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Abstract Newcastle disease (ND) is a contagious disease
that affects most species of birds. Its causative pathogen,
Newcastle disease virus (NDV), also exhibits considerable
oncolytic activity against mammalian cancers. A better
understanding of the pathogenesis of NDV will help us
design efficient vaccines and novel anticancer strategies.
GW3965, a widely used synthetic ligand of liver X receptor
(LXR), induces the expression of LXRs and its down-
stream genes, including ATP-binding cassette transporter
Al (ABCA1l). ABCA1 regulates cellular cholesterol
homeostasis. Here, we found that GW3965 inhibited NDV
infection in DF-1 cells. It also inhibited NF-xB activation
and reduced the upregulation of proinflammatory cytokines
induced by the infection. Further studies showed that
GW3965 exerted its inhibitory effects on virus entry and
replication. NDV infection increased the mRNA levels of
several lipogenic genes but decreased the ABCAl mRNA
level. Overexpression of ABCALI inhibited NDV infection
and reduced the cholesterol content in DF-1 cells, but when
the cholesterol was replenished, NDV infection was
restored. GW3965 treatment prevented cholesterol accu-
mulation in the perinuclear area of the infected cells. In
summary, our studies suggest that GW3965 inhibits NDV
infection, probably by affecting cholesterol homeostasis.
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Introduction

Newcastle disease virus (NDV), the causative agent of
Newcastle disease (ND), can infect at least 241 species of
birds, and results in substantial economic loss to the poultry
industry [27]. Newcastle disease virus, an enveloped, non-
segmented, and negative-stranded RNA virus, belongs to
the family of Paramyxoviridae. The genome of NDV
encodes six structural proteins, including nucleoprotein
(NP), phosphoprotein (P), large polymerase protein (L),
matrix protein (M), hemagglutinin-neuraminidase (HN),
and fusion (F) glycoprotein [19, 24, 39, 43]. Although
commonly administrated with live NDV vaccines, New-
castle disease remains a severe burden for poultry
production.

Viruses hijack the host machinery for their benefit; lipid
metabolism is one of the features that the viruses exploit
[37]. NDV infection disturbs the lipid metabolism in
chickens [32]. Studies on various viruses demonstrate that
the pharmacological agents targeting lipid metabolism can
inhibit virus infection [30].

Liver X receptors (LXR-o and LXR-f) are DNA-bind-
ing transcription factors that belong to the nuclear receptor
superfamily and act as sensors of lipid homeostasis [33].
LXR-o regulates cholesterol and lipid metabolism; its tar-
get gene ABCA1 promotes the efflux of cellular cholesterol
to maintain sterol homeostasis [5, 38]. Cholesterol shapes
the properties of lipid bilayers. It is the major component of
lipid rafts, the platform for the assembly of various sig-
naling molecule complexes [14, 35]. Lipid rafts are also
required for the entry of some viruses, including severe
acute respiratory syndrome (SARS) virus and Japanese
encephalitis virus [21, 46].

In our studies, we showed that the LXR ligand GW3965
inhibited NDV infection. It inhibited NF-xB activation and
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decreased the upregulation of proinflammatory cytokines
induced by the infection. GW3965 exerted its inhibitory
effects on virus entry and replication. Meanwhile, NDV
infection impaired ABCA1 gene expression, which could
be restored by GW3965 treatment. ABCA1 overexpression
inhibited NDV infection and reduced the cholesterol con-
tent in infected cells, whereas cholesterol replenishment
could restore the infection. Filipin III staining showed that
cholesterol was accumulated in the perinuclear area of the
infected cells, whereas GW3965 treatment decreased the
accumulation. Collectively, our studies suggested that
GW3965 inhibited NDV infection, probably by affecting
cholesterol homeostasis.

Materials and methods
Cell culture and virus

DF-1 cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured
(5% CO,) in Dulbecco’s modified Eagle medium
(DMEM, GIBCO) supplemented with 10 % fetal bovine
serum (FBS, Invitrogen) at 37 °C. The NDV strain Herts/
33 was obtained from China Institute of Veterinary Drug
Control (Beijing, China). The virus was propagated in
embryonated chicken eggs. The 50 % tissue culture
infected dose (TCID50) was determined by the Reed-
Muench method in DF-1 cells [31]. The cells were trans-
fected with polyethylenimine (25 kDa; Sigma) according
to the manufacturer’s instructions.

