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ABSTRACT The cellular entry pathways and the mechanisms of Newcastle disease
virus (NDV) entry into cells are poorly characterized. In this study, we demonstrated
that chicken interferon-induced transmembrane protein 1 (chIFITM1), which is
located in the early endosomes, could limit the replication of NDV in chicken macro-
phage cell line HD11, suggesting the endocytic entry of NDV into chicken macro-
phages. Then, we presented a systematic study about the entry mechanism of NDV
into chicken macrophages. First, we demonstrated that a low-pH condition and
dynamin were required during NDV entry. However, NDV entry into chicken macro-
phages was independent of clathrin-mediated endocytosis. We also found that NDV
entry was dependent on membrane cholesterol. The NDV entry and replication were
significantly reduced by nystatin and phorbol 12-myristate 13-acetate treatment,
overexpression of dominant-negative (DN) caveolin-1, or knockdown of caveolin-1,
suggesting that NDV entry depends on caveola-mediated endocytosis. However,
macropinocytosis did not play a role in NDV entry into chicken macrophages. In
addition, we found that Rab5, rather than Rab7, was involved in the entry and traffic
of NDV. The colocalization of NDV with Rab5 and early endosome suggested that
NDV virion was transported to early endosomes in a Rab5-dependent manner after
internalization. Of particular note, the caveola-mediated endocytosis was also utilized
by NDV to enter primary chicken macrophages. Moreover, NDV entered different cell
types using different pathways. Collectively, our findings demonstrate for the first
time that NDV virion enters chicken macrophages via a pH-dependent, dynamin and
caveola-mediated endocytosis pathway and that Rab5 is involved in the traffic and
location of NDV.

IMPORTANCE Although the pathogenesis of Newcastle disease virus (NDV) has been
extensively studied, the detailed mechanism of NDV entry into host cells is largely
unknown. Macrophages are the first-line defenders of host defense against infection
of pathogens. Chicken macrophages are considered one of the main types of target
cells during NDV infection. Here, we comprehensively investigated the entry mecha-
nism of NDV in chicken macrophages. This is the first report to demonstrate that
NDV enters chicken macrophages via a pH-dependent, dynamin and caveola-medi-
ated endocytosis pathway that requires Rab5. The result is important for our under-
standing of the entry of NDV in chicken macrophages, which will further advance
the knowledge of NDV pathogenesis and provide useful clues for the development
of novel preventive or therapeutic strategies against NDV infection. In addition, this
information will contribute to our further understanding of pathogenesis with regard
to other members of the Avulavirus genus in the Paramyxoviridae family.
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Newcastle disease virus (NDV) is a member of the Avulavirus genus belonging to the
Paramyxoviridae family and is an economically important etiological agent of

highly contagious poultry disease (1–3). NDV is an enveloped virus with a negative-
strand, nonsegmented RNA genome, which contains six genes that encode nucleopro-
tein (NP), phosphoprotein (P), matrix protein (M), fusion protein (F), hemagglutinin-
neuraminidase (HN), and large RNA-directed RNA polymerase (L), in which HN and F
proteins are the two envelope glycoproteins required by infection of NDV (4–6).
Generally, for the initiation of viral infection, the HN protein recognizes the cellular sur-
face receptor, and then the F protein mediates the fusion of the viral envelope and the
target cell membrane (4, 5, 7, 8).

To gain entry, enveloped viruses can penetrate cells through two main routes: (i)
direct fusion between the viral envelope and the cellular plasma membrane and (ii)
cellular endocytosis mechanism. For paramyxoviruses, the membrane fusion process is
generally thought to take place in the plasma membrane under neutral pH conditions.
In such cases, the attachment protein binding to cell receptors and subsequent inter-
action of an attachment protein with F protein triggers a series of irreversible confor-
mational changes in the F protein, which leads to the fusion between viral and cellular
membranes at neutral pH (9, 10). For the other enveloped viruses that enter cells
through the endocytic pathways, after binding to cell surface adherence molecules or
receptors, the viruses are internalized via a variety of endocytic processes (11, 12).
After internalization via distinct routes, endocytosed enveloped viruses traverse the
endosome network, the fusion is induced by the proper environmental conditions
(e.g., low pH, proteases, ions, intracellular receptors, and lipid composition) in specific
endosomal compartments (11). There is recent accumulating evidence indicating that
in addition to the direct fusion with plasma membrane, paramyxoviruses can also enter
into host cells through various endocytosis pathways (13–16). For instance, human
metapneumovirus (HMPV) can be internalized into cells via clathrin-mediated endocy-
tosis (16, 17). In addition, macropinocytosis is implicated in the entry of the Nipah virus
(14). NDV has also been reported to utilize receptor-mediated endocytosis pathways
for entry. Caveola-mediated endocytosis is involved in the entry of NDV into COS-7
and Hela cells; macropinocytosis and clathrin-mediated endocytosis are involved in the
entry of NDV into DF-1 and dendritic cells. (18–21). These reports indicate the existence
of multiple pathways of cell entry for NDV and that NDV may use alternative pathways
to infect different target cells. However, the mechanisms of the endocytic entry of NDV
into cells are not well characterized.

Macrophages are the first-line defenders of host defense against infection of patho-
genic microorganisms. Chicken macrophages are considered one of the main types of
target cells for NDV infection, and the productive infection of NDV in chicken macro-
phages has recently been confirmed (22–24). Macrophages are highly mobile and are
present in multiple host tissues, and these cells are the key immunoregulatory agents
against viral infection. The entry and replication of NDV in macrophages may favor the
viral infection and pathogenicity via promoting the virus access to a wide variety of
organs and altering the host immune responses (22, 23). The immune surveillance
function of macrophages depends on specialized endocytic mechanisms, which allows
them to engulf and digest invading pathogens. However, viruses also can hijack the
intrinsic endocytic pathway of macrophages to achieve their infectious entry (25).
Although NDV can infect and replicate in chicken macrophages (22, 23), whether NDV
enters chicken macrophages via the endocytic mechanisms remains unclear.

In this study, we initially demonstrated that chicken interferon-induced transmem-
brane protein 1 (chIFITM1) can be located in the early endosomes and is able to limit
the replication of NDV in chicken macrophage cell line HD11, suggesting the endocytic
entry of NDV into chicken macrophages. Then, the mechanism of entry for NDV into
chicken macrophages was elucidated. Chemical inhibitor treatment, RNA knockdown,
and expression of dominant-negative (DN) proteins involved in the endocytosis path-
ways were conducted to explore which cellular factors are associated with the entry,
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especially the endocytic pathways of NDV into chicken macrophages. In addition, the
entry of NDV into chicken primary macrophage and other chicken origin cell types
were also assessed. Our results indicate that NDV can enter into chicken macrophages
via a pH-dependent, dynamin and caveola-mediated endocytosis. In addition, Rab5 is
required for the endocytic entry of NDV and subsequent traffic to early endosomes.
The pathways and strategies may be different for the entry of NDV into different cell
types.

RESULTS
NDV can be endocytosed in chicken macrophages. To determine whether NDV

could be endocytosed into chicken macrophages HD11 cells, purified NDV was labeled
with a lipophilic fluorescent dye, DiOC, which can be quenched by the membrane-
impermeable dye, trypan blue (13). HD11 cells were incubated with DiOC-labeled NDV
F48E9 at 37°C for 1 h, and the noninternalized viruses were removed by washing with
low-pH buffer (26, 27). Then the cells were treated or not treated with trypan blue. As
shown in Fig. 1Aa, the green DiOC fluorescence could be observed in the cellular plasma
membrane and cytoplasm of HD11 cells that were not treated with trypan blue. In con-
trast, the fluorescence in the cellular plasma membrane was quenched, and the green
DiOC fluorescence was only observed in the cytoplasm of HD11 cells that were treated
with trypan blue. The DiOC fluorescence in the cellular plasma membrane indicated that
membrane fusion of DiOC-labeled NDV had occurred at the cell surface, whereas fluores-
cence in the cytoplasm, which was resistant to trypan blue, indicated that the intact virus
particles including the viral lipid envelope were endocytosed.

Subsequently, the entry process of NDV in HD11 cells was examined by flow cytom-
etry using DiOC-labeled NDV F48E9 and the fluorescence intensity of DiOC in HD11
cells which treated or not with trypan blue was determined at different time points. As
shown in Fig. 1Ab, 65% of the DiOC fluorescence failed to be quenched by trypan blue
after 30min postinoculation compared to untreated HD11 cells. However, 90% of the
DiOC fluorescence was resistant to the treatment of trypan blue at 60min postinocula-
tion for 120min. Meanwhile, the fluorescence intensity of DiOC quenched by trypan
blue was not significantly changed since 60min postinoculation (Fig. 1Ac). These
results indicated that both the membrane fusion at the cell surface and the endocytic
entry of NDV were accomplished at 60min postinoculation. Thus, all the internalization
assay was performed at 60min (1 h) postinoculation in this study.

chIFITM1 located in early endosomes restricts NDV infection. Interferon-induci-
ble transmembrane proteins (IFITMs) are broad antiviral factors that can restrict the
entry of a wide range of viruses by blocking the fusion of the virus envelope with
plasma membrane or the membrane of endosomes. The localization of IFITMs is closely
associated with their antiviral activities (28, 29). A previous report indicated that
chIFITM1 was diffusely expressed in the cytoplasm (30). Here, we further examined
whether chIFITM1 colocalized with specific endocytic compartments. HD11 cells were
transfected with pCAGGS-HA-chIFITM1 or pCAGGS-HA, then the cellular localization of
chIFITM1 was examined via confocal fluorescence microscopy. The result showed that
chIFITM1 was present in the cytoplasm and showed obvious colocalization with early
endosomes marker EEA1 (Fig. 1B). The effects of chIFITM1 on the different stages of
NDV infection were then evaluated. The cells transfected with pCAGGS-HA-chIFITM1 or
pCAGGS-HA were incubated with NDV F48E9 for 1 h at 4°C to allow for viral adsorption
but not internalization. Viral RNA was quantified by real-time reverse transcription-PCR
(RT-PCR). No significant differences were observed for the NDV genomic RNA copies
between pCAGGS-HA-chIFITM1- and pCAGGS-HA-transfected cells, indicating that the
expression of chIFITM1 had no effects on NDV adsorption (Fig. 1C). Meanwhile, DiOC-
labeled NDV F48E9 was adsorbed onto pCAGGS-HA-chIFITM1- and pCAGGS-HA-trans-
fected cells, followed by incubation at 37°C to permit internalization, and noninternal-
ized viruses were removed by washing with low-pH buffer. After treatment with trypan
blue, the DiOC fluorescence was determined by flow cytometry. As shown in Fig. 1D,
the mean fluorescence intensity of DiOC that was resistant to trypan blue in
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HA-chIFITM1-positive cells was comparable with that in HA-chIFITM1-negative cells.
There was also no significant difference in the mean fluorescence intensities quenched
by trypan blue in both kinds of cells. These results indicated that the expression of
chIFITM1 had no effect on NDV internalization (both membrane fusion at the cell
surface and endocytic entry). Notably, the titer of progeny virus in pCAGGS-HA-
chIFITM1-transfected cells was significantly lower than in pCAGGS-HA-transfected cells
at 18 h postinoculation (hpi), indicating that chIFITM1 restricted the replication of NDV
(Fig. 1E). Since chIFITM1 could be located in the early endosomes and reduce the repli-
cation of NDV with no effects on the adsorption and internalization of NDV in HD11
cells, we inferred that the fusion of NDV in endosomal compartments was restricted by
chIFITM1 as previously reported (28, 31), which reduced the release of viral content

