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Introduction

Summary

The Notch signalling pathway is involved in multiple cellular processes
and has been recently indicated to modulate the host immune response.
However, the role of the Notch pathway in dengue virus (DENV) infec-
tion remains unknown. Our study has screened the expression profile of
Notch receptors, ligands and target genes in human monocytes, macro-
phages and dendritic cells in response to DENV infection. The real-time
PCR data showed that Notch ligand DIl was significantly induced in
DENV-infected monocytes; and receptor Notch4, ligands DIl and DIl4,
and target Hesl were dramatically enhanced in DENV-infected macro-
phages and dendritic cells. In macrophages, induction of DII1 and DIl4
mediated by DENV2 was increased by treatment with interferon-f (IFN-
p), and was impaired by neutralization of IFN-B. The DENV-induced
DIl1 and DIl4 expression level was decreased by silencing key innate
immune molecules, including Toll-like receptor 3 (TLR3), MyD88, RIG-I
and IPS-I. In IFN-receptor-depleted macrophages, the DII1 and DIl4
induction was significantly alleviated. Functionally, activation of Notch
signalling by DII1 in CD4" T cells enhanced the expression of a T helper
type 1 (Thl) cytokine IFN-y, while Notch activation in macrophages had
no direct effect on replication of DENV. Our data revealed that the
expressions of Notch ligands in antigen-presenting cells were differentially
induced by DENV via innate immune signalling, which is important for
Th1/Th2 differentiation during adaptive immune response.
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cleavage. The active form of Notch is translocated into the
nucleus where it activates target genes, such as basic helic-

The Notch pathway is an evolutionarily conserved signal-
ling mechanism that transduces signals between adjacent
cells and plays a critical role in cell fate determination
during development, tissue homeostasis and stem cell
maintenance."” There are five mammalian ligands [Delta-
like 1 (DIl1), DII3, DIl4, Jaggedl and Jagged2], each of
which can bind to any of the four Notch receptors
(Notchl, 2, 3, 4).> Once bound by Notch ligand, the intra-
cellular domain of the receptor is released by proteolytic

loop-helix family (Hesl and Hes5) and hairy and enhancer
of split-related family (Heyl and Hey2).>*

Recently, the Notch signalling pathway has emerged as
an important regulator of the immune system. There is
growing evidence that Notch signalling is involved in
multiple steps of T-cell and B-cell development, T-cell
activation, regulatory T-cell function and T helper cell
differentiation.” '' The Notch signalling pathway regu-
lates the innate immune response.'” Studies showed

Abbreviations: APCs, an antigen-presenting cells; DCs, dendritic cells; DENV, dengue virus; DIl, Delta-like; Hes, helic-loop-helix
family; Hey, hairy and enhancer of split-related (HESR) family; hMDMs, human monocyte-derived macrophages; IFN, inter-
feron; IFNaR, IFNo- receptor; IPS-1, interferon-f promoter stimulator 1; MDA-5, melanoma differentiation associated gene 5;
Notch 1, Notch receptors 1; p.i., post infection; PAMPs, pathogen-associated molecular pattern; PRRs, pattern recognition recep-
tors; RIG-], retinoic acid inducible gene-I; siRNAs, short interfering RNAs; TLR, Toll-like receptor
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direct cooperation between the Notch and Toll-like
receptor (TLR) pathways in the activation of canonical
Notch target genes, as well as inflammatory cytokine
genes."> Expression of Notch ligands and receptors is
induced in dendritic cells (DC) and macrophages by
TLR ligands and various stimuli, such as virus, bacteria
and parasites through myeloid differentiation primary
response gene 88 (MyD88)'* and mitogen-activated pro-
tein kinase-dependent pathway.'>'® In turn, the activated
Notch pathway promoted cytokine production by either
positively or negatively modulating the innate immune
signalling pathway. For instance, canonical Notch signal-
ling augments or suppresses TLR signalling path-
way—mediated cytokine production.'>'®'® In addition,
the interaction of Notch receptors and Notch ligands
plays a critical role in the antigen-presenting cells (APCs)
and T-cell communication.”>*" HINI enhanced the
expression of DII1 in macrophages and the induction of
DII1 on macrophages specifically regulated IFN-y produc-
tion from CD4" and CD8" T cells both in vivo and in
vitro.”> Moreover, during respiratory syncytial virus
(RSV) infection, Notch ligand DIll4 was up-regulated in
bone-marrow-derived DC after RSV infection, and the
development of a protective T helper type 1 (Thl)
response was biased towards a Th2 type response in
RSV-infected mice treated with an anti-DIll4 monoclonal
antibody.'* Nonetheless, the expression pattern and role
of Notch pathway in response to Dengue virus (DENV)
infection remain uninvestigated.

