of both drugs on the infection, i.e., the ability

FIG. 5. Effects of different inhibitors on JcDNV infection. L. dispar cells were pretreated with different inhibitors before, at, and after (4 h)
JcDNV infection. Virus infectivity was quantified at 48 h p.i. as described in the text. Results represent the average of three different sections. Nt,
nontreated; Ni, noninfected cells.





of the virus to traffic to the nucleus. No staining was detected
when these inhibitors were added 1 h before infection, showing
that infection was totally impaired by both treatments (Fig.
5A). Disrupting the cytoskeleton before infection might reduce
virus internalization below an infectious threshold if we con-
sider the high particle-to-infectivity ratio. Treating the cells
just after virus adsorption still affected infection even though
inhibition was partial in ND-treated cells (Fig. 5B). This loss in
efficiency of ND might be explained by a limited role of mi-
crotubules in virus uptake. In that case, viral particles inter-
nalized before cytoskeleton disruption might lead to a produc-
tive infection while their traffic to the nucleus might depend
more on the actin network. When performed at 4 h p.i., both
treatments displayed only a little effect on virus replication
(Fig. 5C), showing that virus traffic was not dependent at this
time point on cytoskeleton and/or that cytoplasmic JcDNV
escape had already occurred.

DISCUSSION

DNVs are considered as potential microbiological agents
against insect pests. We chose JcDNV as our model to study its
potentiality. This potential use raised several underlying ques-
tions about the cellular interactions that also control insect
susceptibility. JcDNV has a potentially broad host spectrum;
understanding the first steps of infection, i.e., the elucidation of
host factors involved in binding and entry processes, might
help to understand the infection and the pathogenesis of new
hosts. The aim of this work was to understand the early cellular
events that lead to JcDNV infection of a permissive insect cell
line.

We first observed a clear clathrin-mediated uptake of viral
particles by electron microscopy. To link viral entry and traf-
ficking with infection, we designed a functional assay to block
important cellular functions with drugs and analyzed the re-
sulting effect on virus replication. We have applied a variety of
different molecules to block the viral nuclear translocation at
different intracellular steps. This assay validates and strength-
ens an analysis made at an early time of entry, when the sole
microscopic observation of fixed cells could have been misleading.

Here, we describe for the first time the entry of an insect
parvovirus within a host cell, and we demonstrate that viral
entry is a rate-limiting step in the infection process. Alternative
strategies remain to be set up with these lepidopteran cells; few
sequences are available, thus excluding an RNA interference
targeting approach, and low transfection efficiencies are at the
moment the main obstacle to the expression of dominant neg-
ative proteins.

JcDNV infection proceeds mainly through clathrin-coated
vesicles. Many studies have shown that parvovirus uptake re-
quires receptor-mediated endocytosis allowing virus internal-

ization via the clathrin-dependent endocytic pathway (18). Our
results demonstrate that JcDNV internalization is rapid and
that the infection pathway also proceeds mainly via clathrin-
dependent endocytosis probably through a cell surface recep-
tor. Neither the cellular receptor nor the receptor binding sites
on the capsid for any insect parvovirus have been characterized
so far. Based on their capsid structures and sequences, DNV
potential interacting residues and host range determinants
could be predicted (6, 45). No prediction, however, can be
made for a cellular receptor, as illustrated by the diversity of
characterized parvoviral receptors (9) and the structure of the
capsids. Furthermore, insect parvovirus capsids have relatively
smooth surfaces compared to the surfaces of vertebrate par-
voviruses (6, 45). Interestingly, our results show that only the
major viral structural protein VP4 could mediate VP4-VLP
binding and internalization via a similar mechanism even
though we cannot exclude a role for other structural protein(s)
in the cell membrane attachment and/or in the infectious rout-
ing of viral particles.

Infectious pathway requires late endosomal trafficking. We
have shown that viral particles enter cells rapidly within vesi-
cles and then accumulate around the nucleus within 30 min p.i.
Most of the particles remain within endosomal compartments
at least for 4 h. Several points are unsolved concerning the
sorting of viral particles. We could assume that the time for the
virus to reach the nucleus is 4 h p.i. because it mainly depends
on the traffic through late endocytic compartments. Impairing
JcDNV routing through late endosomes or the ER strongly
inhibits infection and shows that the “default” infectious path-
way requires this step.

