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Abstract

Dengue virus (DENV) infection is one of the most important arthropod-borne
infections threatening populations in tropical and sub-tropical areas. The
pathogen causes a mild flu-like illness, which may progress into life-
threatening dengue haemorrhagic fever and dengue shock syndrome. So far,
there is no specific treatment for dengue infections. Although dengue
vaccines are undergoing different stages of clinical trials, the effectiveness
remains to be assessed. Despite the immense research efforts on the
pathogenesis of dengue virus, there are still a lot of virus-host interactions
that remain unknown. The lack of suitable in-vivo animal models and in-vitro
cell models is one of the obstacles to the understanding of dengue virus

pathogenesis.

Dendritic cells (DCs) are among the maijor targets of the DENV virus and are
initiator of innate immune responses against DENV. However, current in-vitro
research on the interaction between DENV-DC is hampered by the low
availability of ex-vivo DCs and by donor variation. This project aimed to
develop a novel in-vitro immature DC model derived from a myeloid
leukaemia cell line MUTZ-3 for studying the DENV-DC interaction during type
2 dengue virus (DENV2) infection. The DC model derived from MUTZ-3 cells
was compared to DCs derived from primary human monocytes in terms of
the morphology, phenotypes, virus entry mechanism, permissiveness to

DENYV replication and antiviral pathway responses.
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In the current study, immature MUTZ-3-derived DCs (IMDCs) were shown to
morphologically and phenotypically resemble immature human monocyte
derived-DCs (IMMoDCs). However, RT-PCR arrays revealed that certain
antiviral genes in IMDC, especially the interferon (IFN)-inducible genes such
as IFIT1, IFITM1, and IFI27, had much higher expression levels than that of

the IMMoDC:s.

When challenged with DENV2, it was found that the replication level of
DENV2 in IMDCs was significantly lower than that in IMMoDCs. To better
understand the causal relationship between the activated IFN-inducible
genes and the reduced permissiveness in IMDCs, post-infection RT-PCR
arrays on antiviral genes were conducted. It was found that the IFN-inducible
genes, such as IFIT1, IFITM1, and IFI27, were significantly up-regulated in
the DENV2-infected IMMoDCs but not in DENV2-infected IMDCs. Further
investigation showed that protein expression levels of IFIT1 and IFIT3 were
also higher in the naive IMDCs compared to that in the naive IMMoDCs.
Similarly, DENV2 infection significantly triggered the expression of these two
proteins in the IMMoDCs. It was suggested that spontaneous activation of
these genes and the protein products might be important factors in the

reduced permissiveness of IMDCs to DENV2.

DENV2 entry mechanism was also investigated using the established IMDC
model. In the current study, DENV2 was shown to enter the immature DCs

via clathrin-dependent endocytosis, while an alternative internalisation
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pathway was suggested because inhibiting the endocytosis pathway with
inhibitors failed to completely block DENV2 entry. Two known DENV
receptors, Dendritic cell-specific ICAM-3 grabbing nonintegrin (DC-SIGN)
and mannose receptor (MR), were shown to co-express on approximately
half of the populations of IMDCs and IMMoDCs. Blocking these two
receptors at the same time efficiently inhibited DENV2 entry into IMDCs and
IMMoDCs, even though the blockage was incomplete. These evidences
together indicated that both DC-SIGN and MR were needed during DENV

internalisation.

Due to the fact that blocking of DENV2 receptors and inhibition of
endocytosis could not completely block entry of DENV2, this study also
investigated the possible involvement of other molecules during DENV2 entry.
Using immunoprecipitation, the inter-a-trypsin inhibitor protein heavy chain 2
(ITIH2) was pulled down by the DENV2 virion from the transmembrane
protein mixture, indicating an interaction of DENV2 with this molecule.
Blocking ITIH2 together with DC-SIGN and MR significantly inhibited DENV2
entry to DCs. Thus, ITIH2 might be involved in DENV2 entry into its target

cells.

In summary, the IMDC model has been established and evaluated in this
study. It was found that the IMDC model was similar with IMMoDCs in

morphology and phenotype. The IMDC model was also found to express DC-
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SIGN and MR, which made it a useful platform for studying entry
mechanisms of DENV2. Although IMDC had lower permissiveness to DENV2,
when being used in parallel with the standard IMMoDC model, this novel
IMDC model may help to expand the knowledge of DENV?2 life-cycle, and of

cellular factors that modulate DENV2 infection in the human body.
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1 Introduction

The Dengue virus (DENV) is an arbovirus transmitted by the female Aedes
mosquito (Halstead, 2007). After a DENV infection, mild flu-like symptoms
develop and may progress into more severe diseases such as dengue
haemorrhagic fever (DHF) and dengue shock syndrome (DSS), both of which
can be fatal (Martina et al., 2009). According to the World Health
Organisation (WHO), in comparison to the 1970s, not only is the number of
cases increasing, but the affected regions are also expanding (World Health
Organisation, 2012). Nowadays, two-fifths of the world’s population are at
risk of DENV infections, and the Asia Pacific Region has the highest
incidence rate (World Health Organisation, 2012). Although some anti-DENV
strategies are under development, there is no effective and safe anti-DENV
agent currently available on the market (Sayce et al., 2010). Thus, further
investigation of the pathology of DENV infection is crucial for therapeutic

strategy development.

In the following sections of this Chapter, the morphology and life-cycle
(section 1.1), diagnosis and drug/vaccine development of DENV (section 1.2),
DENV pathogenesis (section 1.3), the DENV infection initiating target cell
dendritic cells (DCs) and the interaction between DENV and DCs (section 1.4)

will all be introduced.



1.1 Background of dengue virus

Dengue-like disease was first recorded in Philadelphia in 1780. However, it
may have been widely-distributed geographically even before that according
to written records in China in the late 10™ century and in the West Indies in
the 1600s (Gubler, 1998). Since then, dengue outbreaks have been reported
throughout the world. After World War Il, new endemic patterns of DENV
began to emerge (Henchal and Putnak, 1990). Particularly, in the last two
decades of the 20™ century, a global geographically expanded DF/DHF was
observed. This may have been due to the modern globalisation and poorly-
planned urbanisation in developing countries in tropical/subtropical areas.
Currently, epidemic DF/DHF is still one of the most serious infectious

diseases in the world in the 21% century (Gubler, 2006).

DENYV is a single-strand and positive-sense RNA virus, which belongs to the
Flaviviridae family (Malavige et al., 2004). There are four serotypes of DENV
(i.e., DENV 1-4), classified according to their immunogenicity in the human
body, which are antigenically and genetically different from one another

(Henchal and Putnak, 1990).

1.1.1 Morphology of DENV

The DENYV particle is spherical in shape. The diameter of the DENV particle
is approximately 50 nanometres (nm). In each DENV particle, the
nucleocapsid is surrounded by a host-derived lipid membrane, in which two
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transmembrane proteins are integrated: the major envelope (E) glycoprotein
(53 kilo-daltons [kDa]) and the membrane (M) protein (8 kDa). There are two

types of DENV morphology: mature type and immature type.

Unlike other enveloped viruses, such as human immunodeficiency virus (HIV)
and influenza, mature DENVs have spikeless and smooth surfaces (Kuhn et
al., 2002). The envelope of a mature DENV particle is composed of 180
copies of the E glycoprotein, which are arranged as 90 head-to-tail
homodimers of E protein that lie in 30 rafts. These homodimers form a
herringbone pattern (Figure 1-1, B) (Kuhn et al., 2002). However, the
structure of the immature DENV envelope is dramatically different from that
of the mature one (Figure 1-1, A), as the latter has 60 prominent spikes on its
surface. Each spike is composed of three heterodimers of a precursor of the
membrane protein (prM)-E proteins. In both the immature and mature virions,
there are 3-nm gaps between the inner lipid leaflets and the nucleocapsids.
The arrangements of the E monomers in both particles do not obey the
conventional T=3 quasi-symmetry (Zhang et al., 2003a; Zhang et al., 2003b).
The structural details of the mature and immature particles are to be
reviewed in section 1.1.3.3, and the process of DENV conformational change

from immature to mature is to be introduced in section 1.1.4.5.

" In icosahedron particle, the size of the equilateral triangle is proportional to the T number.

Each particle will contain 60T subunits (Johnson and Speir, 1997).



Dengue
virion
morphology

Oligomeric
state of the
E protein

Immature Mature Fusion

Figure 1-1 Structure of DENV particles and the arrangement of E

proteins under different viral life stages.

E protein domains I, Il, and Ill are shown in red, yellow, and blue,
respectively. The fusion peptide is green. (A) An immature DENV has a
spiky surface. The E protein forms a trimer with three copies of prM-E
heterodimers. An immature particle is initially budded into the endoplasmic
reticulum (ER) before maturation. (B) A mature DENV has a diameter of
50 nm and a smooth surface. Ninety copies of E protein head-to-tail
homodimers lie on the surface of the virion. (C) During membrane fusion,
the E protein dimers in the mature particle experience conformational
changes. The E pre-fusion protein dimers form the putative T=3 fusogenic
intermediate structure. Later, under low-pH conditions, the E proteins form
more stable post-fusion homotrimers (Mukhopadhyay et al., 2005; Perera

et al., 2008).



1.1.2 Genome organisation of DENV

DENV has a genome of ~10,700 nucleotides. There are three structural
proteins in DENV: capsid (C), membrane (M), envelope (E); along with seven
non-structural (NS) proteins (i.e., NS1, NS2a, NS2b, NS3, NS4a, NS4b, and
NS5). The order of proteins encoded by the genome is 5'-C-prM-E-NS1-

NS2a-NS2bNS3-NS4a-NS4b-NS5-3' (Halstead, 2008).

The genome of DENV contains a 5' type | cap! structure followed by a
dinucleotide sequence AG (m’GpppAmG), and by a single open reading
frame (ORF) with 5" and 3' untranslated regions (UTRs) at both termini
(Figure 1-2) (Dong et al., 2012). N’ methylation of the 5' type | RNA cap is a
significant factor for efficient translation (Edgil et al, 2006). Another
methylation site of the 5" cap is on the 2'-O of internal adenosine, which is
critical for viral escape from innate immune regulation (Daffis et al., 2010).
The 5" UTR is about 100 nucleotides in length, while the 3' UTR is
approximately 400 nucleotides in length. There are two stem loops within the
5" UTR: one is the large stem loop A (SLA) and the other is the short stem
loop B (SLB), which ends at the start codon, AUG. SLB contains an
upstream AUG region (5' UAR), which is complementary to the 3' UAR. The
3' UAR is located at a conserved 3' stem loop (3' SL) of the 3'UTR of the viral

genome. Upstream of the 3' SL, there is a conserved sequence (CS), which

T Type 0 cap (m7G5'ppp5'X), type | cap (m7G5'ppp5’XmY), and type Il cap

(m’G*ppp®XmYmZ) (Shatkin, 1976).
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Figure 1-2 Schematic representation of DENV2 genome.

A DENV genome has complementary regions 5’-3° UAR and 5’-3’ CS. SLA

and SLB are located at the 5 termini. The DENV genome forms a circular

conformation during replication, with hybridisation between the 5’-3° UAR and

the 5’-3’ CS. The sequences of the hybridised 5-3' UAR and 5’-3’ CS are

displayed. The start-codon AUG is indicated by the arrow. (Adapted from

Alzarez et al., 2008, Figure 1A)



encloses the cyclisation sequence 3'CS. The latter is complementary to a
region located at the CS region at the 5" end of the ORF (Alvarez et al., 2008)

(Figure 1-2).

The genome of DENV is structured as a cellular mRNA, except for the
absence of a 3’ poly(A) tail. The DENV RNA has a relative maximisation of

coding capacity as a result of its restricted size (Clyde et al., 2006).

1.1.3 Proteins of DENV

1.1.3.1 Capsid protein

The DENV nucleocapsid core consists of multiple copies of C protein (~120
amino acids [aa]) surrounding a single copy of the positive-sense viral

genomic RNA (Kuhn et al., 2002).

The C protein is an alpha-helical protein, in which there are four alpha

helixes (Ma et al., 2004). The first 13 aa residues of the C protein are
essential for protein folding (Li et al., 2008). The C protein forms homodimers,
and the homotypic interaction domain is located at residues 37-72. The
internal hydrophobic domain within helix Il plays a critical role during
homodimer formation, as it forms an extensive apolar surface at the interface
of the homodimer (Pichimair et al., 2011; Wang et al., 2004). The asymmetric

charge distribution of the C protein homodimer may contribute to the
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interaction between the C protein and the M protein, and between the C

protein and viral RNA (Pichimair et al., 2011).

1.1.3.2 Membrane protein

The C-terminal hydrophobic domain of the C protein contributes to the
translocation of the 26 kDa prM protein (~165 aa residues). The cleavage of
prM leads to the generation of a mature C protein (Kuhn et al., 2002). During
viral maturation in the secretory pathway, the pr peptide (91 residues) is
released from the M protein (~75 aa residues) by the Golgi-resident protease
furin from the N terminus (Li et al., 2008; Yu et al., 2008). The remaining
ectodomain (residues 92-130) and transmembrane region at the C terminus
(residues 131-166) represent the mature M protein (Li et al., 2008). The most
important function of prM is to protect E from premature fusion during

morphogenesis (Kuhn et al., 2002).

1.1.3.3 Envelope protein

The E protein (~495 aa residues), which is the dominant glycoprotein on the
surface of a DENV virion, is approximately 53 kDa in size (Modis et al., 2004).
The DENV E protein conformation is different between an immature virion

and a mature virion.



1.1.3.3.1 E protein structure

There are three domains on the ectodomain of the E protein (residues 1-395).
Domain | is the structurally-central domain, containing the N termini of the
whole protein. Domain Il (residues 98-110), located on one side of Domain |,
contains the fusion loop and mediates dimerisation of the E protein. Domain
[Il, which is located on the other side of domain |, has an immunoglobulin-like
fold and participates in receptor binding and antibody neutralisation (Modis et
al., 2003; Zhang et al., 2004). Domains | and Il are linked by four polypeptide
chains, while domains | and Ill are attached to each other by a single
polypeptide linker. In the homodimer of the E protein, the fusion peptide from
one monomer is buried in the junction between domain | and domain Il of
the other monomer (Zhang et al., 2004). There is a hydrophobic pocket on
the ectodomain of the E protein at the interface between domain | and
domain |l, which can accept a hydrophobic ligand: N-octyl-3-D-glucoside.
The pocket opens and closes via the conformation shift on a B-hairpin,
indicating the structural flexibility for a larger conformational change

experienced by DENV during maturation and fusion (Modis et al., 2003).

There are 12 conserved cysteine (Cys) residues in the ectodomain of DENV
E protein. These Cys residues form six disulphide (SS) bonds. Each of these
SS bonds has a specific function. For instance, SS1 is responsible for
maintaining an amino-terminal loop. SS2, together with SS4, stabilises the
amino-proximal part of protein domain Il of the E protein. The carboxy-

proximal loop in domain Il is preserved by SS5. In addition, the bridge of E
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protein domain Ill is made by SS6. The elimination of any SS bond can
cause the impaired function of epitopes in the E protein (Roehrig et al.,

2004).

1.1.3.3.2 E protein of immature DENYV virion

As described before, there are 60 spikes on the surface of an immature
dengue virion. The three E monomers of each spike are raked towards the
viral surface. The distal ends of the three monomers make contact with one
another, forming a short superhelix in the process. The fusion peptide of
each E monomer is located at the tip of the spike, covered by prM proteins.
Therefore, the cleavage of the pr peptide may dissociate the trimeric spike,
inducing the development of E protein dimers, as in a mature virus (Zhang et

al., 2003b).

1.1.3.3.3 E protein of mature DENV virion

On a mature DENV virion, the alpha helical regions of the E protein, together
with the partial N terminus of the M protein, are hidden in the outer layer of
the viral membrane. The transmembrane domains of the E protein (residues
452-467 and 473-491) and those of the M protein (residues 40-54 and 58—
70) form the antiparallel coiled-coil helices. The anchor regions of the E
protein and of the M protein assist the formation of the antiparallel
homodimer, keeping the C terminus on the external surface of the viral

membrane (Zhang et al., 2003a).The first helix of the E protein stem region
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(residues 398-420) forms an angle toward the exterior lipid leaflet. In
contrast, the stem region (residues 426—448), which belongs to the second
helix of the E protein, lies flat in the outer lipid leaflet connecting the E protein

to the lipid (Zhang et al., 2003a).

1.1.3.3.4 E protein N-linked glycosylation

The E protein of DENV has two N-linked glycosylation sites, one of which, at
asparagine (Asn) 153, is conserved in Flaviviridae, while the other, at Asn67,
is specific to DENV (Heinz and Allison, 2003). Although the glycosylation of E
had no effect on viral replication in insect cells, Asn153 was indicated to
influence viral infectivity (Roehrig et al., 2007). Meanwhile, Asn67 glycan was
essential for virion assembly, budding, as well as the DENV receptor-
mediated entry (Bryant et al., 2007; Mondotte et al., 2007). Extensive studies
have elucidated that dendritic cell-specific ICAM-grabbing non-integrin (DC-
SIGN) is responsible for viral attachment (Alen et al., 2009; Lozach et al.,
2005; Sakuntabhai et al., 2005). This well-known C-type lectin preferentially
binds to terminal mannose sugars on the Asn67 glycan of DENV’s E protein
(Mondotte et al., 2007; Pokidysheva et al., 2006). The interaction between
the E protein of DENV and DC-SIGN is described in-depth in section

1.1.4.1.2.

The structure of DENV particle experiences conformational changes at

different stages of the viral life cycles: internalisation (Nayak et al., 2009),

12



fusion (Zhang et al., 2004), maturation (Perera et al., 2008), and release
(Kuhn et al., 2002). More information about E protein conformation is to be
provided in a latter section regarding the DENV life cycle in mammalian cells

(section 1.1.4.5).

1.1.3.4 NS1 protein

The NS1 protein is a ~48 kDa glycoprotein, containing twelve invariant Cys,
six intramolecular SS bonds, and two conserved N-linked glycans (at
residues 130 and 207). NS1 is secreted as a hexamer (Somnuke et al.,
2011). The N-linked glycan at residue 130 (complex sugar chain) is essential
for the stabilisation of NS1 hexamer secretion, whereas the N-linked glycan
at residue 207 (high mannose chain) is critical for extracellular protein

stability (Somnuke et al., 2011).

NS1 is expressed directly on the surface of infected cells via either
glycosylphosphatidyl inositol (GPI) linkage or lipid raft association (Jacobs et
al., 2000; Noisakran et al., 2008a). Furthermore, during the early stages of
DENV infection, NS1 is highly secreted into the sera of patients. Soluble NS1
can also integrate back into the plasma membrane of cells by interacting with
specific sulphated glycosaminoglycans (Avirutnan et al., 2007). Thus, NS1
has been used as an effective marker to diagnose DENV infection not only
via detecting the plasma concentration of NS1 antigen, but also through

measuring the NS1 antigen in tissues (Lima Mda et al., 2011).
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1.1.3.5 NS3 protein

The NS3 protein, which is 67 kDa in size, is the second-largest protein in
DENV. Residues between 618 and 623 of the NS3 protein have the most
conserved aa sequence among the DENV strains. NS3 acts as a serine
protease, an RNA helicase, and an RNA triphosphatase (RTPase)/RNA
nucleoside triphosphatase (NTPase). In addition, it also participates in viral
replication, the interaction with DENV NS5, and apoptosis in DENV-infected

cells (Calmon et al., 2009).

The NS3 protease domain, locating at the N-terminus (residues 1-180), has
a chymotrypsin-like fold consisting of two p-barrels, each formed of six -
strands. Between the two B-barrels is a catalytic triad composed of histidine
(His) 51, aspartic acid (Asp) 75, and serine (Ser) 135 (Erbel et al., 2006). The
protease activity of NS3 requires a fragment of 40 residues from the NS2B
protein as a cofactor, which is connected to NS3 through a non-cleavable
and flexible non-peptide glycine (Gly)s-Ser-Gly, linker. The remaining
hydrophobic region of NS2b anchors the protease complex to the cellular
membrane (Gouvea et al., 2007). The NS3 protease domain cleaves the viral
polyprotein at several sites after viral RNA translation (Erbel et al., 2006),
and is linked to the helicase domain by a conserved interdomain linker,

influencing the activity of helicase (Wu et al., 2005).

The helicase domain (residues 180-618), with seven structural motifs,

14



locates at the C terminus of NS3. It has three sub-domains, among which
subdomain | (residues 181-326) and subdomain Il (residues 327-481) both
contain a six-stranded parallel p-sheet, surrounded by four helices.
Meanwhile, subdomain lll (residues 482—618) contains four parallel helices,
flanked by three other shorter helices and two solvent-exposable antiparallel

p—strands (Luo et al., 2008).

1.1.3.6 NS5 protein

NS5 is the largest protein in DENV, with ~900 residues, and is 104 kDa in
size. It is also the most conserved protein of DENV, with 67% sequence
similarity among the four DENV serotypes. NS5 acts as a methyltransferase
(MTase, residues 1-296) at the N-terminus and as an RNA-dependent RNA
polymerase (RdRp, residues 320-900) at the C-terminus (Perera and Kuhn,
2008). The NS5 protein, which has N’ and 2’-O methyltransferase activities,
is required for the formation of the 5 type | Cap (m’GpppAmG) of DENV
genome RNA. NS5 also catalyses 2’-O methylation of internal adenosine of
viral RNA (Dong et al., 2012). The RdRp domain of NS5, composed of a
basic right hand conformation, interacts with nucleotides using two metal ions
coordinated through structurally-conserved Asp. The residues 320—-405 of
NS5 encode the nuclear localisation signal region, in which residues 320-

368 are strictly conserved (Yap et al., 2007).
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1.1.3.7 Other non-structural proteins

DENV also encodes four small hydrophobic proteins: NS2a, NS2b, NS4a,
and NS4b. NS2a is a 22-kDa protein, which directly participates in the
formation of the replication complex during viral replication. As discussed in
previous sections, NS2b plays a role as the cofactor for the proteolytic
activity of the NS3 protease. The activity of the NS2b/NS3 protease complex
of DENV relies on the association between the ER membrane and NS2b,
with the central region (residues 67-80) of the latter being responsible for
this association (Gouvea et al., 2007). Another non-structural protein, NS4a
(16 kDa), helps to target or anchor the replication complex (Hilgard and
Stockert, 2000). NS4b (27 kDa), on the other hand, is involved in viral
replication through its interaction with NS3 (Cabrera-Hernandez and Smith,

2005).
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Figure 1-4 Life cycle of DENV in host cells.

DENYV invades host cells by binding to attachment factors/cellular receptors.
Then, the virions are internalised to the cells through endocytosis. After the
disassembly of these virions, the viral RNA is released into the cytoplasm.
Viral polyprotein is translated and processed. Viral RNA replicates and is
assembled into the capsid as a nucleocapsid while being transported through
the ER. An immature DENV is formed through the trans-Golgi network (TGN).
After the cleavage of pr from the M protein in TGN, a mature DENV is

released (Adapted from Mukhopadhyay et al., 2005; Box 1).
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e Asn 67
x Asn 153

Figure 1-5 Interaction between DENV E protein and DC-SIGN

carbohydrate recognition domain (CRD).

