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Infectious spleen and kidney necrosis virus (ISKNV) is the type species of the genus Megalocytivirus from the family Iridoviridae.
Megalocytiviruses have been implicated in more than 50 fish species infections and currently threaten the aquaculture industry,
causing great economic losses in China, Japan, and Southeast Asia. However, the cellular entry mechanisms of megalocytiviruses
remain largely uncharacterized. In this study, the main internalization mechanism of ISKNV was investigated by using manda-
rin fish fry (MFF-1) cells. The progression of ISKNV infection is slow, and infection is not inhibited when the cells are treated
with ammonium chloride (NH4Cl), chloroquine, sucrose, and chlorpromazine, which are inhibitors of clathrin-dependent endo-
cytosis. The depletion of cellular cholesterol by methyl-�-cyclodextrin results in the significant inhibition of ISKNV infection;
however, the infection is resumed with cholesterol replenishment. Inhibitors of caveolin-1-involved signaling events, including
phorbol 12-myristate 13-acetate (PMA), genistein, and wortmannin, impair ISKNV entry into MFF-1 cells. Moreover, ISKNV
entry is dependent on dynamin and the microtubule cytoskeleton. Cofraction analysis of ISKNV and caveolin-1 showed that
ISKNV colocates with caveolin-1 during virus infection. These results indicate that ISKNV entry into MFF-1 cells proceeds via
classical caveola-mediated endocytosis and is dependent on the microtubules that serve as tracks along which motile cavicles
may move via a caveola-caveosome-endoplasmic reticulum (ER) pathway. As a fish iridovirus, ISKNV entry into MFF-1 cells is
different from the clathrin-mediated endocytosis of frog virus 3 entry into mammalian cells (BHK-21) at 28°C, which has been
recognized as a model for iridoviruses. Thus, our work may help further the understanding of the initial steps of iridovirus
infection.

The essential events involved in a successful viral infection cycle
include the specific attachment of a viral structural protein to

a cellular receptor, followed by the internalization of the virus into
the host cells and the subsequent uncoating of the virion to release
viral genomes (51). For efficient cell entry, many animal viruses
employ several different endocytosis pathways. Of these pathways,
two have been proven to be the most frequently used: the clathrin-
dependent entry pathway and the caveola-mediated endocytosis
pathway (48).

Clathrin-mediated endocytosis is the best-characterized path-
way and is considered the primary route of endocytosis entry into
cells. A large number of viruses that enter host cells through a
clathrin-mediated pathway (CMP) have been identified, such as
Semliki Forest virus (SFV) (50), the polyomavirus JC virus (JCV)
(44), influenza virus (6), West Nile virus (10), African swine fever
virus (24), hantaan virus (26), dengue virus serotype 2 (43), and
rubella virus (27), among others. This type of endocytosis involves
clathrin-coated pit (CCP) formation, assembly, and budding, fol-
lowed by CCP transport into acidic endosomal and lysosomal
compartments and the trans-Golgi network (39). The prevention
of the assembly of CCPs at the plasma membrane by hypertonic
sucrose or chlorpromazine could inhibit the clathrin-mediated
uptake of viruses (34). In the endosomes and lysosomes, a low pH
triggers penetration; thus, the clathrin-mediated endocytosis
pathway is sensitive to changes in pH in these low-pH compart-
ments by reagents, such as chloroquine (CQ) and ammonium
chloride (NH4Cl), resulting in an inhibition of viral infection (13).

An alternative to the clathrin-mediated pathway, endocytosis
via caveolae, is another well-characterized pathway. The first

knowledge of this pathway was based mainly on the entry mech-
anism of simian virus 40 (SV40) (1). In this mechanism, viruses
bind to a specialized membrane domain composed of sphingolip-
ids and cholesterol, called caveolae. Morphologically, caveolae are
50- to 100-nm flask-shaped plasma membrane invaginations
present in most cell types (17). The formation of caveolae is me-
diated by the marker protein caveolin-1. Caveolin-1 plays an im-
portant role in the stabilization of the plasma membrane associa-
tion of caveolae, rather than the induction of raft invagination
(35). Frequently, caveolae on most cell surface have little motility
and dynamics. However, a signal cascade caused by the activation
of tyrosine kinases could result in slow but efficient internalization
(30). Accumulating evidence shows that endocytosis mediated by
caveolae requires unique structural and signaling machinery
(caveolin-1 and Src kinase), indicating that caveolar endocytosis
occurs through a mechanism that is distinct from those of other
forms of lipid microdomain associations and signaling event-
dependent endocytosis (7). Ligands internalized via caveolae will
later be delivered to several different compartments. For instance,
SV40 and cholera toxin (CTx) are delivered to caveolin-1-
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positive, pH-neutral endocytosis compartments distinct from the
compartments of the classical endocytosis and exocytosis path-
ways, the so-called caveosome, and then transported to the Golgi
complex and the endoplasmic reticulum (ER), respectively (41).
As for the others, such as the autocrine motility factor (AMF), they
are delivered directly to the Golgi complex (31). Considering all
the characteristics of caveolae mentioned above, internalization
into the host cells via caveolae is a clathrin-independent pathway,
which is sensitive to cholesterol depletion, associated with signal-
ing events, and dynamin dependent (35). Since its discovery, the
use of caveolae for entry into host cells has been demonstrated for
other viruses, such as amphotropic murine leukemia virus (2),
enteroviruses (33), coronavirus 229E (37), and foot-and-mouth
disease virus (3), among others.