FIG 1 NDV undergoes endocytosis and chIFITM1 located in the early endosome restricts the NDV infection. (A) NDV can be endocytosed. HD11 cells were
inoculated with DiOC-labeled NDV F48E9 at 37°C for 60min. After incubation, cells were washed with low-pH buffer to remove noninternalized viruses, and
then the cells were fixed and treated with trypan blue to quench the green fluorescence of DiOC in the plasma membrane surface. The fluorescence of
DiOC was examined by confocal fluorescence microscopy (a). HD11 cells were inoculated with DiOC-labeled NDV F48E9 at 37°C for different time. The cells
were treated with low-pH buffer to inactivate and remove noninternalized viruses and then collected and fixed in 4% paraformaldehyde. Each cell sample
was divided into two. One sample was subjected directly for the flow cytometric analysis, and the other was treated with trypan blue. The fluorescence of
DiOC was examined by flow cytometry. The fluorescence intensity that was resistant (b) and quenched (c) by trypan blue at 60, 90, and 120min was
calculated relative to that of 30min (�100%). (B) Cellular localization of chIFITM1. HD11 cells were transfected with pCAGGS-HA-chIFITM1 or pCAGGS-HA.
The cells were fixed at 24 h after transfection and then subjected to indirect immunofluorescence to detect HA-tagged chIFITM1 and early endosomes
marker, EEA1, using anti-HA antibody (red) and anti-EEA1 antibody (green). The nuclei were stained with DAPI (blue). (C) chIFITM1 did not inhibit NDV
adsorption. HD11 cells transfected with pCAGGS-HA-chIFITM1 or pCAGGS-HA were incubated with NDV F48E9 for 1 h at 4°C to allow for viral adsorption.
Viral RNA was quantified by real-time RT-PCR. (D) chIFITM1 did not inhibit NDV internalization. HD11 cells transfected with pCAGGS-HA-chIFITM1 or
pCAGGS-HA were incubated with DiOC-labeled NDV F48E9 for 1 h at 4°C to allow for viral adsorption. Cells were then washed and further incubated for 1
h at 37°C to allow for internalization. After incubation, the cells were washed with low-pH buffer to remove noninternalized viruses and then collected and
fixed in 4% paraformaldehyde. Each cell sample was divided into two. One sample was subjected directly for the flow cytometric analysis, and the other
was treated with trypan blue. The HA-chIFITM1 was detected by using an HA tag antibody. The green fluorescence of DiOC-labeled NDV that was resistant
and quenched by trypan blue in HA-chIFITM1-positive and-negative cells was measured by flow cytometry. (E) chIFITM1 reduced the replication of NDV in
HD11 cells. HD11 cells were transfected with pCAGGS-HA-chIFITM1 or pCAGGS-HA. At 48 h posttransfection, cells were infected with F48E9 at an MOI of
0.1. At 18 hpi, viral titers in the culture supernatants of infected cells were determined. The bars represent means 6 the SD. Data were analyzed by using
the Student t test (*, P , 0.05; **, P , 0.01).
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into the cytoplasm and the production of progeny virus. These results further indicated
the endocytic entry of NDV into HD11 cells.

NDV can enter into HD11 cells in a pH-dependent manner. Generally, the infec-
tious entry of virus via the endocytic pathway requires an acidic condition in the endo-
somes (32, 33). Here, we tested whether the entry of NDV into chicken macrophages is
pH dependent. The effects of two inhibitors of endosomal acidification, bafilomycin A1
and chloroquine, on the infection of NDV into HD11 cells were evaluated. The HD11
cells were first pretreated with various concentrations of inhibitors to evaluate the cy-
totoxic effect of inhibitors. The result of this cell viability assay showed that HD11 cells
tolerated up to 5mM bafilomycin A1 and 100mM chloroquine, respectively (data not
shown). Then, the cells were incubated with NDV F48E9 in the presence of inhibitors
for 1 h at 4°C to allow viral adsorption but not internalization. Viral RNA was quantified
by real-time RT-PCR. The result showed that there were no significant differences in
the NDV genomic RNA copies between inhibitor-treated groups and the control group,
indicating that both inhibitors had no effects on NDV adsorption (Fig. 2A). Meanwhile,
DiOC-labeled NDV F48E9 was adsorbed onto HD11 cells, followed by incubation with
indicated concentrations of inhibitors for 1 h at 37°C to permit internalization, and
noninternalized viruses were removed by washing with low-pH buffer. After quenching
the green fluorescence of DiOC in the plasma membrane surface with trypan blue as
previously described (13), the green fluorescence of internalized virus was determined
by confocal fluorescence microscopy and flow cytometry, respectively. As shown in
Fig. 2Ba, the results of confocal fluorescence microscopy demonstrated that the mean
fluorescence intensities of DiOC-labeled NDV F48E9 in inhibitor-treated cells were sig-
nificantly reduced compared to the control cells. These data were verified by flow
cytometry, since the mean fluorescence intensity that was resistant to trypan blue in
inhibitor-treated cells was significantly lower than that in control cells (Fig. 2Bb).
Meanwhile, there was no significant difference in the mean fluorescence intensities
quenched by trypan blue in inhibitor-treated cells and control cells (Fig. 2Bb). These
results indicated that the endocytic entry of NDV was inhibited by the two inhibitors of
endosomal acidification, while the membrane fusion at the cell surface was not
affected. Correspondingly, the progeny viral titers in both inhibitor-treated groups
were also significantly lower than the control group (Fig. 2C). These results suggest
that NDV could enter into HD11 cells in a pH-dependent manner.

Entry of NDV into HD11 cells depends on dynamin. The roles of dynamin in the
entry of paramyxoviruses, including NDV, into some cell lines have been reported (16,
18). To examine whether dynamin is involved in the infection of NDV in chicken macro-
phages, dynasore, the inhibitor of GTPase activity of dynamin, was used to evaluate
the effects of dynamin on the adsorption, internalization, and replication of NDV F48E9
in HD11 cells. First, HD11 cells were pretreated with increasing concentrations of dyna-
sore, and the results showed that HD11 cells tolerated up to 50mM dynasore (data not
shown). Since dynamin is implicated in the clathrin- and caveolin-mediated endocyto-
sis, the effect of dynasore on dynamin-dependent endocytosis was evaluated by
uptake of fluorescently labeled transferrin (Tfn), which is a well-characterized cargo of
the clathrin- and caveolin-mediated endocytic pathway and extensively used as a con-
trol in the endocytic entry of various viruses (27, 34–38). HD11 cells pretreated with
dynasore were subsequently incubated with Tfn. Noninternalized (surface-bound) Tfn
was removed after incubation by washing with low-pH buffer (26, 27), and the cells
were then fixed and examined by fluorescence microscopy. Compared to the dimethyl
sulfoxide (DMSO)-treated cells, the red fluorescence signals of Tfn were obviously
reduced in 50mM dynasore-treated HD11 cells, indicating the inhibition of Tfn uptake
via dynamin-dependent endocytosis (Fig. 3A). Then, the effects of dynasore on the
adsorption and internalization of NDV were evaluated as described above. As shown in
Fig. 3Ba, the NDV genomic RNA copy numbers showed no significant difference
between control and dynasore-treated groups, indicating that dynasore had no effect
on NDV adsorption. In the internalization assay, the results of both confocal fluores-
cence microscopy and flow cytometry analyses revealed that the mean fluorescence
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FIG 2 NDV entry into HD11cells requires acidic endosomal pH. (A) Bafilomycin A1 and chloroquine
did not affect the adsorption of NDV. HD11 cells were treated with the indicated concentration of

(Continued on next page)
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intensity of DiOC that was resistant to trypan blue in the dynasore-treated cells was
significantly lower than that in the control cells (Fig. 3Bb and c). Meanwhile, there was
no significant difference in the mean fluorescence intensities quenched by trypan blue
in dynasore-treated cells and control cells (Fig. 3Bc). These results indicated that the
endocytic entry of NDV was inhibited by dynasore, whereas the membrane fusion at
the cell surface was not affected. In line with this result, the titer of progeny virus in
the dynasore-treated group was lower than the control group (Fig. 3C). The aforemen-
tioned results demonstrated that dynasore inhibited the endocytic entry of NDV in
HD11 cells and suggested that dynamin was involved in NDV entry.

Moreover, to further evaluate the role of dynamin in NDV entry, HD11 cells were
transfected with plasmids expressing enhanced green fluorescent protein (EGFP)-tagged
wild-type (WT) dynamin II and dominant-negative (DN) dynamin II (K44A). To determine
the endocytosed virus in EGFP-positive cells, DiI (red fluorescence)-labeled and unla-
beled NDV F48E9 was used for the internalization assay as described above, with Tfn
uptake as a positive control. As shown in Fig. 3Da, the results of confocal fluorescence
microscopy and flow cytometry demonstrated that the mean fluorescence intensity of
Tfn in cells overexpressing DN dynamin II was significantly lower than that in the cells
overexpressing WT dynamin II, indicating the inhibition of Tfn uptake by DN dynamin II.
The effect of the WT and DN dynamin II on NDV internalization was also evaluated. The
results of flow cytometry demonstrated that the mean fluorescence intensity of DiI in
cells overexpressing DN dynamin II was significantly lower than that in cells overexpress-
ing WT dynamin II (Fig. 3Db), indicating that the entry of NDV was inhibited in cells
overexpressing DN dynamin II. In contrast, the mean fluorescence intensity of NDV HN
protein on the cell surface was comparable in cells overexpressing WT and DN dynamin
II (Fig. 3Db), suggesting the membrane fusion of NDV at the cell surface was not affected.
These data indicated that the endocytic entry of NDV was inhibited by overexpression of
DN dynamin II. To confirm these results, the small interfering RNA (siRNA)-mediated
knockdown of dynamin II in HD11 cells was conducted. Western blotting demonstrated
the efficiency of siRNA-mediated knockdown of dynamin (Fig. 3Ea), and the cell viability
was not significantly affected by the siRNA transfection (Fig. 3Eb). The HD11 cells trans-
fected with siRNA targeting dynamin II (siDynamin II) or a control siRNA (siControl) were
incubated with DiOC-labeled NDV F48E9 at 37°C for 1 h to permit internalization, and
noninternalized viruses were removed by washing with low-pH buffer. After treatment
with trypan blue, the DiOC fluorescence was determined as described above. As shown
in Fig. 3Ec and d, the results of confocal fluorescence microscopy and flow cytometry
demonstrated that the mean fluorescence intensity of DiOC that was resistant to trypan
blue in dynamin II knockdown cells was significant lower than that in siControl-trans-
fected cells, whereas no significant change was observed for the mean fluorescence in-
tensity quenched by trypan blue in dynamin II knockdown and siControl-transfected
cells (Fig. 3Ed). Furthermore, the titer of progeny viruses in dynamin II knockdown HD11
cells was significantly lower than the control cells at 18 hpi, when the siRNA-transfected