DENV is an arthropod-borne single-stranded RNA
virus of the genus Flavivirus. There are five related but
distinct serotypes of DENV, known as DENVI, 2, 3, 4
and 5.°>** The virus is endemic in more than 100 tropical
and subtropical countries of the world. Diseases caused
by DENV infection, including dengue fever, dengue
haemorrhagic fever and dengue shock syndrome, are the
most prevalent arthropod-borne viral diseases in subtrop-
ical and tropical regions of the world.”> Presently no spe-
cific therapies or vaccines are available to treat these
diseases or to prevent DENV transmission. The disease
severity of DENV infection has been associated with the
host’s innate immune response, particularly the produc-
tion of interferons (IFNs).*® Pattern recognition receptors,
including TLR3, TLR7, TLRS8, retinoic acid inducible
gene-I (RIG-I) and melanoma differentiation associated
gene 5 (MDA-5) are involved in virus recognition.”” '
The activation signal is transmitted through the adaptor
protein Toll/interleukin-1 receptor domain-containing
adapter inducing IFN-f (TRIF), MyD88 and IFN-f
promoter stimulator 1 (IPS-1). The TLR3-TRIF, TLR7/8-
MyD88 and/or RIG-I/MDA-5-IPS-1 signals trigger multi-
ple phosphorylation cascades and activation of IFN regula-
tory factor 3, nuclear factor-xB and mitogen-activated
protein kinase, leading to induction of pro-inflammatory
cytokines, chemokines and type I IFNs.>
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Interferons not only shape the innate antiviral state,
but also regulate the adaptive immune response. Through
binding to the IFN-o-receptor (IFN-oR), IFN-o/ff acti-
vates the Janus kinase/signal transducer and activator of
transcription pathway, resulting in an induction of more
than 300 interferon-stimulated genes.”® IFN-o/f and IFN-y
affect the activities of other immune cells including mac-
rophages, T cells, DC and natural killer cells by enhancing
antigen presentation, cell trafficking and cell differentia-
tion.>**® More recently, type I IFNs has been found to
regulates the expression of Notch ligands through the
IFN-oR-Janus kinase/signal transducer and activator of
transcription pathway.’”

In this study we examined the expression profile of
Notch molecules in several major target cells of DENV,
including human monocytes, monocyte-derived macro-
phages (hMDM) and DC. Our data revealed that Notch
receptors and ligands were differentially up-regulated by
DENV infection. Furthermore, our results showed that
the ligand induction is mediated through the IFN-f sig-
nalling pathway depending on TLR3, MyD88 RIG-I and
IFN-oR.

Materials and methods

Reagents

Antibodies against DII1 and DIl4 were obtained from
Abcam (Cambridge, MA). f-actin antibody was purchased
from Sigma-Aldrich (St Louis, MO). Recombinant human
IFN-f was from PBL Assay Science (Piscataway, NJ).
Interferon-f-neutralizing antibody was purchased from
Calbiochem (Darmstadt, Germany). Recombinant DII1
(rDI1) was from R&D (Minneapolis, MN). Purified
recombinant human interleukin-4 (IL-4) and granulocyte—
macrophage colony-stimulating factor were obtained from
PeproTech (Rocky Hill, NJ). Monoclonal antibodies
against CD3 (UCHTI1), CD28 (CD28.2), CDla (HI149),
CDll1c (HL3), CD14 (rmc5-3), CD16 (3G8), CD11b (M1/
70), CD80 (L307.4) and HLA-DR (G46-6) were purchased
from BD PharMingen (San Diego, CA). Human peripheral
blood samples and AB type serum from healthy donors
were obtained from the Guangzhou Blood Centre
(Guangzhou, Guangdong, China).