Acidification is known to be essential for the parvoviruses
entry and may induce capsid conformational changes essential
for infection (13, 38, 41). In vertebrate parvoviruses, the VP1-
associated PLA2 activity seems to be directly or indirectly
responsible for late endosomal escape (53). Like most parvo-
viruses, JcDNV presents the conserved PLA2 and the basic
NLS-like motifs in the VP1 region (16, 27, 53). We showed that
neutralizing the endosomal pH at 4 h p.i. had no effect on
infection, thus restricting the role of acidification and/or the
time of viral escape. Combining the observations that blocking
early to late endosomal/ER traffic and acidification impaired
infection might suggest that acidification is important for in-
fection; whether this effect is direct remains unclear. JcDNV
capsid mutations within PLA2 or NLS-like domains did not
abolish infection albeit the in vivo infectivity was decreased (A.
Abd-Alla, personal communication), suggesting an important
role for these domains in DNV pathogenesis. Defining the role
of these motifs will help elucidate the role of the pH in the
infection process.

A low-pH environment probably initiates JcDNV release

FIG. 6. Effects of different inhibitors on JcDNV trafficking. (A) L. dispar cells were untreated or pretreated with BFA, WTN, NH4Cl, CQ, CD,
or ND and subsequently infected with JcDNV as described in Materials and Methods. The analysis was made as described in the legend of Fig.
4. Scale bars, 20 �m and 5 �m (zoom). (B) Effects of drugs disrupting the cytoskeleton on L. dispar cells. L. dispar cells were incubated with 10
�M CD and 30 �M ND for 1 h and then fixed to observe microtubule (anti-�-tubulin; green) and microfilament (FITC-phalloidin; green)
morphology by confocal analysis. Nuclei are in blue or red (DAPI). Scale bar, 20 �m. (C) Colocalization analysis was performed on images over
five consecutive stacks (0.5 �m) by using the 3D imaging analysis software Imaris, version 5.7.0 (Bitplane). The threshold was set manually. Nt,
nontreated. Scale bars, 6 �m (Nb) and 3 �m (CP2, CD, ND).



from vesicles to the cytoplasm. Whether this release preferen-
tially occurs within late endosomes or lysosomes or both is
unclear. Localization of the lysosomes far from the nucleus and
the fact that no viral labeling is detected at 16 h p.i. most likely
suggest a massive degradation of viral particles in this com-
partment. We cannot rule out a lysosomal requirement for the
infection process that could be hidden by the high number of
viral particles used in these experiments. The use of more
cellular markers will help to clarify the virus endosomal traffic
and escape mechanisms.

Trafficking toward the nucleus requires an intact cytoskel-
eton. Whether JcDNV particles require an intact cytoskeleton
network to enter the cells or whether this network facilitates
the movement of virus-containing vesicles within the cytoplasm
is unclear and remains to be studied more carefully. Previous
studies have shown that cytoskeleton elements and PI3K play
an important role in controlling the AAV intracellular move-
ment or the internalization of adenovirus (25, 42). Our results
are consistent with these observations since disrupting cy-
toskeleton strongly inhibits viral entry and infection. However,
the role of PI3K on traffic remains unclear since blocking this
pathway affects more than virus trafficking. As already ob-
served, blocking the phosphatidylinositol pathway might affect
multiple functions, including DNA replication (54). Recently,
WTN was shown to target polo-like kinase and block cell cycle
progression (29). Targeting one or both pathways might ex-
plain the inhibition of viral DNA replication.

Concluding remarks. As already observed for other parvo-
viruses, even though this part is poorly documented, JcDNV
infection is very inefficient if we consider the high particle-to-
infectivity ratio. It has been suggested that escape from endo-
somes is the major limiting step in infection (31, 34). In the
JcDNV infection process, most particles entering the cells do
not replicate and are eliminated. We were not able to clearly
detect incoming viral proteins within the nucleus even though
a few of them were detected close to chromatin as early as 30
min p.i. This observation might reflect either that DNA enter-
ing the nucleus is naked or that it is associated with rearranged
viral proteins.

It has been suspected that parvoviruses escape from all the
endocytic organelles, which probably reflects the complexity of
a trafficking process that depends on the cellular context en-
countered by the virus in vivo. In the natural course of infec-
tion, lepidopteran larvae are infected through ingestion of
contaminated food. JcDNV must first traffic through polarized
intestinal cells although these cells do not replicate the virus
(unpublished data). Alternative trafficking pathways might aid
the virus to cross epithelial barriers and reach target tissues to
replicate.
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