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Abstract

Grass carp reovirus (GCRYV), the genus Aquareovirus in family Reoviridae, is viewed as the most pathogenic aquareovirus.
To understand the molecular mechanism of how aquareovirus initiates productive infection, the roles of endosome and
microtubule in cell entry of GCRV are investigated by using quantum dots (QDs)-tracking in combination with bio-
chemical approaches. We found that GCRYV infection and viral protein synthesis were significantly inhibited by pretreating
host cells with endosome acidification inhibitors NH4Cl, chloroquine and bafilomycin Al (Bafi). Confocal images indi-
cated that GCRYV particles could colocalize with Rab5, Rab7 and lysosomes in host cells. Further ultrastructural exami-
nation validated that viral particle was found in late endosomes. Moreover, disruption of microtubules with nocodazole
clearly blocked GCRYV entry, while no inhibitory effects were observed with cytochalasin D treated cells in viral infection,
hinting that intracellular transportation of endocytic uptake in GCRYV infected cells is via microtubules but not actin
filament. Notably, viral particles were observed to transport along microtubules by using QD-labeled GCRV. Altogether,

our results suggest that GCRV can use endosomes and microtubules to initiate productive infection.
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Introduction

Aquareoviruses, members of the family Reoviridae, have
been isolated from a wide variety of aquatic organisms in
both sea and freshwater origins. The pathogens are
nonenveloped viruses, and can cause infection in aquatic
organisms including bony fish, shellfish, and crustaceans
worldwide (King et al. 2011). Although some of aquare-
oviruses are isolated from breeding aquatics with minor
symptoms, several members of this group are important
pathogens. Such as grass carp reovirus (GCRV), which is
able to cause fatal hemorrhagic disease of grass carp and
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also can induce cell—cell fusion and produce characteristic
cytopathic effect (CPE) in its permissive cells (Fang et al.
1989; Ke et al. 1990; Guo et al. 2013). GCRV is recog-
nized to be the most pathogenic amongst isolated aquare-
oviruses (Rangel et al. 1999; Jaafar et al. 2008). Previous
studies have been demonstrated that core proteins (VP1-
VP4, and VP6) of GCRV are mainly responsible for viral
replication, while outer capsid proteins VP5 and VP7 play
critical role in viral entry and infection (Fang et al. 2005;
Li and Fang 2013). More than twenty GCRV strains have
been reported so far, and the whole genome sequences have
been completed from ten of the GCRYV isolates. Based on
the phylogenetic relationship of core protein VP6, three
groups were classified, with representative isolates GCRV-
873 (group I), GCRVHZO0S (group II), and HGDRYV (group
IIl) (wang et al. 2012; Rao and Su 2015).

Nonenveloped viruses are unable to take advantage of
membrane fusion to enter cells, and instead, must disrupt
lipid membrane to form pores for initiating efficient cell
entry. In general, reoviruses are activated for entry and
infection by undergoing a series of programmed proteolytic
cleavages to generate infectious subvirion particles (ISVPs)
for productive infection (Sturzenbecker et al. 1987; Fang
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et al. 2008). In addition, release of the myristoylated pro-
tein pl in MRV or VPS5 in aquareovirus at N-terminus is
necessary for reovirus membrane penetration at an early
stage of viral infection (Chandran et al. 2002). Recent
study indicated that the autocleavage of outer capsid pro-
tein VP5 of aquareovirus is required for efficient infection
and its N-terminal myristoylated short peptide played key
role for penetrating cell membrane and promoting infec-
tivity (Chen et al. 2018). Upon internalization, viruses are
usually delivered to endosomal compartments and trans-
ported along actin filaments or microtubules (Doherty and
McMahon 2009; Mainou et al. 2013). Like other non-en-
veloped viruses, uncoating in MRV or aquareovirus results
in the removal of outer-capsid protein 63/VP7 and con-
formational rearrangement of outer-capsid protein pu1/VP5,
which allows endosomal membrane penetration and release
of transcriptionally active viral core particles into the
cytoplasm (Li and Fang 2013; Suomalainen and Greber
2013). The detailed event of how GCRV initiates its
infection in host cells is largely unknown.

Inorganic semiconductor nanocrystal quantum dots
(QDs) possess remarkable photostability and brightness,
which have been shown to be powerful tool for single
particle with long-term imaging of viral infection in live
cells (Bruchez et al. 1998; Medintz et al. 2005). Previ-
ously, we have revealed that the caveolae/raft-mediated
endocytosis is required for aquareovirus entry by using
QD-labeled GCRV in combination with biochemical
analyses (Zhang et al. 2017, 2018). In this study, we further
identified that the infectivity of GCRV was suppressed by
endosome acidification inhibitors, indicating that GCRV
infection requires a low pH intracellular compartment.
Moreover, GCRV infection was obviously prohibited by
disrupting microtubules with the specific drug nocodazole.
This result provides basis for further revealing molecular
pathogenesis of aquareovirus.