FIG 2 Legend (Continued)
inhibitors for 1 h at 37°C. Cells were then incubated with NDV F48E9 in the presence of inhibitors for
1 h at 4°C to allow for viral adsorption. DMSO was included as a negative control. Viral RNA was
quantified by real-time RT-PCR. (B) Bafilomycin A1 and chloroquine inhibited the internalization of
NDV. DiOC-labeled NDV F48E9 was adsorbed onto HD11 cells and then incubated with indicated
concentrations of inhibitors for 1 h at 37°C to permit internalization. After a low-pH buffer wash and
quenching the green fluorescence of DiOC in the plasma membrane surface with trypan blue, the
green fluorescence of internalized virus was determined by confocal fluorescence microscopy (a).
Meanwhile, the cells with the same treatment were subjected to flow cytometry. Each cell sample
was divided into two. One sample was subjected directly for the flow cytometric analysis, and the
other was treated with trypan blue (b). The fluorescence intensity which resistant and quenched by
trypan blue in inhibitor-treated cells was calculated relative to that of control cells (�100%). (C)
Bafilomycin A1 and chloroquine reduced the replication of NDV. HD11 cells were infected with NDV
F48E9 at an MOI of 0.1 in the presence of the inhibitors at 37°C for 1 h. DMSO was included as a
negative control. Cells were then washed with PBS and incubated in medium containing 5% FBS at
37°C. At 18 hpi, viral titers in the culture supernatants of infected cells were determined. The bars
represent means 6 the SD. Data were analyzed by using the Student t test (*, P , 0.05; **, P , 0.01).
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FIG 3 NDV entry into HD11cells depends on dynamin. (A) Dynasore inhibited Tfn uptake. HD11 cells were treated with 50mM dynasore or DMSO for 1 h at 37°C,
followed by incubation with 10mg/ml Tfn for 1 h at 4°C, and then shifted to 37°C for 1 h; after a wash with low-pH buffer, the cells were fixed and stained with
DAPI. (B) Dynasore inhibited the internalization of NDV. HD11 cells were treated with the indicated concentration of inhibitors for 1 h at 37°C. The cells were then
incubated with NDV F48E9 in the presence of inhibitors for 1 h at 4°C to allow for viral adsorption. DMSO was included as a negative control. Viral RNA was
quantified by real-time RT-PCR (a). Alternatively, DiOC-labeled NDV F48E9 was adsorbed onto HD11 cells and then incubated with indicated concentrations of
inhibitors for 1 h at 37°C to permit internalization. After a wash with low-pH buffer and quenching the green fluorescence of DiOC in the plasma membrane
surface with trypan blue, the green fluorescence of internalized virus was determined by confocal fluorescence microscopy (b). Meanwhile, the treated cells were
subjected to flow cytometry. Each cell sample was divided into two. One sample was subjected directly for the flow cytometric analysis, and another was treated
with trypan blue (c). The fluorescence intensity which was resistant and quenched by trypan blue in inhibitor-treated cells was calculated relative to that of control
cells (�100%). (C) Dynasore reduced the replication of NDV. HD11 cells were infected with NDV F48E9 at an MOI of 0.1 in the presence of the inhibitors at 37°C
for 1 h. DMSO was included as a negative control. The cells were then washed with PBS and incubated in medium containing 5% FBS at 37°C. At 18 hpi, the viral
titers in the culture supernatants of infected cells were determined. (D) Effects of dynamin II on Tfn uptake and NDV internalization. HD11 cells transfected with
the EGFP-tagged WT or DN dynamin II were incubated with 10mg/ml Tfn and DiI-labeled or unlabeled NDV F48E9 for 1 h at 4°C and then shifted to 37°C for 1 h.
After a wash with low-pH buffer, the red fluorescence of Tfn in EGFP-positive cells was determined by confocal fluorescence microscopy and flow cytometry,
respectively (a). The red fluorescence of DiI-labeled NDV in EGFP-positive cells was determined by flow cytometry (b). In addition, the level of HN protein on the
cell surface in unlabeled NDV-infected EGFP-positive cells was determined using anti-HN antibody via flow cytometry (b). (E) Dynamin II knockdown inhibited the
internalization of NDV. HD11 cells were transfected with siRNA targeting dynamin (siDynamin II) or a control siRNA (siControl). The effect of siRNA knockdown on
dynamin expression was determined by Western blotting (a). Cell viability upon siDynamin II and siControl transfection was assessed as described in the text (b). At
48 h posttransfection, the internalization assay was performed with DiOC-labeled NDV F48E9 as described above. The green fluorescence of DiOC that was
resistant and quenched by trypan blue was determined by confocal fluorescence microscopy (c) and flow cytometry (d), respectively. (F) Dynamin knockdown
reduced the replication of NDV. HD11 cells were transfected with siDynamin II or siControl. At 48 h posttransfection, cells were infected with NDV F48E9 at an MOI
of 0.1, and the viral titers in the culture supernatants of infected cells were determined at 18 hpi. The bars represent means 6 the SD. Data were analyzed by
using the Student t test (*, P , 0.05; **, P , 0.01).
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HD11 cells were infected with NDV (Fig. 3F). Taken together, these results indicated that
dynamin had involved in the endocytic entry of NDV, without affecting the membrane
fusion of NDV at the cell surface.

Entry of NDV into HD11 cells is clathrin independent.We further examined whether
NDV entered into chicken macrophages via clathrin-mediated endocytosis since
reports showed that dynamin is implicated in both clathrin- and caveolin-mediated
endocytosis, and some paramyxoviruses can use clathrin-mediated endocytosis to es-
tablish infection (9, 39, 40). Chlorpromazine is used because it is a commonly used in-
hibitor of clathrin-mediated endocytosis (12, 41). We found that cellular viability of
HD11 did not significantly change against up to 5mM chlorpromazine (data not
shown). Next, the effect of chlorpromazine on endocytosis was evaluated by evaluat-
ing the uptake of Tfn. HD11 cells pretreated with chlorpromazine were subsequently
incubated with Tfn. Noninternalized (surface-bound) Tfn was removed after incubation
by washing with low-pH buffer, and the cells were fixed and examined by fluorescence
microscopy. As shown in Fig. 4A, a significant reduction of the red fluorescence signals
of Tfn was observed upon 5mM chlorpromazine treatment, indicating the inhibition of
Tfn uptake via endocytosis. Subsequently, the effects of chlorpromazine on the adsorp-
tion and internalization of NDV in HD11 cells were tested as described above. No sig-
nificant difference in the NDV genomic RNA copy numbers was found between the
control and inhibitor-treated groups when chlorpromazine was present during adsorp-
tion, indicating that chlorpromazine had no effect on NDV adsorption (Fig. 4Ba).
Moreover, the results of confocal fluorescence microscopy and flow cytometry demon-
strated that the mean fluorescence intensity of DiOC that was resistant to trypan blue
in the chlorpromazine-treated group was comparable with that in the control group
when chlorpromazine was present during internalization (Fig. 4Bb and c). There was
no significant change in the mean fluorescence intensities quenched by trypan blue in
inhibitor-treated and control groups (Fig. 4Bc). These findings suggested that chlor-
promazine had no effects on adsorption, endocytic entry and membrane fusion of
NDV on the surface of HD11 cells. Correspondingly, the viral titer in chlorpromazine-
treated cells was comparable with that of control cells (Fig. 4C).

In additional studies, we used EGFP-tagged WT and DN epidermal growth factor
receptor pathway substrate 15 (EPS15), which has a large N-terminal deletion, to evalu-
ate the potential roles of clathrin-mediated endocytosis in the entry of NDV because
EPS15 is a key factor involved in clathrin-mediated endocytosis (27, 36, 42, 43). HD11
cells were transfected with plasmids expressing EGFP-tagged WT and DN EPS15 and
subsequently underwent an internalization assay using DiI-labeled and unlabeled NDV
F48E9; Tfn uptake was used as a positive control. As shown in Fig. 4Da, the results of
confocal fluorescence microscopy and flow cytometry revealed that the mean fluores-
cence intensity of Tfn in cells overexpressing DN EPS15 was significantly lower than
that in the cells overexpressing WT EPS15, indicating the inhibition of Tfn uptake by
DN EPS15. The effect of the WT and DN EPS15 on NDV internalization was also eval-
uated here. As shown in Fig. 4Db, in comparison to cells overexpressing WT EPS15, no
significant difference in the mean fluorescence intensity of DiI was detected in cells
overexpressing DN EPS15, indicating that the entry of NDV was not affected by EPS15.
In addition, the mean fluorescence intensity of NDV HN protein on the cell surface was
comparable in cells overexpressing WT and DN EPS15 (Fig. 4Db), suggesting that the
membrane fusion of NDV at the cell surface was not affected. Collectively, these data
suggested that the EPS15 had no effect on the endocytic entry and membrane fusion
of NDV on the surface in HD11 cells. To further evaluate the role of clathrin-mediated
endocytosis during NDV entry, siRNA was used to knock down the expression of the
clathrin heavy chain (CHC) in HD11 cells. Western blotting demonstrated the efficiency
of siRNA-mediated knockdown of the CHC (Fig. 4Ea), and the cell viability was not
significantly affected by siRNA transfection (Fig. 4Eb). An internalization assay was
then performed as described above. The results of confocal fluorescence microscopy
(Fig. 4Ec) and flow cytometry (Fig. 4Ed) demonstrated that the mean fluorescence

Endocytic Entry of NDV into Macrophages Journal of Virology

July 2021 Volume 95 Issue 13 e02288-20 jvi.asm.org 9

https://jvi.asm.org


FIG 4 Clathrin-mediated endocytosis is not required for NDV entry. (A) Chlorpromazine inhibited Tfn uptake. HD11 cells were treated with 5mM
chlorpromazine or DMSO for 1 h at 37°C, followed by incubation with 10mg/ml Tfn for 1 h at 4°C, and then shifted to 37°C for 1 h; after a wash with low-
pH buffer, the cells were fixed and stained with DAPI. (B) Chlorpromazine did not inhibit NDV adsorption and internalization. HD11 cells were treated with
indicated concentration of inhibitors for 1 h at 37°C. Cells were then incubated with NDV F48E9 in the presence of inhibitors for 1 h at 4°C to allow for
viral adsorption. DMSO was included as a negative control. Viral RNA was quantified by real-time RT-PCR (a). Alternatively, DiOC-labeled NDV F48E9 was
adsorbed onto HD11 cells and then incubated with the indicated concentrations of inhibitors for 1 h at 37°C. The internalization assay was performed as
described above. The green fluorescence of DiOC that was resistant and quenched by trypan blue was determined by confocal fluorescence microscopy (b)
and flow cytometry (c), respectively. (C) Chlorpromazine did not affect the replication of NDV. HD11 cells were infected with NDV F48E9 at an MOI of 0.1 in
the presence of the inhibitors at 37°C for 1 h. DMSO was included as a negative control. Cells were then washed with PBS and incubated in medium
containing 5% FBS at 37°C. At 18 hpi, viral titers in the culture supernatants of infected cells were determined. (D) Effects of EPS15 on Tfn uptake and NDV
internalization. HD11 cells transfected with the EGFP-tagged WT or DN EPS15 were incubated with 10mg/ml Tfn and DiI-labeled or unlabeled NDV F48E9
for 1 h at 4°C and then shifted to 37°C for 1 h. After a wash with low-pH buffer, the red fluorescence of Tfn (a) and DiI-labeled NDV (b) and HN protein on
the cell surface (panel b) was determined as described above. (E) Clathrin knockdown showed no effect on the internalization of NDV. HD11 cells were
transfected with siRNA targeting clathrin heavy chain (siClathrinHC) or a control siRNA (siControl). The effect of siRNA knockdown on clathrin heavy chain
expression was determined by Western blotting (a). Cell viability upon siClathrinHC and siControl transfection was assessed as described in the text (b). At
48 h posttransfection, the internalization assay was performed with DiOC-labeled NDV F48E9 as described above. The green fluorescence of DiOC that was
resistant and quenched by trypan blue was determined by confocal fluorescence microscopy (c) and flow cytometry (d), respectively. (F) Clathrin
knockdown showed no effect on the replication of NDV. HD11 cells were transfected with siClathrinHC or siControl. At 48 h posttransfection, the cells were
infected with NDV F48E9 at an MOI of 0.1, and the viral titers in the culture supernatants of infected cells were determined at 18 hpi. The bars represent
means 6 the SD. Data were analyzed by using the Student t test (*, P , 0.05; **, P , 0.01).
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intensity of DiOC that was resistant to trypan blue in CHC knockdown HD11 cells had
not been significantly affected compared yo the siControl-transfected cells. There was
also no significant change in the mean fluorescence intensity quenched by trypan blue
in CHC knockdown and siControl-transfected cells (Fig. 4Ed). Besides, the titer of prog-
eny viruses of NDV in siClathrinHC-transfected cells was comparable with the control
siRNA-transfected cells (Fig. 4F). These data indicated that the entry of NDV into HD11
cells is not dependent on clathrin-mediated endocytosis.