Cell isolation and differentiation

Peripheral blood mononuclear cells were isolated by Ficoll
(TBD Sciences, Shanghai, China) density gradient centri-
fugation. Human monocytes were purified from periph-
eral blood mononuclear cells by anti-CD14 microbeads
(BD PharMingen) according to the manufacturer’s direc-
tions. Monocytes were cultured in the RPMI-1640 med-
ium (Invitrogen, Carlsbad, CA) with 10% human type
AB serum.
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CD14" monocytes were differentiated into macrophages
by incubation in RPMI-1640 medium (Invitrogen) with
10% human type AB, and media were replaced every
3 days. At 7 days, macrophages were obtained and used
for subsequent experiments.

CD14" monocytes were differentiated into DC by
incubation in the 10% fetal bovine serum (Invitrogen)
RPMI-1640 medium with granulocyte-macrophage col-
ony-stimulating factor (50 ng/ml) and IL-4 (20 ng/ml),
and media were replaced every 3 days. After incubation
for 9 days, monocyte-derived DC were obtained and used
for subsequent experiments.

Naive CD4" T cells (98-99% purity) isolated from
peripheral blood mononuclear cells of healthy donors were
enriched by magnetic cell sorting (MACS, Miltenyi Biotec,
Auburn, CA), using negative selection kits (BD PharMin-
gen) as described by the manufacturer.

FACS analysis

Macrophages and DC were harvested and stained with
antibodies specific for their surface molecules: CDI14,
CD16, CD80, CD11b, CDla, CD11c and HLA-DR (BD
Pharmingen). Appropriate isotype controls were used.
Samples were analysed using FACS Calibur Flow Cytome-
ter (Becton-Dickinson, Franklin Lakes, NJ) and CELL-
Quest software (Becton-Dickinson).

Viruses

The Dengue-1 virus Hawaii strain, Dengue-2 virus New
Guinea C strain and Dengue-3 virus H87 strain were
provided by the Guangzhou Centres for Disease Control,
and propagated in C6/36 cells. Dengue-4 virus strain was
not available. C6/36 cells were inoculated with DENV at a
multiplicity of infection (MOI) of 0-01, and incubated
at 35° for 5-6 days (DENV1), 2-3 days (DENV2) and
6-7 days (DENV3). The supernatants were collected
and clarified by centrifugation (1000 g, 5 min). Viral
concentrations were titrated on C6/36 cells and viral
stocks were stored at —80°. The endotoxin levels in all
viral stocks measured by limulus amoebocyte lysate
assay (Hou-reagent Inc., Xiamen, China) were below
0-03 EU/ml

Virus titration

DENV titres in cell supernatants were determined by 50%
tissue culture infective dose (TCIDsg) assay. Samples were
serially diluted and inoculated into C6/36 cells in 96-well
plates. After 5-day incubation at 35° and 5% CO,, cells
were examined for cytopathic effects under a light micro-
scope. The virus titre (TCIDso/ml) was calculated using
the Reed—Miinch method.”® 1 TCIDsy/ml was equivalent
to 0-69 plaque-forming units/ml.*

© 2014 John Wiley & Sons Ltd, Immunology, 144, 127-138
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RNAi

The sequences targeted in transient knockdown experi-
ments used validated chemically synthesized short inter-
fering RNAs (siRNAs). The sequences of siRNAs prepared
by Invitrogen with dTdT overhangs were as follows:
GGAAGAGGUGCAGUAUAUU for RIG-I (siRIG-I), GG
UGAAGGAGCAGAUUCAG for MDA-5 (siMDA-5), UA
GUUGAUCUCGCGGACGA for IPS-1 (siIPS-1), GGAUG
UUUUCGGGCCGCCU for TLR3 (siTLR3), GCAUAUG
CCUGAGCGUUUC for MyD88 (siMyD88), GCACAAGG
CTTCACGCTTTAA for IFNaR1 (silFNaR1), GGATTCA
GCGGGAACACAACG for IFNoR2 (silFNoR2) and
scrambled siRNA (siNC) was used as a control (siNC).
siRNAs were transfected into macrophages by Lipofecta-
mine 2000 (Invitrogen) according to the manufacturer’s
instructions.