Materials and Methods
Cell and Virus

The Ctenopharyngodon idellus kidney (CIK) cell line was
used in this study for the propagation of GCRV. CIK cells
were grown at 28 °C in Eagle’s minimum essential med-
ium (MEM, Invitrogen) including 2 mmol/L L-glutamine
supplemented with 10% fetal bovine serum (MEM-10).
The GCRV-873, the type strain of GCRV, was isolated
from fresh aquaculture fishery in Shaoyang county, Hunan
province (Ke et al. 1990). The virus cultivated in Eagle’s
MEM supplemented to contain 2% fetal bovine serum
(MEM-2) was grown in monolayers of CIK cells as pre-
viously described (Fang et al. 1989; Ke et al. 1990).

Antibodies and Inhibitors

The anti-biotin mouse monoclonal antibody was obtained
from Santa Cruz Biotechnology. The alkaline-phosphatase-
coupled goat anti-mouse IgG or goat anti-rabbit IgG was
the product of Sigma-Aldrich, and peroxidase-conjugated
goat anti-mouse IgG or goat anti-rabbit IgG was purchased
from Thermo Pierce. The Alexa Fluor 488 donkey anti-
rabbit IgG (H 4+ L) was purchased from Invitrogen Co.
(Invitrogen, Carlsbad). The mouse and rabbit polyclonal
antibodies (pAbs) against proteins VP3, VP5 and VP7 of
GCRV were generated in our laboratory as reported pre-
viously (Yan et al. 2015a; Zhang et al. 2018). Pharmaco-
logical inhibitors chloroquine (CQ), NH4Cl, cytochalasin D
(Cyto D), bafilomycin Al (Bafi), and nocodazole (Noco)
were purchased from Sigma-Aldrich.

Preparation of Quantum Dot Labeled GCRV

Quantum dot labeling of GCRV were performed as
described elsewhere (Zhang et al. 2017, 2018). In brief, the
purified virions were first incubated with sulfosuccin-
imidyl-6-biotinamidohexanoate (sulfo-NHS-LC-biotin,
Thermo Scientific) at 28 °C for 2 h to obtain biotinylated
GCRVs (bio-GCRVs), and then were separated from
Unbound biotin by using ZebTM spin desalting column
(Thermo Scientific) according to the manufacturer’s
instruction. After biotinylation, the purified bio-GCRVs
were incubated with streptavidin-conjugated QDs (SA-
QDs, 625 nm, Invitrogen) for 3 h at room temperature. The
further purification of QDs labeled GCRV were performed
by using sucrose density gradient centrifugation (SDGC) as
described previously (Fang et al. 2005).

Real-Time qPCR Analysis

The real-time quantitative PCR (qPCR) was performed
following previous reported methods (Yan L et al. 2015).
The virus genome was amplified by qPCR for detecting the
expression level of minor core protein VP2. The primers
used for the real-time qPCRs are as the following: the
forward primer 5-TACGCCTACACCTTACTTCAA-3’
and reverse primer 5-CGGTTCGGTCCACTCTATT-3'
(114 bp). In brief, total RNAs were extracted from the
infected CIK cells at 24 hpi by using RNA extraction kit
(Omega) according to kit instruction. Then qPCR was
performed on a real-time thermo cycler (BIO-RAD) with
the CFX 96 software. Each reaction was performed in
triplicate and B-actin was analyzed as a control for each
experiment. The relative expression ratios were calculated
by a mathematical model and Graphpad Prism V5.01 was
used for relative quantification.
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Infection and One-Step Growth Curve

One-step growth curve was performed in CIK cells as
described previously (Furlong et al. 1988; Maginnis et al.
2008; Zhang et al. 2013). Initially, cells were infected with
QD-bio-GCRYV, bio-GCRYV and GCRYV at an MOI of 5, and
then the viral infected cell supernatant was taken out at 8,
12, 24, 36, 48, 60, 72, 84, and 96 h postinfection (hpi)
respectively. All collected samples were stored at — 80 °C
for further titer determination by immunofluorescence
assay (IFA) using antibody against protein VP5. Briefly,
the collected supernatant from virus-infected cells was
serially diluted in serum-free MEM and then added into the
CIK cells for 48 h cultivation at 28 °C. After washing
twice with PBS, the cells were fixed with 4%
paraformaldehyde and processed for immunofluorescence
staining. The number of immunofluorescent focus was
counted under fluorescence microscopy. The viral titer was
determined by examining the mean number of
immunofluorescent focus units (IFU) of virus presented in
three random microscope fields, and three independent
experiments were performed.