Entry of NDV into HD11 cells depends on caveola-mediated endocytosis. In
addition to the clathrin-mediated endocytosis, dynamin also participated in caveola-
mediated endocytosis, so the role of caveola-mediated endocytosis during NDV entry
to chicken macrophage was assessed. Plasma membrane cholesterol is essential for
the formation and maintenance of caveolae, and depletion or sequestration of choles-
terol in the membrane can inhibit caveola-mediated endocytosis (12). In this study,
methyl-b-cyclodextrin (MbCD), a reagent that can deplete the cholesterol from mem-
brane, and nystatin, a steroid-binding antibiotic that can bind cholesterol and that can
also used as an inhibitor of caveola-mediated endocytosis, were adopted to treat HD11
cells. The results of cellular viability assay showed that HD11 cells tolerated up to
2.5mM MbCD and 1mg/ml nystatin (data not shown). Previous studies have confirmed
that the cholera toxin subunit B (CTB) is internalized through the caveola-mediated
endocytosis and can serve as a marker for this endocytic pathway (27, 36, 44, 45). To
test the effect of MbCD and nystatin on caveola-mediated endocytosis, HD11 cells
were pretreated with 2.5mM MbCD and 1mg/ml nystatin, and a CTB uptake assay was
performed. As shown in Fig. 5A, a significant reduction in the red fluorescence signals
of CTB was observed in MbCD- and nystatin-treated cells compared to that in DMSO-
treated cells, indicating the inhibition of CTB uptake. Since MbCD can disrupt the lipid
raft microdomain, the reduced CTB uptake by MbCD treatment may also be attributed
to the limited binding of CTB to the cells. Subsequently, the effects of MbCD on the
adsorption and internalization of NDV in HD11 cells were tested, as described above.
As shown in Fig. 5Ba, the NDV genomic RNA copies in HD11 cells were significantly
reduced when MbCD was present during the adsorption of NDV, indicating that
MbCD significantly inhibited NDV attachment to HD11 cells. In addition, DiOC-labeled
NDV F48E9 was adsorbed onto HD11 cells, followed by incubation with MbCD for 1 h
at 37°C to permit internalization. As demonstrated by confocal fluorescence micros-
copy and flow cytometry, the mean fluorescence intensity of DiOC that was resistant
to trypan blue in the MbCD-treated cells was significantly lower than that in the con-
trol cells (Fig. 5Bb and c). Moreover, the mean fluorescence intensity quenched by try-
pan blue in MbCD-treated cells was significantly lower than that in the control cells
(Fig. 5Bc), indicating the reduced level of membrane fusion at the cell surface which
may be attributed to the limited attachment of virions. These data suggested the
requirement of cellular membrane cholesterol for NDV entry. Next, the effects of nysta-
tin on the adsorption and internalization of NDV in HD11cells were determined. Unlike
MbCD, the presence of nystatin during adsorption did not result in significant differen-
ces in the NDV genomic RNA copy numbers in NDV-infected cells, indicating that nys-
tatin did not affect the adsorption of NDV in HD11 cells (Fig. 5Ca). Furthermore, the
results of an internalization assay obtained by confocal fluorescence microscopy and
flow cytometry revealed that the mean fluorescence intensity of DiOC that was resist-
ant to trypan blue in the nystatin-treated cells was significantly lower than that in the
control cells (Fig. 5Cb and c), whereas the mean fluorescence intensity quenched by
trypan blue in nystatin-treated cells was comparable to that in control cells (Fig. 5Cc).
These results suggested that cholesterol was required for the internalization of NDV
and indicated the potential of caveola-mediated endocytosis in the entry of NDV into
HD11 cells. Since cholesterol had also involved in other lipid raft-associated endocyto-
sis, phorbol 12-myristate 13-acetate (PMA), a specific inhibitor of caveola-mediated
endocytosis which can decrease the level of caveolae at the cell surface, was used to
further assess the role of caveola-mediated endocytosis in the entry of NDV. The results
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FIG 5 Caveola-mediated endocytosis is required for NDV entry. (A) MbCD-, nystatin-, and PMA-inhibited CTB uptake. HD11 cells were
treated with 2.5mM MbCD, 1mg/ml nystatin, 0.1mM PMA, or DMSO for 1 h at 37°C, followed by incubation with 10mg/ml CTB for 1 h at 4°C,

(Continued on next page)
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of the cellular viability assay showed that HD11 cells tolerated up to 0.1mM PMA (data
not shown). Evaluation of the effect of PMA on endocytosis via the CTB uptake assay
demonstrated that treatment with PMA resulted in a significant reduction in the red
fluorescence signals of CTB (Fig. 5A), indicating the inhibition of CTB uptake via cav-
eola-mediated endocytosis. Consistent with the results obtained using nystatin, the
adsorption of NDV in HD11cells was not significantly affected by the treatment of PMA
(Fig. 5Da). The significant reduction of mean fluorescence intensity of DiOC that was re-
sistant to trypan blue in PMA-treated cells indicated that the endocytic entry of NDV
was inhibited by PMA (Fig. 5Db and c). In addition, the comparable level of the mean
fluorescence intensity quenched by trypan blue in PMA-treated and control cells sug-
gested that the membrane fusion of NDV at the cell surface was not affected (Fig.
5Dc). Moreover, as expected, the titers of progeny viruses in MbCD-, nystatin-, and
PMA-treated cells were all lower than in control cells (Fig. 5E).

To further investigate the effect of caveola-mediated endocytosis on the entry of
NDV into HD11 cells, plasmids expressing EGFP-tagged WT and DN caveolin-1, which
lack the first 81 amino acids, were transfected into HD11 cells (46, 47). Subsequently,
the internalization assay using DiI-labeled and unlabeled NDV F48E9 was performed,
and the CTB uptake was used as a positive control. As shown in Fig. 5Fa, the results of
confocal fluorescence microscopy and flow cytometry demonstrated that the mean flu-
orescence intensities of CTB in cells overexpressing DN caveolin-1 was significantly
lower than that in the cells overexpressing WT caveolin-1, indicating the inhibition of
CTB uptake by DN caveolin-1. Next, the effects of the WT and DN caveolin-1 on NDV
internalization were evaluated. As shown in Fig. 5Fb, the overexpression of DN caveo-
lin-1 reduced the mean fluorescence intensities of DiI in comparison to cells overex-
pressing WT caveolin-1, indicating that the entry of NDV was reduced. Furthermore, no
significant difference in the mean fluorescence intensities of NDV HN protein on the
cell surface was observed in cells overexpressing WT and DN caveolin-1 (Fig. 5Fb), sug-
gesting that the membrane fusion of NDV at the cell surface was not affected. These
data indicated that the endocytic entry of NDV was inhibited by the overexpression of
DN caveolin-1. These results were verified by knockdown of the expression of caveolin-
1 using siRNA. Western blotting demonstrated the efficiency of siRNA-mediated knock-
down of caveolin-1 (Fig. 5Ga), and cell viability was not significantly affected by siRNA
transfection (Fig. 5Gb). HD11 cells transfected with siRNA targeting caveolin-1
(siCaveolin-1) or a control siRNA (siControl) were incubated with DiOC-labeled NDV
F48E9 at 37°C for 1 h, and then an internalization assay was performed, as described

FIG 5 Legend (Continued)
and then shifted to 37°C for 1 h; a after wash with low-pH buffer, the cells were fixed and stained with DAPI. (B to D) Effects of inhibitors of
caveola-mediated endocytosis on the adsorption and internalization of NDV. The effects of MbCD (B), nystatin (C), and PMA (D) on
the adsorption and internalization of NDV were determined. HD11 cells were treated with the indicated concentrations of inhibitors for 1 h at
37°C. The cells were then incubated with NDV F48E9 in the presence of inhibitors for 1 h at 4°C to allow for viral adsorption. DMSO was
included as a negative control. Viral RNA was quantified by real-time RT-PCR (subpanel a in panels B, C, and D). Alternatively, DiOC-labeled
NDV F48E9 was adsorbed onto HD11 cells and then incubated with the indicated concentrations of inhibitors for 1 h at 37°C; the
internalization assay was then performed as described above. The green fluorescence of DiOC that was resistant and quenched by trypan blue
was determined by confocal fluorescence microscopy (subpanel b in panels B, C, and D) and flow cytometry (subpanel c in panels B, C, and D),
respectively. (E) MbCD, nystatin, and PMA reduced the replication of NDV. HD11 cells were infected with NDV F48E9 at an MOI of 0.1 in the
presence of the inhibitors at 37°C for 1 h. DMSO was included as a negative control. Next, the cells were washed with PBS and incubated in
medium containing 5% FBS at 37°C. At 18 hpi, the viral titers in the culture supernatants of infected cells were determined. (F) Effects of
caveolin-1 on CTB uptake and NDV internalization. HD11 cells transfected with plasmids expressing EGFP-tagged WT and DN caveolin-1 were
incubated with 10mg/ml CTB and DiI-labeled or unlabeled NDV F48E9 for 1 h at 4°C and then shifted to 37°C for 1 h. After a wash with low-
pH buffer, the red fluorescence of Tfn (a) and DiI-labeled NDV (b) and HN protein (b) on the cell surface was determined as described above.
(G) Caveolin-1 knockdown inhibited NDV internalization. HD11 cells were transfected with siRNA targeting caveolin-1 (siCaveolin-1) or siControl.
The effect of siRNA knockdown on caveolin-1 expression was determined by Western blotting (a). Cell viability upon siCaveolin-1 and siControl
transfection was assessed as described in the text (b). At 48 h posttransfection, an internalization assay was performed with DiOC-labeled NDV
F48E9, as described above. The green fluorescence of DiOC that was resistant and quenched by trypan blue was determined by confocal
fluorescence microscopy (c) and flow cytometry (d), respectively. (H) Caveolin-1 knockdown reduced the replication of NDV. HD11 cells were
transfected with siCaveolin-1 or siControl. At 48 h posttransfection, the cells were infected with NDV F48E9 at an MOI of 0.1, and the viral titers
in the culture supernatants of infected cells were determined at 18 hpi. (I) The colocalization of NDV with caveolin-1. HD11 cells were
incubated with NDV F48E9 at an MOI of 10 at 4°C for 1 h and then shifted to 37°C for 1 h. The cells were then fixed and reacted with anti-
caveolin-1 antibody and NDV HN antibody and visualized by confocal microscopy. The bars represent means 6 the SD. Data were analyzed by
using the Student t test (*, P , 0.05; **, P , 0.01).
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above. As shown in Fig. 5Gc and d, significant reductions in the mean fluorescence
intensities of DiOC that resistant to trypan blue were observed in caveolin-1 knock-
down cells compared to that seen in siControl-transfected cells. Although no signifi-
cant change in mean fluorescence intensities quenched by trypan blue was observed
in caveolin-1 knockdown and siControl-transfected cells (Fig. 5Gd). These data further
indicated that caveolin-1 is involved in the endocytic entry of NDV, with no effect on
the membrane fusion of NDV at the cell surface. Correspondingly, in caveolin-1 knock-
down of HD11 cells, the titer of progeny virus was significantly lower than that in the
siControl-transfected cells (Fig. 5H). To directly evaluate the role of caveolae in the
entry of NDV, HD11 cells were incubated with NDV at 4°C for 1 h to allow viral attach-
ment and then shifted to 37°C for 1 h to permit internalization. Cells were then fixated
and stained with antibodies against NDV HN and caveolin-1. The localization of NDV
with caveolin-1 was analyzed by confocal microscopy. As shown in Fig. 5I, the colocali-
zation of internalized NDVs and caveolin-1 was observed. These results indicated that
the entry of NDV into chicken macrophages was dependent on caveola-mediated
endocytosis.