(A) On the surface of a mature DENV particle, 90 homodimers of E protein
lie in 30 rafts and form a herringbone pattern. E proteins are indicated with
domain | in red, domain Il in yellow, and domain Ill in blue. The interacting
CRD from DC-SIGN is in cyan. The icosahedral asymmetric unit is in black.
The scale bar represents 5 nm. (B) In each raft of E proteins, there are three
E protein homodimers. The N-linked glycosylation sites on these six E
protein molecules are indicated as Asn67 (¢) and Asn153 (x). The two cyan
circles indicate the CRD binding site on Asn67 sites. The icosahedral dimer
is in red and the other two neighbouring general E protein dimers are in
purple and green, respectively. The icosahedral asymmetric unit is in black.

(Adapted from Pokidysheva et al., 2006; Figure 2).
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1.1.4 DENV life cycle in mammalian cells

There are ten major steps of dengue viral life cycle: attachment, entry, fusion,
disassembly, polyprotein translation, processing, viral genome replication,
assembly, maturation, and release (Clyde et al., 2006). The following

sections provide descriptions for each of these ten steps.

1.1.4.1 Attachment and entry

A DENV E protein interacts with attach molecules/cellular receptors on the
surface of the target cells as a point of initiation. Having bound to attach
molecules/cellular receptors, DENV particles are delivered to pre-existing
clathrin-coated pits by diffusion along the cell surface, and are transported to
early endosomes. These virions are then internalised by the specific

receptor-mediated endocytosis (van der Schaar et al., 2008).

1.1.4.1.1 DENV receptors

During DENV infection, the appearance of DENV antigens in various organs
and cell types indicates that the host receptors are broadly distributed. So
far, host receptors identified include heparan sulphate, heat shock proteins,
mannose receptors (MR), and DC-SIGN (Cabrera-Hernandez and Smith,

2005; Hilgard and Stockert, 2000; Miller et al., 2008).
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Heparan sulphate is expressed in almost all mammalian cells. It consists of
alternating hexuronic acid/D-glucosamine disaccharides that contain different
degrees and patterns of sulphation, presenting as a linear chain with diversity
in length and with complexity in structure. Elimination or reduction of heparin
sulphate can partially reduce the binding and internalisation intensity of
DENV, indicating that heparin sulphate is responsible for the concentration of
virions on the cell surface (Cabrera-Hernandez and Smith, 2005; Hilgard and

Stockert, 2000).

In addition, affinity chromatography and the virus overlay protein binding
assay (VOPBA) have helped to identify a group of proteins that are able to
bind to DENV. A 90-kDa heat shock protein (HSP90) and 70-kDa heat shock
protein (HSP70, also known as 78-kDa glucose-regulated protein [GRP78])
are thought to be components of the receptor complex during DENV entry to
macrophage and monocyte. As chaperones, HSP90 and HSP70 may also
participate in DENV E protein conformational changes upon binding to the

viral receptors (Upanan et al., 2008).

Other putative DENV receptors on mammalian cells discovered during the
last decade are listed in Table 1-1. Two of those receptors, DC-SIGN and
MR, which are expressed on DENV-initiated host cell DCs, are reviewed in

the following sections 1.1.4.1.2 and 1.1.4.1.3.
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1.1.4.1.2 DC-SIGN and its interaction between DENV

DC-SIGN, a C-type lectin, serves in cell adhesion and also as a phagocytic
pathogen-recognition receptor (PRR). It has been proven to be the binding
target of various pathogens, such as hepatitis C virus (HCV) and HIV
(Lozach et al., 2003; Su et al., 2004). DC-SIGN is composed of four parts,
including a cytoplasmic domain, a transmembrane domain, an extracellular
neck domain, which contains eight tandem 23 aa residues, and a
carbohydrate recognition domain (CRD). It is present, as a tetramer, on the
surface of antigen presenting cells (APCs). In the tetramer, DC-SIGN
molecules are attached to one another by neck domain repeats, but their
CRDs remain monomeric. CRD has the typical C-type lectin fold, a mixed a/f
structure with two primary antiparallel § sheets. Several loops are gathered
on one side of the CRD, shaping the oligosaccharide-binding site that is
close to neither the N termini nor the C termini (Pokidysheva et al., 2006).
The C terminus of the CRD of DC-SIGN can bind to high mannose glycans in

an environment with Ca®* (Jessie et al., 2004; Mitchell et al., 2001b).

DC-SIGN is essential for DENV infections through its interaction with
carbohydrate moieties on the E protein. On the surface of a mature DENV,
each icosahedral asymmetric unit contains three covalently-identical E
glycoprotein molecules (Kuhn et al., 2002). The CRD from DC-SIGN can
bind to two of the three E proteins, leaving the remaining E protein non-
associated as a space for other subsequent receptors. One of the CRD

binding sites is Asn67 in the E molecule, which belongs to the dimer, and the
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other is Asn67 in the adjacent molecule owned by the other E protein dimer.
The third Asn67 remains unoccupied, as well as all the Asn153 sites (Figure

1-5) (Pokidysheva et al., 2006).

A DC-SIGN expression renders poorly-susceptible cells infected by DENV
(Lozach et al., 2005). Moreover, soluble DC-SIGN and antibodies against
DC-SIGN inhibit DENV infection (Lozach et al., 2005). However, the DENV E
protein does not undergo any significant conformational changes during
binding to DC-SIGN CRD (Pokidysheva et al., 2006). More importantly, the
internalisation function of DC-SIGN is not necessary for DENV infectivity

(Lozach et al., 2005).

These evidences indicate that DC-SIGN may serve as an attachment
receptor to concentrate virions on cell membranes, rather than mediating

internalisation (Pokidysheva et al., 2006).

1.1.4.1.3 Mannose receptor and its interaction between DENV

MR has similar sugar specificity to that of DC-SIGN. It belongs to the C-type
lectin superfamily as DC-SIGN does. Each MR molecule contains three
components: a Cys-rich (CR) domain, which obtains lectin activity and
attaches to sulphate sugars, a fibronectin type-ll (FNII) domain mediating

binding to collagen; and eight CRDs (Martinez-Pomares et al., 2006). The
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fourth CRD (CRD4) from the top of the CRD domain controls most of the
recognition towards the terminal glycan residues in mannose, fucrose, and
N-acetyl glucosamine in a Ca®"-dependent manner, while the CRD in DC-
SIGN recognises high-mannose oligosaccharides and fucosylated glycans.
Under a low endosomal pH condition, MR undergoes a great conformational
change: the CR domain folds back to bind to the CRD4 (Boskovic et al.,
2006). MR can bind to bacteria, fungi, and viruses. As an endocytosis
mediator, approximately 85% of MR is constitutively internalised from the cell
surface through clathrin-mediated endocytosis, and is then recycled back
from the endosomal system to the cytoplasm membrane. A tyrosine (Tyr)-
based motif locating in the cytoplasmic tail is responsible for intracellular

targeting during recycling (Taylor et al., 2005).

The process by which DENV binds to MR is also mediated by the interaction
between receptor CRD and viral E glycoprotein. The expression of MR
enables DENV binding to non-susceptible cells. Anti-MR antibodies or MR
ligands can extensively, although incompletely, block DENV infection and
production in permissive host macrophage. Furthermore, given the fact that
MR participates in macropinocytosis, pinocytosis, receptor-mediated
endocytosis and phagocytosis, MR is believed to be the receptor for DENV

internalisation (Miller et al., 2008).

Since it is believed that multiple receptors are involved in DENV binding and
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entry, the relationship between these receptors has also been investigated.
Using antibody specific to DC-SIGN and antibody specific to MR together
can inhibit DENV infection more efficiently than using antibodies to either of
the receptors alone. Although the DENV infection inhibition rate achieved
90% in double receptor-blocking assay on monocyte-derived DC, complete
inhibition failed, indicating that other receptors or entry pathways exist for
DCs during DENV infection. Thus, further investigation is required (Alen et

al., 2011; Miller et al., 2008).

1.1.4.2 DENV fusion and disassembly

As introduced in section 1.1.4.1, DENV binds to a primary receptor and is
delivered into endosomes, in which the fusion peptide of the E protein is
exposed at its distal end and inserts itself into the outer bilayer of cell
membrane, inducing conformational rearrangement of the viral particle. This
process enables trimerisation of the E protein (Kuhn et al., 2002; Nayak et al.,
2009). A low-pH environment within the endosomes induces further
structural rearrangements of the E protein. The transmembrane domains that
previously anchored in the viral membrane are pulled closer to the fusion
peptide, forming a hairpin structure. The hairpin structure then activates the
fusion between the viral membrane and the host membrane (Figure 1-6)
(Modis et al., 2004). DENV utilises bis(monoacylglycero)phosphate, a lipid
specific to late endosomes, as a co-factor for its endosomal acidification-

dependent fusion machinery (Zaitseva et al., 2010).
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Figure 1-6 Procedure of DENV membrane fusion.

The figure is adopted from Mukhopadhyay et al., 2005; Figure 7B. Domain I:
red; domain Il: yellow; domain Ill: blue; fusion peptide: green. At the
beginning, the fusion peptide hides in the E protein dimer (a). Under low pH
circumstances, the hinge region between domain | and domain Il changes,
allowing the latter to swing towards the host cell membrane (b). The E
proteins rearrange. The fusion peptide inserts into the outer layer of the host
membrane, causing the E protein to form a trimer (c). Domain Il folds
towards domain Il, carrying the viral membrane towards the fusion peptide
and the host membrane (d). The fusion between the two membranes takes
place (e) and they finally fuse with each other forming the transmembrane

regions (f).
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1.1.4.3 Polyprotein translation and processing

After internalisation, the ~10,700 kb viral RNA is directly translated into a
polyprotein, which contains three structural proteins (C, prM, E) and seven
non-structural proteins (NS1-5) (Rice, 2007). The translation obeys the cap-
dependent initiation mechanism (Chiu et al., 2005). DENV 5 type | 7-
methylguanosine cap, produced by MTase activity of NS5, is recognised and
bound to the eukaryotic translation initiation factor 4E (elF4E) (Dong et al.,
2007; Villas-Boas et al., 2009). Two other factors, namely the scaffolding
protein elF4G and the helicase elF4A, are recruited by elF4E, forming a
complex that binds to 43S ribosomal pre-initiation complex. The latter then
associates with the 60S subunit, turning into the 80S ribosomal complex that
is competent for elongation. Poly(A)-binding protein (PABP) binds to the
DENV 3'UTR, enhancing the translation (Polacek et al., 2009). Additionally,
DENV heightens the protein translation by a circularisation mechanism
similar to other mRNAs (Alvarez et al., 2005). DENV is also capable of
translation via a non-canonical mechanism that enables DENV translation
under adverse cellular conditions, which inhibit cellular cap-dependent
translation (Edgil et al., 2006). The subsequent DENV translation occurs in
tight association with ER-derived membranes (Clyde et al., 2006). The virus-
encoded serine protease NS3/NS2B is responsible for cleaving the junctions
between NS proteins. Host signalase, on the other hand, is responsible for
the cleavage of the structural proteins (Figure 1-3, A) (Perera and Kuhn,

2008).
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1.1.4.4 DENV genome replication

Viral replication starts with the synthesis of a negative-sense RNA, which
requires genome cyclisation mediated by the complementary 5/3'CS and
5/3UAR sequences (Figure 1-2) (Paranjape and Harris, 2010). The
negative-sense RNA serves as a template for the production of additional
positive-sense RNA via a replicative intermediate complex (RI). Viral
replication progresses on the RI asymmetrically and semi-conservatively,
causing the accumulation of positive-sense strand RNA during viral

replication (Rice, 2007).

Conserved sequences and structures of DENV, such as 5’'SLA, 5’ SLB, and
3’'SL, are important for viral RNA synthesis (Figure 1-2). Deletion of these
regions significantly reduces the replication level of DENV RNA (Paranjape
and Harris, 2010). DENV viral replication also involves the viral glycoprotein
NS1, the helicase-protease NS3, the hydrophobic proteins NS2A and NS4A,
RdRp-MTase NS5, as well as some host factors (Alvarez et al., 2005;
Paranjape and Harris, 2010). The dynamic interaction between cis-RNA
elements and the subcellular localisation of virus-derived replication
components allow for the orchestration of DENV genomic RNA synthesis,
further translation of viral proteins, and viral packaging (Paranjape and Harris,

2010).
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1.1.4.5 Assembly, maturation, and release

C protein and newly synthesised positive-sense RNA are packed together as
a nucleocapsid, which is assembled into prM-E glycoproteins to form the
non-infectious immature viral particles. Immature viral particles are
subsequently budded into the lumen of ER and are transported into the
trans-Golgi network (TGN) via a secretory pathway (Perera and Kuhn, 2008).
N-linked glycans and glycan trimers are added to prM and the E protein in
TGN. Sixty trimers of prM-E heterodimers separate and then re-associate as
90 E homodimers that lie flat on the viral surface. The conformational change
in prM is essential to expose the cleavage site of the cellular protease furin.
Then, when the pH of TGN is approximately 5.7, furin mediates the cleavage
of prM. In order to protect the membrane from fusion, the cleavage product
pr remains associated until the virion is released into the extracellular

environment by exocytosis (Qi et al., 2008; Yu et al., 2008).

1.2 Clinical significance of DENV infection

1.2.1 Diagnosis of DENV infection

1.2.1.1 Clinical manifestations

DENV infection is a systemic and dynamic disease. According to the
guidelines from WHO, the course of DENYV illness can be classified into three
phases: febrile, critical, and recovery (Figure 1-7) (World Health Organisation,

2009).
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During the febrile phase, patients get a high-grade fever, known as dengue
fever (DF), which lasts for two to seven days. The fever is usually
accompanied by facial flushing, skin erythema, generalised body ache,
myalgia, arthralgia and headache, and sometimes by sore throat, injected
pharynx, conjunctival injection, anorexia, nausea, vomiting, and mild
haemorrhagic symptoms (Halstead, 2008). Nonetheless, these symptoms
are not typically distinguishable between febrile and non- febrile DENV, and
between severe DENV infection and non-severe DENYV infection. Thus, other
clinical parameters are necessary. A progressive decrease in the total white
cell count in whole blood is a significant sign for DENV infection (World

Health Organisation, 2009).

Between the third and seventh day of the illness, if the body temperature
drops with an increase in capillary permeability and haematocrit level, the
critical phase begins. The clinically significant plasma leakage may last for 24
to 48 h, during which the severity of plasma leakage can be evaluated by
means of the lifted haematocrit level. The iliness at this stage is defined as
DHF. Once a critical volume of plasma has been lost during the leakage, a
process known as DSS takes place, suggested by lower pulse pressure (<
20 mm Hg) or poor capillary perfusion in both children and adults.
Subsequent organ hypoperfusion causes progressive organ impairment,
metabolic acidosis, and disseminated intravascular coagulation. In severe
shock, serious haemorrhage occurs, followed by a further decrease in

haematocrit (Halstead, 2008; World Health Organisation, 2009).
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Figure 1-7 The time course of DENV illness.

Along with the days of iliness, there are three phases of the DENV illness:
febrile, critical and recovery. In each phase, different clinical manifestations
can be observed, providing varying diagnostic targets. (Adapted from World

Health Organisation, 2009, page 25, Figure 2.1).
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In case these patients survive the critical phase, a gradual reabsorption of
extravascular compartment fluid occurs during the next 48-72 h. Patients
during this recovery phase experience the following: 1) their appetite returns,
2) their gastrointestinal symptoms abate; 3) their haemodynamic status
stabilises; and 4) their diuresis ensues. Generalised pruritus, bradycardia,
and electrocardiographic changes are also prevalent during this stage. White
blood cell count begins to rise, followed by the recovery of platelets (World

Health Organisation, 2009).

During DENV infection, infants and children are at high risk of developing
severe diseases. In addition, it is easier for shock and bleeding to be
developed among infants. DENV diseases in adults appear to be different
from those in infants and children. Compared to children under the same
epidemic situation, adults may have higher rates of bleeding manifestations,

haematemesis, and malaena but less overt shock (Halstead, 2008).

During DF, DHF, and DSS, rare complications may happen, which include
hepatomegaly and liver dysfunction (Lin et al, 2008), disseminated
intravascular coagulation (Rao et al., 2005), encephalopathy (Cam et al.,
2001), myocarditis (Wiwanitkit, 2006), acute renal failure (Lee et al., 2009),
haemolytic uraemic syndrome (Lima et al., 2007), optic neuritis and uveitis

(Gupta et al., 2009).
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1.2.1.2 Laboratory diagnostic methodologies

During DENV infection, diagnoses based on clinical symptoms are neither
reliable nor sufficient. An effective and precise diagnosis is important for case
confirmation and for precaution with regard to severe complications.
Accurate diagnostic results can serve as outbreak surveillance, pathogenesis
study, as well as vaccine development (World Health Organisation, 2009).
Laboratory diagnosis usually focuses on the detection of the virus, viral
nucleic acids, antigens, antibodies, or the combined detection of these
factors. Four to five days after the infectious biting of the mosquito, a DENV
virion can be detected in serum, plasma, circulating blood cells, as well as in
some tissues. Thus, at the early stage of infection, virion isolation and viral
nucleic acid/viral antigen detection can be used to diagnose the disease. At
the later stage of acute infection, a serological test is appropriate for
diagnosis (Peeling et al., 2010). Different DENV infection diagnostic methods

are listed and compared in Table 1-2.

Although multiple diagnostic methods are available, none of these methods
are rapid, efficient, affordable, and robust at the same time (Peeling et al.,

2010).
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Table 1-2 Laboratory diagnostic methods for DENV infection

Diagnostic Specimen  Time Facilities Time Key
methods required point to required required references
collect
specimen
Virion Whole 1-5days Cell culture 1-2 (Harris et
isolation blood, facilities; week al., 1998)
serum, BSL-2/BSL-3 s
tissue laboratories;
Fluorescence
microscope;
molecular
biology
equipment
Nucleic Whole 1-5days BSL-2 1-2 (Harris et
acid blood, laboratory; days al., 1998;
detection  serum, equipment Lanciotti et
plasma, for al., 1992)
tissue molecular
biology
Antigen Serum, 1-6 days ELISA 1-2 (Bessoff et
detection tissue facilities; days al., 2008;
Facilities Tripathi et
for al., 2007)
histology
IgM Whole After 5 ELISA 1-2 (Branch
detection  blood, days facilities days and Levett,
serum, 1999;
plasma Bundo and
Igarashi,
1985)
IgG Whole 1-5 days, ELISA > 7 days (Miagostovi
detection  blood, facilities; chetal.,
serum, BSL-2 1999;
plasma laboratory; Vaughn et
al., 1999)

* Time point after the appearance of symptoms.
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1.2.2 Control, prevention and treatment of DENV infection

1.2.2.1 Vector control

Vector control and interruption of human—vector contact are the first line of
DENYV infection control. Aedes aegypti, which is the main transmission vector
of DENV, is the target of vector control. Control activities are conducted in
the habitats of both immature and mature mosquitoes, as well as in places in
which human-vector contract occurs (World Health Organisation, 2009).
According to WHO Strategy Development and Monitoring for Parasitic
Diseases and Vector Control Team, habitats of mosquito aquatic stages are
eliminated by frequently emptying and cleaning water containers. Vector
inhibitions are also achieved by using insecticides/biological control agents
against both the developing wigglers and adult mosquitoes (World Health
Organisation, 2004). Besides, biological controllers, such as larvivorous fish
and copepods, are capable of controlling Aedes aegypti (Kay et al., 2002;
Nam et al., 2000). Recently, Wolbachia pipientis, which is an intracellular
inherited bacterium, successfully shorten the life-span of Aedes aegypti by
activating the innate immune system of the mosquito. Additionally, Wolbachia
pipientis can be competitive by sharing the limited cellular resources that are
required for DENV replication in mosquito (McMeniman et al., 2009; Moreira
et al., 2009). Even though the community-based vector control strategies are
able to reduce classical Aedes larval indices, there is no convincing evidence
which shows that the control strategies contribute to the prevention of DENV
transmission (Heintze et al., 2007). Thus, a novel, efficient, and economical
vector control strategy is desirable. A mosquitocidal vaccine is used in the

humans and based on the principle that immune effectors in human blood
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can remain active in the mosquito after the human blood has been ingested.
Hence, the mosquitocidal vaccine could be an alternative method to control

DENYV transmission (Billingsley et al., 2008).

1.2.2.2 Vaccine development

Because of the failure of vector control, tetravalent DENV vaccine
development is one of the most important issues in public health studies
(Guzman et al., 2010). Studies have indicated that neutralising antibodies are
the major contributors to protective immunity. Therefore, an ideal DENV
vaccine should be able to trigger life-long robust neutralising antibodies
against all of the four serotypes of DENV in naive and previously-immune
individuals. Current DENV vaccine candidates include live attenuated
viruses, inactivated viruses, subunit vaccines, DNA vaccines, cloned
engineered viruses, and chimeric viruses (Normile, 2007). Depending on a
model calibrated by Chao et al. (2012), a vaccine could be an efficient tool
for controlling DENV. According to this model, a competent and cost-effective
vaccination strategy should prioritise giving the inoculation to children. Adults
should also receive the vaccination when the elimination of local dengue
transmission is required (Chao et al., 2012). Recently, a randomised,
controlled phase 2b trial of a recombinant, live-attenuated, CYD tetravalent
DENV vaccine taken in Thai schoolchildren showed that this vaccine played
a protective role against DENV1, DENV3, and DENV4, but not against
DENV2. Although this CYD tetravalent DENV vaccine project was a

milestone in DENV vaccine development, the lack of efficacy towards

36



DENV?2 indicates the urgent need for knowledge about DENV pathogenesis

(Sabchareon et al., 2012).

1.2.2.3 Drug development

The development of a DENV-specific therapeutic agent, which is able to
shorten the duration and attenuate the severity of the diseases, and to
reduce the occurrence of the major complications, is as important as the
development of DENV vaccines itself (Simmons et al., 2012). The
identification of anti-DENV agents usually focuses on inhibiting critical steps
of the DENYV life-cycle. The drug action points could be on both viral factors
and host factors (Sampath and Padmanabhan, 2009). For in-vivo drug tests,
immunocompromised mice models or ADE models are recruited for anti-
DENV drug development (Zompi and Harris, 2012). Due to the
disadvantages and cost issues associated with these animal models,
investigators tend to use in-vitro models to screen and test the anti-DENV
agents initially. Nowadays, there are three in-vitro systems which have been
widely used for high throughput-screening the anti-DENV agents: the fire-fly
luciferase gene expressing replicon system, the pseudo-infectious particles
(PIPS) system, and a Renilla luciferase gene expressing replicon system. All
of these systems involve the use of engineered viral replicons and
permissive host cell lines (Perera et al., 2008). Thus, the establishment of in-
vitro models which truly reflect the natural pathogenesis of DENV infection is

critical for DENV drug development.
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DENV attachment and entry events provide potential drug targets, including
DENV E proteins and attachment molecules (Perera et al., 2008). Various
carbohydrate-binding agents are able to bind to the DENV E protein,
subsequently preventing viral attachment (Alen et al., 2011). Viral entry in a
later stage can also be inhibited. The pocket at the hinge between domain |
and domain Il of the E protein (see section 1.1.3.3) has been proven to be a
valid target site for anti-DENV therapy. A group of compounds were found to
inhibit DENV viral fusion via the computational high-throughput screening
and cell biology analysis. They bound to the pocket of the E protein,
competing with the known ligand N-octyl-B-D-glucoside (Schmidt et al., 2012;
Zhou et al., 2008). On the other hand, attachment molecules of DENV can
also be therapy targets. For example, antibodies against the 37/67 kDa
laminin receptor can probably serve as a therapeutic option for DENV
infection (Omar et al.,, 2011). Moreover, the DENV replication stage is
another drug development target. Deoxynojirimycin (DNJ) and its N-alkylated
derivatives restrain host glucosidases, which are critical for DENV E
glycoprotein folding and oligomerisation. According to in-vitro and in-vivo
experiments, DNJ is expected to be a potential drug for the inhibition of
DENV assembly (Miller et al., 2012; Whitby et al., 2005; Yu et al., 2012).
Viral factors such as DENV NS5 and DENV NS3 were also taken as drug
action points in order to block viral replication (Deng et al., 2012; Rothan et
al., 2012; Takhampunya et al., 2006). These reported anti-DENV molecular
strategies still require further investigations. Even though some of the anti-
DENV agents are now undergoing randomised controlled clinical trials, it will

still take a long time for anti-DENV drugs to become available on the market
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(Sampath and Padmanabhan, 2009; Tricou et al., 2010; Whitehorn et al.,

2012).