Iridoviruses are large icosahedral cytoplasmic DNA viruses
that contain circularly permutated, terminally redundant,
double-stranded DNA genomes (20). The current members of the
family Iridoviridae are divided into five genera: Iridovirus, Chlo-
riridovirus, Ranavirus, Lymphocystivirus, and Megalocytivirus (8).
Infectious spleen and kidney necrosis virus (ISKNV) is the type
species of the genus Megalocytivirus. ISKNV was first isolated from
mandarin fish (Siniperca chuatsi) in 1998 (23). It has been impli-
cated in infections of more than 50 fish species and currently
threatens the aquaculture industry, causing great economic losses
in China (19). Within the last 3 decades, the mechanism of cellular
entry of iridoviruses has been considered to be receptor-mediated
clathrin endocytosis, based on the observation of the entry of frog
virus 3 (FV3), the type species of the genus Ranavirus, into mam-
malian cells (BHK-21) at 28°C. In the early 1980s, transmission
electron micrographic observations of FV3 entry revealed that en-
veloped FV3 particles were internalized by adsorptive endocytosis
via coated pits and then moved through endosomes and, finally,
lysosomes (5). Thus far, studies of the mechanisms of FV3 entry,
replication, assembly, and budding are recognized as the model
for the iridovirus life cycle (8). Recently, research on the uptake of
tiger frog virus (TFV) (a ranavirus) into mammalian cells
(HepG2) at 27°C showed that it is a pH-dependent atypical
caveola-dependent endocytosis (21). In addition, mandarin fish
caveolin-1 may play a key role in ISKNV infection, as identified
previously by our laboratory (22). These differences in endocyto-
sis pathways taken by viruses from the same genus may be caused
by their infection of different hosts (9). An increasing number of
fish iridoviruses have been isolated, and many viral structure
genes and nonstructural genes have been identified (8). However,
little is yet known about the early events of fish iridovirus infection
and their mechanisms of cellular entry into their host cells.

In this study, we use pharmaceutical and molecular methods to
investigate the main internalization mechanism of ISKNV entry
into mandarin fish fry (MFF-1) cells. Our data show that ISKNV
enters MFF-1 cells via caveolae, which is pH independent and
cholesterol and dynamin dependent.

MATERIALS AND METHODS
Cells and virus. Mandarin fish fry (MFF-1) cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) at 27°C under a humidified atmosphere containing
5% CO2. An ISKNV strain adapted to grow in MFF-1 cells was used in all
experiments. ISKNV cell-free virus was prepared as previously reported
(13), and the titer was determined by a plaque assay.

Antibodies and reagents. Mouse polyclonal serum antibodies against
mandarin fish caveolin-1 (anti-mCav-1) antibody and rabbit polyclonal
serum antibodies against the ISKNV structural protein ORF101L (anti-
ORF101L) were prepared as previously reported (14, 22). Rabbit anti-�-
tubulin monoclonal antibodies were purchased from Epitomics, Inc.
(Burlingame, CA). Goat anti-mouse IgG and goat anti-rabbit IgG conju-
gated with alkaline phosphatase were purchased from Promega (Madison,
WI). Alexa Fluor 488-labeled goat anti-mouse IgG, Alexa Fluor 555-
labeled goat anti-rabbit IgG, Alexa Fluor 488-labeled low-density lipopro-
tein (LDL) (AF488-LDL), and Hoechst 33342 were obtained from Invit-
rogen Corporation (Carlsbad, CA). The chemicals used in this study were
purchased from Sigma-Aldrich (St. Louis, MO). Most chemicals were
diluted in dimethyl sulfoxide (DMSO) solution according to the manu-
facturer’s instructions, including filipin III, wortmannin, genistein,
methyl-�-cyclodextrin (M�CD), nystatin, progesterone, phorbol 12-
myristate 13-acetate (PMA), cholesterol, dynasore, and nocodazole, while
the chemicals ammonium chloride (NH4Cl), sucrose, chloroquine (CQ),
and chlorpromazine (CPZ) were diluted in distilled water.

Infection kinetics of ISKNV. MFF-1 cells were seeded onto coverslips
in 48-well plates and then exposed to ISKNV at a multiplicity of infection
(MOI) of 10 and incubated at 27°C for 0, 1, 2, 3, 4, 5, 6, 7, 8, 12, 16, and 24
h. Noninternalized viruses were inactivated by using citrate buffer (40
mM sodium citrate, 10 mM KCl, and 135 mM NaCl at pH 3.1) for 2 to 3
min. About 72 h after infection, the cells were processed via an immuno-
fluorescence assay (IFA) using the anti-ORF101L antibody.

Entry kinetics of ISKNV. Cells were seeded onto coverslips in 48-well
plates 1 day prior to binding and prechilled at 4°C immediately before the
experiment was conducted. ISKNV was diluted in medium and added to
the prechilled cells. After virus was absorbed at 4°C for 1 h, the cells were
washed with ice-cold phosphate-buffered saline (PBS) (137 mM NaCl, 2.7
mM KCl, 100 mM Na2HPO4, 2 mM KH2PO4) before fresh medium was
added. The virus inocula were inactivated and removed by washing once
with citrate buffer at 0, 0.5, 1, 1.5, 2, 3, 4, 5, and 6 h after a shift to 27°C. The
cells were thereafter grown for 72 h in DMEM with 10% FBS and then
processed for IFAs.

Drug treatments of MFF-1 cells during ISKNV infection. MFF-1
cells grown on coverslips were treated with various chemicals for 1 h prior
to ISKNV infection. Control cells were incubated in medium with the
corresponding solvent. The cells were then infected with ISKNV for 4 h at
27°C in the continued presence of the chemicals. After 4 h, the cells were
washed once with citrate buffer to inactivate the virus and three times with
PBS and then incubated with DMEM plus 10% FBS for 72 h. The cells
were then fixed and analyzed by IFA. CPZ, NH4Cl, CQ, and sucrose were
used to inhibit clathrin-mediated endocytosis; filipin III, nystatin, genis-
tein, M�CD, and PMA were used to inhibit caveola-mediated endocyto-
sis; nocodazole was used to disrupt the microtubule structure; dynasore
was used to inhibit dynamin; and wortmannin was used as a phosphoino-
sitide 3-kinase (PI3K) inhibitor.