Reagents

GW3965 was purchased from Selleck (China). Choles-
terol-water soluble was purchased from Sigma. Mouse
monoclonal B-actin antibody (Sigma), goat anti-mouse IgG
(Beyotime), and goat anti-rabbit IgG (Beyotime, China)
were used in the studies. Filipin Il was purchased from
Cayman Chemical (U.S.A.). A mouse monoclonal antibody
against NDV nucleocapsid protein (NP) was prepared in
our laboratory.

Western blot

Cells were washed with PBS buffer, scraped and lysed with
RIPA buffer (Tris-HCl 50 mM, pH 7.4, 1 mM EDTA,
150 mM NaCl, 1 % NP40, 5 mM NaF, 0.25 % sodium
deoxycholate, 5 mM sodium orthovanadate, 0.4 % SDS,
and 0.1 mM PMSF) containing protease inhibitor and
phosphatase inhibitor (Thermo) for 2 h at 4 °C. The cell
lysates were centrifuged at 14,000g for 15 min at 4 °C. The
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supernatant was collected and the protein concentration
was determined by BCA protein assay kit (Thermo)
according to the manufacturer’s instructions. Equal amount
of protein samples were loaded and separated by SDS-
PAGE. The proteins were then transferred to a nitrocellu-
lose (NC) membrane (Bio-Rad). The membrane was
blocked (5 % milk in PBS supplemented with 0.5 %
Tween-20) at room temperature for 2 h followed by incu-
bation with the primary antibody (1 h) and the secondary
antibody (1 h) at room temperature, respectively.
Immunoreactive bands were detected using an enhanced
chemiluminescence system (Vazyme, China).

qRT-PCR

Total RNA was extracted using TRIzol (Invitrogen)
according to the manufacturer’s instructions. One pg of
total RNA was used to synthesize cDNA at 42 °C for 1 h
with MMLV reverse transcriptase (Promega) using the
random hexamer (18T) to transcribe host genes or specific
primer to transcribe viral gRNA (genome RNA). Quanti-
tative real-time PCR was carried out using AceQ qPCR
SYBR Green Master Mix (Vazyme). The primer sequences
used in the study are listed in Table 1. B-actin RNA was
used as the internal control. The RNA copy numbers of
proinflammatory cytokines and lipogenic genes were
expressed as a ratio to P-actin RNA. The absolute copy
number of viral gRNA was determined according to a
previous study [29]. The gqRT-PCR experiments were
performed using the CFX96 Real-Time PCR system (Bio-
Rad). Each assay was performed in triplicate.

Cytokine ELISA

DF-1 cells were incubated with GW3965 (1 pM) during
NDV infection. The supernatant was collected at 12 hpi.
The concentrations of IL-1f, IL-6, IL-8, IFN-f, and TNF-o
were determined using an enzyme-linked immunosorbent
assay kit (Elabscience, China) according to the manufac-
turer’s instructions.

MTT assay

DF-1 cells cultured in a 96-well plate were treated with
various concentrations of GW3965 (0, 0.1, 0.5, 1, 2, and
5 uM) for 24 h. The cells were washed. One hundred pl of
DMEM containing 10 pl MTT (5 mg/ml) was added to
each well. The plate was incubated for 4 h at 37 °C. The
culture medium was removed, and 100 pl DMSO was
added to each well. The plate was gently shaken for
10 min. The absorbance at 490 nm was determined by a
spectrophotometer (Bio-Rad).
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Table 1 Sequences of the primers used for qRT-PCR