1.3 Pathogenesis of DENV infection

1.3.1 DENV Tropism

Cell and tissue tropism of DENV may influence the outcome of the disease. It
is difficult to identify the primary target cells of DENV infection (Jessie et al.,
2004). In-vitro findings and ex-vivo autopsy investigations detecting viral NS
proteins and negative-strand viral RNA indicate that the immune system, the
liver, and the endothelial cell linings of blood vessels contribute to the

pathogenesis of DHF/DSS (Martina et al., 2009).

Having been bitten by a mosquito, DENV is inoculated into the bloodstream
together with the mosquito’s saliva. DENV virions spread to both the
epidermis and dermis, infecting the Langerhan cells and keratinocytes that
reside in the epidermis (Limon-Flores et al., 2005; Wu et al., 2000). Infection
then spreads to immature myeloid DCs. Those infected DCs are activated
and subsequently migrate from the infection site to the draining lymph nodes.
Activated DCs produce interferon alpha and beta (IFN-o/f) and tumour
necrosis factor alpha (TNF-a) (Libraty et al., 2001; Marovich et al., 2001).
During the migration of DCs, monocyte and macrophage are also recruited
as target cells of DENV (Durbin et al., 2008; Kou et al., 2008; Moreno-

Altamirano et al., 2002). DENV is amplified and distributed through the
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lymphatic system and thoracic duct, including splenic and liver macrophages
(Blackley et al., 2007; de Macedo et al., 2006), as well as bone marrow
stromal cells (Rothwell et al., 1996). The tropism and replication efficiency of
DENV in DCs, monocytes, macrophages, endothelial cells, bone marrow
stromal cells, and liver cells determines the viral level in blood and affects the
severity of disease development. After inoculation, DENV can be detected in
the reticuloendothelial system and several organs, including skin, lymphoid

tissue, kidney, lung and plasma (Martina et al., 2009).

DENV is found in hepatocytes and Kupffer cells. Apoptosis of these cells is
induced by DENV, causing the occurrence of DENV-associated hepatocyte
necrosis, microvesicular steatosis, and councilman bodies (Fabre et al.,
2001; Paes et al., 2005). Involvement of the liver during DENV infection may
relate to spontaneous bleeding (Seneviratne et al., 2006; Wichmann et al.,

2007).

It has been find that viral receptors determine the target sites of viral
replication and pathogenesis of viral infection (Schneider-Schaulies, 2000).
The interaction between virus and receptor is not only necessary in starting
the infection, but also capable of mediating signaling transductions for the
secretion of cytokines (Schneider-Schaulies, 2000). Thus, in order to spread
viral particles from initial infection site to different target organs and cells,

viruses may use varied and multiple receptors (Schneider-Schaulies, 2000)
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(Table 1-1).

During a heterologous DENV infection, antibody-dependent enhancement
(ADE) is involved in the development of disease (Halstead, 1970). It is
hypothesised that Fcy receptor, which recognises the constant region of IgG,
mediates the internalisation of DENV-antibody complex and disturbs the

antiviral immune response (Ubol and Halstead, 2010).

Vascular damage and vascular dysfunction play important roles in the
pathogenesis of DFS/DSS (Cardier et al., 2006). Compared to mononuclear
cells, endothelial cells of the vascular system do not have any Fcy receptors
to facilitate internalisation of virus-antibody complexes. The occurrence of
viral RNA in endothelial cells could probably be a consequence of
pinocytosis (Jessie et al., 2004). DENV antigen NS1 preferentially binds to
endothelial cells located in the lung and the liver (Avirutnan et al., 2007).
Endothelial cells in different parts of the vascular-bed system can generate
different coagulation responses upon DENV infection, leading to discrete
vascular leakage syndrome characteristic in both DHF and DSS (Cardier et

al., 2005; Martina et al., 2009).
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1.3.2 Humoral immune response

DENYV infection and dissemination are controlled by human humoral immune
responses. Infection with one DENV serotype enables the immune system to
be protected from that specific serotype from that point on. Meanwhile,
infection with another DENV serotype (hetero-infection) may only lead to
short-term heterotypic immune protection, possibly attributed to cross-
reactive viral E protein-specific antibodies. The anti-DENV antibodies mainly
target the DENV prM protein, E protein, and NS1 protein. Other NS proteins,
for example the NS3 and NS5 proteins, are also targets of antibodies,
although their responses are not as strong (Valdes et al., 2000). However,
hetero-infection causes severe DENV complications (Whitehorn and
Simmons, 2011). This phenomenon is supposed to have been the

consequence of cross-reactive antibodies, known as ADE (Halstead, 1970).

IgG1 and IgG4, the major antibody subgroups in DENV infection, are able to
efficiently fix and activate the classical complement system by activating C1q
binding (Hjelm et al., 2006; Koraka et al., 2001). The DENV NS1-antibody
complex, together with other cytokines such as TNF-a and IFN-a, may
activate the complement cascade to produce C3a and C5a, both of which
contribute to vascular permeability (Avirutnan et al., 2006; Kurosu et al.,
2007). On the other hand, the C5b-C9 complex also correlates to DHF/DSS
development, triggering other factors involved in intravascular coagulation

(Avirutnan et al., 2006; Markiewski et al., 2007).
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1.3.3 The cellular immune response

Cellular immunity is another defence mechanism during DENV infection.
During primary DENV infection, after mosquito bite, DENV particles are
injected into human skin and bloodstream. Virions are firstly captured by
APCs. Afterwards, DENV-specific CD4" T cells and CD8" T cells are

activated by APCs through the antigen presentation process.

DENV-specific T cells are triggered upon stimulation from viral epitopes.
Scientists have identified CD4" T cell and CD8" T cell epitopes on viral
structural proteins, such as two regions (residues 47-55 and residues 83-92)
of the DENV4 C protein (Gagnon et al., 1996). Among the five viral NS
proteins, NS3 is demonstrated to be the most common target of T cells, as it
is multifunctional and the most conserved antigen (see section 1.1.3.5) (Imrie
et al., 2007). Upon reorganisation of DENV NS proteins, activated cytotoxic T

cells (CTL) can lyse the infected cells (Gagnon et al., 1999).

Apart from T cells, natural killer (NK) cells also play a critical role in viral
clearance during primary DENV infection (Shresta et al., 2004). Human
blood NK cells are cytotoxic against infected cells by two pathways: direct
cytolysis and antibody-dependent cell-mediated cytotoxicity (Kurane et al.,
1986). The contact between NK cells and DENYV relies on various cytokines
and chemokines produced by DCs, and this contact leads to subsequent

immunity events, such as DC-induced NK cell proliferation, NK-mediated
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shattering of DCs, and NK-dependent DC maturation (Della Chiesa et al.,

2005).

The interaction between DCs, T cells, endothelial cells, and DENV, together
with elevated levels of CXCR3-reactive chemokine production, correlates
with the severity of DENV. In acute infection, CXCR3 is highly expressed on
DENV-infected T cells and decreased upon the recovery phase. The contact
between CXCR3-expressing lymphocytes and DENV-infected monocytes or
DENV-infected DCs triggers the production of a CXCR3-reactive chemokine,
for instance CXCL10. CXCRS3-reactive chemokines can recruit more
activated/memory T cells and NK cells into the anti-DENV defence
(Dejnirattisai et al., 2008). Details regarding the interaction between DENV
and DCs, as well as the specific function of DCs during DENV infection, are

to be reviewed in section 1.4.4.

During secondary DENV infection with heterologous serotype, highly cross-
active CD8" T cells triggered during primary infection are preferentially
activated with high avidity for the invading virus (Imrie et al., 2007). These
high-avidity cross-reactive CD8" T cells produce high levels of pro-
inflammatory and anti-inflammatory cytokines, including IFN-y, TNF-a, and
interleukin (IL)-13, but low levels of IL-10. On the other hand, low-avidity
cross-reactive CD8" T cells that produce high levels of pro-inflammatory

cytokines may be preferentially developed over naive T cells with high avidity
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for the current invading viral serotype. The profile of responding T cells in
secondary infection is thus different from that in primary infection
(Mongkolsapaya et al., 2006). This phenomenon is known as “original
antigenic sin”. Such a process may restrain or hold-up viral eradication,
causing higher viral loads and increasing immunopathology (Mongkolsapaya

et al., 2003).

1.3.4 Models for DENV pathogenesis research

1.3.4.1 In-vivo models

Since most animal models are not permissive to DENV infection, DENV
pathogenesis research has been hampered by the lack of suitable animal
models. Although some non-human primates are susceptible to DENV
infection, they are only able to develop low-level viraemia and fail to show
obvious signs of diseases (Bente and Rico-Hesse, 2006). In light of this, a
number of immunocompetent models and immunocompromised models

have been used to study DENV pathogenesis (Table 1-3).

One of the major issues of immunocompetent models is that they may
restrict the DENV replication level. This restriction makes it difficult to
discover other factors that cause viral replication failure (St John et al., 2013).
On the other hand, the immunocompromised models are able to provide
nearly unrestricted viral replication and uniform diseases severity, which

makes these models more suitable for anti-DENV drug development (St John
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et al., 2013). However, the differences between the human immune system
and mice immune system obstruct the investigation of key pathological
events, such as vascular bleeding (Mestas and Hughes, 2004). Also, the
absence of major immune pathways, IFN-related pathways for example, may
cause the resistant mouse cells to be permissive to DENV, generating

incompetent results (St John et al., 2013).

Nonetheless, both immunocompetent and immunocompromised models
require much higher doses (>10® PFU) than that as a result of a natural
mosquito bite (~10* PFU). Moreover, when using the intracranial route of
inoculation, DENV replication does not typically appear in extraneural sites,
or in cells involved in innate immunity (DCs, for example). This does not
represent the natural route of human DENYV infection (Mathew and Rothman,
2008). Peripheral DENYV replication in mice can be achieved by intravenous
(i.v.) and sub-cutaneous (s.c.) infection of AG129 mice. However, this model
is not suitable for the study of humoral memory responses after primary

DENV infection due to its short life-span (Zompi and Harris, 2012).

1.3.4.2 In-vitro cell models

Apart from the use of mosquito cell lines such as the C6/36 cell line (Aedes
albopictus) and AP61 cell line (Aedes pseudoscutellaris) for studying DENV-
mosquito interaction (Chen et al., 2011; Thaisomboonsuk et al., 2005), a

wide range of animal cells and human cells are also used for DENV research
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(Table 1-4).

Amongst these cell lines, Vero, LLC-MK2 and BHK are commonly used due
to the fact that they are well-characterised and easy to maintain, in addition
to having a well-studied background (Govorkova et al., 1996). These animal
cell lines are mainly used for plaque assays (Armstrong et al., 2011; Kurosu
et al., 2010; Moi et al., 2011). Furthermore, these cells lines are also used for
drug evaluation and vaccine production (Chan and Tambyah, 2012; Rothan

etal., 2012).

Despite the robustness of Vero, LLC-MK2, and BHK cells, they are not the
natural target cell types of DENV and may not be suitable for studying DENV
pathogenesis in host (Bente and Rico-Hesse, 2006). As a result, a variety of
primary cultures and permanent cell lines derived from cells and tissues that
are natural DENV targets have been used to study the host-virus interaction.
These include DCs, monocytes, macrophage, lymphocytes and endothelial
cells (Bente and Rico-Hesse, 2006). Some of the widely used human cell

lines used in DENV pathogenesis research are shown in Table 1-3.

Recently, a human challenged model was developed. This model involved
subjects that were previously vaccinated with a live-attenuated tetravalent

DENV vaccine. Blood mononuclear cells extracted from these subjects were
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then challenged by other attenuated strains. Cellular immune responses in

these challenged cells were studied (Gunther et al., 2011).

As stated by Clark et al. (2012), it is very important for researchers to choose
the appropriate host cells for studying DENV pathology in-vitro. When DENV
is propagated in alternative cell lines or organisms, the virus will undergo
mutation in order to adapt to the environment. As a result, in-vitro
characteristics produced by the virus are irrelevant to those produced in-vivo

(Clark et al., 2012).

In detail, the over-adapted viral characteristics that are caused by using

inappropriate cell models appear in the following aspects:

1) Adapted DENV life-cycle events

When appropriate viral receptors are absent, viruses are able to develop new
strategies to entry host cells. Viruses may search for molecules, which have
low-binding affinity and are abundantly expressed. The binding between
viruses and these molecules cause virion clustering. Having been incubated
in high concentrations for a long time, these weak interactions can lead to
internalisation (Clark et al., 2012). For example, a DENV vaccine with high
affinity to bind to heparan sulphate, which has been mentioned in section
1.1.4.1.1, is demonstrated to be attenuated in macaques in vaccine

preclinical trials (Anez et al., 2009).
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Table 1-3 Comparison of commonly used in-vivo models for DENV

pathogenesis study

Name of Features Examples of References
the model Applications
AG129 Deficient in the IFN-a/p Viral virulence (Watanabe et
mice receptor and IFN-y study. Cross- al., 2012; Zompi
receptor reactive B cells et al., 2012)
and T cells study
A/J mice Immunocompetent NK cells and B (Huang et al.,
inbred cell responses 2000a; Shresta
study. et al., 2004)
Thrombocytopeni
a manifestation
study.
BALB/C Plasmacytomas and Epitopes (Tian et al.,
mice monoclonal antibodies identification. 2012; Velandia-
production Neurological Romero et al.,
manifestations 2012)
study.
C57BL/6 Deficient in the IFN-o/f  Pathogenic (de Miranda et
mice receptors mechanism of al., 2012; Sung
liver injury study. etal., 2012)
Neurological
syndromes study.
NOD/SCI  Deficientininnate and Cross-reactive T (Jaiswal et al.,
D/IL2RyK  adaptive immune cell study. 2009; Mota and
O mice response; deficient in Rico-Hesse,
haemolytic 2009)
complement response;
better engraftment of a
variety of human cells
and tissues
Rhesus Haemorrhage and TLR3- and (Onlamoon et
macaques coagulopathy TLR7/8-mediated al., 2010; Sariol

inducible.

innate signalling.
Blood
components
study.

etal., 2011)
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2) Adapted DENV virulence

Passaging DENV2 50 times in primary dog kidney cells produced attenuated
DENV strains with features such as temperature sensitivity, small plaque
size, loss of neurovirulence, and decreased incidences of viraemia in
infected monkey. These changes of virulence may be due to the nucleotide
mutations in coding regions and UTR (Halstead and Marchette, 2003; Kelly

etal., 2011).

Therefore, it is very important to choose the most appropriate cell models for

the in-vitro study of DENV pathogenesis.

1.4 Background of Dendritic cells (DCs)

DCs are the major connector between innate immunity and adaptive
immunity, and are able to capture antigens that appear in the periphery and
present these antigens to lymphocytes. Thus, DCs play an extremely

significant role in defence against infectious diseases (Belz et al., 2009).

Although a diversity of human cells, such as liver cells and endothelial cells,
have been used as subjects for studying DENV-host interactions, they are
the consequent targets of DENV infection. On the other hand, DCs are one
of the initiate target cells of DENV infection (Libraty et al., 2001; Marovich et
al., 2001). It is more important to investigate the initiate hosts of DENV
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infection, because the knowledge of DENV infection process can benefit the
design of prophylaxis against the DENV infection. Therefore, in this study,
DC has been used as a model to study DENV and host interaction for

expanding the knowledge of the DENV pathogenesis.

1.4.1 Origin of DC

There are two distinct pathways for the development of immune cells from
the hematopoietic stem cells, namely lymphoid lineage and myeloid lineage.
Stem cells from the former give rise to progenitor cells of T lymphocytes, B
lymphocytes, natural killer T (NKT) cells, and NK cells, etc. In contrast, those
from the latter differentiate into distinct progenitor cells, which can further
develop into monocytes, neutrophils, a proportion of macrophages, mast

cells, erythrocytes, and common DC precursors in the bone marrow.

Common DC precursors generate plasmacytoid DCs and pre-classical DCs;
the latter group then leaves the bone marrow, entering the blood circulation
and lymphoid tissue to participate in immune activities (Geissmann et al.,

2010).

DCs generated from early progenitors have short life-spans, lasting for only
two to four weeks (Merad and Manz, 2009). Alternatively, LCs, which

differentiate from local stem cells, can migrate to the skin for the period of
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late embryonic stage and have a short life span upon leaving the epidermis

(Chorro et al., 2009).

1.4.2 Subsets of DC

DCs represent a heterogeneous population of cells. They can be divided into
two major sub-groups: 1) non-lymphoid tissue migratory and lymphoid tissue-
resident DCs (known as myeloid DCs in the human body); and 2)
plasmacytoid DCs (Merad and Manz, 2009). Information regarding general

DC subsets in the human body is summarised in Table 1-5.

1.4.2.1 Myeloid DCs

There are three subsets of myeloid DCs in human skin that have been
previously studied: LCs, dermal CD14" DCs, and dermal CD1a” DCs. LCs
preferentially activate CD8" T Ilymphocytes, regulating cellular immunity.
Dermal CD14" DCs preferentially regulate humoral immunity through
inducing antibodies responses. The biological function of dermal CD1a* DCs

still remains unclear (Ueno et al., 2010).

In the blood circulation, a subpopulation of myeloid DCs can differentiate into
macrophages, which express butyrate esterase and CD14 upon stimulation
by macrophage colony-stimulating factor (M-CSF). Thus, these myeloid DCs
may be related to monocyte-derived DCs in terms of their cellular origin (lto
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et al., 2005).

1.4.2.2 Plasmacytoid DCs

Human plasmacytoid DCs circulate in the blood, and are also located in
lymphoid tissues and peripheral tissues. Upon activation by various viruses
and non-viral stimuli, plasmacytoid DCs express type | IFN stronger and
quicker than other APCs. The interaction between plasmacytoid DCs and
pathogens can intensely influence surrounding APCs and lymphocytes
(McKenna et al.,, 2005). According to the expression levels of CD2,
plasmacytoid DCs in human bodies include two subsets: CD2"e"
plasmacytoid and CD2°" plasmacytoid cells. Compared to CD2°"
plasmacytoid DCs, the CD2"" plasmacytoid DCs distinctively produce
lysozyme and IL-12p40, and are more effective at inducing allogeneic T

lymphocyte proliferation (Ueno et al., 2010).

1.4.2.3 Monocyte-derived DC

Monocytes represent a heterogeneous mononuclear phagocyte population
circulating in the human blood. A human monocyte can be unequivocally
defined by its expression of CD14. CD14"9" monocytes constitute the
majority of the population, while CD14"°" monocytes form an infrequent
subset. After microbial infection, monocytes migrate to inflammatory sites
and differentiate into DC-like cells (Randolph et al., 2008). In-vitro studies

showed that different cytokine-combinations can induce differentiation of
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monocytes into DCs with identified phenotypes. For example, GM-CSF plus
IL-4 (secreted by mast cells) can activate monocyte differentiation into IL-4-
DCs (as MoDCs in this study). Meanwhile, type | IFN (secreted by
plasmacytoid DCs) activates monocyte-derived IFN-DCs, and IL-15
(secreted by keratinocytes) stimulates monocyte-derived IL-15-DCs (Ueno et
al., 2010). These monocyte-derived DCs are different in their immune
responses. For example, IL-15-DCs are more effective at activating antigen-
specific CTL compared to IL-4-DCs (Dubsky et al., 2007). These
observations indicate distinct immune responses and pathological features of

different monocyte-derived DCs (Ueno et al., 2010).

1.4.3 Immunological function of DCs during viral infection

1.4.3.1 Antigen capture and activation of DCs

Antigens that are encountered by DCs can be classified into two groups:
endogenous antigens (self-synthesised) and exogenous antigens (which
originate from bacteria and viruses) (Belz et al., 2009). DCs recognise highly
conserved microbial molecular motifs of exogenous antigens by PRR,
including toll-like receptors (TLRs) and C-type lectin receptors (CLR) (Rossi

and Young, 2005).
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The expression profile of TLRs in different DC subsets is listed in Table 1-5.
Some of the TLRs are involved in the interactions between pathogen
components and TLRs include: peptidoglycan-TLR2, viral dsRNA-TLR3, viral
glycoproteins-TLR4, viral ssRNA-TLR7, and unmethylated bacterial CpG

DNA motif-TLR9 (Akira and Takeda, 2004).

TLR activation stimulates the expression of CD83, constimulatory molecules,
and C-C chemokine receptor type 7 (CCR7) in DCs. These cytokines then
activate the DCs to migrate to T lymphocyte-abundant draining lymph nodes.
Additionally, TLR activation not only drives plasmacytoid DCs to secrete
large amounts of IFN-a, but also drives myeloid DCs to produce IL-6, IL-10,

IL-12 and TNF-a (Rossi and Young, 2005).

CLRs are membrane-bound molecules expressed by resident or non-
activated DCs. CLRs are able to bind to the carbohydrate moieties of
glycoproteins from viruses for processing and presentation on major
histocompatibility complex (MHC) molecules. CLRs such as MR, DEC-205
(CD205), DC-SIGN, BDCA-2, and dectin-1 are found on the surface of
immature myeloid DCs, while Langerin (CD207) is found on LCs (van Kooyk,
2008). Besides antigen recognition and capture, CLRs are involved in T-
lymphocyte presentation (Engering et al., 2002). They are also associated
with TLRs to induce inflammatory cytokine productions from DCs (Gantner et

al., 2003).
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Following viral recognition, DCs internalise viral pathogens and immune
complexes via phagocytosis, pinocytosis, and endocytosis (Rossi and Young,

2005).

Having encountered viral antigens, immature DCs undergo a maturation
process. During this process, DCs secrete cytokines, elevate the expression
of co-stimulatory molecules and lessen their antigen capture. Meanwhile,
these DCs are able to migrate to lymphoid tissues where the immune
information can be conveyed to T lymphocytes, B lymphocytes, NK cells, and

NKT cells (Rossi and Young, 2005).

1.4.3.2 Viral antigen presentation

Antigen-bearing DCs are able to present peptide-antigens to lymphocytes via
MHC class | molecules (Ackerman et al., 2003) and MHC class |l molecules

(Villadangos et al., 2005).