Western blotting. Virus internalization was analyzed by immuno-
blotting analysis using the anti-ORF101L antibody. Standard immuno-
blotting involved proteins separated by SDS-PAGE and transferred onto
nitrocellulose. After 72 h of infection with ISKNV, the cells were lysed with
lysis buffer containing 50 mM Tris-HCl (pH 6.8), 2% SDS, and 100 �M
�-mercaptoethanol supplemented with a protease inhibitor cocktail (cat-
alog no. 539134; Calbiochem). The protein concentrations in the cell ly-
sates were determined by using a DC protein assay kit (Bio-Rad). Exactly
100 �g of each protein was resolved by SDS-PAGE and electrotransferred
onto polyvinylidene difluoride (PVDF) membranes. After blocking with
5% nonfat milk in Tris-buffered saline (TBS)–Tween (TBST) (50 mM
Tris, 150 mM NaCl, 0.05% Tween 20) for 1 h, the membranes were incu-
bated with anti-ORF101L antibodies for 1 h at room temperature. After
washing with TBST, the membrane was further incubated with goat anti-
rabbit IgG conjugated with alkaline phosphatase (1:5,000 dilutions in
TBST) as the secondary antibody for 1 h. The color reaction was devel-
oped by using an alkaline phosphatase chromogen (nitroblue tetrazolium
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[NBT]–5-bromo-4-chloro-3-indolylphosphate [BCIP]) substrate solu-
tion. Endogenous �-tubulin (as an internal control protein) was detected
by using an anti-�-tubulin antibody. The bands of Western blot (WB)
results were quantified and analyzed by use of Quantity One v4.62 soft-
ware, and the data were then expressed as means � standard deviations
(SDs) and analyzed by using SPSS v13.0 software.

IFA. To visualize the internalization of LDL, MFF-1 cells grown on
coverslips were incubated with AF488-LDL for 30 min at 27°C. Unbound
LDL was removed by washing the cells with citrate buffer. Cells grown on
glass coverslips were infected with ISKNV and then treated with the drugs
described above. At 72 h postinfection, the cells were washed three times
with TBS and then fixed with methanol at �20°C for 5 min. At this time,
the cells were washed three times with TBS, permeabilized by incubation
with TBS– 0.5% Triton X-100 for 15 min, and incubated with a blocking
buffer (TBS containing 5% goat serum and 1% bovine serum albumin
[BSA]) at 37°C for 30 min. After three washes with TBS, the coverslips
were incubated with primary antibodies diluted in blocking buffer for 1 h.
After that, the coverslips were rinsed four times with TBS and then incu-
bated with the appropriate Alexa Fluor 488-labeled goat anti-mouse IgG
or Alexa Fluor 555-labeled goat anti-rabbit IgG as a secondary antibody in
blocking buffer for 1 h. The coverslips were stained with Hoechst 33342,
followed by three washes with TBS. The cells were viewed, and micro-
graphs were captured with a Zeiss microscope.

Cholesterol replenishment of M�CD-treated MFF-1 cells. The ex-
change of membrane cholesterol for exogenous cholesterol required the
initial removal of cholesterol from the MFF-1 cell membrane by M�CD
treatment and the subsequent replenishment of cholesterol in the de-
pleted cells. The cells were treated with M�CD for 1 h at 27°C. This step
was followed by the addition of 10, 50, or 100 �g/ml exogenous choles-
terol into the medium containing M�CD, and the samples were incubated
with ISKNV for 4 h at 27°C. The cells were then prepared for IFAs.

Immunofluorescence labeling and confocal microscopy. Subconflu-
ent MFF-1 cells grown on coverslips were prechilled and then infected
with ISKNV. At 1 h postinfection, the cells were rinsed with TBS and
replenished with fresh DMEM. The cells were then incubated at 27°C for
the indicated times and subsequently washed with TBS and fixed with
methanol. The cells were analyzed by IFA using anti-mCav-1 and anti-
ORF101L antibodies and then viewed under a confocal microscope
(LSM510; Zeiss) equipped with 555/488-nm argon-krypton and 543-nm
helium-neon lasers.

RESULTS
ISKNV infection is a slow process. Virus entry via clathrin-coated
vesicles mediates the fast and efficient transfer of receptor-bound
particles to an acidic endosomal compartment, whereas the inter-
nalization processes of virus endocytosis via caveolae were re-
ported previously to be slower than the other endocytosis mech-
anism (2). Thus, to characterize the ISKNV entry mechanism, our
initial step was to determine virus infection of and entry kinetics in
MFF-1 cells. To investigate the infection kinetics of ISKNV,
MFF-1 cells were infected with ISKNV, and the noninternalized
viruses were removed by washing the cells with citrate buffer at the
different times indicated. As shown in Fig. 1A, only about 6% of
MFF-1 cells were infected after 1 h of exposure to ISKNV. Fur-
thermore, the time of infection reached the half-maximal infec-
tion level (t1/2) about 7 h after the addition of virus.

To determine the process of internalization into cells, the entry
kinetics were also analyzed. The cells were prechilled and then
infected with ISKNV (MOI � 10) for 1 h at 4°C. Under these
conditions, the virus bound to the cell surface, but internalization
did not occur. After washing with cold PBS to remove unbound
viruses, the cells were incubated at 27°C to allow the internaliza-
tion of virus to begin. At different times, noninternalized ISKNV

was inactivated with citrate buffer and then incubated at 27°C for
72 h. Infection was scored by IFA. As expected, ISKNV entered
MFF-1 cells primarily between 2 and 4 h after the initiation of
infection (Fig. 1B). Slow entry kinetics is one of the characteristics
of caveola-dependent entry (2). These results indicated that
ISKNV entry into MFF-1 cells may be a caveola-dependent and
not a clathrin-dependent endocytosis pathway.

ISKNV entry and infection are clathrin independent. To in-
vestigate the early steps of ISKNV infection of MFF-1 cells, inhib-
itors that specifically block different entry pathways were used.
Since iridovirus endocytosis was previously described to be clath-
rin dependent (8), different from slow ISKNV infection, the role
of clathrin-dependent endocytosis was first evaluated by using
several disrupting drugs.

The effect of hypertonic medium (300 mM sucrose) was first
investigated, resulting in the dissociation of clathrin vesicles from
the plasma membrane (34). The IFA was performed by using an
anti-ORF101L antibody, and the ISKNV infection rate was then
scored. As shown in Fig. 1C, treatment with 100, 150, 200, 250,
and 300 mM sucrose did not inhibit ISKNV infection compared to
the untreated control (0 mM). Similar results were also observed
by Western blotting. Therefore, the dissociation of clathrin vesi-
cles from plasma membranes did not significantly affect ISKNV
infection.