Neutralizing assay and rDII1 treatment

Macrophages were incubated with IFN-f-neutralizing
antibody (500 U/ml; Calbiochem) for 1 hr before DENV2
infection. The media were replaced with fresh medium
containing 500 U/ml neutralizing anti-IFN-f after DENV2
adsorption. For rDIl1 stimulation experiments, hMDM
were grown for 48 hr on 0-2% gelatine-coated plates
containing 7-5 pg/ml rDI1 or bovine serum albumin as
control.

Reverse-transcription PCR and quantitative PCR

Total RNA was prepared from macrophages using TRIzol
reagent (Invitrogen) following the manufacturer’s instruc-
tion. One microgram of total RNA was reverse tran-
scribed to produce cDNA, and then amplified using
SYBR Green Master Mix (Bio-Rad, Hercules, CA) follow-
ing the manufacturer’s protocol as described previ-
ously.”"! The sequences and product size for each pair
of PCR primers were listed in Table 1. Quantitative real-
time PCR were performed using the CFX96 Real-time
PCR System (Bio-Rad). Relative mRNA levels were calcu-
lated after normalization to GAPDH.

Western blot

Whole cell extracts were prepared in the presence of
1 mm PMSF and 1% (volume/volume) protease inhibitor
cocktail (Sigma, St Louis, MO) as described previ-
ously.*** Proteins were fractionated by electrophoresis
on SDS-10% polyacrylamide gels, transferred to nitrocel-
lulose membranes, blocked, and then probed with an
appropriate dilution of primary antibody in PBS containing
3% (weight/volume) skim milk. Western blot detection
was performed with IRDye 800 CW conjugated anti-rab-
bit IgG or IRDye 680 CW conjugated anti-mouse IgG
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Table 1. Primer sequences used in PCR

Gene name Sequence (5'-3)

GAPDH F CCTTCCGTGTCCCCACTG
GAPDH R CGCCTGCTTCACCACCTTC
Notch 1 F TGCCTGTTAGGAGAAGCTGC
Notch 1R GCATACACACTCCGAGAACAC
Notch 2 F CATGCCTGAACCAAGGAACCTG
Notch 2 R AATGGTACACCGCTGACCTTGC
Notch 3 F TGGGCAGTGTGTGGATGAAGAC
Notch 3 R ACGTCGTCCTCACAGTTATCACC
Notch 4 F TGCGATAATGCGAGGAAGATACG
Notch 4 R ATCGGAATGTTGGAGGCAGAAC
DIl F AACGAATGCTGCTGAAGAGGAG
DIl R AGAGCAACTGTCCATAGTGCAAC
DII3 F CACCCAGGTCCTTTGAATGCAC
DII3 R TGGCAGATGTAGGCAGAGTCAG
Dll4 F AATGTGTCATTGCCACGGAGG
DIl4 R AGCTGCCAATCTGATGCCAGAC
Jaggedl F TGATTGCTGCCGTTGCAGAAG
Jaggedl R ACCAAGCAACAGATCCAAGCC
Jagged2 F GCACCTACTGCCATGAGAACATTG
Jagged2 R TGTAGGCATCGCACTGGAACTC
Hesl F AAGCTGGAGAAGGCGGACATTC
Hesl R TCGTTCATGCACTCGCTGAAG
Heyl F AAGGAGAGTGCGGACGAGAATG
Heyl R TACCAGCCTTCTCAGCTCAGAC
IEN-S F AAACTCATGAGCAGTCTGCA
IFN-f R AGGAGATCTTCAGTTTCGGAGG
IFN-y F TGGAGACCATCAAGGAAGACA
IFN-y R GTTCAGCCATCACTTGGATGA
IL-4 F GCTAT-TGATGGGTCTCACCC
IL-4 R CAGGACGTCAAGGTACAGGA
IFNoR1 F TGCCATGCCAGAAGATAGTG
IFNoR1 R TTAGGTGCTCAGGCTTCCAG
IFNoR2 F CCACTCCATTGTACCAACTC
TFNaR2 R TGTGTGCTTCTCCACTCATC

secondary antibody according to the manufacturer’s
protocols (LI-COR, Lincoln, NE). Immunoreactive bands
were visualized using an Odyssey infrared imaging
system.