Name Primer sequence (5’ to 3’)
IL-1B Forward:
GTTAATGATGAAGATGTTGATAGC
Reverse: GTTCCAGACACAGCAATC
IL-6 Forward: AGGACGAGATGTGCAAGAAG
Reverse: TGCTGTAGCACAGAGACTCG
IL-8 Forward: GCATTAGCACTCATTCTA
Reverse: CTCTCTTCCATCCTTTAG
IL-10 Forward: TGAACTTAACATCCAACTG
Reverse: ACCTCATCTGTGTAGAAG
IFN- Forward: CTCGCAACCTTCACCTCAC
Reverse: CGCTGTAATCGTTGTCTTGGA
ABCAI Forward: CTCATTACTGTGCTCATC
Reverse: CGTCTTCATCTTCATCATT
LXR-a Forward: CTCACTTCACAGAACTTG
Reverse: CTATGGTAGATGTCTTCAATA
SREBP-1C Forward: ACTTCATCAAGGCAGACT
Reverse: TGATGCTGGAGGTCTTAG
PPAR-y Forward: AATGCCATCAGGTTTGGG
Reverse: GCGGGAAGGACTTTATGTATG
FASN Forward: AAGAGGAGAAGCAATATC
Reverse: CTGTGATGATGTAAGACT
B-ACTIN Forward: CTTCCAGCCATCTTTCTT
Reverse: ATATCCACATCACACTTCAT
HMGCR Forward: CTGGGTTTGGTTCTTGTTCA

Reverse: ATTCGGTCTCTGCTTGTTCA
PLa-G (viral ACGATAAAAGGCGAAGGAGCA

eRNA)

Cholesterol quantification

The cells were washed twice with PBS. The total cellular
cholesterol was assayed using Tissue Total Cholesterol
Assay Kit (Applygen, China) according to the manufac-
turer’s instructions.

Filipin III staining

DF-1 cells were grown on coverslips overnight and pre-
treated with GW3965 (1 uM) for 1 h. The cells were then
infected with NDV (MOI = 1) in the presence of
GW3965 (1 uM) for 12 h. The cells were fixed in 3 %
paraformaldehyde and permeabilized with 0.5 % Triton
X-100 for 10 min, followed by incubation in blocking
buffer (5 % BSA in PBS buffer) for 30 min. The cells
were then stained with filipin III (0.05 mg/mL) for 2 h at
room temperature. The coverslips were mounted on slide
glasses and observed under a fluorescence microscope
(Nikon).

Statistical analysis

All data were determined in triplicate and are representa-
tive of at least two separate experiments. The results rep-
resent the means £ standard deviations of triplicate
determination. The differences between means were con-
sidered significant at *p < 0.05 and very significant at
**p < 0.01. All statistical analyses were performed by one-
way ANOVA using the SPSS 16.0 software package.

Results

Synthetic LXR agonist GW3965 impedes NDV
infection

Liver X receptors (LXR-o and LXR-f) are ligand-activated
transcription factors that regulate host lipid metabolism and
cholesterol homeostasis [15]. GW3965, a synthetic ligand,
can effectively increase the expression of LXR-a and
LXR-B [2, 41]. A study on HCV showed that GW3965
possesses an antiviral effect [44]. We therefore hypothe-
sized that GW3965 might inhibit NDV infection. The
cytotoxicity experiment showed that GW3965 did not
cause significant cytotoxic effects in DF-1 cells at 0.1, 0.5,
and 1 pM (Fig. 1A). We next explored the anti-NDV
activity of GW3965 in DF-1 cells. The infected cells were
incubated with different concentrations of GW3965 for
12h. The inhibitory effect of GW3965 was assessed by
western blot, which demonstrated that GW3965 could
significantly reduce the expression level of viral protein NP
(Fig. 1B).

To confirm the inhibitory effect of GW3965 on NDV
infection, we also analyzed the virus titer in the supernatant
via TCID50 and viral genomic RNA (gRNA) in the cells
via qRT-PCR. The virus titer was decreased in the
GW3965-treated group compared to the control (Fig.1C).
The viral gRNA copy number was also reduced signifi-
cantly in proportion to the amount of GW3965 (Fig.1D). In
summary, our results revealed that GW3965 had an inhi-
bitory effect on NDV infection.