Entry of NDV into HD11 cells is macropinocytosis independent.Macropinocytosis
has been reported as an alternative way for the entry of some paramyxoviruses (e.g.,
Nipah virus) in certain cells (13, 14). To examine the potential role of macropinocytosis
in the entry of NDV in chicken macrophages, EIPA, a specific inhibitor of macropinocy-
tosis that blocks Na1/H1 exchange, was used to treat HD11 cells. The results of a cellu-
lar viability assay showed that HD11 cells tolerated up to 80mM EIPA (data not shown).
Dextran is considered a specific fluid-phase marker of macropinocytosis (14, 48–50); to
examine the effect of EIPA treatment on macropinocytosis in HD11 cells, HD11 cells
were pretreated with EIPA, and a dextran uptake assay was performed. As shown in
Fig. 6A, a significant reduction in the red fluorescence signals of dextran was observed
in EIPA-treated cells compared to DMSO-treated cells, indicating the inhibition of dex-
tran uptake via macropinocytosis. Subsequently, the effects of EIPA on the adsorption,
internalization, and replication of NDV in HD11 cells were tested as described above.
The results of adsorption assay suggested that EIPA had no effect on NDV adsorption
(Fig. 6Ba). In addition, results of internalization assay demonstrated no significant dif-
ference in the mean fluorescence intensity of DiOC that was resistant to trypan blue
between the EIPA-treated and control cells (Fig. 6Bb and c). Also, the mean fluores-
cence intensities quenched by trypan blue in EIPA-treated and control cells were com-
parable (Fig. 6Bc). As expected, there was no significant difference in viral titers among
cells treated with EIPA and control cells (Fig. 6C). These findings suggested EIPA had
no effects on adsorption, endocytic entry, and membrane fusion of NDV at the surface
of HD11 cells. Moreover, phosphatidylinositide 3-kinase (PI3K) participates in several
stages of macropinocytosis as an essential factor. Wortmannin, a potently inhibitor of
PI3K, which can inhibit the uptake of cargo and internalization of virus via macropino-
cytosis (33, 51, 52), was used to treat HD11 cells. The result of the cellular viability assay
showed that HD11 cells tolerated up to 5mM wortmannin (data not shown), and the
dextran uptake assay demonstrated that treatment with wortmannin inhibited
the uptake of dextran via macropinocytosis (Fig. 6D). The effects of wortmannin on the
adsorption, internalization, and replication of NDV in HD11 cells were examined as
described above. Consistent with the results with EIPA, treatment with the PI3K inhibi-
tor demonstrated no significant effects on the adsorption (Fig. 6Ea), endocytic entry
(Fig. 6Eb and c), and membrane fusion of NDV at the cell surface (Fig. 6Ec) and on the
viral titers of NDV in HD11 cells (Fig. 6F). These findings indicated that the endocytosis
of NDV in HD11 cells was not dependent on macropinocytosis.

Rab5, rather than Rab7, is required for NDV endocytosis and subsequent traffic
to early endosomes. Rab proteins play important roles in various aspects of mem-
brane traffic and have been found to be involved in the entry of various viruses. The
role of Rab proteins in the NDV entry into host cells was unknown, although it has
been reported that NDV can enter cells via caveola-mediated endocytosis and locate
to early endosomes (19). Rab5 and Rab7 are known as the key regulators of traffic to
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early and late endosomes; consequently, we examined the roles of both Rab5 and
Rab7 in the entry of NDV into HD11 cells. HD11 cells were transfected with plasmids
encoding EGFP-tagged WT and DN Rab5 and of WT and DN Rab7, respectively, and the
Tfn uptake assay was performed as a control. As shown in Fig. 7Aa and b, the results of
confocal fluorescence microscopy and flow cytometry demonstrated that the mean
fluorescence intensities of Tfn in cells overexpressing DN Rab5 and Rab7 were signifi-
cantly lower than those in cells overexpressing WT Rab5 and Rab7, respectively, which
confirmed the functionality of WT and DN constructs of Rab5 and Rab7. Subsequently,
an internalization assay using DiI-labeled and unlabeled NDV F48E9 was performed.
As shown in Fig. 7B, the mean fluorescence intensities of NDV in cells overexpressing
DN Rab5 were significantly lower than in cells overexpressing WT Rab5, whereas the
mean fluorescence intensities of NDV were comparable in both kinds of cells, which

FIG 6 Macropinocytosis is not required for NDV entry. (A and D) EIPA and wortmannin inhibited dextran uptake. HD11 cells were treated with 80mM EIPA,
5mM wortmannin, or DMSO for 1 h at 37°C, followed by incubation with 10mg/ml dextran for 1 h at 4°C, and then shifted to 37°C for 1 h; after a wash
with low-pH buffer, the cells were fixed and stained with DAPI. (B and E) EIPA and wortmannin did not inhibit NDV adsorption and internalization. HD11
cells were treated with indicated concentration of inhibitors for 1 h at 37°C. The cells were then incubated with NDV F48E9 in the presence of inhibitors
for 1 h at 4°C to allow viral adsorption. DMSO was included as a negative control. Viral RNA was quantified by real-time RT-PCR (subpanel a in panels B
and E). Alternatively, DiOC-labeled NDV F48E9 was adsorbed onto HD11 cells and then incubated with indicated concentrations of inhibitors for 1 h at 37°
C. AN internalization assay was performed as described above. The green fluorescence of DiOC that was resistant and quenched by trypan blue was
determined by confocal fluorescence microscopy (subpanel b in panels B and E) and flow cytometry (subpanel c in panels B and E), respectively. (C and F)
EIPA and wortmannin did not affect the replication of NDV. HD11 cells were infected with NDV F48E9 at an MOI of 0.1 in the presence of the inhibitors at
37°C for 1 h. DMSO was included as a negative control. The cells were washed with PBS and incubated in medium containing 5% FBS at 37°C. At 18 hpi,
the viral titers in the culture supernatants of infected cells were determined. The bars represent means 6 the SD. Data were analyzed by using the Student
t test (*, P , 0.05; **, P , 0.01).
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FIG 7 Effects of Rabs on NDV infection. (A and B) Effects of Rab5 and Rab7 on Tfn uptake (A) and
NDV internalization (B). HD11 cells transfected with plasmids expressing EGFP-tagged WT or DN Rab5
and Rab7 were incubated with 10mg/ml Tfn, and DiI-labeled or unlabeled NDV F48E9 for 1 h at 4°C

(Continued on next page)
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overexpressed WT and DN Rab7, respectively. These data indicated that the entry of
NDV was reduced in cells overexpressing DN Rab5. In addition, no significant differ-
ence in the mean fluorescence intensity of NDV HN protein on the cell surface was
found between cells overexpressing WT and DN Rab5, as well as between cells overex-
pressing WT and DN Rab7 (Fig. 7B). These results further indicated that functional Rab5
rather than Rab7 was required for the endocytic entry of NDV, and both Rab5 and
Rab7 did not affect the membrane fusion of NDV at the cell surface. To further confirm
the roles of Rab5 and Rab7 in NDV entry, siRNA targeting Rab5 (siRab5) and Rab7
(siRab7) were used, respectively. Western blotting demonstrated the efficiency of siRNA-
mediated knockdown of Rab5 and Rab7 (Fig. 7Ca), and cell viability was not significantly
affected by siRNA transfection (Fig. 7Cb). Subsequently, HD11 cells transfected with
siRab5, siRab7, or a control siRNA (siControl) were incubated with DiOC-labeled NDV
F48E9 at 37°C for 1 h, and then an internalization assay was performed as described
above. As shown in Fig. 7Cc and d, knockdown of the expression of Rab5, rather than
Rab7, significantly reduced the mean fluorescence intensity of DiOC that was resistant to
trypan blue compared to that in siControl-transfected cells. In addition, no significant
change in the mean fluorescence intensities quenched by trypan blue was observed
among Rab5, Rab7 knockdown, and siControl-transfected cells (Fig. 7Cd). Moreover, in
Rab5-knockdown HD11 cells, the titers of progeny viruses were significantly lower than in
siControl- and siRab7-transfected cells (Fig. 7D). In addition, the colocalization of NDV
with Rab5 and Rab7 during NDV entry was examined by confocal microscopy. As shown
in Fig. 7E, NDV was found to colocalize with Rab5, rather than Rab7, after entering the
cells. These results indicated that NDV should be transported to early endosomes rather
than late endosomes in a Rab5-dependent manner. Thus, the localization of NDV in endo-
somes during virus entry was further examined. As shown in Fig. 7F, colocalization of
NDV with a marker of early endosomes, EEA1, was observed, whereas no obvious colocal-
ization of NDV with a marker of late endosomes Lamp-1 was found. Collectively, our
results demonstrated that Rab5 was required for NDV endocytosis and subsequent traffic
to early endosomes and also indicated that NDV fusion should occur in early endosomes.

The caveola-mediated endocytosis is utilized by NDV to enter primary chicken
macrophages. To investigate whether caveola-mediated endocytosis was utilized by
NDV to enter primary chicken macrophages, the highest concentration of inhibitors
without causing obvious cytotoxic effects were used (data not shown), and the effects of
these inhibitors on replication of NDV in primary chicken macrophages were deter-
mined. As shown in Fig. 8, the progeny viral titers in bafilomycin A1-, chloroquine-, dyna-
sore-, MbCD-, nystatin-, and PMA-treated cells were significantly lower than in control
cells, while the progeny viral titers in chlorpromazine-, EIPA-, and wortmannin-treated
cells were comparable to titers measured in control cells. These results suggested that,

FIG 7 Legend (Continued)
and then shifted to 37°C for 1 h. After a wash with low-pH buffer, the red fluorescence of Tfn
(subpanels a and b in panel A), DiI-labeled NDV (B), and HN protein (B) on the cell surface was
determined as described above. (C) Rab5 knockdown reduced the internalization of NDV. HD11 cells
were transfected with siRNA targeting Rab 5 (siRab5), Rab7 (siRab7), or siControl. The effect of siRNA
knockdown of Rab5 and Rab7 expression was determined by Western blotting (a). Cell viability upon
siRab5, siRab7, and siControl transfection was assessed, as described in the text (b). At 48 h
posttransfection, an internalization assay was performed with DiOC-labeled NDV F48E9 as described
above. The green fluorescence of DiOC that was resistant and quenched by trypan blue was
determined by confocal fluorescence microscopy (c) and flow cytometry (d), respectively. (D) Rab 5
knockdown reduced the replication of NDV. HD11 cells were transfected with siRab5, siRab7, or
siControl. At 48 h posttransfection, the cells were infected with NDV F48E9 at an MOI of 0.1, and the
viral titers in the culture supernatants of infected cells were determined at 18 hpi. (E) Colocalization
of NDV with Rab5. HD11 cells were incubated with NDV F48E9 at an MOI of 10 at 4°C for 1 h and
then shifted to 37°C for 1 h. Cells were then fixed and reacted with anti-Rab5 antibody, anti-Rab7
antibody, and NDV HN antibody, respectively, and visualized by confocal microscopy. (F)
Colocalization of NDV with the early endosome marker EEA1. HD11 cells were incubated with NDV
F48E9 at an MOI of 10 at 4°C for 1 h and then shifted to 37°C for 1 h. The cells were fixed and
reacted with anti-EEA1 antibody, anti-Lamp-1 antibody, and NDV HN antibody, respectively, and
visualized by confocal microscopy. The bars represent means 6 the SD. Data were analyzed by using
the Student t test (*, P , 0.05; **, P , 0.01).
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identical to the results observed in HD11cells, NDV utilizes a pH-dependent, dynamin
and caveola-mediated endocytosis for entry into primary chicken macrophages.