Infection assays were performed by determining the
plaque formation unit (PFU) in the presence of the inhi-
bitors according to previously described method (Furlong
et al. 1988; Yan L et al. 2015). In brief, CIK cells were
grown in 24-well tissue culture plates before the day of
carrying out inhibitor treatment experiment. The cultured
cells were pretreated with all the indicated drugs for 1 h at
28 °C. And then, cells were inoculated with GCRV at an
MOI of 1 in the drug-containing medium at 4 °C for 1 h.
The infected cells were washed with PBS to remove un-
adsorped virions, and then were maintained in MEM-2 in
the presence of the inhibitors at 28 °C for 48 h. Finally, the
cells were fixed with 4% paraformaldehyde and stained
with methylrosaniline chloride solution.

Western Blot (WB) Analysis

WB was used for viral entry and infection analysis. CIK
cells were plated in 6-well microplates (Corning) at a
density of 2 x 10° cells for cultivation. After treating with
inhibitors, cells were then inoculated with GCRV at an
MOI of 5 in the presence of drugs for 1 h at 4 °C. Infected
CIK cells were washed twice with PBS and incubated with
fresh MEM-2 medium plus inhibitors at 28 °C for 24 h. In
each experiment, cells were treated with drugs at indicated
concentration for 60 min before or after virus addition and
maintained during the infection. All the cells were har-
vested and washed twice with PBS, then lysed in RIPA
buffer (Beyotime Institute). Cell lysates were fractionated
by SDS-PAGE and further analyzed by WB with specific
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primary antibodies against VP3, VP5 and VP7 of GCRV.
Alkaline-phosphatase-coupled goat anti-rabbit IgG or goat
anti-mouse IgG were used as secondary antibodies. B-actin
was detected simultaneously as a loading control.

Transmission Electron Microscopy (TEM)
for Ultrastructural Examination

Ultrastructural examinations were performed as described
previously (Fan et al. 2010; Zhang et al. 2018). In brief,
GCRV particles were added to the CIK cells with the
serum-free MEM at 4 °C for 20 min to allow binding to
cell surface receptors. After removing the supernatants, the
infected cells were incubated with fresh MEM-2 at 28 °C
for 30 min. The collected cell samples were fixed with 2%
glutaraldehyde for preparing ultrathin serial sections.
Ultrathin sections were obtained using a Leica EM UC7
(Leica Microsystems, Vienna, Austria) and mounted on
copper grids. All the grids were examined by using an FEI
G20 Tecnai transmission electron microscope (FEI, Tecnai
G20 TWIN).

Immunofluorescence Microscopy

CIK cells (1 x 10° per well) were seeded and cultured in
glass-bottomed petri dishes overnight at 28 °C, then
infected with QD-bio-GCRVs. Meanwhile, QD and
GCRV + QD were served as controls. Following 20 min
postinfection (mpi), all the cells were fixed with 4%
paraformaldehyde at room temperature for 30 min and
permeabilized with 0.2% Triton X-100 for 15 min. After
blocking with BSA, cells were washed three times with
PBS and then incubated with an antibody against protein
VPS5 or VPI. Alexa 488-labeled donkey anti-mouse IgG
(H + L) antibody (Invitrogen) was used as second anti-
body, and hoechst 33342 (Invitrogen) was used to stain the
nuclei. Imaging was processed with a PerkinElmer Ultra-
View VOX system using Nikon Ti microscope.

Inhibitors Blocking Assay

To analyze GCRYV uptake, CIK cells were pretreated with
all the listed inhibitors. Cells were incubated with the
indicated inhibitors prior to exposure to the QD-bio-
GCRV. After pretreatment, cells were washed with PBS
and incubated with QD-bio-GCRV at an MOI of 100 at
28 °C for 1 h. Then the cells were incubated in MEM-2 in
the presence of inhibitor for 3 h. Image acquisition was
performed under the laser confocal microscope (Nikon). To
quantify the effect of a drug treatment, the location of QD-
bio-GCRYV in infected cells with drugs or mock treatment
was evaluated by determining the mean number of cells
showed virus internalization. Three independent
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experiments were performed, and cells were selected in ten
random microscope fields at x60 magnification in each
experiment.