Statistical analysis

Statistical significance was determined by an unpaired,
two-tailed Student’s t-test; P < 0-05 was considered to be
statistically significant.

Results

Expression of Notch molecules is differentially
induced by DENV2

To test whether DENV infection regulates the expression
of Notch molecules, we measured mRNA expression lev-
els of Notch receptors (Notchl—4), ligands (DIl1, 3, 4 and
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Jagged 1, 2), and two representative target genes (Heyl
and Hesl) in human CD14" monocytes. Cells were
mock-infected with C6/36 cell culture supernatant or
infected with DENV2 for 36 hr, and harvested for real-
time PCR analysis. In DENV2-infected monocytes, the
expression of Notch ligand DII1 was increased 25-fold
compared with mock-infected cells (P < 0-01, Fig. 1b),
but expression of all other Notch molecules was not sig-
nificantly altered (Fig. la—c).

Next, we further compared the expression of Notch
molecules in another two DENV target primary cells,
hMDM and DC. Macrophages and DC were differenti-
ated from CD14" monocytes and their phenotypes were
assessed by flow cytometry using monoclonal antibody
against their surface markers. For hMDM, several typical
surface antigens of macrophages, including CD14, CD16,
CD11b, HLA-DR and CD80, were chosen. Figure 2(a)
showed that the phenotype of the monocyte-derived cells
was CD14" CD11b" CD16" HLA-DR" and CD80", indi-
cating that these cells possessed features of macrophages.
The hMDM were infected by DENV2 and analysed by
real-time PCR. In DENV2-infected hMDM, expression
levels of Notch4, DIl and DIl4 were enhanced by 10-,
70-, and 300-fold, respectively (P < 0-01, P < 0-001,
P < 0-001, Fig. 2b,c). And expression of other Notch
receptors and ligands was comparable to that in mock-
infected cells. In addition, expression of Notch target gene
Hesl, but not Heyl was up-regulated by 90-fold
(P < 0-001, Fig. 2d), suggesting that Notch signalling was
activated in hMDM by DENV2.

For monocyte-derived DC, their phenotype was vali-
dated by flow cytometry using surface antigens of DC
including CDIllc, CDla and HLA-DR. These cells
showed a typical immature DC expression pattern:
CD11c* CD1a HLA-DR" (Fig. 3a). Upon DENV2
infection, the induction pattern of Notch receptors and
ligands in DC was similar to that seen in hMDM:
Notch4, DIl and DIl4 were dramatically up-regulated
while others were comparable to control cells (Fig. 3b,c).
Interestingly, target gene Heyl instead of Hesl, was
induced in DC (P < 0-001, Fig. 3d), which was different
from that seen in hMDM.

Taken together, these data indicated that DENV2 infec-
tion resulted in differential induction of Notch molecules,
and activation of Notch signalling in monocytes, macro-
phages and DC.

Expression levels of DIl1 and DIl4 are induced in
hMDM by DENV2 in a time- and dose-dependent
manner

As both hMDM and DC belong to APC, and the induc-
tion patterns of Notch molecules in them were similar,
we chose hMDM for all following assays. First, we exam-
ined the expression level of Notch ligands DII1 and DIl4

© 2014 John Wiley & Sons Ltd, Immunology, 144, 127-138
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Figure 1. Expression levels of Notch molecules in dengue virus serotype 2 (DENV2) -infected monocytes. Monocytes were infected with DENV2
(multiplicity of infection 4) for 36 hr, and harvested for real-time PCR. Expression of Notch receptors (a), ligands (b) and target genes (c) were
analysed and normalized to that of GAPDH in each sample. Data are shown as mean + standard deviation (SD) of at least three independent
experiments; **P < 0-01.
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Figure 2. Expression levels of Notch molecules in dengue virus serotype 2 (DENV2) -infected human monocyte-derived macrophages (hMDM).
Expression of CD14, CD16, CD11b, CD80 and HLA-DR in cells was measured by FACS (a). Human MDM were infected with DENV2 and har-
vested for real-time PCR. Expression of Notch receptors (b), ligands (c) and target genes (d) was analysed and normalized to that of GAPDH in
each sample. Data are shown as mean £ SD of at least three independent experiments; **P < 0-01; ***P < 0-001.