For further confirmation, CPZ was used to inhibit clathrin.
CPZ causes clathrin lattices to assemble on endosomal mem-
branes while inducing the misassembly of clathrin-coated pits at
the plasma membrane (4). As shown in Fig. 1D, in the cells treated
with CPZ, virus infection was minimally inhibited at 72 h postin-
fection, even at the highest dose (35 �M), as seen via IFA and
Western blotting.

To verify the effects of these two drugs on clathrin-mediated
endocytosis, we applied AF488-LDL, which was reported previ-
ously to enter via the clathrin-mediated pathway, as a positive
control (29). Cells were pretreated with or without drugs under
the same conditions as those used for the ISKNV infection assay,
followed by incubation with AF488-LDL for 30 min in the pres-
ence or absence of the corresponding drugs. Uninternalized LDL
was washed away by washing cells with citrate buffer. Figure 1E
shows that both sucrose and CPZ completely blocked the inter-
nalization of AF488-LDL compared to mock-treated cells, which
demonstrates the specific disruption of clathrin-mediated endo-
cytosis by these two drugs (Fig. 1C and D). All the results indicated
that the entry of ISKNV into MFF-1 cells was independent of
clathrin.

Entry of ISKNV is dependent on membrane cholesterol.
Next, we evaluated whether or not ISKNV internalization occurs
via caveola-mediated endocytosis. Caveolae are formed from lipid
rafts, consisting of cholesterol and sphingolipids, in the exoplas-
mic leaflet; i.e., cholesterol is a prominent compound of lipid rafts,
which are involved in caveola formation, and the depletion of this
compound from the membranes with M�CD impairs caveola-
mediated endocytosis (46). Thus, to clearly define the role of
membrane cholesterol in viral entry, the effect of M�CD on
ISKNV entry into MFF-1 cells was studied. As shown in Fig. 2A
(left), treatment of the cells with 1, 1.5, and 1.8 mM M�CD inhib-
ited ISKNV infection by 45%, 60%, and 70%, respectively, com-
pared to the untreated control (0 mM), whereas no significant
inhibition was observed with 0.5 mM M�CD. Western blotting
results also showed an inhibitory effect of M�CD on the expres-
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sion of the ISKNV structural protein ORF101L. As shown in Fig.
2A (right), 0.5 mM M�CD did not significantly change the level of
the ORF101L protein; however, ORF101L expression was signifi-
cantly inhibited by 1.8 mM M�CD. In contrast, under the same
conditions as those used to block ISKNV internalization, M�CD
seemed to have no effect on the internalization of LDL (Fig. 2E).
These results suggest that the depletion of cellular cholesterol re-
sulted in a significant reduction of subsequent ISKNV infection.

If the effects of M�CD on ISKNV infection were due to the
removal of cholesterol, the replenishment of cholesterol after
M�CD treatment should restore infection. After treatment with
1.8 mM M�CD for 1 h, the cells were allowed to recover either in
cholesterol-free medium or in cholesterol-supplemented me-
dium, which resulted in a nearly complete restoration of infection
levels. As shown in Fig. 2B, ISKNV infection was significantly
inhibited in cells treated with 1.8 mM M�CD alone, and the rate of
infection was only �30%. With the replenishment of the cells with
10 to 100 �g/ml cholesterol, the ISKNV infection rate increased
from �30% to �80%. The cholesterol replenishment resulted in a
dose-dependent reversal of the inhibitory effect of M�CD on
ISKNV infection; i.e., cholesterol depletion is likely to be respon-
sible for the observed inhibition.

The acute effect of cholesterol depletion by M�CD may also
result in the inhibition of cholesterol-independent endocytosis

(25). To exclude this possibility, the combination of the
cholesterol-binding drug nystatin or filipin III and the cholesterol
synthesis inhibitor progesterone was studied. Caveolae are highly
enriched with cholesterol, the invagination of which requires cer-
tain conditions formed by cholesterol and caveolin-1. Conse-
quently, sequestration with the sterol-binding drugs filipin III and
nystatin will diminish the internalization of ISKNV entry via
caveola-dependent endocytosis. As shown in Fig. 2C, at the high-
est concentration of nystatin (100 �g/ml) or filipin III (50 �g/ml)
along with 20 �g/ml progesterone, ISKNV infection was reduced
by around 50% compared to virus infection of control cells. As
determined by Western blotting, the expression of ORF101L in
ISKNV-infected cells was significantly inhibited by 100 �g/ml
nystatin or 50 �g/ml filipin III with 20 �g/ml progesterone
(Fig. 2D).

These results verify the role of cholesterol in the internalization
of ISKNV into MFF-1 cells and suggest that ISKNV enters MFF-1
cells through the caveola-dependent endocytosis pathway.

ISKNV entry into MFF-1 cells is caveola dependent. Endocy-
tosis via caveolae is clathrin independent, sensitive to cholesterol
depletion, associated with signaling events, and dynamin depen-
dent. Since caveolar budding is regulated by reversible phosphor-
ylation (36), the effects of PMA, genistein, and wortmannin on
ISKNV infection were determined. Activators of protein kinase C,