For investigating the entry route of the QD-bio-GCRYV,
cells were pretreated with different concentrations of
inhibitors for 1 h prior to incubation with QD-labeled
virus. After pretreatment, cells were washed with PBS and
inoculated with QD-bio-GCRV at an MOI of 5 for 1 h.
Following adsorption, infected cells were washed three
times with PBS and incubated in MEM-2 in the presence of
inhibitors. And then, the cell lysates and supernatants of
GCRV-infected cells were collected at 24 hpi for WB
assays and viral titration, respectively.

Plasmids and Transfections

Plasmids pEGFP-actin, pcDNA3.1-GFP-MAP4, pEGFP-
Rab5, pEGFP-Rab7 were kindly provided by Prof. Hanz-
hong Wang, Wuhan Institute of Virology, CAS. The
transfection experiments were performed as described
previously (Shao ef al. 2013). Briefly, monolayers of CIK
cells were transfected with indicated plasmid DNA mixed
with Lipofectamine LTX PLUS reagent (Invitrogen)
according to the manufacturer’s instruction. At 24 h post-
transfection (hpt), cells were subjected to fluorescence
microscopy observation for further entry assays.

Live Microscopy Experiments

In order to track the single-virus particle movement during
entry into live cells, cells were grown on glass-bottom
culture dishes for overnight cultivation. The nuclei of the
CIK cells were pre-stained with hoechst 33342. Then the
purified QD-bio-GCRVs were added to the cultured cells
for dynamic tracking at 28 °C, and the real-time entry of
the virus was imaged using Velocity software
(PerkinElmer).

To visualize synchronized entry of labeled virus, the
QD-bio-GCRVs were added to the drug-pretreated or the
transfected cells and allowed to binding at 4 °C for 30 min
in the presence of inhibitors. After washing with PBS, the
infected cells were placed at 28 °C in the presence of
inhibitors for real-time tracking. QDs were excited with
561 nm lasers. Serial images were recorded using the
UltraView VOX (PerkinElmer) confocal system with an
inverted microscope (Nikon).

Statistical Analysis
The statistical significance was determined using the

unpaired Student’s ¢ test. P values were interpreted as
*P < 0.05; **P < 0.01. All graphs represent means and

standard deviations of normalized data points for triplicate
samples from each of three independent experiments.

Results

Infection and Real Time Tracking Assays of QD
Labeled GCRV Particles

We previously identified that GCRV can use caveolae/raft-
mediated endocytosis for cell entry (Zhang et al. 2018). To
understand whether endosome and cytoskeleton are
involved in GCRV productive entry, we obtained QD-la-
beled GCRYV for live-virus tracking by using our previously
established method of specific surface labeling of GCRV
with QDs (Zhang et al. 2017). To evaluate whether the
QD-labeled GCRV remains its original biological activi-
ties, the relative infectivity of QD-bio-GCRV was evalu-
ated by qPCR analysis at 24 hpi, and the mRNAs encoding
core protein VP2 (RNA-dependent RNA polymerase,
RdRp) were detected to assess the expression levels of the
RdRp. It appeared that the relative expression level of VP2
with modified GCRV in infected cells remained at 87%
after biotinylation and at 72% after the conjunction with
QDs (Fig. 1A). Further, the influence of the labeling on
viral infectivity was also examined by one-step growth
curve using IFA. As shown in Fig. 1B, QD-bio-GCRV
exhibited similar growth kinetics as that of unmodified
virus. Although there was a slight decrease in viral titer
with QD-bio-GCRYV by comparing to unmodified virus in
the early phase of infection, both of them reached a max-
imum titer at 60 hpi, suggesting that the QD-modified
GCRUVs still retained relative high infectivity. This result
indicated that the viral infectivity of QD-bio-GCRYV is not
significantly affected by the QD conjunction.

To test whether the QD-bio-GCRYV could facilitate virus
tracking during entry into host cells, the QD-bio-GCRVs
were inoculated with CIK cells and imaged by confocal
microscope for in situ real-time dynamic tracking. Snap-
shots clearly showed that a single-particle of QD-bio-
GCRV attached to the cell membrane during very early
stage of infection, and was soon internalized into the
cytoplasm (Fig. 1C and Supplementary Movie S1). Alto-
gether, the results strongly indicated that QD-bio-GCRVs
could be used for virus imaging, and were real time
tracking-capable in live cells.