Pathway utilized by NDV to enter other chicken origin cells. A virus may exploit
distinct pathways for entry into the different cell types. We further evaluated the path-
ways exploited by NDV to enter other chicken origin cells (DF-1 and LMH). The highest
concentrations of inhibitors without causing obvious cytotoxic effects were used (data
not shown), and the effects of these inhibitors on replication of NDV in DF-1 and LMH
cells were determined. As shown in Fig. 9A, for DF-1 cells, the progeny viral titers in
bafilomycin A1-, chloroquine-, dynasore-, and chlorpromazine-treated cells were signif-
icantly lower than titers in control cells, while the progeny viral titers in MbCD-, nysta-
tin-, and PMA-treated cells were comparable to the titers in control cells. In addition,
compared to the control cells, treatment of EIPA and wortmannin also reduced the
progeny viral titers. These results indicated that different from the entry pathway
in HD11 cells, NDV can enter DF-1 cells via a pH-dependent, dynamin and clathrin-
mediated endocytosis pathway. In addition, macropinocytosis is also involved in the
entry of NDV in DF-1 cells. These findings are in agreement with a previous report (21).
In the case of LMH cells, the progeny viral titers in bafilomycin A1-, chloroquine-, dyna-
sore-, MbCD-, nystatin-, and PMA-treated cells were significantly lower than the titers
in control cells, while the progeny viral titers in chlorpromazine-, EIPA-, and wortman-
nin-treated cells were comparable to titers in control cells (Fig. 9B). These results indi-
cated that similar to the entry pathway in HD11 cells, NDV entry into LMH cells was de-
pendent on acidic pH, dynamin, and caveolae but not clathrin or macropinocytosis.
Taken together, our results suggest that NDV may enter different cell types using dif-
ferent pathways and strategies.

DISCUSSION

In order to establish infection, viruses can employ various strategies for entry into
host cells. For enveloped paramyxovirus, complex mechanisms of cell entry have been
identified (9, 10). In addition to entering target cells through direct penetration at the
plasma membrane, some members of the Paramyxoviridae family can hijack the cellu-
lar intrinsic endocytic mechanisms to achieve their infectious entry into host cells (16,
19, 53). Previous studies have shown that NDV can infect multiple cell types and utilize

FIG 8 NDV utilizes caveola-mediated endocytosis to enter primary chicken macrophages. Primary chicken
macrophages cultured in 24-well plates were treated with the highest concentrations of bafilomycin A1,
chloroquine, dynasore, chlorpromazine, MbCD, nystatin, PMA, EIPA, and wortmannin without causing
obvious cytotoxic effects for 1 h at 37°C. Cells treated with DMSO were included as a control. The cells
were infected with F48E9 at an MOI of 0.1 in the presence of the inhibitors at 37°C for 1 h. After
incubation, the cells were washed with PBS and incubated in medium containing 5% FBS at 37°C. At 24
hpi, the viral titers in the culture supernatants of infected cells were determined. The bars represent
means 6 the SD. Data were analyzed by using the Student t test (*, P , 0.05; **, P , 0.01).
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both direct fusion with the plasma membrane and endocytic pathways for entry into
host cells (18–21, 54). Although NDV is able to infect and replicate in chicken macro-
phages (22–24), one of the main target cells for NDV in vivo, little information is avail-
able about the invasion pathway of NDV for entering chicken macrophages.

In this study, we initially demonstrated that chIFITM1 which is located in the early
endosomes can specifically limit the replication of NDV in chicken macrophages
(HD11), indicating the endocytic entry of NDV in this cell type. Since we showed that
chIFITM1 has no effects on the adsorption and internalization of NDV in HD11 cells but
reduces the replication of NDV, these findings suggest that this host restriction factor
should restrict NDV entry by blocking the fusion of viral envelop with endosomal mem-
brane as previously reported (28). Indeed, we showed that the internalization of NDV
in HD11 cells is sensitive to the treatment of inhibitors of endosomal acidification. The
pH-dependent entry further indicates that NDV can be internalized in HD11 cells via
endocytosis. Then, we found that dynamin is required in the entry of NDV into HD11
cells, indicating the potential roles of clathrin-mediated and caveola-mediated endocy-
tosis in the entry of NDV. Further results showed that the entry of NDV in HD11 cells is
dependent on caveola-mediated endocytosis rather than clathrin-mediated

FIG 9 Effects of inhibitors on the replication of NDV in DF-1 (A) and LMH (B) cells. DF-1 and LMH
cells cultured in 12-well plates were treated with the highest concentrations of bafilomycin A1,
chloroquine, dynasore, chlorpromazine, MbCD, nystatin, PMA, EIPA, and wortmannin without causing
obvious cytotoxic effects for 1 h at 37°C. Cells treated with DMSO were included as a control. The
cells were infected with F48E9 at an MOI of 0.1 in the presence of the inhibitors at 37°C for 1 h. After
incubation, the cells were washed with PBS and incubated again in medium containing 5% FBS at
37°C. At 18 hpi, the viral titers in the culture supernatants of infected DF-1 and LMH cells were
determined. The bars represent means 6 the SD. Data were analyzed by using the Student t test (*, P
, 0.05; **, P , 0.01).
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endocytosis. Recent evidences reveal that, except for entry at the plasma membrane,
paramyxovirus is also able to utilize the endocytosis pathways for entry. The clathrin-
mediated endocytosis and macropinocytosis have been implicated in the entry of
HMPV and Nipah virus, respectively (9, 10, 14). Based on our results and a previous
report (19), NDV is the only member of paramyxoviruses that known thus far that uti-
lizes caveola-mediated endocytosis for entry into chicken macrophages. The caveola-
mediated endocytosis is ligand triggered, and the formation of primary endocytic
vesicles depends on cholesterol, lipid rafts, dynamin II, and a complex signaling path-
way associated with the activation of several tyrosine and other kinases (55).
Cholesterol is an important component of lipid rafts and is essential for the formation
of caveolae. As such, the sensitivity to cholesterol depletion is a characteristic of cav-
eola-mediated endocytosis (12, 55). Here, we showed that treatment with cholesterol
depletion reagent MbCD and cholesterol binding reagent nystatin significantly
reduced the level of NDV internalization, suggesting that membrane cholesterol is
required for NDV internalization in HD11 cells. In addition, we found that except for
the internalization, the adsorption of NDV in cholesterol-depleted HD11 cells treated
with MbCD was also significantly reduced. The possible explanation is that the treat-
ment of MbCD may disrupt the integrity of cholesterol-rich membrane microdomains
which contain potential NDV receptors and consequently interfere with the
attachment of NDV to receptor molecules. Previous studies have shown the cholesterol
dependence of NDV entry into avian and mammalian cells (19, 56, 57); therefore, mem-
brane cholesterol should be a requirement for NDV entry to host cells. Although cho-
lesterol dependence is considered to be a marker of the caveola-mediated endocytosis
(58), membrane cholesterol is also involved in other endocytic pathways, including
clathrin-mediated endocytosis, macropinocytosis, lipid rafts, and phagocytosis (12).
Thus, three criteria were used in this study to further confirm our results: (i) the inter-
nalization of NDV was significantly reduced in HD11 cells treated with PMA, which is a
specific inhibitor of caveola-mediated endocytosis; (ii) the entry of NDV was reduced
by the overexpression of DN caveolin-1 and knockdown of the expression of caveolin-
1 in HD11 cells; and (iii) NDV was colocalized with caveolin-1 during entry into HD11
cells. Collectively, our results clearly indicate that NDV entry into HD11 cells is depend-
ent on caveola-mediated endocytosis. Moreover, we demonstrated that this endocytic
pathway is also utilized by NDV entering the primary chicken macrophages.

Macropinocytosis is another endocytosis pathway involved in the entry of several
viruses (33, 59, 60). Nipah virus is reported to utilize the macropinocytosis pathway for
entry into cells (14). In this study, the adsorption, the internalization, and the titers of
progeny viruses of NDV in HD11 cells were not obviously affected by the treatment of
inhibitors of macropinocytosis. Previous work indicated that the infection of NDV in
BHK-21 cells is moderately reduced by pretreatment with MbCD, while the inhibitor of
macropinocytosis has no inhibitory effect on the infectivity of NDV (61). Here, we dem-
onstrated that NDV entry into HD11 cells is dependent on acidic pH, dynamin, choles-
terol, and caveolin but not clathrin or macropinocytosis. Similar results were observed
in LMH cells. However, the dependence differs between HD11 and DF-1 cells; NDV
could enter DF-1 cells via a pH-dependent, dynamin- and clathrin-mediated endocyto-
sis pathway, and macropinocytosis is involved in the entry of NDV in DF-1 cells. These
results suggest that NDV may enter different cell types using different pathways and
strategies. Most paramyxoviruses enter host cells in a receptor-dependent manner.
Sialic acid-containing compounds, such as gangliosides and N-glycoproteins, have
been suggested as the receptors of NDV (62, 63). In addition, previous studies showed
that gangliosides were the primary receptors of NDV, which is responsible for the initial
virus attachment, whereas N-linked glycoproteins acted as the authentic receptors
which induce the conformational changes of envelope glycoprotein and subsequently
the fusion of viral and cellular membranes (64, 65). Thus, during the entry process,
NDV should bind to gangliosides to enhance virus adsorption onto cells, and this initial
attachment may not induce the fusion between the viral and cellular membranes as
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previously reported (66). In contrast, the NDV-ganglioside interaction may mediate the
activation of certain cellular signaling pathways that are involved in the endocytosis. A
prior study indicated that mouse polyomavirus activates the PI3K pathway, which is
required for the virus endocytosis through binding to the ganglioside GD1a receptor
(67). Ganglioside GM2 is essential for the cell entry of Bombyx mori cypovirus via cla-
thrin-mediated endocytosis pathway (68), and the specific interaction with a peptide
and ganglioside GM3 is required for its entry via the macropinocytosis (69). Notably,
ganglioside GM1, the receptor of simian virus 40, is concentrated in caveolae and
mediates the entry of virus via caveola-mediated endocytosis (70–72). Since NDV can
bind to ganglioside GM1 (65) and pretreatment of NDV with ganglioside GM1 prior to
exposure to HD11 cells significantly inhibited NDV infection (our unpublished data),
we speculated that during the entry process of NDV in HD11 and LMH cells, NDV may
bind to ganglioside GM1 located in the caveolae and activate the tyrosine kinase sig-
naling cascade and eventually induce the caveola-mediated endocytosis (44, 73).
Moreover, the types of gangliosides in DF-1 cells may differ to those in HD11 and LMH
cells, since the expression patterns of gangliosides are varied in different cells (e.g., the
expression of ganglioside GM3 is more abundant than GM1 in many nonneuronal tis-
sues) (74, 75). In addition, previous studies have shown that murine polyomavirus can
utilize different gangliosides as receptors for entry into different cell types (72, 76);
therefore, we infer that the entry of NDV in DF-1 cells via the clathrin-mediated endo-
cytosis pathway and macropinocytosis may be mediated by the interaction of NDV
with specific types of ganglioside, rather than GM1, although this required further
elucidation.