GW3965 inhibits NDV entry and replication

To explore whether GW3965 inhibited NDV attachment,
we used qRT-PCR to detect the viral gRNA copy number.
DF-1 cells were incubated with NDV (MOI = 1) at 4 °C
for 1 h in the presence of GW3965 (1 uM). The cells were
then collected and viral gRNA was prepared. The qRT-
PCR assay showed that the viral gRNA copy number was
not changed significantly, indicating that GW3965 treat-
ment might not affect NDV attachment (Fig. 2A).
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We next determined whether GW3965 inhibited NDV
entry. DF-1 cells were first incubated with NDV
(MOI = 1) at 4 °C for 1 h and were then cultured at 37 °C
in the presence of GW3965 (1 uM) for 1 h. The gqRT-PCR
result revealed that viral gRNA copy number was
decreased significantly, indicating that GW3965 treatment
reduced NDV entry (Fig. 2B).

To explore whether GW3965 inhibited NDV replication,
the cells were treated with GW3965 after NDV infection
and collected at 8 hpi and 10 hpi. The qRT-PCR result
showed that viral gRNA copy numbers were decreased
significantly at both time points, suggesting that GW3965
treatment also impaired the replication of NDV (Fig. 2C).

In summary, our results indicated that GW3965 affected
NDV entry and replication, but not attachment. Due to
technical limitations, we did not explore the effect of
GW3965 on virus assembly and budding.

GW3965 inhibits NF-kB activation and decreases
pro-inflammatory cytokine expression induced
by infection

NF-kB, a multi-subunit nuclear transcription factor, regu-
lates the transcription of various cytokines and host
immune responses [7, 18, 26]. In quiescent cells, NF-kB is
bound to its inhibitor IkB in the cytoplasm. Once
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stimulated, IkBa is phosphorylated and degraded. NF-xB
is released and translocated into the nucleolus to regulate
gene transcription. To explore the effect of GW3965 on the
NF-kB signaling pathway in virus infection, the protein
levels of IkBo, p65, phosphor-IkBa and phosphor-p65
were determined by Western blot. The results indicated
that GW3965 suppressed the degradation of IkBa and the
activation of NF-kB in a dose-dependent manner (Fig. 3).

NDV infection induces high-level expression of pro-
inflammatory cytokines in many cells, which may con-
tribute to inflammation responses and the pathogenesis of
virus infection [8]. Many studies demonstrate that GW3965
exhibits a potent anti-inflammatory effect on the patho-
genesis of various diseases by modulating the production of
inflammatory cytokines [10, 45]. To explore whether
GW3965 has an anti-inflammatory effect in DF-1 cells, we
detected the expression of proinflammatory cytokines in
infected cells. The qRT-PCR results showed that GW3965
significantly (p < 0.05) reduced the gene expression of IL-
1B, IL-6, IL-8, TNF-a and IFN-f induced by NDV infec-
tion at 12 h compared to DMSO-treated cells (Fig. 4A-E).
The concentrations of inflammatory cytokines in the
supernatant were determined by ELISA. The result showed
that GW3965 treatment also decreased the protein
expression levels of inflammatory cytokines during NDV
infection (Fig. 4F-J).
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Fig. 2 GW3965 affects NDV entry and replication. (A) GW3965 did
not affect NDV attachment. DF-1 cells were incubated with NDV
(MOI = 1) at 4 °C for 1 h in the presence of GW3965 (1 uM). The
viral gRNA copy number was determined by qRT-PCR assay.
(B) GW3965 inhibited NDV entry. DF-1 cells were first incubated
with NDV (MOI = 1) at4 °C for 1 h and were then cultured at 37 °C
in the presence of GW3965 (1 uM) for 1 h. The cells were washed
three times. The viral gRNA copy number was determined by qRT-
PCR. (C) GW3965 inhibited NDV replication. After infected with
NDV (MOI = 1), DF-1 cells were incubated with GW3965 (1 uM).
Viral gRNA copy numbers were determined by qRT-PCR at 8 hpi
and 10 hpi

NDY infection increases LXR-a and its downstream
lipogenic gene expression but decreases ABCA1
gene expression

To clarify whether NDV infection affected the expression
of lipogenic genes, we examined the mRNA levels of these
genes in DF-1 cells during the infection. We observed a
significant induction of LXR-o gene expression in DF-1
cells compared with control cells. Significant upregulation
of sterol regulatory element binding protein-1 (SREBP-1),
peroxisome proliferator-activated receptor-yl (PPAR-y1),
and fatty acid synthase (FASN) genes were also observed
(Fig. 5A) at different time points. Unexpectedly, the gene

expression of ATP-binding cassette transporter Al
(ABCA1) was decreased during the infection (Fig. 5B).
These results suggested that NDV infection disturbed host
lipid metabolism. The upregulation of the lipogenic gene
expression would provide the essential materials for virus
propagation.