Weak Base NH,Cl Could Inhibit GCRV Infection

Previous studies indicated that MRV and aquareovirus
infection can be inhibited by treating cells with inhibitors
of acid-dependent lysosomal proteinases, such as the weak
base NH,4Cl (Chandran et al. 1999; Yan S et al. 2015). To
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Fig. 1 Infection and real time tracking assays of QD labeled GCRV
particles. A Viral infectivity of QD-bio-GCRV, Bio-GCRV and
GCRYV was calculated by qPCR analysis at 24 hpi. B One-step growth
curves of QD-bio-GCRYV, Bio-GCRYV and GCRYV in CIK cells. Cells
were infected with the indicated virus at an MOI of 5, and non-
adsorbed viruses were removed at 1 hpi. The infection was allowed to
proceed at 28 °C and the supernatant was taken at the indicated time.
Titers were determined by IFU. The data shown represent the mean

evaluate that the red fluorescent dots represent GCRV
rather than free QDs, the viral infectivity was also exam-
ined by treating cells with inhibitor NH,4Cl1 to prevent viral
entry. As shown in Fig. 2A, most of the fluorescent dots of
the QD-bio-GCRVs were located on the membrane of CIK
cells pretreated with 10 mmol/L. NH4CI (Fig. 2A, upper
panel). In contrast, such an inhibitory distribution of QD-
bio-GCRYV was not found in mock treated cells (Fig. 2A,
middle panel). In addition, the strong red fluorescent signal
was not detected in the cells incubated with unmodified
GCRV and free QD (GCRV + QDs) (Fig. 2A, bottom
panel), indicating that NH4Cl could efficiently inhibit QD-
bio-GCRYV internalization into cells. These results proved
that QD-labeled GCRYV can enter cells like native virus and
GCRYV entry could be inhibited by weak base NH,Cl.

To further prove the effect of the agent NH4Cl on viral
replication, infections then proceeded in the presence of
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values and standard deviations from three independent experiments.
C Snapshots of QD-labeled GCRV entering into live cell. QD-bio-
GCRVs were added to the adherent cells directly for dynamic
tracking at 28 °C. In situ real-time images of QD-bio-GCRVs in a live
cell without synchronization of any kind. Single-particle of QD-
labeled GCRYV is indicated with white circle. Red fluorescence in the
cytoplasm indicates internalized virus.

different concentrations of NH4Cl (from O to 30 mmol/L)
at 28 °C, then viral protein expression and infectious titers
were determined at 24 hpi. As expected, the protein
expression level and viral titers were reduced as concen-
tration increased, which showed that NH,Cl could diminish
GCRV infection in a dose-dependent manner (Fig. 2B,
2C), suggesting that infections with aquareovirus were
blocked by NH4CI. This result indicates that NH,Cl could
inhibit GCRV infection.

GCRYV Infection Requires Endosomal Acidification

To initiate efficient infection, many viruses enter cells
through cellular endosomal systems to make acidic envi-
ronment (Forzan et al. 2007; Huang et al. 2011; Mainou
and Dermody 2012). Based on the aforementioned result
that GCRV infection could be inhibited by weak base
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Fig. 2 Weak base NH4ClI could inhibit GCRV entry and infection.
A Fluorescence distribution of QD-bio-GCRVs infected cells in the
presence or absence of NH4Cl. Cells were incubated with or without
10 mmol/L NH4Cl prior to exposure to QD-bio-GCRV at an MOI of
100 at 28 °C. Imaging was performed at 3 hpi by the laser confocal
microscope. B-C Viral proteins expression and virus yield assays in
NH,Cl-treated CIK cells. Cells were pretreated with different drugs at

NH,Cl, we supposed that GCRV may utilize endocytic
compartment during cell entry to initiate productive
infection. To test this hypothesis, we next investigated
whether GCRYV infection needs the acidic environment of
the endosomal compartment. We first treated CIK cells
with different concentrations of Bafi and CQ, which are
known to inhibit the acidification of endosomes and lyso-
somes (Sturzenbecker et al. 1987; Mainou and Dermody
2012). As shown in Fig. 3A, the GCRYV infected CIK cells
pre-treated with Bafi and CQ appeared a pattern that QD-
bio-GCRYV fluorescence signal rested on the cell membrane
and failed to reach the cytosol, which was different from
DMSO-treated cells. Further statistical analyses were per-
formed to calculate the percent of the internalization. In the
absence of drugs, almost all CIK cells were infected with
the labeled GCRVs, with an internalization rate of 96.7%
for DMSO. In the presence of endosome acidification
inhibitor, the infection rate was significantly reduced, with
an internalization rate of about 33% for Bafi, and 21% for
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the indicated concentrations and then infected with GCRVs in the
presence of drugs. The expression level of viral proteins was analyzed
by WB (B), and the progeny virus titer was determined by plaque
assay (C). Three independent experiments, repeated three times for
each sample, were performed. Asterisks denote a statistically
significant change in virus titer compared to that in the absence of
NH4CI (*P < 0.05; **P < 0.01).