Caveola-mediated endocytosis pathway is involved in the internalization of mem-
brane components, extracellular ligands, bacterial toxins, and various other viruses (37,
38, 44). Traditionally, the internalized cargos are transported to caveosome with neu-
tral pH and further sorted to the endoplasmic reticulum, bypassing the acidic endo-
somes (55, 77). Viruses that use this pathway for cell entry can exploit the components
of the endoplasmic reticulum for uncoating and penetration into the cytosol (12, 78).
In addition to this caveosome-endoplasmic reticulum route, an increasing number of
viruses that enter cells via caveola-mediated endocytosis pathway have been found to
be able to be transported to acidic endosomes (37, 79, 80). The fusion of viral envelope
with endosomal membranes is generally triggered by the acidic pH within the endoso-
mal pathway (11). Though paramyxoviruses are believed to promote fusion under neu-
tral pH conditions, the fusion of HMPV and NDV is enhanced at acidic pH, suggesting
the requirement of a low pH for virus entry (16, 54). Here, we demonstrated that NDV
can enter chicken microphages via the caveola-mediated endocytosis in a pH-depend-
ent manner and are located in early endosomes (with a relatively high [;6] pH), rather
than late endosomes (with a relatively lower [;5] pH). The relatively high pH depend-
ency of NDV and the location of internalized NDV in early endosomes indicate that the
fusion of NDV might occur in early endosomes, and the acidic pH condition in early
endosomes might be sufficient to trigger the fusion of NDV with endosomes, as is the
case for Semliki Forest virus and vesicular stomatitis virus (81, 82). In addition, upon
binding to the ganglioside receptor, the NDV HN protein undergoes only certain con-
formational change that does not affect the F protein (64). Thus, we speculated that af-
ter the endocytic entry, conformational changes of the HN protein are required for
fusion promotion and may be further triggered by the acidic pH condition in the early
endosomes. Alternatively, F protein may be activated by the acidic pH without the
requirement of an interaction with HN. Further investigation, such as the construction
of HN mutant recombinant viruses deficient in interaction with the F protein, will be
needed to clarify this point.

The viruses that enter host cells via the endocytosis pathway can hijack the Rab pro-
teins and the small GTPases to achieve their traffic and localizations to specific subcel-
lular compartments (12, 83). The small GTPases Rab5 and Rab7 are key determinants of
transport to early and late endosomes and are involved in the cellular entry of several
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viruses (36, 37, 84, 85). In the present study, the effects of Rab5 and Rab7 on NDV entry
into HD11 cells were evaluated by overexpressing DN mutants and knocking down the
expression of Rab5 and Rab7 using siRNA. Our results indicated that Rab5 is implicated
in the entry of NDV in HD11 cells, whereas the expression of Rab7 is not required.
Colocalization of virions with Rab5 and EEA1 (early endosome markers), rather than
Rab7 and Lamp-1 (late endosome markers), indicated that NDV is located in early
endosomes. Thus, we hypothesize that after endocytosis, NDV is transported to
early endosomes in a Rab5-dependent manner and the virus uncoating occurs at the
early endosomes as reported for dengue virus, West Nile virus, and respiratory syncytial
virus (15, 85).

In conclusion, we comprehensively investigated for the first time, the entry process
of NDV in chicken macrophage cell line HD11. Our results suggest that NDV enters
HD11 cells via a pH-dependent, dynamin and caveola-mediated endocytosis pathway
and Rab5 is involved in NDV entry into HD11 cells. Notably, we further demonstrated
that this endocytosis pathway is also utilized by NDV for entry into primary chicken
macrophages, indicating the endocytic entry of NDV in vivo. Entry and replication of
NDV in macrophages is a benefit for the infection and dissemination of virus in vivo
and can alter the host immune responses to support the viral infection. In addition, by
being endocytosed into endosomes, NDV could avoid leaving the viral components
exposed on the plasma membrane, and thus delay the detection of host immunosur-
veillance. Clarification of the entry pathways of NDV will promote our understanding
the cellular entry mechanism of paramyxoviruses and provide insight into the develop-
ment of novel antiviral inhibitors.

MATERIALS ANDMETHODS
Cells, eggs, and viruses. Chicken macrophage cell line HD11 was cultured in RPMI 1640 medium

supplemented with 10% heat-inactivated fetal bovine serum (FBS). Chicken embryo fibroblast cells (DF-
1) and chicken hepatoma cells (LMH) were cultured in Dulbecco modified Eagle medium (Sigma,
Shanghai, China) supplemented with 10% FBS. The primary chicken macrophages were obtained from
peripheral blood of specific-pathogen-free (SPF) chickens as described previously, with some modifica-
tions (22). The peripheral blood prepared from SPF chickens was layered on Ficoll (Sigma) and centri-
fuged at 1,000� g for 20min. Cells were removed from the Ficoll gradient and washed three times using
phosphate-buffered saline (PBS). The obtained cells were resuspended in RPMI 1640 medium (Sigma)
supplemented with 10% FBS and cultured in 24-well plates. Next, the nonadherent lymphocytes were
removed, and adherent macrophages were reserved. SPF embryonated chicken eggs were obtained
from the National Poultry Laboratory Animal Resource Center, Harbin Veterinary Research Institute,
China. The genotype IX velogenic NDV strain F48E9 was used in this study (86, 87).

Plasmids and siRNAs. The coding region removing the termination codon of chIFITM1 was ampli-
fied from RNA extracted from HD11 cells. The resulting PCR product was subcloned downstream of the
HA tag in the pCAGGS-HA plasmid. The recombinant plasmid encoding HA-tagged chIFITM1 protein
was designated pCAGGS-HA-chIFITM1. The coding regions removing the termination codons of wild-
type (WT) caveolin-1, dynamin II, EPS15, Rab5, and Rab7 were amplified from the HD11 cells RNA and
cloned into the pEGFP-N1 vector (Clontech, Palo Alto, CA). Dominant-negative (DN) caveolin-1 was con-
structed by removing the sequence coding the first 81 amino acids of caveolin-1 and replacing it with a
start codon, as described previously (46, 47). The DN EPS15, which has a large N-terminal deletion, was
constructed, as previously described (27, 36, 42, 43). DN dynamin II (K44A), DN Rab5 (S34N), and DN
Rab7 (T22N) were constructed via site-directed mutagenesis using specific primers, as described previ-
ously (36, 37, 87). All constructs were sequenced to confirm the presence of these introduced mutations.
The plasmids were transfected into HD11 cells using the TurboFect transfection reagent (Thermo Fisher
Scientific, Waltham, MA), as we described previously (87).

The siRNA that specifically recognizes the mRNA sequence of caveolin-1 (59-CCGAGCCACAGUACGGAAA-
39), clathrin heavy chain (59-GCAUCAACCCAGCAAACAU-39), dynamin II (59-CCAUCGGUGUGAUCACCAA-39),
Rab5 (59-GCAAGCAGCUAUAGUUGUA-39), and Rab7 (59-CCAGUAUGUGAACAAGAAA-39) were designed, and
a control siRNA that does not have a specific target site in chicken cells was used (87). HD11 cells were trans-
fected with 100nM siRNA target caveolin-1, clathrin heavy chain, dynamin II, Rab5, Rab7, or a control siRNA
using N-TER nanoparticle siRNA transfection system (Sigma), as we described previously (87).

Inhibitors. The inhibitors used in this study included bafilomycin A1, a specific inhibitor of vacuolar
(V-type) proton ATPases (APExBIO, Houston, TX); chloroquine, an inhibitor of endosomal acidification
(Sigma);, dynasore, an inhibitor of dynamin, which involved in both clathrin- and caveola-mediated
endocytosis (Sigma); chlorpromazine, an inhibitor of clathrin-mediated endocytosis (Sigma); methyl-
b-cyclodextrin (MbCD), an agent disrupts lipid rafts by depleting the cholesterol component (Sigma);
nystatin, a steroid-binding antibiotic that binds cholesterol, used as an inhibitor of caveola-mediated
endocytosis (Sigma); phorbol 12-myristate 13-acetate (PMA), an inhibitor of caveola-mediated
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endocytosis (Sigma); 5-(N-methyl-N-isobutyl)amiloride (EIPA), an inhibitor of macropinocytosis (Sigma);
and wortmannin, an inhibitor of PI3K activation (Merck, Brandenburg, NJ).

Cell viability assay. An evaluation of the cytotoxic effects of the inhibitors and siRNA on HD11 cells
and the cytotoxic effects of the inhibitors on DF-1, LMH cells and primary chicken macrophages was
made using a CellTiter 96 AQueous One Solution cell proliferation assay kit (Promega, Madison, WI)
according to the manufacturer’s instructions. Briefly, HD11, DF-1, and LMH cells and primary chicken
macrophages grown in 96-well plates were incubated with various concentrations of inhibitors for 2 h.
After incubation, the inhibitors were removed by three washes with PBS. Next, the cells were supple-
mented with medium containing 5% FBS, followed by incubation at 37°C for 24 h. Alternatively, HD11
cells were transfected with siRNAs and incubated at 37°C for 48 h. Subsequently, 20ml of CellTiter 96
AQueous One Solution reagent was added to the cells, followed by incubation for 4 h at 37°C, and the
absorbance was measured at a wavelength of 490 nm. The highest concentration of each inhibitor with
no significant effect on cell viability (.90%) was used for further study (data not shown).

DiOC/DiI labeling of virus. The NDV F48E9 was purified by sucrose density gradient centrifugation.
The purified virus was incubated with 10mM DiOC (green) or DiI (red) fluorescence (Thermo Fisher
Scientific) with gentle shaking for 30min at room temperature, respectively. Upon completion of label-
ing, unincorporated dye was removed with an Amicon Ultra-15 centrifugal filters (10 kDa; Merck
Millipore, Cork, Ireland) by centrifugation for 45min. The titer of the labeled virus was determined in
HD11 cells.

Adsorption, internalization, and replication assays. For the adsorption assays, HD11 cells cultured
in 12-well plates were treated with the indicated concentration of inhibitors for 1 h at 37°C. After three
washes with cold PBS, the cells were inoculated with NDV F48E9 at a multiplicity of infection (MOI) of 1
in the presence of the inhibitors at 4°C for 1 h. After the incubation period, the inoculum was removed,
and the cells were washed three times with cold PBS. The cells were then harvested and subjected to vi-
ral RNA extraction and quantification of viral load via real-time RT-PCR, as previously described (87, 88).
Briefly, viral RNA was extracted from NDV-infected HD11 cells using TRIzol reagent (Invitrogen, Carlsbad,
CA). Specific primers and TaqMan probes against NDV were selected for the detection of NDV (88). Real-
time RT-PCR was performed on the LightCycler 480 real-time PCR system (Roche Diagnostics
Deutschland GmbH, Mannheim, Germany) with a One-Step PrimeScript RT-PCR kit (TaKaRa, Dalian,
China) according to the manufacturers’ instructions. Triplicate reactions were performed for each sam-
ple. Standard templates with known copy numbers were included in the quantitative analyses, and H2O
was used as the negative template control. Samples with a threshold cycle (CT) value above 35 were con-
sidered to be negative, and the detection limit of this assay is 102 genome copies of NDV was ;101 50%
egg infective doses (88).