GW3965 enhances LXR-a and its related lipogenic
gene expression, including ABCA1

GW3965 treatment enhances the expression of LXRs and
other lipogenic genes involved in lipid metabolic pathways.
We next investigated the mRNA levels of lipogenic genes
in NDV-infected cells that were treated with GW3965. The
transcriptomic profile of treated cells revealed that
GW3965 increased the mRNA levels of these genes in
infected cells: LXRa (12.3-fold), SREBP-1 (8.1-fold),
PPAR-y1 (11.7-fold), FASN (6.3-fold), and ABCAI1 (5.1-
fold) (Fig. 5C-G).

ABCALI is involved in the inhibition of NDV
infection by regulating cholesterol

ABCAL1 has been functionally implicated in cholesterol
transport. ABCAL is localized to the plasma membrane and
intracellular compartments [17, 28]. As cholesterol is
essential for virus entry, replication, and production, we
hypothesized that ABCA1 might play an important role in
the inhibition of NDV infection by regulating cholesterol
efflux. To explore the function of ABCA1 in NDV infection,
we overexpressed EGFP-ABCA1 (kindly provided by Prof.
Pelkmans, University of Zurich) in DF-1 cells, followed by
NDV infection. The western blot analysis showed that the
NP protein expression level was significantly decreased in
ABCATl-overexpressing cells (Fig. 6A, lane 2), whereas the
virus infectivity could be restored when cholesterol was
replenished (Fig. 6A, lane 3). The expression of EGFP and
EGFP-ABCA1 were confirmed by western blot analysis
(Fig. 6A). We also determined the cellular cholesterol
content in the infected cells and in the infected cells with
overexpressed ABCAI1. The data demonstrated that the
cholesterol content was not changed significantly in virus-
infected cells, but overexpression of ABCA1 decreased the
cholesterol content in both mock-infected and virus-infected
cells (Fig. 6B). We found that cholesterol replenishment
could attenuate the inhibitory effect of GW3965 on virus
infectivity (Fig. 6C, lane 2 and 3). GW3965 also decreased
the cholesterol content in both mock-infected and NDV-
infected cells (Fig. 6D). The mRNA level of HMG-CoA
reductase (HMGCR), a rate-limiting enzyme for cholesterol
synthesis, was determined by qRT-PCR. The result illus-
trated that the gene expression of HMGCR was not changed
significantly in infected cells (Fig. 6E).
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Fig. 3 GW3965 inhibits NDV-
induced NF-kB activation.
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Fig. 4 GW3965 reduces mRNA and protein expression levels of the
proinflammatory cytokines in infected DF-1 cells. DF-1 cells were
infected by NDV (MOI = 1) and incubated with GW3965 (1 uM).
The cells were collected at 12 h post-treatment. The relative
expression level of (A) IL-1pB, (B) IL-6, (C) IL-8, (D) TNF-a and
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(E) IFN-f was determined by gRT-PCR. Values were normalized to
internal control B-actin. The protein concentrations of (F) IL-1,
(G) IL-6, (H) IL-8, (I) IFN-p and (J) TNF-o in the supernatant were
determined by ELISA assay
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Fig. 5 NDV infection disturbs
LXR and its downstream
lipogenic gene expression. (A-
B) The effect of the NDV
infection on the expression of
lipogenic genes. DF-1 cells
were infected with NDV