FIG 1 ISKNV infection with MFF-1 cells is a slow process and is independent of endocytosis via clathrin. (A) Infection kinetics of ISKNV. MFF-1 cells were
exposed to ISKNV, and at the indicated time points, noninternalized viruses were inactivated by using citrate buffer (pH 3.1). At 72 h postinfection, the cells were
detected by an immunofluorescence assay (IFA) using the anti-ORF101L antibody, and the infected cells were then counted. The values for viral infectivity are
normalized to the 24-h value. The data shown represent the arithmetic means and standard deviations from three independent experiments. (B) Entry kinetics
of ISKNV. ISKNV was bound to MFF-1 cells at 4°C, and the cells were washed to remove the unbound viruses. At the indicated time points, noninternalized
viruses were inactivated by using citrate buffer. At 72 h postinfection, positive cells were detected by IFA and then counted. The values of viral infectivity are
normalized to the 4-h value. (C and D) Effects of inhibitors of endocytosis via clathrin, sucrose (C) and chlorpromazine (CPZ) (D), on ISKNV infection. The cells
were pretreated for 1 h with various concentrations of the reagents as indicated or were not treated (as a positive control), and ISKNV was then added and
incubated for 4 h. After 72 h of incubation, cells were processed for IFA or Western blotting with anti-ORF101L antibody. For IFA, viral infections were quantified
as the percentage of positive, treated cells relative to the number of untreated control cells. The viral infection rate of cells not treated with reagents (as a positive
control) was arbitrarily set as 100%. The data shown are the means and standard deviations of the results from three independent experiments. For Western
blotting, endogenous �-tubulin was included as an internal loading control. Lanes marked “�” indicate untreated control cells, and lanes marked “�” indicate
the negative controls without ISKNV infection. (E) Effects of CPZ and sucrose on AF488-LDL entry into MFF-1 cells. Cells were pretreated with sucrose (200
mM) (b) or CPZ (10 �M) (c) for 1 h at 27°C and then incubated with AF488-LDL for 30 min at 27°C in the continued presence of the drugs. Panels a indicate
control cells without drug treatment but with AF488-LDL incubation.
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such as the phorbol ester PMA, disrupt caveolae and block their
invagination (1). As shown in Fig. 3A, the effect of the treatment of
MFF-1 cells with different doses of PMA (0.1, 0.5, 1, 5, and 10 �M)
was a dose-dependent reduction of ISKNV infection. At 10 �M,
the rate of infection by ISKNV decreased to less than 20% com-
pared to the infection of control cells. The expression levels of
ORF101L were also significantly inhibited by 10 �M PMA, as
shown by Western blotting.

Previous research on JCV and SV40 showed that signal induc-
tion is important for viral entry; therefore, we examined whether
or not ISKNV also induced a signal essential for its entry. Genis-
tein, a tyrosine kinase inhibitor, blocks the signals induced by JCV
and SV40 (45), so we determined whether or not this chemical was
also capable of blocking the entry of ISKNV. This part of the ex-
periment was performed by using the assay described above; the
infection rate was determined by IFA at 72 h post-ISKNV infec-
tion. As shown in Fig. 3B, the infectious entry of ISKNV was com-
pletely inhibited with 50 �M genistein; the expression of
ORF101L was significantly inhibited with 25 �M genistein and
nearly completely blocked with 50 �M genistein. To establish a
control for the possible effects of PMA and genistein on clathrin-
mediated endocytosis, we measured the effects of these drugs on
the internalization of AF488-LDL under the same conditions as
those used to block SV40 internalization. No significant inhibi-
tions of the internalization of LDL into MFF-1 cells were seen in
our experiments (Fig. 2E). These results indicate that ISKNV-

induced transmembrane signaling is important for efficient viral
entry into host cells.

Recently, several kinds of receptors were found abundantly in
caveolae, including the inhibitory regulative G protein (Gi)-
coupled receptor. It was reported that the activation of the Gi-
coupled Src kinase pathway plays an important role in the forma-
tion and migration of endocytosis vesicles in the caveola-mediated
pathway (15, 35), and the PI3K inhibitor wortmannin inhibited
Gi-coupled receptor-stimulated Ras activation. Thus, the effect of
wortmannin on infection by ISKNV is worth studying. Our results
showed an approximately 50% inhibition of ISKNV infection;
wortmannin also inhibited the expression of ORF101L (Fig. 3C).
Gi signaling plays an important role in the internalization of
ISKNV into MFF-1 cells.

These results suggest that ISKNV internalization into MFF-1
cells may involve signaling events associated with Src kinases and
further verify that ISKNV entry into MFF-1 cells requires caveola-
dependent endocytosis.

ISKNV entry into MFF-1 cells involves pH-independent en-
docytosis. Virus entry via clathrin-mediated endocytosis is sensi-
tive to changes in pH. pH-dependent atypical caveola-mediated
endocytosis through the trans-Golgi network (pH 6.0 to 6.7) was
found for the entry of BK virus into permissive Vero cells and for
the entry of tiger frog virus into HepG2 cells, while the classical
caveola-dependent endocytosis pathway is pH independent (16,
21). To determine whether or not ISKNV entry into MFF-1 cells is

FIG 2 Effects of methyl-�-cyclodextrin (M�CD), nystatin, and filipin III on ISKNV infection. (A) M�CD inhibits ISKNV infection. Cells were pretreated for 1
h with various concentrations of reagents as indicated or were left untreated (as a positive control), and ISKNV was then added and incubated for 4 h. After 72
h of incubation, cells were processed for IFA or WB with anti-ORF101L antibody. (B) Cholesterol replenishment of M�CD-treated cells infected with ISKNV.
Cells were pretreated with M�CD as described above. This step was followed by the addition of various concentrations of exogenous cholesterol as indicated, and
ISKNV was then added and incubated for 4 h. (C and D) Effects of nystatin and filipin III on ISKNV infection detected by IFA (C) and WB (D). Cells were
pretreated for 1 h with various concentrations of reagents as indicated along with 20 �g/ml progesterone or were left untreated (as a positive control), and ISKNV
was then added and incubated for 4 h. After 72 h of incubation, the above-described samples were processed for IFA or WB with anti-ORF101L antibody. For IFA,
viral infections were quantified as the percentage of positive, treated cells relative to the number of untreated control cells. The viral infection rate of cells not
treated with reagents (as a positive control) was arbitrarily set as 100%. The data shown are the means and standard deviations of the results from three
independent experiments. �, P � 0.05. For WB, endogenous �-tubulin was included as an internal loading control. Lanes marked “�” indicate untreated control
cells, and lanes marked “�” indicate the negative controls without ISKNV infection. (E) Effects of specific caveola-dependent pathway inhibitors on the uptake
of AF488-LDL. MFF-1 cells were pretreated with M�CD (1.8 mM) (lane 2), PMA (10 �M) (lane 3), or genistein (50 �M) (lane 3) for 1 h at 27°C and then
incubated with AFF488-LDL for 30 min at 27°C in the continued presence of the drugs. Lanes 1 indicate control cells incubated with AFF488-LDL without any
drug treatments.