following DENV2 infection at different times and MOIs. respectively (P < 0-01, P <0-001, P < 0-001, Fig. 4a).
Real-time PCR data showed that in DENV2-infected cells, And the expression levels of Dll4 were also gradually
expression levels of DII1 were gradually increased by 15-, increased by 10-, 90-, 200- and 460-fold at 12, 24, 36 and
30- and 50-fold at 24, 36 and 48 hr post infection (p.i.), 48 hr p.., respectively (P < 0-01, P < 0-001, P < 0-001,
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Figure 3. Expression levels of Notch molecules in dengue virus serotype 2 (DENV2) -infected dendritic cells (DC). Expression of CD11c, CDla
and HLA-DR in cells was measured by FACS (a). DC were infected with DENV2 and harvested for real-time PCR. Expression of Notch receptors
(b), ligands (c) and target genes (d) was analysed and normalized to that of GAPDH in each sample. Data are shown as mean £ SD of at least

three independent experiments; **P < 0-01;***P < 0-001.

P < 0-001, Fig. 4b). At MOI 0-1, 1 and 4 of DENV infec-
tion, DII1 expression levels were induced by 10-fold and
45-fold, respectively (P < 0-05, P < 0-001, Fig. 4c).
Expression of DIl4 was induced by 150-fold and 450-fold,
respectively (P < 0-001, Fig. 4d). In addition, the expres-
sion levels of DIl and DIl4 proteins were assessed by
Western blot. As shown in Fig. 4(e), DIl and DIl4
expression levels were significantly increased in hMDM
after DENV2 infection. These data indicated that both
mRNA and protein levels of DII1 and DIl4 were increased
by DENV2 infection in a dose-dependent manner.

Next, expression levels of DII1 and DIl4 in response to
other serotypes of DENV were examined. The hMDM
were infected with DENV1 and DENV3 at an MOI of 1
and analysed for DIl and DIl4 expression by real-time
PCR. As shown in Fig. 5(a,b), upon DENV1 and DENV3
infection, DII1 and DIl4 expression levels were signifi-
cantly higher than mock-infected cells (all P < 0-05,
Fig. 5a,b). Next, to investigate whether the expression of
DIl1 and DIl4 was dependent on the replication of DENV,
we measured the mRNA levels of DIl and DI4 in
macrophages following active, heat- or UV- inactivated
DENV2 stimulation. The expression of DII1 and DIl4 was

132

significantly increased following active DENV2 stimula-
tion, whereas these ligands were not induced or were
weakly induced in mock-infected, heat-inactivated or
UV-inactivated DENV2-infected cells (Fig. 5¢,d). These data
suggest that the expression of DIl and DIl4 was not DENV
serotype-specific, but depended on DENV production.

The DENV-induced DIl1 and DIl4 expression depends
on IFN-f and IFNaR signalling pathway

To probe the underlying mechanism of DIl and DIl4
induction after DENV infection, we investigated whether
type I IEN is involved. The hMDM were stimulated with
rIEN-f or control vehicle (ctrl). Following rIFN-f stimula-
tion, expression levels of DII1 and DIl4 were elevated by
16-fold and 35-fold (all P < 0-01, Fig. 6a) compared with
control cells. Next, we examined the protein expression
levels of DIl and DIl4 following rIFN-f stimulation. As
shown in Fig. 6(b), the protein levels of DII1 and DIl4 were
significantly enhanced in rIFN-f-treated cells. To further test
whether DENV infection up-regulates DII1 and DIl4 expres-
sion in an IFN-f-dependent manner, DIl1 and DIl4 expres-
sion was detected in the presence of IFN-f-neutralizing

© 2014 John Wiley & Sons Ltd, Immunology, 144, 127-138
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antibody in DENV2-infected hMDM for 36 hr. As shown
in Fig. 6¢,d, the mRNA and protein expression levels of
DIl and DIll4 following DENV2 stimulation in hMDM
were largely abrogated in anti-IFN-f-treated hMDM
compared with control cells (all P < 0-05).