CQ, respectively (Fig. 3B). Time-lapse images of the QD-
bio-GCRYV and CIK cells in the presence of CQ showed no
obvious internalization in the visual field (see Supple-
mentary Movie S2). These results demonstrate that both
Bafi and CQ inhibit GCRYV infection. To further confirm
the inhibitory effect in virus replication cycle, we treated
CIK cells with different concentrations of Bafi and CQ
before and after viral infection, it showed that Bafi and CQ
with high concentration could make a marked inhibitory
effect on viral proteins synthesis (Fig. 3C, 3E, left panel)
and progeny virus production (Fig. 3D, 3F) before virus
adsorption to cells. However, when treated cells with high
concentration Bafi and CQ after virus infection, no
observed inhibition in both protein expression (Fig. 3C,
3E, right panel) and viral infectivity (Fig. 3D, 3F) could be
detected, suggesting that the low endosomal pH is critical
for GCRYV entry, but not for replication.
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Fig. 3 The low-pH is essential for GCRV entry and replication in
CIK cells. A-B Fluorescence profile and quantitative analysis of QD-
bio-GCRVs in Bafi-, CQ-treated and untreated cells (DMSO). Bafi
and CQ significantly reduced the internalization of QD-bio-GCRVs
into the CIK cells. Cells were pretreated with indicated concentrations
of inhibitors for 1 h and then incubated with QD-bio-GCRVs for 3 h
in the presence of inhibitor. 150 cells were enumerated in each

Endosomes and Lysosomes are Required
for GCRV Entry

To determine whether GCRV entry was associated with the
endosome and lysosome system, pEGFP-Rab5 and pEGFP-
Rab7 were transfected into CIK cells to indicate early
endosomes and late endosomes, and the LysoTracker
(lysosome-specific dye) was used to stain the lysosomes.
The transfected or stained cells were infected with GCRV,
and examined by confocal immunofluorescence micro-
scopy. As shown in Fig. 4A—4C, the -colocalization
between QD-bio-GCRVs and Rab5, Rab7 and lysosomes
could be detected at 30 mpi, indicating that GCRV parti-
cles transport along early endosomes, late endosomes and
lysosomes during internalization. To further prove the
image results, the ultrastructural examinations using TEM
were also conducted. It showed that GCRV particles were
delivered to endocytic compartments and located in lyso-
somes during early entry (Fig. 4D1-4D4). All together, the
results indicated that the endosome compartments and low
pH are required for productive infection of GCRV.
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experiment, three independent experiments were carried out, error
bars represent standard deviations (**P < 0.01). C-F Effects of
inhibitors Bafi (C, D) and CQ (E, F) on GCRYV infection in CIK cells.
Cells were treated with drugs at different concentrations, or different
times (before or after virus addition) at the indicated concentrations.
Then the synthesis of viral proteins was detected by WB experiment,
and viral production was examined by PFU assay.

GCRV Entry is Microtubule-Dependent and Actin-
Independent

As is known, cytoskeleton plays critical roles during virus
entry into cells. Upon internalization, many viruses are
usually delivered to endosomal compartments and trans-
ported along actin filaments or microtubules (Doherty and
McMahon 2009; Mainou et al. 2013). Cyto D is a cell-
permeable inhibitor of actin polymerization by binding to
F-actin polymer and preventing polymerization of actin
monomers (Huang et al. 2011; Sanchez et al. 2012). Noco
can disrupt microtubules in cells by interfering with the
polymerization of microtubules (Eilers et al. 1989; Mainou
et al. 2013). To assess the effect of the inhibitors in GCRV
infection, CIK cells were pretreated with various concen-
trations of Cyto D or Noco. It showed that the structural
proteins (VP3, VP5 and VP7) synthesis and viral replica-
tion was not significantly affected by treating cells with
Cyto D, even in the presence of very high concentrations of
this drug (Fig. 5A, 5B), while the expression yields of the
three structural proteins and viral titer were gradually
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A

Fig. 4 Localization analysis of GCRV endocytic uptake. A-C QD-
bio-GCRVs co-localize with Rab5, Rab7 and lysosomes during the
early stage of infection in CIK cells. CIK cells expressing Rab5 (A) or
Rab7 (B) were infected with QD-bio-GCRVs at 24 hpt, and then
captured by confocal laser scanning microscope at 30 mpi. CIK cells
treated with LysoTracker for 1 h (C) were also incubated with QD-
bio-GCRVs for 30 min and then used for observation. D Ultrastruc-
tural analysis of GCRYV internalization. CIK cells were infected with

decreased by pretreating cells with increased concentra-
tions of Noco (Fig. 5C, 5D). These results indicate that
actin is not essential in GCRV transportation, and micro-
tubule may play an important role in the intracellular
transport of virions.