ISKNV Enters MFF-1 via Caveola-Dependent Endocytosis

March 2012 Volume 86 Number 5 jvi.asm.org 2625

http://jvi.asm.org


independent of pH, lysosomotropic agents were used to disrupt
the acidification of intracellular organelles, to determine the role
of low pH in ISKNV infection. CQ and NH4Cl are weakly basic
amines that, in their neutral forms, selectively enter cellular com-
partments with a low internal pH and there become protonated,
elevating the pH of the target organelle (13). Infections were
scored by measuring the expression of the structural protein
ORF101L using immunofluorescence staining. As expected (Fig.
4A), NH4Cl and CQ treatments did not significantly inhibit
ISKNV infection, even at the highest doses used (50 mM and 75
�M, respectively), compared to the untreated controls. MFF-1
cells, whether left untreated or treated with NH4Cl or CQ, were
equally susceptible to ISKNV entry. As shown by Western blotting
for ORF101L expression, ISKNV-infected cells were also not sig-
nificantly inhibited when cells were treated with NH4Cl. Endoge-
nous �-tubulin levels, included as an internal loading control for
the Western blot analysis, were unaffected by the NH4Cl treat-
ments. Similar results were also observed for cells treated with CQ
(Fig. 4B). Meanwhile, when the same treatment (50 mM NH4Cl or
50 �M CQ) was applied to MFF-1 cells, the level of internalization
of LDL dramatically decreased (Fig. 4C). These observations sug-
gest that ISKNV entry is pH independent; i.e., ISKNV entry does
not occur through atypical caveola-dependent endocytosis, fur-
ther verifying that it is independent of clathrin-coated pits.

ISKNV entry and early infection events are dynamin and mi-
crotubule dependent. Dynamin is a large GTPase that forms a

dynamin ring at the stem connecting the nascent vesicle to the
plasma membrane and works as a motor protein involved in
pinching off vesicles from the cell surface (38). Dynamin was ini-
tially considered specific to the clathrin-dependent pathway; later,
however, it was found to play an important role in the initial steps
of both clathrin-mediated endocytosis and caveola-mediated en-
docytosis (47). Its involvement in viral entry is due to the forma-
tion of nascent coated vesicles, e.g., clathrin- or caveolin-coated
vesicles, at the plasma membrane. These coated vesicles form and
pinch off by a controlled mechanism that involves several pro-
teins, including dynamin. Dynasore, a dynamin inhibitor that
prevents the scission of dynamin-dependent endocytosis vesicles,
is a cell-permeable semicarbazone compound that inhibits the
GTPase activity of dynamin-1 and dynamin-2 (32). Dynasore has
been used to elucidate the roles of dynamin-dependent endocyto-
sis, both clathrin dependent and caveola dependent (18). In this
study, we tested whether or not ISKNV infection can be blocked
by dynasore. As shown in Fig. 5A, the infectious entry of ISKNV
was 55% to 65% inhibited by 25 to 50 �M dynasore in the IFA, and
ORF101L expression was significantly inhibited by 50 �M dyna-
sore in the Western blot analysis. These results demonstrate that
dynasore blocks ISKNV infection of MFF-1 cells in a dose-
dependent manner and that ISKNV entry into MFF-1 cells is dy-
namin dependent via the caveola-mediated endocytosis pathway.

Research regarding caveola-dependent endocytosis revealed
that the classical caveola-mediated endocytosis pathway is depen-

FIG 3 Effects of the inhibitors PMA (A), genistein (B), and wortmannin (C) on ISKNV infection. The cells were pretreated for 1 h with various concentrations
of the reagents as indicated or were left untreated (as a positive control), and ISKNV was then added and incubated for 4 h. After 72 h of incubation, cells were
processed for IFA or WB with anti-ORF101L antibody. For IFA, viral infections were quantified as the percentage of positive, treated cells relative to the number
of untreated control cells. The viral infection rate of cells not treated with reagents (as a positive control) was arbitrarily set as 100%. The data shown are the means
and standard deviations of the results from three independent experiments. �, P � 0.05. For WB, endogenous �-tubulin was included as an internal loading
control. Lanes marked “�” indicate untreated control cells, and lanes marked “�” indicate the negative controls without ISKNV infection.
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dent on microtubules that serve as tracks along which motile
cavicles move via a caveola-caveosome-ER pathway, such as in
SV40 (41), while the uptake of AMF is independent of microtu-
bules, and AMF is delivered directly from caveolae to the Golgi
complex-ER (31). To determine whether or not microtubules are
involved in ISKNV entry, nocodazole, a microtubule-dissociating
drug, was used. As shown in Fig. 5B, the treatment of cells with 10
�M nocodazole dramatically decreased (about an 80% reduction)
ISKNV infection compared to the untreated controls. Western

blotting showed that treatment with 1 to 10 �M nocodazole did
not result in a significant reduction of the levels of tubulin, but the
expression levels of ORF101L were also significantly inhibited by
�5 �M nocodazole. These results suggest that ISKNV entry into
MFF-1 cells is dependent on microtubules and proceeds via the
caveosome pathway.

Use of confocal microscopy to determine the locations of
caveolin-1 and ISKNV. To further confirm that ISKNV enters
MFF-1 cells via the caveola endocytosis pathway, immunofluores-

FIG 4 (A and B) Effects of NH4Cl (A) and chloroquine (CQ) (B) on ISKNV infection. Cells were pretreated for 1 h with various concentrations of reagents as
indicated or were left untreated (as a positive control), and ISKNV was then added and incubated for 4 h. After 72 h of incubation, the cells were processed for
IFA or WB with anti-ORF101L antibody. For the IFA, the viral infections were quantified as the percentage of positive, treated cells relative to the number of
untreated control cells. The viral infection rate of cells not treated with reagents (as a positive control) was arbitrarily set as 100%. The data shown are the means
and standard deviations of the results from three independent experiments. For WB, endogenous �-tubulin was included as an internal loading control. Lanes
marked “�” indicate untreated control cells, and lanes marked “�” indicate the negative controls without ISKNV infection. (C) Internalization of AF488-LDL
into MFF-1 cells treated with lysosomotropic agents. Cells were mock treated (no drugs) (a) or pretreated with NH4Cl (50 mM) (b) or CQ (50 �M) (c), followed
by incubation with AF488-LDL for 30 min.