For the internalization assays, HD11 cells were treated with the indicated concentration of inhibitors
for 1 h at 37°C. After three washes with cold PBS, the cells were inoculated with DiOC-labeled NDV
F48E9 at an MOI of 50 at 4°C for 1 h. The inoculum was then removed, and the cells were washed three
times with cold PBS. Cells were further incubated with medium in the presence of the inhibitors for 1 h
at 37°C. Alternatively, HD11 cells were transfected with siRNAs or hemagglutinin (HA)-tagged plasmids.
At 48 h posttransfection, the cells were inoculated with DiOC-labeled NDV F48E9 at an MOI of 50 at 4°C
for 1 h. Then, the inoculum was removed, and the cells were washed three times with cold PBS. Cells
were further incubated with medium for 1 h at 37°C. In addition, HD11 cells were transfected with plas-
mids that encode EGFP-tagged proteins. At 48 h posttransfection, the cells were inoculated with DiI-la-
beled or unlabeled NDV F48E9 at an MOI of 50 at 4°C for 1 h. The inoculum was removed, and the cells
were washed three times with cold PBS. The cells were further incubated with medium for 1 h at 37°C.
For all of the experiments, the cells were washed three times with PBS and subsequently treated with ci-
trate buffer (pH 3) after incubation at 37°C to inactivate and remove noninternalized viruses, as previ-
ously described (26, 27). After a wash with PBS, the cells were fixed in 4% paraformaldehyde and sub-
jected either to visualization by confocal fluorescence microscopy or to flow cytometric analysis.

For the replication experiments, after treatment with the indicated concentration of inhibitors, the
cells were inoculated with NDV F48E9 at an MOI of 0.1 in the presence of the inhibitors at 37°C for 1 h.
Alternatively, HD11 cells were transfected with siRNAs or plasmids. At 48 h posttransfection, cells were
infected with F48E9 at an MOI of 0.1 at 37°C for 1 h. After the incubation period, the cells were washed
with PBS, followed by incubation in medium containing 5% FBS at 37°C. At 18 hpi, viral titers in the cul-
ture supernatants of infected cells were determined by the Reed-Muench method, as previously
described (87, 89).

Uptake assay. Alexa Fluor 568-labeled human transferrin (Tfn), Alexa Fluor 594-labeled cholera toxin
subunit B (CTB), and Alexa Fluor 594-labeled dextran (Thermo Fisher Scientific) were used for the uptake
assays, as previously described (36, 37, 90). HD11 cells cultured in 30-mm cell culture dishes were treated
with the indicated inhibitors for 1 h at 37°C. The cells were incubated with 10mg/ml of Tfn, CTB, or dex-
tran at 4°C for 1 h and then washed and incubated at 37°C for 1 h. After incubation at 37°C, the cells
were treated with citrate buffer (pH 3) to remove noninternalized proteins as previously described (26,
27). After a wash with PBS, the cells were fixed with 4% paraformaldehyde, stained with DAPI (49,69-dia-
midino-2-phenylindole) for 10min, and then observed by confocal fluorescence microscopy.
Alternatively, HD11 cells were transfected with WT or DN plasmids. At 48 h posttransfection, the cells
were incubated with 10mg/ml of Tfn or CTB at 4°C for 1 h and then washed and incubated at 37°C for 1
h. After incubation at 37°C, the cells were treated with citrate buffer (pH 3) to remove noninternalized
proteins as previously described (26, 27). The cells were then washed with PBS, fixed in 4% paraformal-
dehyde, and subjected either to visualization by confocal fluorescence microscopy or to flow cytometry
for analysis of Tfn or CTB uptake in EGFP-positive cells as previously reported (27).
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Confocal fluorescence microscopy. For the uptake assay involving treatment of inhibitors, the
mean fluorescence intensity of labeling proteins within the cells from different fields was determined.
For the uptake assay involving EGFP-tagged proteins, the mean fluorescence intensity of labeling pro-
teins within the EGFP-positive cells from different fields was determined. For the virus internalization
assay involving treatment of inhibitors and siRNA, the fixed cells were treated with trypan blue with a
final concentration of 0.02% to quench the green fluorescence of DiOC in the plasma membrane surface,
as previously described (13). The cells were washed with PBS, stained with DAPI, and examined by con-
focal fluorescence microscopy, and the mean fluorescence intensity of DiOC-labeled virions within the
cells from different fields was determined. All images associated with uptake of labeling proteins and vi-
rus internalization were acquired by using LSM800-ZEISS confocal laser scanning microscopy (LSM 800;
Zeiss, Oberkochen, Germany). The mean fluorescence intensity of a single plane from z-stack cross sec-
tions was used to determine the labeling proteins within the cells.

For the localization of HA-chIFITM1, HD11 cells cultured in 30-mm cell dishes were transfected with
pCAGGS-HA-chIFITM1 or pCAGGS-HA. At 24 h after transfection, the cells were fixed with 4% paraformal-
dehyde and permeabilized with 0.1% Triton X-100. The cells were incubated with mouse anti-HA and
rabbit anti-EEA1 antibody (Abcam, Cambridge, UK) overnight at 4°C and then with anti-mouse IgG-TRITC
antibody and anti-rabbit IgG FITC antibody (Sigma). After a wash with PBS, the cells were stained with
DAPI and examined by confocal fluorescence microscopy.

For the localization of NDV, HD11 cells cultured in 30-mm cell dishes were inoculated with NDV
F48E9 at an MOI of 10 at 4°C for 1 h and then washed and incubated at 37°C for 1 h. Infected cells were
then fixed and permeabilized, as described above. For colocalization of NDV with caveolin-1, cells were
stained with chicken anti-NDV HN antibody (87) and mouse anti-caveolin-1 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA). For colocalization of NDV with Rab5, Rab7, EEA1, and Lamp-1, cells were
stained with mouse anti-NDV HN antibody, rabbit anti-Rab 5 antibody (LifeSpan BioSciences, Seattle,
WA), rabbit anti-Rab 7 antibody (Thermo Fisher Scientific), rabbit anti-EEA1 antibody (Abcam), or rabbit
anti-Lamp-1 antibody (Abcam), respectively, and examined by confocal fluorescence microscopy.

Flow cytometry. For the virus internalization assay, HD11 cells cultured in 6-well plates were inocu-
lated with DiOC-labeled NDV F48E9 at an MOI of 50 at 4°C for 1 h. The inoculum was removed, and the
cells were washed three times with cold PBS to remove unbound viruses. Cells were further incubated
with medium at 37°C for 30, 60, 90, and 120min, respectively. After the desired times, the cells were
washed three times with PBS and treated with citrate buffer (pH 3) to inactivate and remove noninter-
nalized viruses, as previously described (26, 27). After three washes with PBS, the cells were collected
from the well with 0.25% trypsin and fixed in 4% paraformaldehyde. Each cell sample was divided into
two. One sample was subjected directly for the flow cytometric analysis, and the other was treated with
trypan blue with a final concentration of 0.02% to quench the green fluorescence of DiOC in the plasma
membrane surface, as previously described (13). The green fluorescence of 10,000 cells was measured
with a Cytomics TM FC 500 flow cytometer (Beckman Coulter, Fullerton, CA). After incubation, the virions
that had not entered the cells via either membrane fusion at the cell surface or endocytosis were
removed by washing with low-pH buffer, as previously described (26, 27); thus, the fluorescence inten-
sity of DiOC that was resistant to trypan blue treatment could be used for the determination of endocy-
tosed virus, and the fluorescence intensity of DiOC quenched by trypan blue could be an indicator of
membrane fusion of NDV at the cell surface.

For the virus internalization assay involving treatment of inhibitors or siRNA, each fixed cell sample
was divided into two. One sample was subjected directly for the flow cytometric analysis, and another
was treated with trypan blue as described above; the green fluorescence of 10,000 cells was measured
with a Cytomics TM FC 500. For virus internalization assay involving HA-chIFITM1, after fixation and
treatment with trypan blue as described above, the cells were stained with HA monoclonal antibody
and incubated at 4°C for 1 h. The cells were washed three times with PBS and stained with anti-mouse
IgG-TRITC/antibody for 1 h at 4°C. The cells were washed three times with PBS and resuspended in PBS
with 1% BSA. The green fluorescence of 10,000 TRITC-positive cells was measured with a Cytomics TM
FC 500. For virus internalization assay involving EGFP-tagged proteins, the cells inoculated with DiI-la-
beled NDV F48E9 were subjected directly to flow cytometric analysis, whereas the cells inoculated with
unlabeled NDV F48E9 were stained with NDV HN monoclonal antibody and incubated at 4°C for 1 h. The
cells were washed three times with PBS and stained with anti-mouse IgG-TRITC/antibody for 1 h at 4°C.
The cells were then washed another three times with PBS and resuspended in PBS with 1% BSA. The red
fluorescence of 10,000 EGFP-positive cells was measured with an MA900 flow cell sorter (Sony
Biotechnology, San Jose, CA). The fluorescence intensity of DiI-labeled NDV F48E9 was used to quantify
the virions entrance into cells via both membrane fusion at the cell surface and the endocytic pathway,
whereas the fluorescence intensity of HN on the cell surface was adopted to evaluate the level of mem-
brane fusion at the cell surface.

For the uptake assay of labeling proteins involving EGFP-tagged proteins, the fixed cells were sub-
jected directly for the flow cytometric analysis, and the red fluorescence of 10,000 EGFP-positive cells
was measured with an MA900 flow cell sorter.

SDS-PAGE and Western blotting. SDS-PAGE and Western blotting were performed according to
previously described procedures (87). HD11 cells were washed with PBS and lysed with radioimmuno-
precipitation assay buffer (Beyotime, Shanghai, China). Protein samples were then separated by SDS-
PAGE and transferred to nitrocellulose membranes. The membranes were incubated with the indicated
primary antibodies and the corresponding secondary antibodies; b-actin was included as a control.

Effects of inhibitors on the replication of NDV in primary chicken macrophages. The cytotoxic
effects of the inhibitors on primary chicken macrophages were first evaluated as described above.
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Primary chicken macrophages were treated with the highest concentrations of bafilomycin A1, chloro-
quine, dynasore, chlorpromazine, MbCD, nystatin, PMA, EIPA, and wortmannin without causing obvious
cytotoxic effects for 1 h at 37°C. Cells treated with DMSO were included as a control. Primary chicken
macrophages were then infected with F48E9 at an MOI of 0.1 in the presence of the inhibitors at 37°C
for 1 h. After incubation, the cells were washed with PBS and incubated in medium containing 5% FBS
at 37°C. At 24 hpi, viral titers in the culture supernatants of infected cells were determined by the Reed-
Muench method (89).

Effects of inhibitors on the replication of NDV in other chicken origin cells. The cytotoxic effects
of the inhibitors on DF-1 and LMH cells were first evaluated, and then the DF-1 and LMH cells cultured
in 12-well plates were treated with the highest concentrations of bafilomycin A1, chloroquine, dyna-
sore, chlorpromazine, MbCD, nystatin, PMA, EIPA, and wortmannin without causing obvious cytotoxic
effects for 1 h at 37°C. Cells treated with DMSO were included as a control. The DF-1 and LMH cells
were then infected with F48E9 at an MOI of 0.1 in the presence of the inhibitors at 37°C for 1 h. After
incubation, the cells were washed with PBS and incubated in medium containing 5% FBS at 37°C. At
18 hpi, viral titers in the culture supernatants of infected cells were determined by the Reed-Muench
method (89).

Statistical analysis. Data are expressed as means 6 the standard deviations (SD). A Student t test
was performed, where appropriate, using Prism for Windows 5 (GraphPad Software, La Jolla, CA). The dif-
ferences were considered significant if the P values were ,0.05. Statistical significance is indicated by
asterisks in the figures (*, P, 0.05; **, P, 0.01).
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