To further validate that type I IFN is involved in
induction of DIl and DIl4, siRNAs against receptors of
type I IEN, IFNaR1 and IFNaR2, were transfected into
hMDM, followed by DENV2 infection. The real-time
PCR data showed that transfection of silFNoR1 and
silIFNoR2 resulted in more than 50% reduction of
IFNoR1 and IFNoR2 expression (all P < 0-05, Fig. 7a,b),
validating the efficacy of silFNoR1 and silFNoR2. Next,
DIl and DIl4 expression levels in IFNaR1 and IFNoR2
sufficient and deficient cells following DENV2 infection
were measured by real-time PCR. As shown in Fig. 6(c,
d), IFNoR1 and IFNoR2 depletion dramatically decreased
the mRNA levels of DII1 and DIll4 in response to DENV2
infection. These data revealed that DENV2 infection
up-regulated expression of DII1 and DIl4, and the presence
of IFN-f} was essential for the induction of DII1 and DIl4.

© 2014 John Wiley & Sons Ltd, Immunology, 144, 127-138

B-actin '------‘

TLR3, MyD88 and RIG-I/IPS-1 pathways are involved
in the regulation of DII1 and DIl4

As the signalling pathway leading to type I IFN induction
can be either a TLR/MyD88 or an RLR/IPS-1 axis, we
then distinguished which signalling pathway is responsible
for DII1 and DIl4 induction. The siRNA against TLR3
(siTLR3), MyD88 (siMyD88), RIG-I (siRIG-I), MDA-5
(siMDA-5) or IPS-1 (siIPS-1) was transfected into
hMDM, followed by DENV2 challenge. The efficacy of
siTLR3, siMyD88, siRIG-I, siMDA-5 or silPS-1 resulted
in more than 80% depletion of corresponding proteins in
hMDM (data not shown). Expression levels of DIl and
DIl4 in TLR3-, MyD88-, RIG-I-, MDA-5- or IPS-1-silenc-
ing cells were examined by real-time PCR. The induction
levels of DII1 (P < 0-05, P<0-01, P<0-05 P <005,
Fig. 8a) and DIl4 (all P < 0-05, Fig. 8b) mediated by
DENV2 were significantly reduced in TLR3, MyD88,
RIG-I and IPS-1 knockdown cells. In contrast, in MDA-5
knockdown cells, the expression levels of DIl and DIl4
were comparable to those in control cells (Fig. 8a,b).
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induced DIl and DIll4 expression is TLR3-, MyD88- and
RIG-I/IPS-1-dependent.

macrophages using rDIl1 protein, and compared the viral
replication levels by real-time PCR or TCIDs, assay. As
shown in Fig. 9(a), the mRNA level of Notch target
gene Hesl was increased sixfold in hMDM cultured on
rDIl1-coated plates compared with control (P < 0-01),
indicating that Notch pathway was activated. The viral

Activation of Notch pathway does not affect the
replication of DENV2 in macrophages

To test whether the Notch pathway has a biological func-
tion in viral replication, we activated Notch pathway in

© 2014 John Wiley & Sons Ltd, Immunology, 144, 127-138

RNA levels (Fig. 9b) and viral yields (Fig. 9c) were
comparable between the rDIl1-treated cells and control
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cells, suggesting that the activation of Notch pathway in
macrophages does not have a direct impact on the viral
replication.

Activation of Notch pathway by DII1 promotes a Thl
differentiation

As our data clearly showed that DIl ligands, but not Jag-
ged ligands were increased in hMDM and DC, and both
hMDM and DC function as APC to help T-cell activation
and differentiation, we further investigated whether DIl
ligands play a role in T-cell differentiation by stimulating
naive CD4" T cells with rDII1 or BSA, and measuring the
expression of a Thl cytokine (IFN-y) and a Th2 cytokine
(IL-4). Expression of the Notch target gene Hesl was
increased eightfold in CD4" T cells treated with rDIl1
(P < 0-01, Fig. 10a), validating the idea that the Notch
pathway was activated by DII1 protein. In the rDIl-incu-
bated T cells, the expression level of IFN-y was enhanced
fivefold (Fig. 10b), whereas the level of IL-4 (Fig. 10c) was
comparable to control cells. The data suggested that DII1
can specifically promote the production of Thl cytokine.