The presentation of extracellular components as endogenous antigens,
including antigens from tumour cells, viral infected cells, or intracellular
pathogens via MHC class | molecules is called cross-presentation.
Phagocytosed antigens are firstly transported out from the phagosome into
the cytoplasm. In the cytoplasm, endogenous antigens are degraded into
peptides by the enzymes inside the proteasome. These peptides will be
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translocated back into the ER-fused phagosomes to form the MHC class I-
peptide complexes. The complexes are subsequently transported through the
Golgi apparatus secretory pathway, arriving at the cytoplasm surface to be

presented to T cells (Ackerman et al., 2003; Guermonprez et al., 2003).

The antigenic peptide-binding site of MHC class Il aff dimers is capable of
binding a wide range of peptides with variable sequences and lengths.
Before MHC class Il af dimers reach the endosomal sites where the
antigenic peptides are formed, the peptide-binding site is protected via
associations with invariant chain li in the ER. When appropriate antigenic
ligands for the class Il molecules are generated, the li subunit will be
destroyed in order to clear the binding pocket of class Il aff dimers for the
antigens (Villadangos and Ploegh, 2000). Afterwards, the MHC Il-peptide
complexes are generated and quickly appear on the surface of DCs for

recognition by T cells (Villadangos et al., 2005).

During the antigen presentation process with T lymphocytes, one DC can
usually activate 100-3,000 T lymphocytes (Banchereau and Steinman, 1998).
Activated T lymphocytes assist DCs with terminal maturation, which further
enhances lymphocytes proliferation and differentiation. Activated T
lymphocytes consequently reach the injured tissues, where these T
lymphocytes eliminate microbes and microbe-infected cells (Ueno et al.,
2010).
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Activated B lymphocytes, on the other hand, migrate to different tissues and
mature as plasma cells, which produce neutralising antibodies against

microbes (Ueno et al., 2010).

1.4.4 Interaction between DCs and DENV

1.4.4.1 DC models in DENV research

As previously reviewed in section 1.3, DCs are one of the initial target cells of
DENYV infection. For more than 10 years, several DC models have been used

to investigate the interaction between DCs and DENV, including:

* in-vitro human IMMoDCs (Boonnak et al., 2008; Nightingale et al.,
2008),

* ex-vivo human plasmacytoid DCs/myeloid DCs/epidermal DCs
(Limon-Flores et al., 2005; Sun et al., 2009),

* in-vivo human plasmacytoid DCs/myeloid DCs/skin DCs (De Carvalho
Bittencourt et al., 2012; Marovich et al., 2001),

* human erythroleukaemic K562 cells (Goncalvez et al., 2007; Mazzon
et al., 2009),

* human monocytic cell line THP-1 (Padwad et al., 2010; Ubol et al.,
2008),

* human promyelocytic leukaemia cell line HL-60 (Diamond et al., 2000).

Due to the importance of DCs in DENV infection, various in-vitro DC models

61



have also been applied in DENV-vaccine or anti-DENV therapy development.
For instance, K562 cells were used in DENV-vaccine evaluations (Palmer et
al., 2007), while in-vitro human MoDC were utilised in both vaccine and anti-
DENV agent screening studies (Sanchez et al., 2006; Subramanya et al.,

2010).

1.4.4.2 DC responses in DENV pathogenesis

It has been reported that DENV interacts with DC-SIGN and MR in order to
invade DCs (Lozach et al., 2005; Miller et al., 2008; Tassaneetrithep et al.,
2003). After internalisation, DENV particles could be visualised in cystic
vesicles, vacuoles, and the ER of infected DCs (Ho et al., 2001). Previous
studies have shown that DENV-infected IMMoDCs secrete high level TNF-q,
IFN-a, programmed cell death 1 ligand 2 (PD-L2), MHC Il molecules, as well
as soluble gelatinolytic matrix metalloproteinase (MMP)-9 and MMP-2 in a
viral dose-dependent manner (Ho et al., 2001; Libraty et al., 2001; Luplertlop
et al., 2006; Nightingale et al., 2008). DENV2 infection in DCs activates
STAT1 and STATS3 through both IFN-a-dependent and IFN-a-independent
mechanisms. DENV2 acts against IFN-a, but not IFN-y, antiviral responses

by inhibiting Tyk2-STAT signalling in the DCs (Ho et al., 2005).

TNF-a and IFN-a secreted by DENV-infected DCs trigger the activation and
maturation of bystander DCs, increasing the expression of cell surface co-

stimulatory molecules and inducing migration, while secreted MMP-9 and
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MMP-2 are involved in enhancing endothelial permeability (Dejnirattisai et al.,

2008; Luplertlop et al., 2006).

However, compared to bystander DCs, infected DCs produce less CXCL10,
PD-L1, CD80, CD86, IL-12 p70, and MHC | molecules (Libraty et al., 2001;
Nightingale et al., 2008). Additionally, infected DCs are apoptotic but not

activated or matured (Palmer et al., 2005).

DENV-infected DCs activate DENV-specific T lymphocytes. The activated T
lymphocytes, or the CD40 ligand that is expressed by activated T
lymphocytes, can overcome the inhibition of maturation in DENV-infected
DCs. This indicates a possible T lymphocyte-dependent mechanism for the
immune-mediated enhancement of the severity of DENV-related diseases

(Dejnirattisai et al., 2008; Sun et al., 2006).

DENV2 replicates at a higher level in growth factor-treated
Lin1"CD11¢"CD14°CD123" ex-vivo myeloid cells. An increased production of
inflammatory cytokine was also observed in-vitro. In addition, the numbers of
myeloid DCs are significantly lower in most of the DENV-infected patients.
On the other hand, DENV2 replicates at a lower level in cytokine-treated
Lin1"CD11¢"CD123"" ex-vivo plasmacytoid DCs. A quicker and stronger

cytokine production in-vitro was observed in these plasmacytoid DCs, and
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the number of plasmacytoid DCs was significantly lower only in high and
intermediate viraemia DENV patients. These observations suggest that
plasmacytoid DCs and myeloid DCs play different but significant roles during

DENV infection (De Carvalho Bittencourt et al., 2012; Sun et al., 2009).

During secondary infection, DENV enters DCs through ADE, which requires
FcyRlla. However, studies revealed that FcyRlla is inversely correlated with
the surface expression of DC-SIGN. Therefore, FcyRlla-bearing mature DCs
are capable of increasing DENV viral RNA replication levels by more than
100-fold compared to immature DCs that highly express DC-SIGN (Boonnak
et al., 2008). Besides, DENV infection in mature DCs is further enhanced by
the CD40 ligand, which is produced by activated memory T cells, indicating
the importance of DC-T cell interaction during secondary infection (Sun et al.,

20086).

Lately it has been realised that host genetic polymorphism plays a role in
DENV-DC interaction during secondary infection. In secondary infection,
infected-DCs dominantly produce IFN-B, while infected-macrophages mainly
secrete IFN-a and infected-monocytes produce IL-10. Single nucleotide
polymorphism (SNP) is believed to contribute to these complicated

responses (Boonnak et al., 2011).
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1.4.4.3 Obstacles and gaps in investigating DENV-DC interactions

There are several issues about DENV-DC interactions that still remain
controversial. As mentioned in 1.1.4.1, the entry mechanism of DENV to DCs
is still not known in detail. It is believed that, besides DC-SIGN and MR, there
are other unknown factors/receptors also involved in DENV entry into DCs
(Miller et al., 2008). Additionally, the modified immune responses triggered by
DENV in DCs need to be investigated in depth. For example, what causes
the different DENV replication levels in different DC subsets (Sun et al.,
2009)? What induces the cytokine response to shift from Th1 (TNF-a, IFN-y,
IL-2) to Th2 (IL-4, IL-6, and IL-10) in DHF (Chaturvedi, 2009)? What is the

role of each specific DC subset during DENV infection?

Furthermore, the establishment of an appropriate in-vitro model for the study
of DC-DENYV interaction is another issue. Having been reviewed in 1.3.4.2,
an appropriate in-vitro model should reflect both the natural viral load and
natural viral pathogenesis reaction. Although for nearly 20 years human
MoDCs have been applied in numerous DC experiments, variations between
blood donors have yielded conflicting experimental observations (Barnes et
al., 2008). Susceptibility of primary DC cultures to viral infection could be
varied due to gene variations in populations, as reviewed in section 1.4.4.2.
Several differences between MoDCs and ex-vivo DCs have been noted.
MoDCs exhibited a higher capacity to capture antigen but a lower degree of
internalisation compared to ex-vivo isolated CD11¢* DCs (Andersson et al.,

2012). Moreover, blood CD11¢” did not express DC-SIGN and activated
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fewer proliferative mixed leukocyte responses (MLR) than MoDCs (Osugi et
al.,, 2002). Thus, in the human body, blood myeloid DCs may use other
attachment molecules/receptors, rather than DC-SIGN, to recognise DENV.
Also, they use an alternative mechanism to internalise the DENV virion and
trigger MLR towards DENV. Additionally, as reviewed before, different
cytokine combinations can give rise to different MoDCs with distinct immune
characteristics. These observations raise concern around the use of MoDCs

to study DENV pathogenesis.

On the other hand, DCs generated from HL-60, K562 and THP-1 failed to
fully present the DC-specific phenotype, such as the expression of MHC
class Il and co-stimulatory molecules, the antigen up-take/antigen
presentation ability, and adhesion/migration abilities (Santegoets et al.,
2008b; van Helden et al., 2008). Using these DC lines alone in DENV

investigations may lead to misunderstandings or irrelevant observations.

To conclude, the choice of an appropriate cell model that is naturally infected
by DENV and also displays typical properties of DC is one of the most

significant concerns in the investigation of DC-DENYV interactions.

1.5 Background of MUTZ-3 cell line

MUTZ-3 cells originated from the peripheral blood of a 29-year-old male

patient with acute myelomonocytic leukaemia (AML) FAB M4. Karyotyping
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proved that a rare but recurrent AML-associated translocation
(12;22)(p13;911-9g12) was carried by the MUTZ-3 chromosome (Hu et al.,

1996).

MUTZ-3 cells showed monocytic features morphologically and
immunophenotypically, expressing monocytic markers, such as CD14,
monocyte-specific esterase, myeloperoxidase, and tartrate-resistant acid
phosphatase enzymes (Hu et al., 1996). Compared to peripheral blood
monocytes, MUTZ-3 cells generated similar reactions upon IL-4 and
lipopolysaccharide stimulation, making this an in-vitro monocytic cell model

(Quentmeier et al., 1996).

MUTZ-3 cells can differentiate into immature and mature myeloid DCs or LCs
in response to different doses and combinations of cytokines (Masterson et
al., 2002). Compared to other DC lines such as THP-1 and K562, MUTZ-3-
derived DCs (MDCs) are closer to ex-vivo DCs in morphological, phenotypic,
and immunological characteristics, such as T cell priming and antigen

capturing (Larsson et al., 2006).

Transcriptional profiling studies showed that, as an in-vitro DC model, MDCs
resembled CD1c” and CD141" tonsillar myeloid DCs. Besides, MDCs,

together with MoDCs and CD34-derived DCs, can differentially represent
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specific characteristics of primary DCs. For instance, several immune-related
transcripts were expressed by MDCs, indicating the possibility of applying
MDCs in immune research; the gene of one C-type lectin receptor was
uniquely expressed by MDCs, suggesting the suitability of using MDCs for

receptor studies (Lundberg et al., 2013).

MDCs exhibit the functional properties crucial for the in-vivo generation of
cytotoxic T lymphocyte-mediated immunity and thus, currently represent the
most valuable, sustainable model system for myeloid DC differentiation (van
de Ven et al., 2006; van de Ven et al., 2008), for immunotherapeutic T cell
activation (Chang et al., 2005; Santegoets et al., 2008a; Santegoets et al.,

2006), and for DC vaccination studies (Hoefnagel et al., 2011).

In addition to having been commonly used in evaluations of sensitising
compounds (Johansson et al., 2013; Python et al., 2009), MUTZ-3-derived
LCs (MLCs) have also been applied in investigating virus-host interactions.
Using this MLC model, it was proven that the Langerin inhibition enhanced
the transmission of HIV between MLCs and T cells. Carbohydrate
microbicides against HIV infection were also evaluated using this MLC model
(de Jong et al., 2010). Additionally, in varicella-zoster virus infection study,
MLCs were demonstrated to be permissive to this virus, and the infected
MLCs did not undergo apoptosis, therefore playing a role in virus spread

(Huch et al., 2010).
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Recently, the MUTZ-3 cell line has drawn the attention of DENV researchers
(Thomas et al., 2009b). Nonetheless, MDCs have not been used to study
DENV pathogenesis. It is desired to apply MDCs as an in-vitro DC model to

study DENV infection.

1.6 Aims of the study

The aim of this study was to establish a novel in-vitro DC model to
investigate the interaction between DCs and DENV2. Because: 1) current in-
vitro DC models fail to fully represent the features of in-vivo DCs; 2) the
primary DC culture has its own drawbacks; 3) the knowledge of the
interaction between DENV and DC is extremely important, many aspects of
which are still remained sealed. The development of the novel model can be
benefit to the investigation of DENV pathogenesis, providing an option as a

tool for studying DENV and DC interaction.
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2 Objectives of the Study

The study had three main objectives:

1.

A novel in-vitro DC model using MUTZ-3 cell-derived immature DCs
(IMDC) was established. The phenotype, morphology and anti-viral

gene expression profile of IMDCs were then examined.

The permissiveness of IMDCs to DENV2 replication was also studied.

In parallel with IMMoDCs, IMDCs were applied to study anti-DENV
pathways. Both native DENV2 virions and DENV2 replicons were
used for this purpose. Firstly, the gene expression profile after DENV2
RNA replication was studied using a reverse transcription-polymerase
chain reaction (RT-PCR) array. Afterwards, a group of genes selected
from the RT-PCR array due to their high fold-changes after DENV2

RNA replication were further investigated.

Depending on established IMDCs, DENV2 entry mechanism to DCs
was investigated. The interaction between two known DENV

receptors, DC-SIGN and MR, was also studied.
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3 Materials and Methods

3.1 Cell culture and differentiation

3.1.1 Culture and generation of MUTZ-3-derived immature dendritic

cells

The human myeloid leukaemia cell line MUTZ-3 (DSMZ, Braunschweig,
Germany) was maintained at 5-8 x 10° cells/millilitre (ml) in 24-well tissue
culture plates (Nunc, NY, USA). MUTZ-3 cells and other cells used in this
study were counted by haemocytometer and cell viability was determined by
the Trypan blue exclusion test. To each well, 1 ml of MUTZ-3-competent
medium (Appendix |) was added. The medium was changed every 2-3 days.
IMDC was generated according to the procedures described by others
previously (Masterson et al., 2002). Briefly, 5 x 10° cells/ml MUTZ-3 cells
were cultured in MUTZ-3-competent medium with high-dose GM-CSF (100
nanogram (ng)/ml, GENTAUR, Kampenhout, Belgium), IL-4 (10 ng/ml,

Sigma-Aldrich, MO, USA) and TNF-a (2.5 ng/ml, Sigma-Aldrich) for 6-7 days.

3.1.2 Generation of monocyte-derived dendritic cells

Buffy coat obtained from healthy donors was provided anonymously by the
Hong Kong Red Cross Blood Transfusion Service, with approval from the
Human Subject Ethics Sub-committee of the Hong Kong Polytechnic

University. Human peripheral blood mononuclear cells (PBMCs) were
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isolated using Ficoll-Paque PLUS (GE Healthcare, Sweden) from the buffy
coats. Human CD14" monocytes were negatively selected from PBMCs
using Dynabeads Untouched Human Monocytes Kit (Invitrogen Corporation,
CA, USA). Monocytes were then seeded in a 24-well plate at 5 x 10° cells/ml.
To each well, 1 ml of primary DC-competent medium was added. Primary
DC-competent medium was RPMI 1640 (GIBCO) with 10% FBS (GIBCO),
100 U/ml penicillin and 100 ug/ml streptomycin (GIBCO), in the presence of
GM-CSF (100 ng/ml, GENTAUR) and IL-4 (10 ng/ml, Sigma-Aldrich). After 6-
7 days, immature monocyte-derived dendritic cells (IMMoDCs) were

obtained.

3.1.3 Generation of leukaemia cell line-derived dendritic cells

Human acute monocytic leukaemia cell line THP-1 (American Type Culture
Collection [ATCC], VA, USA, TIB-202), human chronic myelogenous
leukaemia cell line K562 (ATCC, USA, CCL-243), and human acute
promyelocytic leukaemia cell line HL-60 (ATCC, CCL-240) were maintained
at 5 x 10° cells/ml in RPMI 1640 medium (GIBCO) supplemented with 10%
FBS (GIBCO), 100 U/ml penicillin and 100 ug/ml streptomycin (GIBCO). For
the generation of immature THP-1-derived DCs (IMTDCs), THP-1 was
cultured at a density of 2 x 10° cells/ml in six-well plates in the presence of
GM-CSF (40 ng/ml, GENTAUR) and IL-4 (40 ng/ml, Sigma-Aldrich) for five
days. For the generation of immature K562-drived DCs (IMKDCs), K562 was

cultured at a density of 2 x 10° cells/ml in six-well plates with 10 ng/ml
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phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich) in the medium for
seven days. In order to generate immature HL-60-derived DCs (IMHDCs),
HL-60 was seeded at a density of 3 x 10° cells/ml in a six-well plate in the
RPMI medium supplemented with calcium lonophore A23187 (180 ng/ml,

Sigma-Aldrich) for one week. All media were changed every 2-3 days.

3.2 DENV2 infection of immature DCs

For experiments that conducted in Hong Kong, native DENV2 was handled in
class Il biosafety cabinet in the biosafety level Ill laboratory of Queen Mary
Hospital, Hong Kong. For experiments that were done in Taiwan, native
DENV2 was conducted in class Il biosafety cabinet in the biosafety level Il
laboratory of Department of Public Health and Parasitology, Chang Gung

University, Taiwan.

3.2.1 DENV2 propagation

DENV2 (New Guinea C strain) was propagated in Aedes albopictus clone
C6/36 cells as described elsewhere (Chen et al., 2011). Briefly, C6/36 cells
were cultured in 10-cm petri dishes (Nunc) with minimal essential medium
(MEM, GIBCO) supplemented with 10% FBS (GIBCO), 2% non-essential
amino acids (GIBCO), 2 g/ml 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (Sigma-Aldrich), and 0.4% of an antibiotic-antimycotic
(GIBCO). C6/36 cells were incubated at 28°C without CO, supply. Virus

suspension or fresh medium only (as mock control) at a volume of 1 ml were
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added to the monolayer of C6/36 with ~70% confluence. The culture dish
was then incubated at 28°C for 1 hour (h) with gentle shaking, allowing virus
absorption. Nine millilitres of fresh medium was then added to the C6/36
monolayer. Cells were then incubated at 28°C for three or four days. The
culture medium was collected, followed by centrifugation at 3000 x g for 10
minutes (min). Supernatant that contained virions was harvested and stored

as 1-ml aliquots in -80°C until use.

3.2.2 DENV2 titration

DENV2 was titrated in baby hamster kidney (BHK-21) cells using the plaque
assay as described by Chen et al. (2011). BHK-21 cells were cultured in 6-
well plates (Nunc) as monolayers with 80% confluence. Two hundred
microlitres of serially-diluted virus suspensions were added to BHK-21
monolayers in each well of a 6-well plate. Cells were kept at 37°C for 1 h with
gentle shaking. After that, virus suspensions were removed. Cell monolayers
were overlaid with 4 ml of 1.1% methyl cellulose medium (Appendix I).
Having been incubated at 37°C for 4 days, cells in each well were fixed in 3
ml 10% formalin at room temperature for 30 min, followed by staining in 1 ml
1% crystal violet for 15 min. The virus titre was calculated and expressed as

plaque-forming units (PFUs) per millilitre.
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3.2.3 DENV2 infection of derived dendritic cells

During DENV?2 infection, approximately 1 x 10’ IMDC cells/IMMoDC cells or
1 x 10° IMTDC cells/IMKDC cells/IMHDC cells were harvested and washed
twice with phosphate-buffered saline (PBS, pH 7.4). DENV2 suspension (with
multiplicity of infection [MOI] = 1) or MEM medium with 10% FBS (mock
control) was added to the cells. The cells were then incubated at 37°C with
gentle agitation every 15 min. After incubation for 1 h, viral suspension was
removed by centrifugation at 1000 x g for 10 min. Cells were seeded at a
density of 5 x 10° cells/ml and kept at 37°C before performing the subsequent

procedures.

3.2.4 DENV2 second-round infection in BHK-21

Medium was collected from DENV2-infected IMDCs or IMMoDCs together
with the mock controls 48 h after infection. One millilitre of the collected
medium was then mixed with 2 ml fresh medium (MEM medium with 10%
FBS). The mixtures were inoculated onto BHK-21 monolayers. After
incubation for two days, total RNA was extracted (see section 3.6.1) from the
second-round infected BHK-21 cells and mock controls. DENV2 was
detected by real-time RT-PCR (see section 3.6.2) using the specific primer
pair of D2V2F and D2V2R (Appendix Il). 18S rRNA of BHK-21 was used as
an internal control and amplified using primer pair of BHK18sF and BHK18sR
(Appendix Il). Real-time RT-PCR products were confirmed by agarose

electrophoresis.
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3.2.5 DENV2-binding blocking assay

For receptor-blocking assay, approximately 1 x 10° IMDC or IMMoDC cells
were firstly incubated with anti-DC-SIGN & DC-SIGNR monoclonal antibody
(R&D, MN, USA), and/or anti-MR monoclonal antibody (Abcam, MA, USA),
and/or anti-inter-alpha-trypsin inhibitor heavy chain 2 (ITIH2) C-terminal
polyclonal antibody (Abcam) (Appendix Ill) with the concentrations of 10
ug/ml. The cells with antibodies were kept on ice for 1 h. For endocytosis-
inhibition, 1 x 10° cells were incubated with chlorpromazine (CPZ) (Sigma-
Aldrich) at a concentration of 10 micromoles (uM) or 15 uM at 37°C for half
an hour. After incubation with antibodies or CPZ, 1 x 10° cells were infected
with native DENV?2, as described in section 3.2.3. Cells were then seeded at

a density of 5 x 10° cells/ml and incubated at 37°C until the next experiments.

3.3 DENV2 replicon generation and transfection into IMDCs and
IMMoDCs

3.3.1 Construction of DENV2 replicons

DENV2 (Tonga/74) subgenomic replicon p2C102 was a generous gift from
Professor Wei-Kung Wang of the University of Hawaii (previously from
National Taiwan University). p2C102 was generated from the full-length
DENV2 (Tonga/74) cDNA clone p2 by deleting most of the structural regions
(Lai et al., 2008). p2C102 contains i) genes encoding the N-terminal 102
residues of C protein which has the authentic cleavage site recognised by
viral protease, ii) genes encoding the C-terminal 26 residues of E protein that
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also encode the signal sequence of NS1, and iii) all the non-structural
proteins coding regions. p2C102 plasmid was maintained by transforming
into E. coli BD1528 (E. coli Genetic Stock Centre, Yale University, USA).
Before in-vitro transcription of the DENV2 replicon, plasmid p2C102 was
extracted from the E. coli host. p2C102 construction was confirmed by Aval
(Fermentas, Ontario, Canada) single digestion and Kpnl/Ascl (Fermentas)
double digestion at 37°C for 1 h. Digested fragments were examined by

agarose electrophoresis (USB Corporation).