Real Time Tracking of Microtubule Dependent
Pathway

After finding the role of microtubule in viral transportation,
it is important to capture interaction between GCRV and
cytoskeleton microtubule in real time. To prove whether
GCRYV colocalize with actin or microtubule in live cells,
EGFP-actin (GFP fused to the actin) and GFP-MAP4 (GFP
fused to the microtubule-binding domain of mammalian
microtubule-associated protein 4) were used to express in
CIK cells to indicate actin filaments and microtubules, and
then the cells were inoculated with GCRV. As shown in

o,

GCRYV particles at an MOI of 500 at 4 °C for 30 min, then washed
with PBS and fixed for TEM. Representative images reveal the
organelles resembling endosomes and lysosomes containing GCRV
particles in cells at 30 min (D1-2), and 60 min (D3-4) post-
adsorption. Reovirus virions localized in structures that resemble
endosomes and primary lysosomes are indicated by black arrows.
Secondary lysosomes are indicated by white arrows. Scale bars,
500 nm.

Fig. 6A, no obvious colocalization was observed between
GCRYV and actin on the CIK cells at 30 mpi. Under the
same conditions, colocalization between GCRV particles
and microtubules was clearly observed (Fig. 6B). Further
real-time tracking recorded that GCRV particles were
associated with the microtubules and moved along micro-
tubules during infection (Fig. 6C, see Supplementary
Movie S3), suggesting that actin may not be involved in
GCRYV internalization but microtubules may be crucial for
intracellular transport of GCRV during entry.

Discussion
The efficient entry of viruses into host cells requires cel-
lular endosome systems (Forzan et al. 2007; Huang et al.

2011; Mainou and Dermody 2012). Previous studies on
reovirus cell entry indicated that virion uncoating by
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Fig. 5 GCRYV entry is microtubule-dependent and actin-independent.
A-D Effects of inhibitors Cyto D and Noco on GCRYV infection in
CIK cells. Cells were pretreated with different drugs at the indicated
concentrations and then infected with GCRVs in the presence of
drugs before being collected the cells. The supernatants of GCRV-

endosomal proteases is an essential step of the viral life
cycle, and exposure of virions in endocytic vacuoles leads
to formation of ISVPs (Silverstein et al. 1972; Sturzen-
becker et al. 1987), which showed the presence of both
virions and ISVPs within endocytic vesicles at early times
of infection (Maginnis et al. 2008; Schulz et al. 2012). The
endosome compartment, which could provide acidic com-
partments, usually plays a vital role in virus entry into host
cells. Accumulating evidences show that most enveloped
and non-enveloped viruses depend on a low-pH step to
trigger infection either by viral envelope fusion or virion
uncoating within the endosome membrane via programmed
proteases treatment and then release their genome into the
cytosol (Sturzenbecker et al. 1987; Forzan et al. 2007,
Mainou and Dermody 2012).

In this study, using QD-labeled GCRV and combing
biochemical assays, we first identified that weak base
NH,CI can strongly inhibit GCRV entry and infection. And
we further confirmed that GCRYV infection and viral protein
synthesis were significantly inhibited by pretreating host
cells with endosome acidification inhibitors CQ and Bafi
Al. Given that the Rab GTPases coordinate vesicular
transport and localize to specific organelles, it can serve as
molecular markers to study endosome trafficking
(Stenmark 2009). To clarify the above results, we also
performed colocalization assays by transfection Rab5 and
Rab7 into host cells and combined direct TEM observation.
Confocal images indicated that GCRV particles colocal-
ized with Rab5, Rab7 and lysosomes in host cells. But the
overlapping in Rab5-marked early and Rab7-marked late
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infected cells were collected at the 24 h post-infection. The level of
viral proteins of GCRV in the presence of Cyto D (A) or Noco
(C) was analyzed by Western blot. The progeny virus titer of GCRV
in the presence of Cyto D (B) or Noco (D) was determined by plaque
assay.