Discussion

Notch signalling has been indicated to play critical roles
in the immune response against viral invasion. The pres-
ent study for the first time investigated the relationship
between Notch and DENV. Our data demonstrated that
the expression of Notch molecules is differentially regu-
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lated by DENV infection, and provided further investiga-
tions into the signalling molecules that are involved in
the induction of Notch ligands.

Our work first screened the expression pattern of
Notch molecules in three major in vivo target cells of
DENV, namely monocytes, hMDM and DC, and found
that Notch molecules are differentially regulated by
DENV. In monocytes, only Notch ligand DII1 was highly
induced; whereas in both hMDM and DC, we observed
that Notch receptors and more ligands are up-regulated,
and the Notch signalling pathway is activated by DENV
infection. This finding is in keeping with previous obser-
vations with other viruses: influenza virus induces expres-
sion of DII1 but not DII4;?* and RSV induces expression
of DIl4 in bone marrow-derived DC.'"* The differences of
Notch molecule induction and Notch signalling activation
between monocytes and APC (hMDM and DC) gives
another hint that Notch signalling is required for APC
action. Altogether, we concluded that the regulation of
Notch molecules is virus-specific and cell-specific.

Importantly, several lines of evidence demonstrate that
the induction of DII1 and DIl4 mediated by DENV is clo-
sely associated with IFN-f. First, in the DENV-infected
macrophage cells, the up-regulation of DIl and DIl4
expression was seen until 24 hr post-infection, which is
later than the time when IFN-f was induced. Second,
both ligand induction and IFN-f induction were depen-
dent on the innate immune molecules, including TLR3,
MyD88, RIG-I and IPS-I, but not MDA-5. Third, direct
treatment of macrophages with IFN-f led to a high

© 2014 John Wiley & Sons Ltd, Immunology, 144, 127-138



induction of DII1 and DIl4, while neutralization of IFN-f
led to impairment of DIl and DIl4 induction, strongly
suggesting that IFN-f is one of the regulators of Notch
ligands. Finally, the cells depleted of IFN-aR failed to
induce DIII and DIl4 expression in response to DENV2.
These data illustrates that the DENV-triggered DIl
and DIl4 expression depends on TLR3-, MyD88- and
RIG-I-mediated IFN-f signalling pathways.

Not only does DENV induce the expression of Notch
molecules, but it also activates the Notch signalling in
APC. Considering that both of the Notch receptors and
ligands are constitutively expressed on the surface of
APC, we deduced that the activation of Notch signalling
could be a comprehensive outcome from the interaction
between either basal or inducible proteins of Notch
receptors and Notch ligands.

Functionally, we did not observe a direct antiviral role
of Notch activation by DIl in infected macrophages, but
the Dlll-activated Notch signalling specifically up-regu-
lates the expression of Thl cytokine. This observation
agrees with other work showing the role of different
ligands in Thl and Th2 differentiation: DIl ligands in the
APC surface lead to a differentiation of ThO cells toward
Th1,°>**** while Jagged ligands predominantly promote a
Th2 differentiation.”****” Therefore, we proposed that in
response to DENV infection, APC specifically up-regulate
the expression of DIl and DIl4 ligands, to promote a
Thl differentiation and shape a cell-mediated immune
response to combat intracellular DENV particles. In addi-
tion, the activation of Notch signalling might have other
influences as the induction of target genes inevitably
alters host cell physiology.

In summary, our study for the first time demonstrated
that expression of some Notch receptors, ligands and tar-
get genes was up-regulated in DENV-infected APC.
Moreover, we found that induction of ligands DIl and
DIl4 by DENV infection is dependent on IFN-f, and
these ligands play some role in T-cell activation and dif-
ferentiation. Therefore, the Notch signalling pathway is
an important bridge to connect innate and adaptive
immune responses to DENV infection. The role of the
Notch signalling pathway in DENV infection needs fur-
ther investigation, to advance our understanding of the
immune response against DENV and to provide new
approach for the prevention and clinical treatment of
DENV diseases.
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