3.3.2 In-vitro transcription of DENV2 replicon

High Yield Capped RNA Transcription Kit (Applied Biosystems, San
Francisco, USA) was used for in-vitro transcription of the DENV2 replicon
from p2C102. Briefly, 1 microgram (ug) p2C102 was linearised using 2 units
(U) of Kpnl (Fermentas) at 37°C for 1 h. The reaction was terminated by
adding 1/20 volume of 0.5 M EDTA, 1/10 volume of 3 molar (M) sodium
acetate and 2 volumes of absolute ethanol. The content was mixed
thoroughly and chilled at -20°C for 30 min. The DNA was then concentrated
by centrifugation at 18,000 x g for 15 min. Subsequently, DNA was
resuspended in RNase free water with a concentration of 0.5 ug/microlitre
(ul). The linearised p2C102 was added to the transcription reaction mixture
prepared according to the Manufacturer’s instructions. In order to optimise
the yield, 2 ul of additional GTP (20 millimolar [mM]) was added. The final

reaction mixture was incubated at 37°C for 2 h. At the end of the transcription

77



reaction, TURBO DNase (ABI) was added to eliminate template DNA. After
transcription, an RNA product with a size of around 8.8 kb was purified using
30 ul lithium chloride precipitation solution (ABI) (7.5 M), and then kept at -

80°C until being used.

3.3.3 In-vitro transfection of DENV2 replicon into IMDCs or IMMoDCs

IMMoDCs or IMDCs with a cell count of 8 x 10° cells were suspended in 500
ul medium (RPMI 1640 for IMMoDC, MEM-a for IMDC, without FBS and
antibiotics) and added into each well of a 24-well plate. To each well, an
aliquot of Lipofectamine 2000 (Invitrogen) and transcribed RNA product of
DENV2 replicon mix was added. The mixture was prepared by mixing 1 ul
Lipofectamine with 0.8 ug RNA (ratio 1:1.25) in 100 ul RPMI 1640 or MEM-a
medium without FBS and antibiotics. The Lipofectamine-RNA mixture was
incubated at room temperature for 20 min before being added to the cells.
Cells with Lipofectamine only were set up as the mock controls. Cells were
then incubated at 37°C for 6 h. After that, medium was replaced by MUTZ-3-
competent medium or primary DC-competent medium supplemented with low
concentration growth factors, as described in sections 3.1.1 and 3.1.2. Cells

were incubated again at 37°C for up to 48 h.
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3.4 Microscopic examinations

3.4.1 Phase contrast microscopy

Cells cultured in the 24-well plate were examined by Leica DMI 4000B (Leica
Microsystems GmbH, Wetzlar, Germany) with Leica application suite

software (Leica).

3.4.2 Transmission electron microscopy (TEM) examination

DENV2-infected cells were fixed in 4% glutaraldehyde in 0.1 M phosphate
buffer (Appendix |) at 4°C for 2 h followed by washing three times with 0.1 M
phosphate buffer. Cells were then post-fixed with 1% osmium oxide in 0.1 M
phosphate buffer (Appendix |) for 1 h at 4°C. After washing three times with
0.1 M phosphate buffer, cells were dehydrated in an alcohol series (30%--
50%--70%--80%--90%--95%--100%) for 15 min in each concentration at
room temperature. Then cells were embedded in Spurr's resin (Appendix |) in
100% alcohol in a series of concentrations (50%--66%--75%--100%) for 1 h
at each concentration. The embedded cells were incubated in pure Spurr’s
resin for 24-72 h at 70°C. Ultrathin sections (0.85-um thick) were cut with
Leica REICHERT Ultracut S (Leica), which were then stained with 1%
toluidine blue O (Appendix I). Ultrathin sections were then cut 60-nm to 90-
nm thick using a diamond knife, and stained with aqueous uranyl acetate for
30 min and with 0.4% lead citrate (Appendix I) for another 5 min. The
ultrathin sections were examined using the JEOL JEM 1230 electron
microscope system (JEOL Ltd, Tokyo, Japan) at 100 kV.
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3.4.3 Confocal microscope examination

Glass coverslips (Matsunami, Tokyo, Japan) in 24-well plates (Nunc) were
incubated with Poly-L-lysine (Sigma-Aldrich) at a concentration of 50 ug/ml at
37°C overnight. Coverslips were then washed three times with PBS.
Subsequently, 5 x 10° cells were added onto the coverslips in each well of
the 24-well plate, incubated at 37°C for 2 h. After incubation, unattached cells
were washed away by PBS. DENV2 suspensions or MEM medium with 10%
FBS (mock control) was added to attached cells with MOI = 1. Cells were
incubated at 4°C for 1 h, allowing virus binding. Unattached virions were
removed by washing three times with PBS at 4°C, five minutes for each.
Cells were then fixed by 4% paraformaldehyde in PBS at 4°C for 10 min and
then at room temperature for 20 min. After fixation, cells were blocked with

3% BSA in PBS for 1 h at room temperature.

Cells were stained with mouse anti-DENV E monoclonal antibody 4G2
(Millipore, MA, USA) as 1:200 in 1% BSA-PBS at 37°C for 1 h. Then rabbit
anti-mouse secondary antibody conjugated with R-Phycoerythrin (R-PE)
(Invitrogen) as 1:200 in 1% BSA-PBS was added to cells, and incubated at
37°C for 1 h. Next, cells were stained with anti-MR-PECy5 (BioLegend, CA,
USA) as 1:20 in 1% BSA-PBS and anti-DC-SIGN-FITC (BD, NJ, USA) in 1 as
1:200 in 1% BSA-PBS at 37°C for 1 h. Three PBS washings were required

after staining to eliminate unattached antibodies.
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For the co-capping assays, one group of IMDCs were stained with anti-DC-
SIGN-FITC firstly at 37°C for 30 min. Non-cross-linked antibodies were
washed away by PBS and cells were fixed by 4% paraformaldehyde in PBS
at room temperature for 20 min. Then, cells were incubated with anti-MR-
PECy5 antibody at 37°C for another 30 min. For the other group of IMDCs,

cells were stained in reverse order of antibodies.

One drop of ProLong Gold Anti-fade reagent (Invitrogen) was added to the
stained cells. Cells were then incubated at room temperature for 12 h in the
dark. After incubation, the edges of the coverslip were completely sealed with
nail polish. Cells were then exam by LSM 510 META NLO (Carl Zeiss AG,

Oberkochen, Germany).

3.5 Cell surface marker studies by flow cytometric assays

3.5.1 Surface marker expression of naive IMDCs and naive IMMoDCs

Expressions of specific surface markers on cells were determined by flow
cytometry on FC500 (Beckman Coulter, CA, USA). Mouse anti-human Mab
used in this assay included anti-CD83-FITC, anti-CD80-R-PE, anti-CD1a-R-
PE, anti-CD14-PE-TR (Invitrogen), anti-MR-PECy5 (BioLegend), and anti-
DC-SIGN-FITC (BD), as listed in Appendix Ill. Propidium iodide (PI)
(Invitrogen) was used to determine the viability of cells. In order to perform
multi-colour staining, the cells were divided into four groups (Figure 3-1, A).

Three groups were used for four-colour staining, which contained anti-MR-
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Cy5 (detected by filter 4), anti-DC-SIGN-FITC (detected by filter 1), PI
(detected by filter 2 or filter 3), and PE or PE-TR-labelled antibodies that can
be detected by the additional filter on FC500. The remaining group was used
for three-colour staining, which contained anti-CD83-FITC, anti-MR-Cy5 and
Pl. Having been washed in PBS, 3-5 x 10° cells were collected. The cells
were resuspended in 100 ul PBS, which were then subjected to three- or
four-colour staining. Colour compensation was accomplished by AbC Anti-
Mouse Beads (Invitrogen). The compensation beads were single-stained with
the corresponding antibodies and then examined on the flow cytometer using
the same parameters as the cell samples. Based on the flow cytometry data
of compensation beads, the compensation matrixes were calculated and
generated by FLOWJO software (Tree Star, OR, USA). The compensation
matrixes were subsequently applied to cell sample data by FLOWJO. Non-
specific binding was monitored using isotypic controls. Non-stained cells

were used as negative controls.

3.5.2 Surface marker expression of infected/transfected IMDCs and

infected/transfected IMMoDCs

Two-colour staining was used to monitor surface marker expression changes
after DENV2 replication. 48 h after native DENV2 infection or DENV2
replicon transfection, cells were harvested and washed by PBS. After that,
cells were fixed by 4% paraformaldehyde in PBS for 20 min, followed by
washing in PBS three times. Cells were then permeabilised by 0.2% Triton-X-

100 in PBS for 10 min, followed by three PBS washes. In order to exclude
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non-specific binding, cells were incubated with 3% BSA-PBS for 15 min. After
washing in PBS for three times, cells were incubated with mouse anti-DENV2
NS1 Mab (Abcam) or mouse anti-E Mab 4G2 (Millipore) (Appendix Ill) at
37°C for 1 h, followed by three PBS washes. Anti-mouse secondary antibody
conjugated with R-PE (Invitrogen) or anti-mouse secondary antibody
conjugated with FITC (Invitrogen) (Appendix Ill) was added to cells and
incubated at 37°C for 1 h. Non-binding antibodies were washed away by
PBS. Afterwards, antibodies for surface markers described in section 3.5.1.
were added to the cells according to the grouping shown in Figure 3-1 B.
Cells were incubated at 37°C for 1 h, followed by washing three times with
PBS. The cells were subjected to flow cytometry on FC500 system (Beckman
Coulter). Twenty thousand cells were countered for data collection of every

sample. Colour compensation was performed as described in section 3.5.1.
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A Group | Group Il Group Il Group IV

FL-1
FL-2

FL-3

anti-CD206
-PE-Cy5

FL-4

B Group 1 Group 2 Group 3 Group 4 Group 5

anti-DENV-E
FL-1 -FITC
anti- anti-
FL-2 CD1a-R- CD&80-R-
PE PE

FL-4

Figure 3-1 Groupings of antibodies for flow cytometric assays.

A: Groupings of antibodies for detecting surface marker expressions on
naive IMDCs and naive IMMoDCs. B: Groupings of antibodies for
examination of surface marker expressions on IMDCs and IMMoDCs after

native DENV2 infection. FL.: filter of flow cytometry FC500.
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3.6 Real time RT-PCR

3.6.1 RNA extraction

3.6.1.1 Total RNA extraction from cells

Total RNA was extracted 48 h after transfection or infection. Approximately 1
x 10" transfected/infected cells and the mock control cells were harvested
and washed twice in PBS. Total RNA was extracted using the PureLink RNA
Mini Kit (Invitrogen). Briefly, 1 x 10" cells were resuspended in Lysis Buffer
containing 1% 2-mercaptoethanol. Homogenisation of cells was done by
passing the lysates 10 times through the 21-gauge needles attached to
RNase-free syringes. One volume of 70% ethanol was added to each volume
of the cell homogenates, followed by thoroughly mixing the content. Samples
were then transferred to the Spin Cartridges and were bound to the
membranes by pulse centrifugation at 12000 x g. Afterwards, 350 ul Wash
Buffer | was added to the membranes, followed by quick spinning down. On-
column DNase treatment was achieved by adding 80 ul PureLink DNase
mixture onto the surface of the membranes. PureLink DNase mixture
contained 8 ul 10 x DNase | Reaction Buffer, 10 ul DNase (3 U/ul), and 62 ul
RNase-Free Water (all from Invitrogen). The columns were kept at room
temperature for 15 min. Subsequently, membranes were washed once by
350 ul Wash Buffer I, and twice by 500 ul Wash Buffer Il with ethanol. RNA
was finally eluted by 20 ul RNase-Free Water. The quality of the extracted
RNA samples was determined by Agilent 2100 bioanalyser using the RNA

6000 Nano total RNA assay (Genome Research Centre, The University of
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Hong Kong, Hong Kong). Extracted RNA samples with RNA Integrity Number

(RIN) above 9.0 were used for subsequent analysis.

3.6.1.2 Viral RNA extraction from cell culture medium

Five hundred microlitres of cell culture medium was harvested from each
sample and centrifuged at 1000 x g in order to remove the cell debris. After
centrifugation, 420 ul supernatant was subjected to QlAamp Viral RNA Mini
Kit (Qiagen) following the manufacturer’s instruction. Briefly, 1680 ul AVL
buffer containing 16.8 ug carrier RNA was mixed well with the 420 ul
supernatant and incubated at room temperature for 10 min. Following the
incubation, 1680 ul absolute ethanol was added to the mixture and mixed
well by pulse-vortexing. The mixtures were then transferred to QlAamp spin
columns and bound to the membrane by centrifuging at 6000 x g for 1 min.
The membrane of each column was washed by 500 ul Buffer AW1 and
centrifuged at 6000 x g for 1 min. Afterwards, 500 ul Buffer AW2 was added
to each column. The columns were then centrifuged at 20000 x g for 1 min.
Viral RNA was finally eluted via adding 30 ul Buffer AWE to the membranes,
incubating at room temperature for 1 min, and then centrifuging at 6000 x g

for 1 min.
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3.6.2 Two-step real-time RT-PCR using SYBR Green |

3.6.2.1 Reverse transcription of DENV2 RNA

cDNA was amplified from total RNA. Briefly, the 20 ul reaction mixture
contained 1 x first strand buffer (Invitrogen), 200 U M-MLV reverse
transcriptase (Invitrogen), 40 U RNase OUT (Invitrogen), 0.01 M DDT
(Invitrogen), 3 ug random hexamer (Invitrogen), 0.5 mM dNTPs (GE
healthcare) and 1 ul of RNA template. RNA template, random hexamer and
dNTPs were heated at 70°C for 5 min, followed by immediate incubation on
ice. The remaining components were then added and incubated at 37°C for
50 min. The reverse transcriptase was finally inactivated by heating at 70°C

for 15 min. cDNA was stored at 4°C until required.

3.6.2.2 Relative-quantitative real-time PCR

Relative-quantitative real-time PCR was performed by the 7500 Real-Time
PCR System (ABI) with QuantiFast SYBR Green PCR kit (Qiagen, Hilden,
Germany). The 25 ul mixture contained 12.5 ul 2 x QuantiFast SYBR Green
PCR Master Mix, 1 uM forward primer, 1 uM reverse primer, and 100 ng
cDNA template. Primers used for real-time PCR are listed in Appendix II.
The real-time cycler conditions were initiated at 95°C for 5 min, followed by
40 cycles of PCR reaction of 10 seconds (sec) at 95°C and 30 sec at 60°C.
The fluorescent signal was collected at 60°C for each PCR cycle. The
melting curve analysis protocol was set as 95°C for 15 sec, 60°C for 20 sec,

and 95°C for 15 sec. For each sample, the signal of the target gene was
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normalised using the signals of the housekeeping genes ribosomal protein
L13a (RPL13A) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Relative gene expression levels of samples were calculated using the
comparative Athreshold cycle (Ct) method. The calculation was performed by

the 7500 Software using the following formulas (ABI):

« The difference in threshold cycles for target gene and
housekeeping gene:
ACt=Ct

target'Cthousekeeping

» The difference in threshold cycles for test group and
calibrator:
AACt=ACt,-ACt

calibrator

» The amount of target gene, normalized to a

housekeeping genes and relative to a calibrator:
2-AACt

Calibrator: sample used as basis for comparative result

3.6.2.3 Absolute-quantitative real-time PCR

Purified DENV2 RNA with a known concentration was serially-diluted to 1/10,
1/100 and 1/1000 of the concentration in RNase-free water. Afterwards, the
diluted RNA samples were subjected to RT-PCR. cDNA generated from RT-
PCR was then quantitated via real-time PCR using the SYBR Green PCR kit
(Qiagen). The Ct values of viral RNA amplifications were proportional to
logarithm (log) of the amount of viral RNA in the samples. Standard curve
was plotted according to the real-time PCR Ct values obtained from serially

diluted RNA templates (Appendix IV).
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For the quantitation of viral RNA in culture supernatants, RNA templates with
exact same amount were firstly reverse-transcribed into cDNA. Then, the
exact same amount of generated cDNA was subjected to real-time PCR
using the same conditions as the standard. After real-time PCR, the viral
RNA concentrations of target samples were determined using the standard
curve, and were then transformed as viral copy number using the following

formula (ABI):

amount x 6.022x1023
(length x 320.5) + 159.0

number of viral copies=

3.6.3 TagMan assay for detecting negative sense RNA of DENV2

replicon

Extracted total RNA, which was subjected to TagMan assay, was divided into
two groups. For one group, 1 ug RNA was reverse transcribed into genomic
cDNA using random hexamers (Invitrogen). For another group, DENV2
negative sense RNA was detected and amplified by the sense primer
DV2_NegS RT5 (Appendix Il). The reverse transcription procedures were

the same as those described in section 3.6.2.1.

Specific primers and FAM-labelled probe for DENV2 3’ untranslated regions
(UTR) were designed (DV-2_F, DV-2_R, DV-2_ M FAM, Appendix Il) to

detect DENV2 replication by the TagMan assay (ABIl). Human @-actin
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included as an endogenous control was detected by TagMan assay using
primers and a VIC-labelled probe (ABI). Each 50 ul TagMan assay reaction
mixture contained 25 ul 2 x TagMan Universal PCR Master Mix (ABI), 2.5 ul
DENV2 custom primers and probe, 2.5 ul human p-actin primers and probe,
5 ul DENV2 cDNA and 5 ul genomic cDNA. The TagMan assay was
performed on the 7500 Real-Time PCR System (ABI) using thermal cycling
conditions recommended by the Manufacturer. Briefly, the reaction was
incubated at 50°C for 2 min, followed by 95°C for 10 min, 40-cycle of PCR

reactions at 95°C for 15 sec and at 60°C for 1 min.

3.6.4 RT-PCR array and data analysis

RNA extracted from transfected IMDCs or IMMoDCs was reverse-transcribed
using the RT? First Strand Kit (SABiosciences, MD, USA). Briefly, 5 ug of
RNA was mixed with 2 ul 5 x Genomic DNA Elimination Buffer. The mixture
was kept at 42°C for 5 min, followed by incubating on ice immediately for 1
min. The mixture was then added to RT cocktail, which contained 4 ul 5 x RT
buffer, 1 ul Primer and External control Mix, 2 ul RT enzyme Mix, and 3 ul
RNase-Free water. The whole mixture was incubated at 42°C for 15 min,
then at 95°C for 5 min. A total of 91 ul of RNase-Free water was added to
each 20-ul cDNA synthesis reaction. The synthesised and diluted cDNA was
then subjected to the Human Interferon (IFN) a, § Response PCR Array and
Human JAK/STAT Signalling Pathway PCR Array (SABiosciences). Real-
time PCR was performed on the LightCycler 480 Real-Time PCR System
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(Roche Applied Science, Upper Bavaria, Germany). The real-time cycler
conditions were set as 10 min at 95°C, followed by 45-cycles of PCR reaction
at 95°C for 15 sec, and 60°C for 1 min. SYBR Green fluorescence for every
well was detected and recorded during each annealing step at 60°C. The

ramp rate was adjusted to 1°C /sec.

PCR array results were evaluated by analysis software provided by the
Manufacturer (SABiosciences). Three different batches of IMDC prepared in
three separate occasions or IMMoDC generated from three different healthy
donors were used as biological replicates. Selected genes which showed
significant fold-changes in expression were confirmed by real-time RT-PCR

using specific primers (Appendix 1), as explained in section 3.6.2.

3.7 Protein extractions and analysis

3.7.1 Total protein extraction

Approximately 1 x 10° DENV2-infected cells were collected and washed with
PBS three times. Cells were then lysed by RIPA buffer (Appendix I). The cell
lysates were kept on ice for 1-2 h and then centrifuged at 18,000 x g at 4°C
for 15 min. The supernatants containing the extracted total proteins were
collected and kept at -80°C until use. Protein concentrations were determined

by the Bradford Method.
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3.7.2 Transmembrane protein extraction

Transmembrane proteins were extracted from cells by the ProteoExtract
Transmembrane Protein Extraction Kit (Novagen, Merck EMD, Darmstadt,
Germany) following the Manufacturer’s instruction. Briefly, 1 x 10" cells were
collected and washed three times by PBS. Cells were then resuspended in 1
ml Extraction Buffer 1 supplemented with 10 ul Protease Inhibitor Cocktail

Set lll. The lysates were incubated on ice for 10 min with gentle agitation.

Following incubation, the lysates were centrifuged at 1000 x g for 5 min at
4°C. Pellets were resuspended in an extraction mixture composed of 0.1 ml
Extraction Buffer 2, 0.1 ml TM-PEK Reagent B and 5 pl Protease Inhibitor
Cocktail Set Ill. The mixtures were then kept in room temperature for 1 h with
gentle agitation and then centrifuged at 16,000 x g for 15 min at 4°C.
Transmembrane proteins that were enriched in supernatants were collected
and stored at -80°C until next required. Protein concentrations were

examined by Bradford Method.

3.7.3 Virus-transmembrane protein complex immunoprecipitation (Co-

IP)

Sixty microgram transmembrane proteins were added to DENV2
suspensions (4 x 10° PFU) and incubated at room temperature with

continuous shaking for 2 h. DENV2 suspension only was set as the mock
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control. Subsequently, 1/100 volume of mouse anti-DENV E Mab 4G2
(Millipore) or rabbit anti-DENV2 prM-E Pab (Lo et al., unpublished) was
added to the virus-protein mixtures and kept at 4°C with gentle continuous
shaking overnight. 20 ul pre-washed protein G sepharose bead slurry (GE
Healthcare) was added to the reaction mixtures, followed by incubation at
4°C with gentle shaking. Non-cross linked molecules were removed by pulse
centrifugation at 8000 x g. Sepharose beads were separated from virus-
protein complexes by incubation at 100°C for 5 min in 60 ul 6 x SDS-PAGE
loading buffer (Appendix |), followed by pulse centrifugation at 8000 x g. The

precipitated proteins were kept at -80°C.

3.7.4 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

(SDS-PAGE)

The in-house sodium dodecyl sulphate (SDS) polyacrylamide gels were used
to separate target proteins from protein mixtures under reducing conditions.
Each SDS-polyacrylamide gel was set in the gel casting module (1.0 mm)
Mini-PROTEAN system (Bio-Rad) with 4 ml of 10% separating gel (pH 8.8),
overlaid with 2 ml of 5% stacking gel (pH 6.8) (Appendix |). Protein samples
were mixed well with 6 x SDS sample loading buffer (Appendix 1), then
incubated at 100°C for 5 min. Protein samples were then loaded into each
well of the SDS-polyacrylamide gels. Novex sharp standard (Invitrogen) with
a known molecular weight ranging from 3.5-260 kDa was run in parallel as a

standard. Protein samples were separated at room temperature in the Mini-
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PROTEAN tetra cell (Bio-Rad) with 1 x electrophoresis buffer (Appendix I) at

200 volts (V) for 1 h.

For protein separation in non-reducing conditions, NUPAGE Novex 4-12%
Bis-Tris Gel (1.0 mm) (Invitrogen) was used. Proteins were mixed with 6 x
non-reducing SDS sample loading buffer without B-Mercaptoethanol
(Appendix ). Then proteins and protein standard were loaded to each well of
the gels. Electrophoresis was performed at room temperature by using XCell
SureLock Mini-Cell (Invitrogen) in 1 x MOPS SDS Running Buffer

(Invitrogen) at 200 V for 55 min.