FIG 5 Effects of dynasore and nocodazole on ISKNV infection. (A and B) Cells were pretreated for 1 h with dynasore (A) or nocodazole (B) with various
concentrations of reagents as indicated or were left untreated (as a positive control), and ISKNV was then added and incubated for 4 h. After 72 h of incubation,
the cells were processed for IFA or WB with anti-ORF101L antibody. For IFA, viral infections were quantified as the percentage of positive, treated cells relative
to the number of untreated control cells. The viral infection rate of cells not treated with reagents (as a positive control) was arbitrarily set as 100%. The data
shown are the means and standard deviations of the results from three independent experiments. �, P � 0.05. For WB, endogenous �-tubulin was included as
an internal loading control. Lanes marked “�” indicate untreated control cells, and lanes marked “�” indicate the negative controls without ISKNV infection.
(C) Internalization of AF488-LDL and ISKNV into MFF-1 cells. Cells grown on coverslips were prechilled and then infected with ISKNV at 4°C for 1 h, and
noninternalized viruses were then washed by using TBS, while the uninfected cells were used as a negative control. Cells were incubated with 50 �g of AF488-LDL
for 30 min at 4°C for binding, washed, transferred to 27°C for 30 min, and then fixed with methanol. The cells were analyzed by IFA using anti-ORF101L
antibodies and were then viewed under a confocal microscope (LSM510; Zeiss). ISKNV particles (red fluorescence), AF488-LDL (green fluorescence), and nuclei
(blue fluorescence) were visualized with Hoechst 33342.
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cence labeling of ISKNV was performed by labeling with an anti-
ORF101L antibody and the caveola marker caveolin-1. Double
labeling with anti-ORF101L and anti-mCav-1 antibodies at differ-
ent times showed colocalization. As shown in Fig. 6, no colocal-
ization was seen at 0 h (Fig. 6B, arrow), indicating that although
ISKNVs are bound to the membrane, they did not appear at the
caveola domain; at 0.5 to 1 h, colocalization increased with the
internalization of ISKNVs (Fig. 6C and D, arrowed), and at 2 h
postinfection, significant colocalization was seen (Fig. 6E, ar-
rows). At 4 h postinfection, ISKNV approached the nucleus (Fig.
6F, arrow). Taking into consideration the results described above
and in our previous study on the location of caveolin-1 in MFF-1
cells, the ubiquitous location of caveolin-1 makes this colocation
not so persuasive. To reinforce our conclusion, we performed a
confocal experiment with ISKNV and AF488-LDL. No colocaliza-
tion was observed with this assay (Fig. 5C), thus indicating that the
two employed different ways of entering MFF-1 cells.

DISCUSSION

Viruses that enter cells by endocytosis generally penetrate via dif-
ferent pathways, two of which are the most frequently used: the
clathrin-mediated pathway and the caveola-mediated endocytosis
pathway. In this study, inhibitors that specifically block different
entry pathways were used to investigate the early steps of ISKNV
infection of MFF-1 cells. Therefore, cell viability and toxicological
tests with most inhibitors were performed as previously described,
using Cell Counting Kit 8 (CCK-8) (21). The inhibitors, at the
concentrations used in this study, did not exhibit cytotoxic activ-
ity against MFF-1 cells (data not shown).

Endocytosis through clathrin-coated vesicles is pH sensitive
and clathrin dependent. In SFV and vesicular stomatitis virus

(VSV), which are endocytosed via CCPs, this process is very rapid
(28). AF488-LDL, a ligand endocytosed by the clathrin-mediated
pathway (CMP), also exhibits this rapid process: it took only 30
min for AF488-LDL to enter MFF-1 cells under our experimental
conditions. In contrast, ISKNV is internalized remarkably slowly.
ISKNV infection of MFF-1 cells reached the half-maximal infec-
tion level (t1/2) about 7 h after the addition of virus, whereas VSV
reaches the t1/2 after just 1.5 h (47). Slow infection kinetics were
also observed previously for the entry of amphotropic murine
leukemia virus into NIH 3T3 cells by caveola-dependent endocy-
tosis, reaching the t1/2 at about 5 h postinfection (2). The entry
kinetics confirmed that ISKNV enters MFF-1 cells with delayed
kinetics; ISKNV (�50 min) needed almost 3 to 4 times longer to
enter cells and to reach the t1/2 did than VSV or SFV (10 to 20
min), consistent with data from previous studies on virus entry via
caveolae (2). Furthermore, the inhibitors of the dissociation of
clathrin vesicles from the plasma membrane (CPZ and sucrose)
and cytosol acidification chemicals (NH4Cl and CQ) did not im-
pair ISKNV infection. Therefore, ISKNV is internalized by a
clathrin-independent pathway.

Since ISKNV infection was a slow clathrin-independent pro-
cess, more similar to caveola-mediated entry, several drugs that
block caveola-dependent endocytosis were used to identify the
ISKNV entry points that lead to infection. Pharmacological evi-
dence suggests that ISKNV infection is cholesterol dependent.
Moreover, previous studies have shown that the internalization of
caveolae is inhibited by kinase inhibitors. For example, SV40
binding to the cell surface activates a tyrosine kinase-based signal-
ing cascade, disrupting the local actin cytoskeleton and recruiting
dynamin II to caveola sites with abundant caveolin-1, and albu-
min binding to its receptor, gp60, triggers caveola endocytosis via

FIG 6 Confocal microscopy of ISKNV internalization into MFF-1 cells. Cells grown on coverslips were prechilled and then infected with ISKNV at 4°C for 1 h.
Noninternalized viruses were washed up by using TBS and fixed with methanol at 0 h (B), 0.5 h (C), 1 h (D), 2 h (E), and 4 h (F), while uninfected cells (A) were
used as a negative control. The cells were analyzed by IFA using anti-mCav-1 and anti-ORF101L antibodies and were then viewed under a confocal microscope
(LSM510; Zeiss) equipped with 555/488-nm argon-krypton and 543-nm helium-neon lasers. ISKNV particles (red fluorescence), mandarin fish caveolin-1
(green fluorescence), and nuclei (blue fluorescence) were visualized with Hoechst 33342. Magnification, �600.
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a Gi-coupled Src kinase-mediated pathway (35). Above all, the
internalization of some caveolar ligands is therefore a signal-
mediated process that requires caveolin-1 expression. Our studies
also prove that ISKNV infection can be inhibited by tyrosine ki-
nase inhibitors as well as the PI3K inhibitor (Fig. 3). These results
are consistent with the studies mentioned above. Caveolin-1 plays
an important role in caveola formation; in a previous study, it was
reported that the recombinant expression of caveolin-1 in cells
devoid of caveolae led to the formation of caveola-like vesicles
(49). The membrane-spanning caveolin-1 scaffolding domain
(CSD), essential for membrane attachment for caveolae, has a
docking role for certain signaling molecules, such as endothelial
nitric oxide synthase and protein kinase A (9, 11). The caveolin-1
scaffolding domain peptide (SDP) sequence offers opportunities
for direct interactions of the CSD with membranes. MFF-1 cells
treated with mandarin fish SDP (mSDP) show a dramatic reduc-
tion in ISKNV infection, as previously reported (22). These obser-