(MOI = 1). Total RNA was
extracted at 6, 12, and 24 hpi.
The mRNA levels of LXR-aL,
SREBP-1, PPAR-Y1, FASN,
and ABCA1 were determined.
(C-G) The effect of GW3965 on
the expression of lipogenic
genes in infected DF-1 cells.
DF-1 cells were infected with 151
NDV (MOI = 1) in the
presence or absence of GW3695
(1 uM) for 12 h. The relative
mRNA levels of LXR-a,
SREBP-1, PPAR-y1, FASN,
and ABCAI1 were determined
by gqRT-PCR. The RNA copy
number in NDV-infected cells
was considered to be 1
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We stained the mock-infected and virus-infected cells
with filipin III to determine the distribution of cellular
cholesterol. The results demonstrated that cholesterol
accumulated in the perinuclear area of the infected cells
compared to mock-infected cells (Fig. 6F), which was
similar to the result in a previous study on West Nile virus
[22]. GW3965 treatment decreased the cholesterol content
in both mock-infected cells and NDV-infected cells.

Based on above results, we suspected that the anti-NDV
effect of GW3965 might be associated with its ability to
reduce the cholesterol content in DF-1 cells.

Discussion

NDV is a fatal pathogen for birds, causing high mortality in
the poultry industry. Current control strategies against
NDV are still inadequate. As obligate intracellular patho-
gens, viruses need to exploit cellular materials to facilitate
the replication. Viruses can manipulate multiple metabolic
pathways, including lipid metabolism [42]. Lipids are
essential components in virus infection. During the infec-
tion, some viruses induce changes in cell membrane
structures or utilize lipid synthetic enzymes to build a
suitable microenvironment for infection at different infec-
tion stages [20].

Liver X receptors (LXRs) are nuclear receptors that are
ubiquitously expressed in various tissues [1, 34, 36, 40].
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LXRs play critical roles in regulating lipid metabolism.
Several studies report that LXR is a promising target for
antiviral drug development. GW3965 is a widely used
ligand that specifically activates LXR-oo and LXR-f in
many cell lines. Our results showed that GW3965 inhibited
NDV propagation in DF-1 cells. It decreased the viral
protein expression level and viral gRNA level during the
infection. Meanwhile, GW3965 treatment reduced the
mRNA and protein expression levels of inflammatory
cytokines (including IL-1f, IL-6, IL-8, IFN-f, and TNF-a)
in infected DF-1 cells. GW3965 treatment also signifi-
cantly induced LXR-o and its downstream lipogenic gene
expression (SREBP-1, PPAR-yl, ABCA1 and FASN) in
infected DF-1 cells.

We found that NDV infection upregulated the expres-
sion of LXR-o and its downstream genes but impaired
ABCAI1 expression, which brought to our attention the
function of ABCAI in NDV infection. Cholesterol is an
essential component of cellular membranes and is also vital
for the integrity of various viruses, since the envelope
membranes of these viruses are derived from the host
membranes [12]. Generally, cells upregulate ABCAI1
expression to promote cholesterol efflux and reduce
cholesterol influx when the intracellular cholesterol con-
centration is increased [3]. To investigate the function of
ABCAL1 in NDV infection, we overexpressed ABCALI in
DF-1 cells. The expression level of NP protein was
decreased significantly in ABCA1 overexpressing cells.
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«Fig. 6 ABCAI is involved in the inhibition of NDV infection.
(A) Overexpression of ABCA1 inhibited NDV infection, whereas
cholesterol replenishment restored NDV infectivity. DF-1 cells were
transfected with EGFP (lane 1) or EGFP-ABCA1 (lane 2) for 24 h
before the infection. The EGFP-ABCA1 over-expressing cells were
incubated with 400 pg/ml cholesterol during the infection (lane 3).
NDV-NP protein expression levels were determined at 12 hpi by
Western blot. (B) Cholesterol contents were determined in mock-
infected and NDV-infected cells that were previously transfected with
EGFP or EGFP-ABCA1 at 12 hpi. (C) Cholesterol replenishment
restored NDV infectivity in GW3965 (1 pM)-treated cells at 12 hpi.
(D) Cholesterol contents were determined in mock-infected and
NDV-infected cells (treated and non-treated by 1 uM GW3965) at
12 hpi. GW3965 treatment reduced the cholesterol content in DF-1
cells. (E) The cellular HMGCR mRNA level was determined by qRT-
PCR in infected cells at different time points. (F) DF-1 cells were
either mock-infected or infected with NDV (MOI = 1) in the
presence or absence of GW3965. The cells were then fixed and
stained with filipin III (0.05 mg/mL) at 12 hpi

Cellular cholesterol distribution was determined by filipin
IIT staining, which showed that NDV infection caused the
accumulation of cholesterol in the perinuclear area of the
infected cells. Meanwhile, cholesterol content assay and
gRT-PCR analysis on HMGCR mRNA showed that NDV
infection did not increase cholesterol synthesis, implying
that NDV might change cholesterol distribution to benefit
the infection.