3.7.5 Western blotting

After SDS-PAGE, the separated proteins were electroblotted from the SDS-
PAGE onto polyvinylidene difluoride (PVDF) membranes (GE Healthcare) in
1 x transfer buffer (Appendix I) at 4°C, using Mini-PROTEAN tetra cell (Bio-
Rad) at 100 V for 1 h. The membranes were blocked in 5% non-fat milk
(Anchor, New Zealand) in TBST (Appendix |) at room temperature for 1 h,
and then incubated overnight at 4°C with primary antibodies in 5% non-fat
milk in TBST or 1% BSA-TBST. Primary antibodies used in this study are

listed in Appendix .
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After being washed three times in TBST at room temperature, the
membranes were incubated at room temperature for 1 h with secondary
antibodies solved in 5% non-fat milk-TBST (Appendix IIl). Visual signals were
developed using BM Chemiluminescence Western Blotting Substrate (POD)
(Roche Applied Science). Membranes were incubated in detection solution
for 1 min, which was freshly mixed by 1 ml of luminescence substrate
solution A with 10 ul of starting solution B. Amersham Hyperfim ECL (GE
Healthcare) was exposed for 5 min in an x-ray film cassette. The visible
images were developed by developer solution and fixer solution (Fuji, Tokyo,

Japan) and the films were left to dry naturally.

Western blot images were quantified by ImagedJ software (National Institutes
of Health, MD, USA). Each unit of the blot signal of target protein was
presented as net intensity multiply by band area, nomalised to that of

Na'K*ATPase.

3.7.6 Dot blot

One millilitre culture medium was harvested from cell culture plates. Cell
debris was removed by centrifugation at 1000 x g for 5 min. Afterwards, 100
ul supernatant from each sample was added to PVDF membrane and
immobilised onto the membrane by SRC 96D Dot-Blotter manifold
(Schleicher & Schuell BioScience, Dassel, Germany). The membrane was

then blocked in non-fat milk and stained with primary and secondary
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antibodies, as described in section 3.7.5. The signals from the dots were

developed and detected as mentioned in section 3.7.5.

3.7.7 Silver Staining

All steps of silver staining were performed at room temperature with gentle
shaking. After SDS-PAGE, gels were fixed in fix solution (Appendix 1)
overnight. After fixation, gels were incubated in 30% methanol for 15 min,
followed by three washings with double-distilled water (ddH,0). Gels were
then sensitised by 0.8 mM sodium thiosulphate (Na,S,03) solved in ddH,O
for 2 min, followed by three washings with ddH,O. The consequent steps
were kept in the dark. Gels were then subjected to silvering in 0.2% (w/v)
silver nitrate (AgNO3) in ddH,O for 25 min, followed by three washes with
ddH,0O. Gels were placed in a clean staining tray with developer solution
(Appendix 1). Gels were incubated until bands were visible. When staining
was sufficient, the develop reaction was terminated by changing the solution
for 0.042 M disodium ethylenediamine tetraacetate (Na;EDTA) in ddH,O.

Gels were washed by ddH,O before protein identification.

3.7.8 Protein identification by MALDI-TOF mass spectrometry

Silver-stained bands were excised from gels. Sections were destained by 1%
potassium ferricyanide and 1.6% sodium thiosulfate (Sigma-Aldrich). Proteins

were then reduced by 25 mM ammonium bicarbonate (NHsHCO3) containing
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10 mM dithiothreitol (DTT) (Biosynth, Switzerland) at 60°C for 30 min and
alkylated with 55 mM iodoacetamide (Amersham Biosciences, UK) at room
temperature for 30 min. Following reduction and alkylation, the proteins were
digested by trypsin (Promega, Madison, WI, USA) (20 mg/ml) at 37°C
overnight. Then, the tryptic peptides were acidified with 0.5% trichloroacetic
acid and loaded onto an MTP AnchorChip 600/384 TF (Bruker-Daltonik, MA,
USA). Samples were analysed on an Ultraflex MALDI-TOF mass
spectrometer (Bruker-Daltonik). Monoisotopic peptide masses were assigned
and searched for matches using the MASCOT search engine

(http://www.matrixscience.com) (Matrix Science, London, UK).

3.8 Surface plasmon resonance

3.8.1 Surface plasmon resonance instruments

The binding reactions between DENV2 virions and receptors/binding
molecules were analysed via Surface plasmon resonance (SPR) technology,
using Autolab Model SPRINGLE (Metrohm Autolab, Utrecht, The
Netherlands) with an open cuvette system. The optical functioning was based
on Kretchmannm configuration and a flexible software package was used to
control the functioning of the instrument. Gold-coated BK7 type microscopic
glass plates (Eco-Chemie, Utrecht, The Netherlands) were used as sensor
chips. All experiments were carried out at 25°C. All injections were of 50 ul.
PBS with pH 7.2 was used to flow over the sensor surface briefly between

injections.
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3.8.2 Precipitation and UV-inactivation of DENV2

DENV2, which was propagated in C6/36, was concentrated using PEG-it
Virus Precipitation Solution (System Biosciences, CA, USA). Briefly, one
volume of cold (4°C) PEG-it Virus Precipitation Solution was mixed well with
every four volumes of DENV2-containing supernatant. The supernatant-PEG-
it mixture was incubated at 4°C overnight with gentle shaking. After
incubation, the mixture was centrifuged at 1500 x g for 30 min at 4°C.
Afterwards, the supernatant was removed by aspiration. The DENV2
particles appeared as beige pallet and were resuspended in one-tenth of the

original volume of cold PBS.

The concentrated DENV2 was inactivated by exposure under an ultraviolet
lamp (wavelength, 254 nm) at a distance of 10 centimeters for 3 h at room
temperature. The inactivation was confirmed by inoculating the treated-

DENV?2 to C6/36.

3.8.3 The modification and activation of gold sensor chips

The SPR sensor chips, cleaned by the Piranha solution (Appendix 1) were left
immersed overnight in 1 mM 11-mercaptoundecanoic acid (11-MUA) (Sigma-
Aldrich) (Appendix I). The self-assembled monolayer (SAM) therefore formed
upon the sensor chips. The SAM-modified gold sensor chips were washed

with ethanol three times, and then washed with ddH20O three times.
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Thereafter, the sensor chips were attached to the prism of the SPR
instrument using a matching oil with refractive index as 1.515. The baseline
angle was adjusted as -1500 millidegrees (m°) using acetic buffer (Appendix
[). The baseline was then stablised via washing the sensor chips with acetic
buffer, 0.1 M HCI, and 0.1 M NaOH cyclically until every solution showed the

same SPR angle every time when it was injected on the surface.

The SAM-modified gold sensor chips were then activated via introducing the
activation solution as a mixture of N-hydroxysuccinimide (NHS) (Sigma-
Aldrich) and Dimethylaminopropyl-N’Ethylcarbodiimide N-3-hydrochloride
(EDC) (Sigma-Aldrich) (Appendix |) for 5 min. After activation of the sensor
chip, UV-inactivated DENV2 in acetic buffer containing 10 mg/ml BSA was
injected onto the sensor chip and incubated for 15 min. Afterwards, the
sensor chip surface was blocked by 1 M aqueous ethanolamine solution

(Appendix I) for 5 min.

3.8.4 Detection of the interaction between DENV2 and

receptors/binding molecules

Human recombinant MR (R&D), human ITI protein (BIOPUR AG) were
dissolved in PBS at five pH conditions (5.5, 6.0, 6.5, 7.0, 7.5) with
concentrations as 500 nM, 250 nM, and 125 nM, respectively. An incubation
time as approximately 20 min was satisfactory to get a stable SPR signal.

Blank PBS buffers were used as dissociation buffer. The surface-bound
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molecules were removed by 10 mM HCI. After 5 min regeneration, the

surface of the sensor chip was available for the next injection.

3.8.5 SPR data analysis

All SPR data were analysed by Kinetic Evaluation software (Metrohm
Autolab). The association and dissociation fit the monophasic model as the

following reaction equation (Metrohm Autolab):

A+B ——— AB
Kg
The binding affinities between receptor/binding molecule and DENV2 were
presented as dissociation constants, calculated as the following equation

(Metrohm Autolab):

ke _ [AIB]

Ky = =
° " k. [AB]

3.9 Statistical analysis

All quantitative data were analysed and graphed by the Prism 5.0 (Graphpad
Software, CA, USA). Differences among groups were evaluated by t-test or
ANOVA according to the specific assay. Details of the statistic analysis were

explained in the Chapter 4.
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4 Results

4.1 IMDCs as a permissive in-vitro model of DENV2

4.1.1 Cytokine-induced differentiation of MUTZ-3 cells and human

monocytes

MUTZ-3 cells and human CD14" monocytes were induced with cytokine
cocktails (GM-CSF, IL-4, +/- TNF-a) in the medium. Seven days after
induction, cultured MUTZ-3 cells differentiated from round (Figure 4-1 A) and
suspending cells (Figure 4-1 C) into slightly adherent cells with blunt
dendrites (Figure 4-1 B). Meanwhile, cell clusters were observed in the
induced IMDC culture (Figure 4-1 D). Additionally, Compared to immature
DCs generated from cytokine-triggered THP-1 (Figure 4-1 H), K562 (Figure
4-1 J), and HL-60 (Figure 4-1 L), IMDC was morphologically more close to

IMMoDC (Figure 4-1 F).

When assessed by flow cytometry, MUTZ-3, IMDCs, and monocytes
displayed more than 90% viability after Pl staining, while that of IMMoDCs
was lower, at approximately 60-80% (data not shown). Both monocytes and
MUTZ-3 cells were CD1a’CD80'DC-SIGN'CD14" (Figure 4-2). Approximately
80% and 99% of monocytes and MUTZ-3 cells were MR”, respectively. After
differentiation, DC-SIGN and MR were co-expressed in 42.3% and 55.6% of
IMDC and IMMoDC populations, respectively (Figure 4-2). In addition, CD1a

and CD80 were expressed on IMDCs and IMMoDCs, which were MR*DC-
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SIGN"*, while the monocyte marker CD14 disappeared in both populations
(Figure 4-2). Furthermore, as in the immature status, both IMDCs and
IMMoDCs were CD83 (data not shown). These data indicated that after
differentiation, IMDCs displayed similar phenotypes and morphologies to

IMMoDCs.
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Figure 4-1 Morphology of DCs generated from leukaemia cells and
human monocytes.

MUTZ-3 cells were round and blast-like (A,), growing as single cells like THP-
1 (G), K562 (l), and HL-60 (K) and sometimes in small clumps in suspension
(C), while monocytes were round and in suspension (E). After differentiation,
IMDC showed cell clusters in suspension (D). Dendrites were seen in some
IMDC cells (B) and in IMMoDCs (F), IMTDC (H), and IMKDC (J), but not on

IMHDC (L). Total magnification for image C and image D was 50 x, while that

for other images was 400 x.
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Figure 4-2 Surface markers expression profiles of monocyte and MUTZ-

3 before/after differentiation.

For each sample, PI" population representing viable cells were firstly gated
for further analysis. Monocytes and MUTZ-3 cells were CD14"CD1a CD80
DC-SIGN'". After differentiation, 43.3% of IMDC and 55.6% of IMMoDC
populations were DC-SIGN*MR*. The double positive populations were gated
and the expression levels of CD1a, CD80 and CD14 were analysed. The
experiment shown was one representative of three. Black line: non-stained
control. Red line: CD1a staining. Blue line: CD80 staining. Green line: CD14

staining.
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4.1.2 Replication levels of native DENV2 and DENV2 replicons in

IMDCs and IMMoDCs

Having proven that IMDCs obtained immature DC-like features like IMMoDCs,
whether DENV2 replication was permitted inside IMDCs and IMMoDCs was
investigated. Results of the TagMan assay indicated that negative-sense
DENV2 RNA was produced inside IMDCs and IMMoDCs after infection
(Figure 4-3 B). Although both types of cells were permissive to native DENV2
replication, it was found that the level of viral replication in IMDCs was
significantly lower than that in IMMoDCs (Figure 4-3 B). Interestingly, the
replication levels of native DENV2 in IMTDCs and IMKDCs were as same as
that in IMMoDCs, while IMHDCs showed a significant higher replication level
of native DENV2 compared to the others (Figure 4-3 C). Therefore, DENV2
replication level in IMDCs was the lowest among that in DCs generated from

other leukaemia cells.

In order to understand the underlying reasons for the lower viral replication
levels in IMDCs, the influences from viral receptors were studied. The viral
receptor expressions on both types of cells were compared. As expected,
expression of MR and DC-SIGN increased after IL-4 induction (Larsson et
al., 2006), and similar percentages of IMDCs and IMMoDCs co-expressed
MR and DC-SIGN (Figure 4-2). In addition, when DENV2 subgenomic
replicon was transfected into IMDCs and IMMoDCs, the replication level in
IMMoDCs was 30 times higher than that in IMDCs (Figure 4-3 A). Since

DENV?2 replicon transfection was independent of viral receptors on the host
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cell surface, it was possible that low DENV2 replication was caused by

intracellular anti-viral responses.

For the purpose of investigating different DENV2 replication levels in IMDCs
and IMMoDCs, a time-course experiment was conducted using real time RT-
PCR (Figure 4-4). In IMDCs, DENV2 replication remained low until 24 h post-
infection (100-fold compared to the mock sample). During 24 h to 48 h post-
infection, DENV2 replication levels significantly increased to more than 300-
fold compared to the mock control. The viral replication time-course showed
a different pattern in infected IMMoDCs. Viral replication in IMMoDCs started
with a rather high level (approximately 1100-fold compared to the mock
group). Although the replication dropped slightly at 12 h post-infection
(around 800-fold relative to the mock group), it remained at high levels
through 24 h post-infection (1500-fold compared to the mock group) to 48 h
post-infection (1600-fold in comparison to the mock sample). There were no
significant differences between the replication levels of different time points in
IMMoDCs. For all of the tested time points, viral replication levels in

IMMoDCs were noticeably higher than in IMDCs (Figure 4-4).
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Figure 4-4 DENV2 replication time-course in IMDC and IMMoDC.

Total RNA was extracted from cells infected with DENV2 at 6 h, 12 h, 24 h,
and 48 h post-infection, respectively. The extracted RNA was subjected to
RT-PCR in order to examine the viral RNA replication level. Red circle:
DENV2-infected IMDCs; black square: DENV2-infected IMMoDCs. Left y-
axis: DENV2 replication fold-change in IMMoDCs relative to mock controls;
right y-axis: DENV2 replication fold-change in IMDCs compared to mock
controls. The results are expressed as mean + SEM of data from three
independent experiments. Two-way ANOVA was used to analyse the data.
The effect between cell types was significant (F = 95.82, p value = 0.0006).

* p<0.05, ** p<0.01
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4.1.3 Effect of DENV2 RNA replication on the expression of surface

markers on IMDCs and IMMoDCs

Afterwards, the effects of DENV2 RNA replication on the expression of DENV
receptors DC-SIGN and MR, maturation marker CD83, the antigen-
presenting protein CD1a, and the co-stimulatory molecule CD80 in both
types of cells were compared after both DENV2 infection and replicon
transfection. The viral replication showed no effect on cell viability as
assessed via Pl staining (data not shown). However, due to the heavy
staining background of the viral E protein and the NS1 protein in the flow
cytometric analysis, it was not able to gate and examine the surface marker
expression of the DENV2-infected cells. Therefore, the surface marker
expression of the whole IMDC and IMMoDC populations were examined.
Nonetheless, in IMDCs and IMMoDCs there was no discernible difference in
the expression of CD1a, CD80, CD83, MR, and DC-SIGN after DENV2
infection (Figure 4-5). For gene expression levels, IMDCs showed no notable
change in the expression of these markers after DENV2 challenge (Figure 4-
6) except for CD83, for which the expression level was 3-fold up-regulated,
but without statistical significance (p>0.05). On the other hand, IMMoDCs
had significant up-regulation in gene expression of MR (+17.6 folds, p<0.01),
while expression of CD1a was down-regulated (-7.2 folds, p<0.01), as well as
DC-SIGN (-6.6 folds, p<0.05). CD80, on the other hand, was up-regulated in
IMMoDCs after DENV2 replicon transfection (+6.2-fold, p<0.05). These gene
expression changes were not reflected by the protein expression levels using

flow cytometry (Figure 4-5).
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Figure 4-5 IMDC and IMMoDC surface marker expression
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Cells were stained with conjugated antibodies to examine the surface marker

expression changes 48 h post-transfection or post-infection.

Neither

transfection nor infection of DENV2 induced significant changes in surface

marker expressions in IMDCs and IMMoDCs. The experiment shown was

one representative of three. Blue line: cells after DENV2 transfection or

infection; red line: mock controls.
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Figure 4-6 Expression of DC surface markers was detected by real-time

PCR.

Signals from the target genes were normalised with the corresponding signal
from non-transfected or uninfected samples. There was no significant change
in surface marker gene expression in IMDCs after transfection or infection
(open column). In IMMoDCs, CD80 was significantly up-regulated after
transfection, while MR was up-regulated and CD1a together with DC-SIGN
were significantly down-regulated after infection (solid column). The results
are expressed as mean + SEM of data from three independent experiments.
Data were analysed by one-way ANOVA followed by Tukey’s HSD post hoc
test. * p<0.05, ** p<0.01
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4.1.4 Production of infectious DENV2 in IMDCs and IMMoDCs

Results of the Western blotting analyses showed that DENV2 E protein and
NS1 proteins were synthesised inside DENV2-infected IMDCs, and DENV2-

infected IMMoDCs as well (Figure 4-7).

Moreover, the occurrence of DENV2 NS1 protein, which is an important
antigen of DENV infection (Lima Mda et al., 2011), as well as the occurrence
of DENV2 E protein, were studied in the culture medium of infected IMDCs
and infected IMMoDCs at different time points after viral infection (Figure 4-
8). Compared to mock controls, DENV2 E protein began to be detectable in
the culture medium of infected IMMoDCs at 24 h post-infection, and the
signal became stronger at 48 h post-infection. Meanwhile, NS1 could only be
observed from the sample of 48 h post-infected IMMoDCs. The same
detection patterns of DENV E protein and NS1 protein were observed in
samples from infected IMDCs. However, the immunoblotting signals in
infected IMDCs were poorer in comparison to those in infected IMMoDCs

(Figure 4-8).
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Figure 4-7 DENV2 protein synthesis in IMDCs and IMMoDCs.

Western blotting analysis of DENV2 viral antigens in total protein extracted
from IMDCs and IMMoDCs after 48 h of infection. Na*,K'-ATPase was used

as an internal control. +: infected samples; -: mock controls.
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Figure 4-8 Detection of DENV2 proteins in the culture medium of IMDCs

and IMMoDCs after infection.

Culture media was collected from DENV2-infected IMDCs and IMMoDCs at
different time-points were dotted to PVDF. The PVDF membrane was stained
with specific antibodies against DENV E protein and NS1 protein. Compared
to the uninfected controls, DENV2 E protein was detectable in the
supernatant of IMMoDCs and IMDCs at 24 h post-infection, while DENV2
NS1 protein was detectable in the supernatant of infected IMMoDCs and

IMDCs 48 h after infection. +: infected samples; -: uninfected controls.
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Besides, the presence of DENV2 RNA in culture medium of infected IMDCs
and IMMoDCs was also investigated using real time RT-PCR (Figure 4-9).
DENV2 copy number increased significantly in a time-dependent manner in
the culture media of infected IMMoDCs. The DENV2 copy number started
with 7.9 logo copies at 6 h post-infection, and significantly increased at 12 h
post-infection (14.0 log1o copies), then rose to 16.7 logio copies after 24 h
infection and reached 18.7 logio copies after 48 h infection. The viral copy
numbers reached the peak at 48 h post-infection. The viral copy numbers in
the culture media of infected IMDCs were 9.8 logiy copies at 6 h post-
infection, and increased to 14.3 logo copies at 12 h post-infection. Then the
viral copy number decreased a little to 12.9 log1o copies at 24 h post-infection.
At 48 h post-infection, the viral copy numbers was 14.0 log1o copies in the

infected IMDCs medium.

Having detected viral RNA and proteins released into the culture medium
from infected IMDCs/IMMoDCs, the production of DENV2 particles within
IMDCs and IMMoDCs 24 h post-infection was examined under TEM (Figure
4-10). Viral particles with diameters about 40-50 nm were observed in the ER
and Golgi apparatuses of the infected IMMoDCs (Figures 4-10 A and B).
However, only a few vacuoles (with diameters about 0.3 um) carrying virion-
like particles (with diameters about 50-60 nm) were observed in the infected
IMDCs (Figure 4-10 C). Nothing related to DENV2 particles was seen in the

IMDC mock group (Figure 4-10 D).
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Figure 4-9 Detection of DENV2 RNA in the culture medium of IMDCs and

IMMoDCs after infection.

Culture media were harvested from infected IMDCs and infected IMMoDCs
at 6 h, 12 h, 24 h, and 48 h post-infection, respectively. Viral RNA was
extracted from the collected culture media samples. Real-time RT-PCR was
used to detect the viral copy number in the culture media. The y-axis
represents the logarithmic DENV2 copy number. Red circle: culture medium
of DENV2-infected IMDC; black block: culture medium of DENV2-infected
IMMoDC. The results are presented as mean + SEM of data from three
independent experiments. Data were analysed by two-way ANOVA. The
effect of cell types was significant (F = 7.78, p value = 0.0494). Time also had
significant affect on the results (F = 110.71, p value<0.0001).

* p<0.05, ** p<0.01, *** p<0.001
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Figure 4-10 Electron microscopy of IMDCs and IMMoDCs infected by

DENV2.

IMDCs and IMMoDCs were infected by DENV2 with MOI=1 for 24 h. In
DENV2-infected IMMoDCs, DENV2 virions were observed in intracellular
compartments, the morphology of which is compatible to endoplasmic
reticulum (A) and Golgi apparatuses (B) (indicated by white arrowheads). In
DENV2-infected IMDCs, only a vacuole carrying particles was seen, as
shown in this micrograph of TEM (C) (indicated by black arrow and enlarged
as expanded view of the box in panel). There were no similar observations in

the IMDCs mock control (D).

119



Then, a DENV2 recovery assay was conducted to detect whether these
observed particles were infectious. Culture medium of the DENV2-infected
IMDCs or infected IMMoDCs was used to infect BHK-21 cells. Results of the
RT-PCR assay suggested that the BHK-21 cells were infected by DENV2,
which also showed that IMDCs and IMMoDCs were capable of producing

infectious DENV2 virions (Figure 4-11).

Taken together, the results showed that both IMDCs and IMMoDCs

supported DENV?2 viral replication and intact viral particle production.
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Figure 4-11 Infectious DENV2 particles production by infected-IMDCs

and IMMoDCs.

BHK was incubated with culture medium from DENV2-infected
IMDCs/IMMoDCs. After 48 h, total RNA was extracted from treated BHK and
mock controls. DENV2 production was detected by RT-PCR. +: infected

samples; -: mock controls.
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4.2 Anti-DENV2 immune responses in immature DCs

4.21 Effect of DENV2 RNA replication on antiviral gene expression in

IMDCs and IMMoDCs

In order to study the effect of DENV2 RNA replication on host antiviral
mechanisms, gene expression of the antiviral pathway induced by the
DENV2 replication in IMDCs and IMMoDCs after 48 h incubation was
examined (Table 4-1). According to the RT-PCR array results of the DENV2-
transfected IMMoDCs, expression levels of 21 genes were statistically
different from those of the mock control. Additionally, expression levels of 16

genes were significantly up-regulated in IMMoDCs after DENV2 infection.