endosomes is less than that of lysosomes. Since the spectral
overlapping colocalization of fluorescently labeled GCRVs
with tested endosome markers was recorded only at one
indicated time point, this result is not surprising. Further
ultrastructural examination validated that viral particle was
found in late endosomes. The finding that QD-bio-GCRVs
colocalized to early, late endosomes and lysosomes during
entry into host cells is consistent with recent report that
reovirus virions need to traffic to late endosomes and some
particles are eventually delivered to lysosomes for prote-
olytic disassembly (Mainou and Dermody 2011, 2012;
Patel et al. 2016). This result is also concordant with the
reports that both clathrin- and caveolar-mediated pathways
can traffic cellular cargoes to lysosomes (Doherty and
McMahon 2009; Lopez and Arias 2010). These imaging
results, combined with the data from our endosome inhi-
bitor studies, confirm an important role of endosome in the
early phases of GCRV infection. So we propose that
GCRYV enters host cells in a pH-dependent manner.
Following internalization, viruses encounter another
issue of how to reach the replication site to initiate efficient
infection. As such, viruses therefore need to use host cel-
lular transport system for their trafficking (Doherty and
McMahon 2009; Nicola et al. 2013). Studies revealed that
many viruses delivered to endosomal compartments and
transported to the cytosol or nucleus along actin filaments/
microtubules during viral infection (Mabit et al. 2002;
McDonald et al. 2002). Our data indicated that no inhibi-
tory effects were observed with Cyto D treated cells in viral
internalization, while the inhibitor Noco significantly
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Fig. 6 Real time tracking of microtubule dependent pathway. A—
B QD-bio-GCRVs co-localize with microtubules (B) but not with
actin (A) during the early stage of infection. CIK cells were
transfected with pEGFP-actin or pGFP-MAP4 prior to incubation
with QD-bio-GCRVs. A magnification of the cell surface detail (box)
showed many viral particles (red) colocalized with microtubule
(green) near the cell membrane. And GCRYV is not located in dot-like
actin filaments. C Snapshots of a GCRV particle (white arrow)

inhibited GCRYV entry and viral structural protein synthesis
during infection. Further confocal images showed that
fluorescently labeled GCRVs strongly colocalized with
microtubules in cells. Moreover, we observed that GCRV
colocalized with and trafficked along microtubules by
dynamic live-cell imaging and single-virus tracking, sug-
gesting that GCRV involved in microtubule-based trans-
port in infected cells. Similarly, the cytoplasmic movement
of influenza virus has also been shown to rely on micro-
tubules during different stages of infection (Liu er al.
2011). Orthoreoviruses including avian reovirus that cause
infected cells to form syncytia and enters cells via cave-
olin-1, and unfusogenic MRVs also use microtubules
trafficking route to enter cells (Salsman et al. 2005; Liu
et al. 2008; Huang et al. 2011). This finding suggests that
intracellular transportation of endocytic uptake via

00:03:00.172 “***

00:03:24.173 “*"

transporting along microtubules and being internalized into the
cytoplasm. A movie depicting this process is also available (see
Supplementary Movie S3). CIK cells were transfected with pGFP-
MAP4 prior to incubation with QD-bio-GCRVs. Live cell images
were captured using time-lapse confocal fluorescence microscopy
after incubation with QD-bio-GCRVs for 30 min at 28 °C. The time
that each snapshot was taken is indicated in white at the top of each
frame.

microtubules is a conserved cell entry mechanism used by
different genera of reoviruses. The detailed molecular
mechanism of how aquareovirus engages internalization
and endosomal transport and interacts with host factors
needs further systemic investigation.

Based on the results presented in this study and com-
bined our previous finding (Zhang et al. 2018), we pro-
posed that caveolae/raft-mediated with low pH and
microtubule-dependent endocytic uptake is one of the
productive entry pathways for GCRV infection. As
schematically illustrated in Fig. 7, GCRYV is internalized by
endocytosis involving caveolae/lipid raft-mediated endo-
cytic route and microtubules dynamics in a low pH man-
ner. To our knowledge, this is the first time to disclose that
endosome systems and microtubule dependent endocytosis
is an efficient infection route for GCRV entry. The
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Fig. 7 Model for GCRV
productive entry into CIK cells.
Following attachment to CIK
cell surface, GCRV particle is
endocytosed in a caveolae/raft-
mediated and microtubule
dependent manner to form
endocytic vesicle, then
transported into early, late
endosomes and lysosome
compartment for undergoing
stepwise disassembly, and
finally delivered the
transcriptionally active core into
the cytoplasm via outer capsid
protein mediated membrane
penetration.

evidences provided in this study broaden our understanding
of the pathways required for productive GCRV infection
and may foster development of broadly active antivirals
that inhibit key steps in the entry process of aquareovirus.
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