vations indicate that caveolin-1 plays an important role in the
formation and stabilization of caveolae and thus influences
ISKNV infection. Therefore, ISKNV enters MFF-1 cells via the
caveola-mediated pathway.

In addition, dynamin, a large GTPase reported to be essential
for clathrin-coated vesicle formation and transportation, also
plays an important role in ligand uptake through caveola-
mediated endocytosis and is required for the uptake of several
viruses (47). It appears to form a structural collar around the neck
of caveolae that hydrolyzes GTP to mediate internalization via the
fission of caveolae from the plasma membrane to form free trans-
port vesicles (38); that is, with dynasore, which rapidly inhibits the
GTPase activity of dynamin-1 and dynamin-2 with high specific-
ity and which prevents the scission of dynamin-dependent endo-
cytosis vesicles (32), we were able to determine whether dynamin
is involved in ISKNV entry. Our results (Fig. 5A) showed that
ISKNV entry was dependent on dynamin.

FIG 7 Models of cellular entry of iridoviruses. (A) Naked frog virus 3 (FV3) enters BHK-21 cells via membrane fusion. (B) Enveloped FV3 particles enter
BHK-21 cells via clathrin-dependent endocytosis. Viruses internalize into BHK-21 cells by adsorptive endocytosis via coated pits and then appear to move
through endosomes and, ultimately, to lysosomes. (C and D) Tiger frog virus (TFV) (C) and infectious spleen and kidney necrosis virus (ISKNV) (D) internalize
into their host cells via caveolae.
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We then determined a model of caveola-dependent endocyto-
sis used by ISKNV to enter MFF-1 cells. Studies of two caveolar
ligands, CTx and AMF, suggest that there are two sorting methods
in caveola-dependent endocytosis. CTx is delivered to a caveolin-
1-positive endocytosis compartment, or caveosome, and then
transported to either the Golgi complex or the ER (41). AMF,
however, is delivered directly to the ER (28). These sorting meth-
ods lead to different pharmacological results. The former one can
be disrupted by the microtubule-depolymerizing agent nocoda-
zole or a 20°C temperature shift, while the latter one cannot (35).
According to our results, treatment of MFF-1 cells with nocoda-
zole could significantly impair ISKNV infection. Therefore,
ISKNV may exploit the same pathway as CTx and is delivered to
caveosomes.

As previously reported, three models have been proposed for
the capture of caveolae/raft-clustering virus particles in mem-
brane invaginations (40, 42). In the first model, the cholesterol
concentration increases with the clustering of rafts on the mem-
brane and results in a spontaneous curvature of the membrane.
The shape of virus particles may aid the specific inward curvature.
As an extension, another model was proposed. Caveolin-1 binds
to cholesterol at a 1:1 ratio and cross links to glycosphingolipid.
Here, caveolin-1 works as an integral, nonspanning membrane
protein cotranslationally inserted from the cytosol into the mem-
brane of the ER and forms oligomers (42). Virus-induced lipid
rafts clustered on the membrane and subsequently increased the
concentration of membrane-integrated scaffolding molecules,
which then oligomerize on the cytosolic side. The scaffold mole-
cules could also be recruited (42). The third model, supported by
increasing evidence, suggest that 144 molecules of caveolin-1 form
polymers at the Golgi complex; these polymers stay intact and are
then transported to membrane sites to form a preexisting domain
(42). Virus particles initially bind randomly on the membrane and
are subsequently trapped and bound tightly in the preexisting
caveolin-1 domains with increasing affinity. Virus particle bind-
ing may activate changes in the scaffold that promote a curved
configuration. Our colocalization experiment showed that ISKNV
bound to the membrane of MFF-1 cells without significant colo-
calization with caveolin-1, and with time, an increased colocaliza-
tion of ISKNV with caveolin-1 was shown, both of which started
to internalize in the MFF-1 cells and were transported to the nu-
cleus; hence, the internalization of ISKNV fit the third model.

In summary, the data presented in this study suggest that
ISKNV internalization during productive infection occurs
through a caveolar mechanism. Moreover, this internalization is
consistent with the third proposed model of membrane invagina-
tion. Finally, the disruption with the microtubule-depolymerizing
agent nocodazole indicates that the sorting routine is similar to
that of SV40, which needs the formation of compartments-
caveosomes.

In the present study, ISKNV entry into fish cells through a
classical caveola-dependent endocytosis pathway is first identi-
fied. The process (Fig. 7) is different from the clathrin-mediated
endocytosis of FV3 into BHK-21 cells and the pH-dependent
atypical caveola-mediated endocytosis of TFV into HepG2 cells
(5, 21). These differences in hosts may result in this variety of
endocytosis pathways taken by viruses from the same genus. The
research on SV40 done previously by Damm and coworkers also
suggested that SV40 is inclined to take different endocytosis path-
ways when hosts are devoid of key factors for the caveola-

mediated pathway (12), which means that viruses may be able to
develop new endocytosis pathway to infect different hosts by using
the existing endocytosis-related factors in different hosts. Thus,
our work may help further the understanding of the initial steps of
fish iridovirus infections, facilitate the recognition of the cellular
entry mechanism of megalocytiviruses, and provide valuable in-
formation for the development of new and effective antiviral tar-
gets, and by comparisons with other data on entry pathways of
viruses from same genus, we may find some proof to elucidate the
interactions of viruses and their hosts.
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