Among the fourteen genes activated in both transfected IMMoDCs and
infected IMMoDCs, five genes associated with intrinsic IFN resistance were
considerably up-regulated. These included genes coding IFIT family
members (IFIT1, +287.88-fold, p<0.05 after transfection; +190.28-fold,
p<0.05 in infection; IFIT3, +52.93-fold, p<0.05 in transfection; +53.77-fold,
p<0.05 after infection); IFITM family members (IFITM1, +394.17-fold, p<0.05
after transfection; +10.35-fold, p<0.01 after infection; IFITM2, +12.55-fold,
p<0.01 after transfection; +2.26-fold, p<0.05 after infection); ISG15 (+32.51-
fold, p<0.05 after transfection; +34.19-fold, p<0.05 after infection). Besides,
there were three IFN-inducible genes that were highly up-regulated after
transfection and infection but without significant p value in the latter, including
ISG20 (+41.43-fold, p<0.05 after transfection; +12.48-fold, p=0.055 after

infection), IFI6 (+32.73-fold changes, p<0.05 after transfection; +26.76-fold,
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p=0.062 after infection); IFI27 (+529.81-fold, p<0.01 in transfected IMMoDCs;
+274.12-fold, p=0.128 in infected IMMoDCs). Other genes involved in innate
antiviral responses were also up-regulated by DENV2 replicon and DENV2
native virion in IMMoDCs. These included IFN-regulatory factor 7 (IRF7)
(+5.32-fold, p<0.01 after transfection; +6.67-fold, p<0.05 after infection),
signal transducers and activators of transcription protein 1 (STAT1) (+4.82-
fold, p<0.05 after transfection; +3.99-fold, p<0.01 after infection), 2’,5-
oligoadenylate synthetase family (OAS1, +5.72-fold, p<0.05 after transfection,
+7.19-fold, p<0.01 after infection; OAS2, +26.53-fold, p<0.01 after
transfection; +7.72-fold, p<0.05 after infection) and IFN-induced GTP-binding
proteins (MX1, +39.65-fold, p<0.05 after transfection; +22.19-fold, p<0.05
after infection; MX2, +18.58-fold, p<0.01 after transfection; +11.81-fold,
p<0.05 after infection). Despite the substantial changes in gene expression of
the antiviral pathways in the DENV2-transfected and DENV2-infected
IMMoDCs, there was no significant change in gene expression in the

transfected IMDCs or infected IMDC samples (Table 4-1).
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4.2.2 Effect of DENV2 RNA replication on selected IFN-inducible

molecules

The results of the eight genes associated with intrinsic IFN resistance and
with exceptionally high expression levels (>10-fold increase) in transfected
and/or infected IMMoDCs were further confirmed using RT-PCR (Figure 4-
12). These genes were IFI6, IFI27, IFIT1, IFIT3, IFITM1, IFITM2, ISG15, and
ISG20. IFIT2 was also included in this experiment. As expected, both DENV2
replicon and native virus increased the expression levels of all nine genes in
IMMoDCs, with IFI27 and IFIT1 being the most up-regulated. On the
contrary, neither transfection nor infection was able to induce significant

expressions of these genes in IMDCs (Figure 4-12).

Having observed that IFIT1 and IFI27 were dramatically induced by DENV2
replication in IMMoDCs, the protein expression levels of IFIT family and of
IF127 were examined by Western blot (Figure 4-13). Protein expressions of
IFIT1 (Figure 4-13, A) and IFIT3 (Figure 4-13, C) were detected in the
DENV2-infected IMMoDCs. In contrast, IFIT2 (Figure 4-13, B) and IFI27
(Figure 4-13, D) protein expressions were detected in the naive IMMoDCs,
but the expressions of these two proteins in IMMoDC remained the same

after DENV2 infection.

Interestingly, expressions of IFI27 and the three IFIT proteins were detected

in naive IMDCs. After DENV2 infection in IMDCs, protein levels of IFI27,
126



IFIT1, and IFIT2 were slightly up-regulated, while IFIT3 protein expression

was decreased. However, all these changes were not statistically significant.

These results suggested that the major IFN-induced antiviral pathway was
activated by DENV2 replication in IMMoDCs. However, the occurrence of
IFIT proteins in naive IMDCs inspired the following experiments to investigate

the IFN-related antiviral pathways in naive IMDCs.
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Figure 4-12 Expression of IFN-inducible genes in IMDCs and IMMoDCs

after DENV2 transfection and infection.

Expression levels of nine genes belonging to the IFN-inducible genes were
confirmed by real-time RT-PCR. No statistical significant change in gene
expression was detected in IMDCs after DENV2 infection or transfection
(open columns). On the contrary, gene expression increased significantly in
IMMoDCs after DENV2 transfection and infection (solid columns). The results
are expressed as mean + SEM of data from three independent experiments.
Data were analysed by one-way ANOVA followed by Tukey’s HSD post hoc

test. * p<0.05, ** p<0.01
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Figure 4-13 Protein expressions of IFN-inducible proteins before/after

DENV2 infection in IMDCs and IMMoDCs.

Protein expressions of IFIT1 (A), IFIT2 (B), IFIT3 (C), and IFI27 (D)
with/without DENV infection in IMDCs and IMMoDCs were examined via
Western blot. Cells were infected by DENV2 native virus with MOI=1. Total
protein was extracted from infected cells or the mock controls after 48 h.
Na® K*-ATPase was recruited as an internal control. Image-results represent
one of three independent experiments. Western blot results were quantified
by ImageJ software. Solid columns: IMDCs with DENV2 infection. Columns
with upward diagonals: IMDCs mock controls. Open columns: IMMoDCs with
DENV2 infection. Columns with checkerboards: IMMoDCs mock controls. +:

native DENV2 infected samples. -: mock controls. ** p<0.01
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4.2.3 Comparison of gene expression between naive IMDCs and naive

IMMoDCs

In order to further study the IFN-related antiviral pathways in naive IMDCs,
the differences in signal transduction pathways involved in anti-DENV
immune responses (human IFN a/f response, human JAK/STAT signalling
pathway) between the naive IMDCs and naive IMMoDCs were determined.
Unexpectedly, it was found that the basal expression levels of 21 genes were
significantly higher and one gene was significantly lower in the naive IMDCs
compared to that in the naive IMMoDCs (Table 4-2). Genes that were
dramatically activated in the naive IMDCs included IFN-induced
transmembrane proteins (IFITM1) (+1879.33-fold, p<0.01) and IFN-inducible
protein 27 (IFI127) (+307.83-fold, p<0.05). Changes in the expression levels of
some genes appeared less tremendous but still significant, including IFN-
induced protein with tetratricopeptide repeats 1 (IFIT1) (+136.18-fold,
p<0.01), chemokine (C-X-C motif) ligand 10 (CXCL10) (+115.04-fold, p<0.01),
as well as IFITM2 (+85.19-fold, p<0.01) (Table 4-2). Genes that were poorly
expressed in naive IMDCs included IFN-inducible guanylate binding protein 1

(GBP1) (-24.34-fold change, p<0.01).
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Confirmatory RT-PCR was done for the eight IFN-inducible genes (IFIT1,
IFIT3, IFITM1, IFITM2, ISG15, IFIH1, IFI6, and IFI27), CXCL10, and MX2 in
the naive IMDCs and the naive IMMoDCs. These genes were selected
because they were significantly up-regulated after DENV2 RNA replication in
the IMMoDCs (Table 4-1) and highly expressed in the naive IMDCs (Table 4-
2). Besides, IFIT2 was also assayed in the confirmatory RT-PCR. IFIT2 was
not included in RT-PCR array but it forms an antiviral-complex together with
IFIT1 and IFIT3 (Ablasser and Hornung, 2011). The results were presented
as gene expression levels in the naive IMDCs relative to those in the naive

IMMoDCs, calculated as fold-changes (Table 4-3).

The expression fold-changes of these 11 genes in the naive IMTDCs, the
naive IMHDCs, and the naive IMKDCs relative to the naive IMMoDCs were

also determined (Table 4-3).

In agreement with the RT-PCR array data (Table 4-2), even though basal
expression levels of these genes were detectable in naive IMMoDCs, IFI27
(+363.96-fold, p<0.05), IFITM1 (+39.88-fold, p<0.05), IFITM2 (+8.08-fold,
p<0.05), 1ISG15 (+37.16-fold, p<0.05), MX2 (+4.34-fold, p<0.05), and IFIT1
(+155.53-fold, p<0.05), as well as IFIT3 (+91.35-fold, p<0.05), had significant
higher expression levels in the naive IMDCs (Table 4-3). IFIT2 was also
spontaneously expressed in the naive IMDCs relative to the naive IMMoDCs

(+13.03-fold, p<0.05) (Table 4-3). Unexpectedly, the expression level of
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CXCL10 in the naive IMDCs was lower than that in the naive IMMoDCs (-

29.63-fold, p<0.05).

Interestingly, as showed in Table 4-3, the expression levels of selected
genes were significantly lower in the naive DCs generated from the
leukaemia cells. In the naive IMKDCs, eight out of eleven selected genes
were poorly expressed relative to that in the naive IMMoDCs, including
CXCL10 (-11.25-fold, p<0.05), IFIT1 (-3.49-fold, p<0.001), IFIT2 (-3.78-fold,
p<0.01), IFIT3 (-6.29-fold, p<0.01), IFITM1 (-5.54-fold, p<0.01), IFITM2 (-
2.74-fold, p<0.05), ISG15 (-1.84-fold, p<0.05), and MX2 (-2.71-fold, p<0.05).
There were 10 genes down-regulated in the naive IMTDCs compared to the
naive IMMoDCs (CXCL10 [-99.2-fold, p<0.05], IFI27 [-2.28-fold, p<0.05], IFI6
[-4.97-fold, p<0.05], IFIH1 [-6.23-fold, p<0.01], IFIT1 [-18.60-fold, p<0.05],
IFIT2 [-5.29-fold, p<0.05], IFIT3 [-14.51-fold, p<0.05], IFITM1 [-4.42-fold,
p<0.05], IFITM2 [-1.74-fold, p<0.01], MX2 [-5.59-fold, p<0.05]). Additionally,
in the naive IMHDCs, IFI6 (-5.84-fold, p<0.05), IFIH1 (-5.05-fold, p<0.05),
IFIT1 (-20.39-fold, p<0.05), IFIT2 (-7.50-fold, p<0.05), IFIT3 (-6.10-fold,
p<0.05), MX2 (-3.05-fold, p<0.05) were down-regulated, while IFITM1 (+2.90-

fold, p<0.05) were up-regulated (Table 4-3).
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4.2.4 DENV2 infection induced autophagy in IMDCs and IMMoDCs

The low replication level of DENV2 in IMDCs may be due to the spontaneous
activation of IFN-inducible anti-viral pathways, but it was still necessary to
determine whether other pathways were involved in anti-DENV responses in
IMDCs. Moreover, the vacuoles carrying virus like particles, which were
observed in DENV2 infected IMDCs, could be autophagosomes. Therefore,
DENV2 infection-induced autophagy was also examined by detecting
microtubule-associated protein light chain 3 (LC3) (Figure 4-14).
Endogenous LC3 displayed two bands during SDS-PAGE: LC3l, with
molecular mass as 16 kDa is cytosolic, while LC3Il with molecular mass as
14 kDa is conjugated with phosphatidylethanolamine (PE), presented on

autophagosomes (Mizushima and Yoshimori, 2007).

The conversion of LC3I to LC3Il was observed in 48 h post-infected IMDCs.
It was clear that after DENV2 infection, the amount of LC3Il was increased in
IMDCs, indicating the accumulation of autophagosomes. The observation
made in DENV2 infected IMMoDCs had a different pattern. Forty-eight hours
after DENV2 infection, both LC3I and LC3Il were up-regulated in IMMoDCs
compared to in mock controls. However, the ratio of LC3ll/internal control
was obviously increased in infected IMMoDCs compared to the mock control,

suggesting the activation of autophagy in infected IMMoDCs.
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Figure 4-14 DENV2 infection induced autophagic signal changes in

IMDCs and IMMoDCs.

Proteins were extracted from 48 h post-infected IMDCs and IMMoDCs,
together with mock controls. The LC3II/LC3I ratio was increased in infected
IMDCs. In infected IMMoDCs, expression of LC3l and LC3lIl, as well as the
ratio of LC3II/Na*,K*-ATPase, was up-regulated. Na* K*-ATPase was used

as the internal control. +: native DENV2 infected samples. -: mock controls.
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4.3 Mechanism of DENV2 entry into immature DCs

4.3.1 Expression characters of DENV receptors on IMDCs and

IMMoDCs

In agreement with the results of flow cytometry, DC-SIGN and MR were
expressed on the surface of IMDCs and IMMoDCs according to confocal
microscopy results (Figure 4-15 A and B; Figure 4-16 A and B). Furthermore,
having been stained by anti-DC-SIGN and anti-MR antibodies at the same
time, a proportion of IMDCs and IMMoDCs were found to be DC-SIGN*MR"
(Figure 4-15 E and Figure 4-16 C). While DC-SIGN were stained evenly
equally on the cell surfaces, that of MR displayed dotted pattern. Moreover,
on some of the DC-SIGN*MR" cells, the anti-DC-SIGN and the anti-MR
antibodies presented overlapped-fluorescent signals (Figure 4-15 E and
Figure 4-16 C). This observation was not due to florescent spill-over,
because the florescent patterns did not duplicate each other. In order to
examine whether this overlap was caused by co-capping, IMDCs were firstly
stained with anti-DC-SIGN or anti-MR. Non-cross-linked antibodies were
washed away and cells were fixed. Thereafter, cells were stained with the
other antibody. The results showed that, when the IMDCs were stained with
anti-MR antibody prior to anti-DC-SIGN antibody (Figure 4-15 C), the MR
expression pattern tended to be dotted as observed in double-staining
(Figure 4-15 E). However, when IMDCs were stained with anti-DC-SIGN first,
the MR distribution pattern was more even (Figure 4-15 D). The observation

here indicated a possible co-localisation of these two receptors.
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Figure 4-15 The expression of DC-SIGN and MR on IMDC surface.

IMDCs were stained with anti-DC-SIGN (A) or anti-MR (B) separately. The
expression of DC-SIGN was equal on the cell surface, while the expression
of MR was dotted. Then, IMDCs were stained with anti-DC-SIGN firstly for 30
min before adding anti-MR (C), or in the opposite order (D). For double-
staining, anti-DC-SIGN and anti-MR antibodies were added to the cells at the
same time point (E). Non-stained sample was recruited to adjust the self-
fluorescence of the cells (F). Green: anti-DC-SIGN-FITC. Red: anti-MR-PE-

Cy5.
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Figure 4-16 Expression of DC-SIGN and MR on IMMoDCs.

IMMoDCs were stained with anti-DC-SIGN antibody (A) or anti-MR antibody
(B) individually. IMMoDCs were also double-stained with both of the
antibodies simultaneously (C). Background signals from the cells were
adjusted by non-stained sample (F). Green: anti-DC-SIGN-FITC. Red: anti-

MR-PE-Cy5.
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4.3.2 Native DENV2 attachment on IMDCs and IMMoDCs

When the temperature was kept at 4°C, native DENV2 particles were
capable of binding to the surfaces of IMDCs without internalisation (Figure 4-
17 A). Having been stained with the anti-DC-SIGN antibody or anti-MR
antibody, the DENV2 attached-IMDCs showed that the DENV2 binding sites
were associated with the expression of DC-SIGN (Figure 4-17 B) or MR
(Figure 4-17 C). After staining the DENV2 attached-IMDC with both anti-DC-
SIGN and anti-MR antibodies simultaneously, it was interesting to observe
that the DENV2-attached IMDCs were DC-SIGN*MR*. The DENV2 binding
sites were co-localised with the expression sites of both DC-SIGN and MR
(Figure 4-17 D, as indicated by white arrows). However, the expression of
DC-SIGN and/or MR did not guarantee the attachment of DENV2 (Figure 4-

17 D, as indicated by yellow arrows).

The same phenomenon was also observed in DENV2-attached IMMoDC
(Figure 4-18 A, with white arrows indicating the DENV2 binding sites, and
with yellow arrows indicating the DC-SIGN™ or MR expression sites that
without DENV2 binding). This observation suggested that although native
DENV2 was able to attach to IMDCs and IMMoDCs via interacting with DC-
SIGN and MR, there could be other molecules that play significant roles

during DENV2 entry, associating with DC-SIGN and/or MR.
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Figure 4-17 DENV2 binding sites on IMDCs.

Having been incubated with native DENV2 at 4°C for one hour, IMDCs were
stained with anti-DENV-E antibody only (A), or anti-DENV-E antibody in
addition to anti-DC-SIGN antibody (B), or anti-DENV-E antibody plus anti-MR
antibody (C), or anti-DENV-E antibody with antibodies for both receptors (D).
Mock-infected and non-stained cells were used to adjust the non-specific
signals (E). Green: anti-DC-SIGN-FITC. Red: anti-MR-PE-Cy5. White arrows:
DENV2 binding site co-localised with DC-SIGN and MR expression sites.

Yellow arrows: DC-SIGN or MR expression sites without DENV2 attachment.
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Figure 4-18 DENV2 binding sites on IMMoDC.

A: Cells were incubated with DENV2 and then stained with anti-DENV-E,
anti-DC-SIGN and anti-MR antibodies. B: mock-infected and non-stain
control. Green: anti-DC-SIGN-FITC. Red: anti-MR-PE-Cy5. White arrows:
DENV2 binding site co-localised with DC-SIGN and MR expression sites.
Yellow arrows: DC-SIGN or MR expression sites without DENV2 attachment.
DC-SIGN and MR co-expression was also observed on IMMoDC. DENV2

particles that attached to IMMoDCs were visible.
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4.3.3 Inhibition of DENV2 attachment on IMDCs and IMMoDCs

On the purpose of investigating the entry mechanism of DENV2 on immature

DCs, a series of inhibitory assays were conducted on IMDCs and IMMoDCs.

Firstly, endocytosis inhibitor CPZ was used to block the internalisation of
DENV2 on IMDCs and IMMoDCs. CPZ, belonging to cationic amphiphilic
class of drugs, can induce the relocation of clathrin AP-2 subunit, preventing
coated pit assembly at the cell surface (Wang et al., 1993). CPZ was
previously used to block the clathrin-mediated endocytosis of DENV on
Aedes albopictus mosquito cells (Acosta et al., 2008). In this experiment, the
cells without CPZ pre-treatment but had DENV2 infection were positive
controls. The viral replication level within cells reflected the inhibition of
DENV2 entry. Pre-incubation with CPZ before DENV2 infection could
efficiently inhibit DENV2 entry to IMDCs and IMMoDCs in a dose-dependent
manner. A CPZ concentration of 15 uM was sufficient to inhibit DENV2 entry
to both IMDCs and IMMoDCs to approximately 80% with a significant p value.
Especially in IMMoDCs, 10 uM CPZ was enough to significantly inhibit
DENV2 entry (Figure 4-19). Thus, it was demonstrated that DENV2 utilised
receptor-mediated endocytosis via clathrin-coated pits on IMDC, and on

IMMoDCs as well.
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Figure 4-19 DENV2 attachment and internalisation were inhibited by the

endocytosis inhibitor CPZ on both IMDCs and IMMoDCs.

Cells were incubated with DMSO dissolved CPZ before adding DENV2. Viral
attachment was determined by measuring viral RNA replication level using
RT-PCR. Cells without CPZ treatment were positive controls. Pre-incubation
of CPZ can inhibit DENV2 attachment to both IMDCs (left) and IMMoDCs
(right) in a dose-dependent manner. Results were analysed with one-way
ANOVA followed by Tukey’s HSD post hoc test and presented as mean =

SEM from three independent experiments. *p<0.05, **p<0.01.
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Subsequently, the DC-SIGN and MR double-blocked assay was conducted
in order to study the interaction between these two receptors during DENV2
entry (Figure 4-20). In IMDCs, although pre-incubation with anti-DC-SIGN or
anti-MR antibodies alone were not able to significantly inhibit DENV2 entry,
pre-incubation of IMDC with both anti-DC-SIGN and anti-MR efficiently
decreased the attachment of DENV2 (Figure 4-20). However, the blocking
efficiency was only approximately 60%, and was not improved when the

antibody amount was increased (data not shown).

In IMMoDCs, anti-DC-SIGN antibody inhibited DENV2 entry, with an effect
that was statistically significant. The combination of anti-DC-SIGN and anti-
MR antibodies effectively blocked DENV2 entry to IMMoDCs, even though
the blockage was not complete. Additionally, there was no significant
difference between inhibiting efficacy of anti-DC-SIGN blocking and that of
double-blocking (Figure 4-20). Thus, the role that MR played in IMMoDCs
during DENV2 entry was not as certain as that in IMDCs. Also, the
incomplete inhibition indicated that there could be other molecules on the

surfaces of IMDCs and IMMoDCs involved in DENV2 entry.
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Figure 4-20 DC-SIGN and MR double-block assay on IMDCs and

IMMoDCs to inhibit DENV2 entry.

Specific antibodies were added to IMDCs or IMMoDCs before DENV2
infection. Compared to isotypic controls, anti-DC-SIGN or anti-MR antibodies
alone failed to inhibit DENV2 entry efficiently in IMDCs. The anti-DC-SIGN
antibody only can inhibit DENV2 infection in IMMoDCs. Double-blocking of
these two receptors significantly inhibited DENV2 entry to IMDC to more than
50% and to IMMoDCs to more than 75%. iso: isotypic control. Results were
shown as mean + SEM from three independent experiments. Results were
analysed with one-way ANOVA followed by Tukey’s HSD post hoc test.

*p<0.05, **p<0.01.
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4.3.4 Involvement of inter-alpha-trypsin inhibitor heavy chain 2 (ITIH2)

during DENV2 entry to IMDCs and IMMoDCs

Having observed that endocytosis-inhibitor CPZ failed to completely block
DENV2 entry to both IMDCs and IMMoDCs, which was the same for the
double-blocking of DC-SIGN and MR, it was wondered whether there was
any other molecule/mechanism involved in DENV2 entry to immature DCs.
Thus, a Co-IP assay was performed to explore the possible attachment
molecule on IMDC/IMMoDC cytoplasm membranes. It was quite interesting
to discover that, compared to negative controls, DENV2-IMDC Co-IP group,
as well as DENV2-IMMoDC Co-IP group, presented extra and strong bands
on the silver-stained gels between 100 and 130 kDa (Figure 4-21, indicated
by red arrows). It was indicated that native DENV2 particles were able to pull
down a protein with a molecular weight close to 130 kDa from the total
transmembrane proteins extracted from IMDCs or IMMoDCs. This molecule
was analysed for protein identification via tandem mass spectrometry. The
protein identity of this molecule was subsequently found to be ITIHZ2.
Compared to controls, DENV2 E protein monomers with a molecular weight
around 50 kDa, together with DENV2 E protein dimers that appeared around
110 kDa, were also observed on the silver-stained gels. Besides, in the
DENV2-IMDC Co-IP and DENV2-IMMoDC Co-IP groups, extra bands with
different molecular weights also appeared (around 70 kDa, 130-180 kDa, and

above 300 kDa). However, those bands were too blurred to be analysed.
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Figure 4-21 Analysis of IMDC and IMMoDC membrane proteins that

were co-immunoprecipitated with DENV2 particles.