Our studies suggested that GW3965 inhibited NDV entry
and replication. GW3965 treatment increases the expression
of ABCAL. The content of cholesterol was decreased in
GW3965-treated or ABCA1 over-expressing cells because
of cholesterol efflux. Considering its regulation of choles-
terol efflux, we suspected that ABCA1 might promote
cholesterol efflux and affect cholesterol content in the cell
membrane that was required for the optimal cell entry of
NDV [23]. Several investigations have strongly suggested
that lipids, including cholesterol and phospholipids, play
critical roles in virus replication. The reason for the inhi-
bitory effect of GW3965 on NDV replication might be
multifaceted. One possible explanation is that cholesterol
might be vital for producing an optimal lipid environment
for virus replication, which could be disrupted by choles-
terol depletion after ABCA1 was upregulated by GW3965
treatment. The accumulation of cholesterol in NDV-in-
fected cells partially supported this possibility. In our
studies, we did not determine the effect of GW3965 on virus
assembly and budding due to the lack of a reliable method.
It was shown that lipid rafts are important for ordered
assembly and budding of infectious Newcastle disease virus
particles [16]. Therefore, we suspected that GW3965 might
affect NDV assembly and release, since cholesterol is an
important component of lipid rafts.

HCYV infection induces intracellular lipid accumulation
and lipogenic gene expression, which is mediated by LXR.
Viral NS5A protein, core protein, and viral replication

increase LXR-o and its downstream lipogenic gene
expression. Viral NS5A and core proteins do not interact
with LXR-a, implying that they indirectly increase the
transcriptional activity of LXR-o. Further study indicates
that viral proteins and viral replication mediate LXR-a
expression through the PI3K/AKT signaling pathway [9].
Nef, an accessory protein of HIV, inhibits the activity of
ABCAL in infected macrophages, which could suppress
cholesterol efflux and result in the accumulation of intra-
cellular cholesterol. Nef downregulates ABCA1 expres-
sion, which requires interaction between Nef and ABCA1
[25]. A new study revealed that Nef disrupts the interaction
between the ER chaperone calnexin and ABCA1, which is
essential for the functionality of ABCA1 [13]. Activation
of Toll-like receptors 3 and 4 by E. coli and influenza virus
infection blocks the induction of ABCAI in culture mac-
rophages and aortic tissue and therefore inhibits cholesterol
efflux. Further experiments showed that the crosstalk
between LXR and TLR signaling is mediated by IRF3,
independent of the MyD-88-mediated pathway [4]. A new
study demonstrated that the enhanced TLR4 signaling
downregulates ABCAIl expression in cultured WT
VSMCs, which is mediated by IRAK1 [11]. The previous
study showed that the TLR3 signaling pathway can be
induced by NDV infection [6]. We also observed the
increased TLR4 gene expression during NDV infection
(data not shown), implying the activation of the TLR4
signaling pathway. Further investigations are necessary to
determine whether or how NDV proteins affect LXRs or
ABCA1 gene expression. Furthermore, the signaling
pathways that are involved in the induction of LXRs and
downstream gene expression are worth further exploration.

In summary, our studies indicated that the LXR ligand
GW3965 possesses anti-NDV activity. GW3965 treatment
reduced NF-xB activation and decreased the upregulation
of various proinflammatory cytokines to alleviate host
immune response stresses. Treatment with GW3965
restored the expression of ABCA1, which could reduce the
cellular cholesterol content. GW3965 regulated LXRs and
expression of its downstream lipogenic genes. The mech-
anisms underlying the antiviral activity of GW3965 might
be complex. Nevertheless, cholesterol efflux caused by
GW3965 treatment might play an important role in
inhibiting NDV infection.
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