Proteins collected from the Co-IP assay were analysed by SDS-PAGE and
silver staining of polyacrylamide gels. Bands corresponding to the
approximate molecular weight of DENV2 E monomers and DENV2 E dimers
were indicated by black arrows. Red arrows indicate extra bands that were
pulled down by DENV2 with a molecular weight around 130 kDa, which were

cut from the gel and subsequently analysed by mass spectrometry.
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Since ITIH2 is not a transmembrane protein (Anderson et al., 2004), the
detection of ITIH2 from the extracted total transmembrane protein samples
was unexpected. Thus, the occurrences of ITIH2 on the surfaces of IMDC
and IMMoDC were detected by flow cytometry after exterior staining (Figure
4-22). Although not abundant, the presence of ITIH2 was detectable on
IMDC and IMMoDC surfaces. However, whether these ITIH2 molecules were
autogenously expressed by the cells or integrated into the cytoplasmic

membrane from the external environment needs further investigation.

In order to further investigate the role that ITIH2 played in DENV2 entry, an
ITIH2-blocking assay was conducted (Figure 4-23). Inhibiting ITIH2 only with
a specific antibody failed to block DENV2 entry to neither IMDCs nor
IMMoDCs. However, when combined with an anti-DC-SIGN antibody, the
anti-ITIH2 antibody can block DENV2 entry into IMMoDCs by more than
80%. The combination of the anti-MR antibody and anti-ITIH2 antibody
resulted in approximately 50% inhibition of DENV2 entry into IMMoDCs.
When combining these three antibodies together, the inhibitory rate on

IMMoDCs was more than 90% with a significant p value.

For IMDCs, the combination of these three antibodies could significantly
inhibit DENV2 entry by 80%. More interestingly, anti-DC-SIGN antibody and
anti-ITIH2 antibody together significantly increased DENV2 entry into IMDCs

by more than 50%.
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Figure 4-22 Surface detection of ITIH2 on IMDCs and IMMoDCs.

Red: non-stained controls. Blue: secondary antibody only controls. Green:
ITIH2 staining groups. In both IMDCs and IMMoDCs, the ITIH2 staining
group presented higher X mean values compared to secondary antibody only
control groups, with noticeable peak-shifts. It is thus indicated that presence
of ITIH2 was detectable on IMDC and IMMoDC surfaces with a specific

antibody.
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Figure 4-23 Anti-ITIH2 antibody, together with anti-DC-SIGN antibody
and anti-MR antibody inhibited DENV2 attachment to IMDCs and

IMMoDCs.

Cells were incubated with anti-ITIH2 antibody, and/or anti-DC-SIGN, and/or
anti-MR antibody prior to DENV2 infection. In IMMoDCs, anti-ITIH2 antibody,
together with anti-DC-SIGN antibody and/or anti-MR antibody significantly
blocked DENV2 attachment, while anti-ITIH2 antibody alone failed to do so.
In IMDCs, only the antibody-combination of anti-ITIH2+anti-DC-SIGN+anti-
MR significantly inhibited the DENV2 attachment to 80%. In contrast, anti-
ITIH2 antibody+anti-DC-SIGN antibody efficiently increased DENV2
attachment on IMDC. Data were analysed with one-way ANOVA followed by
Tukey’s HSD post hoc test and are shown as mean + SEM from three

independent experiments.
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Table 4-4 Comparison of dissociation constants of MR and ITI to DENV2

particles
pH 5.5 pH 6.0 pH 6.5 pH7.0 pH7.5
(MKS 1.06 uM 276 nM 248 nM 514 nM 3.58 uM
(:;r;) 308 nM 121 nM 63.4 nM 4.16 nM 102 nM
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Binding affinities of human recombinant MR and human ITIH2 to DENV2
virions were detected by SPR, presented as dissociation constant Kp (Table
4-4). Because the purification of human ITIH2 protein from plasma was
difficult, human ITI complex consisted of ITl heavy chains and ITI light chains
was used in this assay. MR was able to bind to DENV2 virions with higher
affinity in mild acidic environment (6.0-6.5). Compared to MR, human ITlI
showed higher binding affinities under five tested pH conditions, in which the
neutral pH condition (7.0) showed the lowest Kp, indicating the binding

between ITI protein and DENV2 required a moderate environment.

The previous results of the RT-PCR arrays showed that DENV2 replication
had no significant influence on ITIH2 mRNA expression in IMDCs and
IMMoDCs (data not shown). The effects of DENV2 infection or transfection
on the expression of ITIH2 and related factors were determined by real time
RT-PCR (Figure 4-24). Bikunin was the light chain of ITI complex, related to
the maturation of the ITIH2 protein (Martin-Vandelet et al., 1999), while
tumour necrosis-stimulated gene 6 (TSG-6) was involved in the function of
ITIH2 (Mukhopadhyay et al., 2004). There was approximately eight-fold up-
regulation of TSG-6 mMRNA expression in DENV2-infected IMMoDCs.
However, the mRNA levels of bikunin were not altered by DENV2
transfection or infection in IMDCs and in IMMoDCs. The RNA expression
level of ITIH2 was not detectable in IMDCs and IMMoDCs after using

different primer-pairs (data not shown).

167



Bikunin

2.5+

2.09

1.0

0.5 | |
0.0 T

Gene expression fold-change

9 [
$ &
&
TSG-6
S
< 14+ ] mMDC
S 104 *%k Il 'MMoDC
o
S 104
S 8
?
o 6
g 4
o
i 1
C
[0}
3 |
X (\X
O WO
& Iou
(\é\e \(1\@

Figure 4-24 Gene expression of ITIH2 light chain bikunin and co-factor

TSG-6 in IMDCs and IMMoDCs after transfection and infection.

The mRNA level of bikunin did not change in IMDCs nor IMMoDCs after
DENV2 transfection/infection. DENV2 infection induced significant up-
regulation of TSG-6 mRNA expression in IMMoDCs, but had no effect on that
of IMDCs. Solid column: IMMoDCs. Open column: IMDCs. Data were
analysed with one-way ANOVA followed by Tukey’s HSD post hoc test and
presented as mean = SEM from three independent experiments. The
expression level of TSG-6 in infected IMMoDC was significantly increased

than that in mock control. (** p<0.01).
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5 Discussions

5.1 IMDC as an in-vitro model to DENV2 infection

The maijor objective of this project was to establish an in-vitro model to study
DENV2 and host DC interactions. Although human PBMC-derived immature
DCs (IMMoDCs) have been widely utilised to study DC function in-vitro, the
use of IMMoDCs may give rise to inconsistent results due to donor-to-donor
variations. Thus, appropriate in-vitro models are essential for investigating
the biology of DC (Santegoets et al., 2008b; van Helden et al., 2008). MUTZ-
3-differentiated immature DCs (IMDCs) were described as an appropriate DC
model and were used to generate Langerhan cells to study virus-host
interactions (de Jong et al., 2010; Masterson et al., 2002). In this study, an
in-vitro model involving IMDCs was established. The IMDC model was
compared with IMMoDCs for morphology, DC-related surface marker
expression, the ability to support DENV2 replication, DC antiviral responses
during DENV2 replication, and the DENV2 entry mechanism. This study was
the first to assess DENV2-DC interaction using IMDC in comparison with

IMMoDCs. The major findings will be discussed in this chapter.

5.1.1 The differentiation of MUTZ-3 into DC-like cells

Upon induction by the cytokine cocktail, both MUTZ-3 cells and human
monocytes differentiated into IMDCs and IMMoDCs. Both types of
differentiated cells acquired typical DC morphology. Meanwhile, except HL-
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60 cells, K562 cells and THP-1 cells also produced altered morphologies
upon stimulation. However, the morphologies that IMKDCs and IMTDCs
obtained were different from the one of IMMoDCs. Approximately half of the
induced IMDC and IMMoDC cell populations were MR*DC-SIGN", and the
majority of these double-positive populations exhibited classic DC surface
phenotype as CD1a* or CD80". The high viability of MUTZ-3, IMDCs, and
monocytes (over 90%) indicated that the culture conditions were promising.
However, the lower and inconsistent viability of IMMoDCs suggested the
vulnerability and variability of the DC primary culture. Furthermore, while the
DC mature marker CD83 was not expressed on IMDCs, this marker was
sometimes detected on the surface of IMMoDCs even without further
induction (such as virus, LPS, or cytokine) (data not shown). This
observation further demonstrated that the characteristics of IMMoDCs were

blood donor-dependent.

5.1.2 Less permissiveness of IMDCs to DENV2 replication and

production

It was demonstrated that IMDCs were not only permissive to DENV2
attachment and replication, but also to the production of intact viral particles.
However, when compared with IMMoDCs, the level of DENV2 replication in
IMDCs was much lower. Although as DCs differentiated from leukaemia cells,
IMKDCs and IMTDCs showed same DENV2 viral load as IMMoDCs did.
DENV2 displayed even higher replication level in IMHDCs than in IMMoDCs.

DENV viral load plays a significant role in the development of DHF and DSS,
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because it is critical in activating immune responses that lead to
haemorrhage and plasma leakage (Lei et al., 2001). Therefore, it was
important to investigate the mechanism accounting for the low viral load in

DENV-infected IMDCs.

These different viral loads might not be associated with the availability of
DENV receptors, since a similar percentage of IMDC and IMMoDC
populations co-expressed MR and DC-SIGN. Furthermore, when the DENV2
replicon was transfected into IMDCs and IMMoDCs, viral replication was also
less effective in the IMDCs. Since the replicon transfection process was
independent on receptors, it was therefore suspected that other factors

inside the IMDCs suppress the viral replication.

Investigation of DENV2 replication at different time points after infection in
IMDCs and in IMMoDCs provided more information. After entering into
IMDCs, DENV2 replication remained low in the first 24 h post-infection, and
increased two times in the 48 h post-infection. This indicated that, although
DENV2 was able to replicate in IMDCs, the environment inside of IMDCs did
not support effective DENV2 replication, but the adverse intracellular
condition could be overcome by the virus 24 h after infection. In the culture
medium of infected IMDCs, viral copy numbers also increased along with the
post-infection time. Additionally, viral proteins appeared at the late stage of

the incubation in the culture medium of infected IMDCs. These observations
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suggested that, although the production was not vigorous, infectious DENV2
virions could be produced from IMDCs. Additionally, it was very interesting to
notice that although the viral load increased along with the incubation time,
the release of viral particles from the infected IMDCs was not increased after
12 h post-infection, suggesting a possible antiviral response in the IMDCs
that might inhibit viral assembly and/or viral budding. And this inhibition took

12 h to effect.

On the other hand, DENV2 RNA replication in IMMoDCs remained at high
levels throughout the whole incubation period, without a dramatic increase
along with incubation time. Moreover, elevation in the amount of released
DENV?2 virions was observed when incubation time was extended. Thus, the
IMMoDCs were obviously more permissive for DENV2 replication and

production compared with IMDCs.

Additionally, viral morphology in IMDCs was different from that in IMMoDCs.
While virions were clearly detected in the ER and Golgi apparatuses of
infected IMMoDCs, only a vacuole-like organelle, which contained virus like
particles, was seen in infected IMDCs. It was previously suggested that when
the cellular environment is harsh to viral replication, viruses would develop
alternative morphology as a strategy to escape from the cellular immune
suppression (Clark et al., 2012). The presence of atypical morphologies
could be due to the harsh intracellular environment. However, in this study,

the appearance of viruses with alternative morphology was based on direct
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EM examination; more reliable confirmatory experiments are required to
determine whether the particles observed in IMDC were DENV virions.
Immuno-electron microscopy, which combines immunostaining and electron
microscopy, may help to determine the observed particles in IMDCs.
However, as discussed above, the viral alternative morphology is used for
escaping the immune system, such as antibody recognition; therefore,
whether the immune-electron microscopy is suitable for virus alternative

morphology observation requires to be determined.

On the other hand, the vacuole-like organelle observed in infected IMDCs
could be autophagosome due to its characteristic double-membrane and size.
To clarify this point, autophagy marker was detected in infected IMDCs and

IMMoDCs afterwards and the results are to be discussed in section 5.1.4.

Besides, initial viral dosage may also affect the level of viral replication in
DCs. In the current study, cells were exposed to native DENV2 with MOI=1.
During assay optimisation, using MOI=10 did not show any significant
difference compared to applying MOI=1. Additionally, the attempt to use a
higher MOI in this study was hampered by the difficulty in preparing high-
dosage virus suspension and concentrating virus particles by ultra-
centrifugation. On the other hand, as reviewed in section 1.3.4.1, the viral
dosage that occurs via mosquito biting is as low as 10* PFU, and as one of

the initiate target cells, DC, whose absolute count in blood is around 10 x
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10° cells/L blood (Fearnley et al., 1999), may not receive very high MOI
during a real infection. Regardless, it is necessary to use higher MOI in future
studies to investigate the influence of DENV dosage on viral replication levels

in IMDCs.

5.1.3 Influence of DENV2 replication on IFN-inducible genes in DCs

Although IMDCs were morphologically and phenotypically similar to
IMMoDCs, the replication level of DENV2 subgenomic replicon and DENV2
were quite lower in IMDCs than in IMMoDCs. Furthermore, while a panel of
antiviral genes were strongly activated by DENV2 replicon in IMMoDCs,
unexpectedly, it was found out that a group of IFN-inducible genes were
activated in the naive IMDCs, including IFIT1, IFIT3, IFI6, IFITM1, ISG15,
and IF127. These genes can impair different steps of DENV life-cycle. Thus, it
was suspected that the spontaneously activated intracellular antiviral
responses in IMDCs might be accountable for the low DENV2 replication

level.

ISG15 is an ubiquitin-like molecule that has an important function in antiviral
responses against various viruses, including DENV (Dai et al., 2011). The
antiviral function of ISG15 is probably achieved via: 1) regulating several
stages of viral budding that require ubiquitin machinery and endosomal
sorting complex required for transport pathway; 2) targeting viral proteins for

ISGylation, which is a process that mature ISG15 mediates its covalent
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conjugation to the target proteins via its C-terminal LRLRGG motif; and 3)
impacting host proteins by disrupting ubiquitination (Lenschow, 2010). This
can explain why ISG15 was significantly increased in the infected IMMoDCs
rather than in transfected IMMoDCs, since there was no viral budding in the

latter (Figure 4-13, and Table 4-1).

IFITM1 belongs to the subfamily IFN-inducible transmembrane genes,
initially inhibits DENV clathrin-mediated endocytosis in-vitro (Brass et al.,
2009; Jiang et al., 2010). Another family member IFITM2 also inhibits
molecular events of virus life cycle before viral RNA translation. Besides,
IFITM2 has pro-apoptosis function, which is independent on p53 (Siegrist et
al., 2011). In this study, replicons were directly delivered into cells by
liposome-based reagents. Whether this process is endocytosis-dependent or
not remains unknown (Akita et al., 2004; McLaggan et al., 2006). The
transfection process could stimulate IFITM genes directly, which probably
explained why DENV2 transfection induced IFITM1 and IFITM2 more
strongly in IMMoDCs than DENV infection did (Figure 4-13, Table 4-1).
Furthermore, IFITM1, together with IFITM2 and IFITM3, hampered antibody-

dependent enhancement of DENV in human K562 cells (Chan et al., 2012).

IFI127 is a putative hydrophobic protein of 122 amino acids containing a
conserved 80 amino-acid motif (Parker and Porter, 2004). The protein

product is encoded by the ifi27 gene located in band q32 of human
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chromosome 14 (Rasmussen et al., 1993). The putative antiviral action of
IFI127 may not involve direct interaction with the virus. Alternatively, as an
inner mitochondrial membrane protein, IFI27 participates in apoptosis by
altering mitochondrial integrity (Cheriyath et al., 2011). IFI27 is induced by
IFN-a rather than IFN-y, but the induction level varies from cell to cell
(Gjermandsen et al., 2000). The inducibility is affected by interferon-inducible
elements: ISRE, IRF1/IRF2 and STAT located at the promoter region of ifi27
(Martensen et al., 2001). Human cytomegalovirus infection induced the IFI127
expression in-vitro, while DENV1 greatly induced this gene expression in

Rhesus Macaques (Sariol et al., 2007; Zhu et al., 1998).

IFIT1 is an interferon-inducible protein with 10 tandem arrayed
tetratricopeptide repeat motifs (TPR), which is involved in protein-protein
interaction and protein complex assembly (Guo et al., 2000). IFIT1 forms a
complex with IFIT2 and IFIT3; the complex exerts antiviral action by
recognising the 5’ triphosphorylation structural of viral RNA (Pichlmair et al.,
2011). The proposed antiviral mechanism of the IFIT family is to sense the
viral genome RNA or 2'-O methylation-lacking mRNA (Daffis et al., 2010).
DENV has a type | cap with 2'-O methylation at its 5’ terminal, as well as the
DENV2 replicon used in this study (Dong et al., 2012; Lai et al., 2008).
Hence, it is questionable whether the elevated expression of IFIT1 can
antagonise DENV replication via the classical mechanism. Apart from
sensing the viral mMRNA &’ triphosphorylation, IFIT1 can also inhibit viral

replication by direct interaction with viral proteins (Terenzi et al., 2008).
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Furthermore, IFIT1 proteins can suppress viral replication indirectly by the
inhibition of host protein translation via binding to eukaryotic initiation factor-3
(EIF-3) (Hui et al., 2005), or by inducing apoptosis via binding to eukaryotic
elongation factor-1A (eEF1A) (Li et al., 2010). Another family member, IFIT2,
also induced apoptosis via damaging mitochondrial pathways in a process

that was negatively regulated by IFIT3 (Fensterl and Sen, 2011).

In addition to IFIT3, another mitochondrial-localised protein, IFI6 (G1P3), was
also significantly up-regulated in transfected IMMoDCs. IFI6 plays a role in
anti-apoptosis. A previous study showed that IFI6 assisted IFN-induced
antiviral activity during HCV replicon replication (Cheriyath et al., 2011). This
protein molecule might also play the same role during DENV2 infection in

DCs.

The simultaneous stimulation of both pro-apoptosis (IFI127, IFIT1, IFIT2) and
anti-apoptosis factors (IFI6, IFIT3) in IFN-antiviral responses could be the
consequence of immune balance. On one hand, induction of apoptosis in
virus-infected cells at early stage can efficiently reduce viral production. On
the other hand, at the late stage of viral infection, virus particles accumulate
inside the cells and induce apoptosis for the effective release of virions to
neighbouring cells. Delaying apoptosis of the infected-cells at a late stage
reduces the spread of viruses to neighbouring cells (Teodoro and Branton,

1997).
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In this study, we detected an up-regulation of the IFI27 gene, especially in
the DENV2 replicon-transfected IMMoDCs. Interestingly, in contrast to the
observations in transcriptional level, DENV2 infection slightly decreased
IF127 protein expression in IMMoDCs (Figure 4-14). The gene expression
levels of three family members of IFIT were up-regulated upon DENV2
replication in IMMoDCs (Figure 4-13, Table 4-1), while the protein expression
levels of IFIT1 and IFIT3 were obviously induced after DENV2 infection in
IMMoDC (Figure 4-14), indicating an overall activation of the IFIT signalling
pathway. These observations suggested that pro-apoptosis pathways and

anti-apoptosis remained competitive to each other in infected IMMoDCs.

As noticed here, the transcriptional measurements did not perfectly correlate
with the protein expressions in IMDCs and IMMoDCs. Causes of this weak
correlation could be complicated post-transcriptional processes and
regulatory mechanisms. When mRNA is held in the nucleus, the amount of
such mRNA could be over-estimated relative to protein expression level (Gry

et al., 2009).

The reason for spontaneous activation of IFN-inducible genes in naive
IMDCs (Table 4-2, Table 4-3) needs to be discussed. In fact, activation of
IFN-inducible genes has been detected in bone marrow, peripheral blood
cells and tumour tissues from cancer patients (Einav et al., 2005; Yang et al.,

2005).
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One possible cause for the activation of IFN-inducible genes is mutation. In
MUTZ-3-derived IMDCs, two critical regions in chromosome 7 encoding
three zinc finger proteins were deleted (De Weer et al., 2010); these zinc
finger proteins participate in the stimulation of IFN-inducible genes, including
IFITs, OASs, IRFs, ISG15 and ISG20 (Xu et al., 2009). Whether the
chromosomal deletions in MUTZ-3 contributed to the continuous activation of
IFN-related pathways and to the reduced DENV2 permissiveness warrants

further investigation.

In addition to this study, other investigators have also compared the
transcription profiles between IMDCs and IMMoDCs (Larsson et al., 2006;
Rasaiyaah et al., 2009). However, in contrast to the observations here,
Larsson et al. found that IMDCs had generally similar transcription profile as
IMMoDC, while Rasaiyaah et al. reported that genes for certain
immunological mediators were under-expressed in IMDCs (Larsson et al.,
2006; Rasaiyaah et al., 2009). The different culture methods that were used
between different laboratories could be one reason for these controversial
findings. On the other hand, technical noises and limitations of these studies,
such as cross-hybridisation of microarray analysis and affinity/specificity of

antibodies in immunoblotting, may also cause the conflicted observations.

Despite the activation of IFN antiviral pathways, there was an active

replication of DENV2 in IMMoDCs; this could be due to a time lag between
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viral replication and the activation of antiviral mechanisms. Previous studies
showed that both IFITM and IFIT proteins were up-regulated 48 h after IFN
stimulation (Brass et al., 2009; Fink et al., 2007). Therefore, the basal level of
these IFN-inducible proteins in IMMoDCs may not be sufficient to inhibit

DENV2.

The replication levels of DENV2 in other generated DCs, on the other hand,
were rather higher than that in IMDCs. At the same time, antiviral genes that
continuously expressed in the naive IMDCs were suppressed in the naive
DC-like cells differentiated from HL-60, K562, and THP-1. These results
further indicated a possible correlation between viral load and the expression

level of these antiviral genes.

5.1.4 DENV2 infection-induced autophagy in IMDCs and IMMoDCs

Autophagy is a process by which cytoplasmic materials are sequestered in
double-membrane vesicles and subsequently delivered to lysosomes for
degradation when cells receive signals such as starvation or infection (Kundu
and Thompson, 2008). These signals interact with the mammalian target of
rapamycin (mTOR) to initiate the formation of the autophagosome, which
requires various autophagy-related (ATG) proteins, two ubiquitin-like systems
Atg12-Atg5 and LC3-PE, and the lipid kinase signalling complex
phosphoinositide 3-kinase (PI3K)/Beclin-1. The mature autophagosomes

fuse with lysosomes, becoming autolysosome. The contents of the
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autolysosomes, which are degraded by lysosomal acid hydrolases, can
return to the cytoplasm through the autolysosomal membrane (Tanida,
2011). Autophagy has a significant function in the maintenance of cellular
homeostasis, and the prevention of cell death under pressure conditions as

well (Mizushima, 2007).

During viral infection, autophagy, which can be activated via IFN-y by
phosphorylation of elF2a and the activation of double-stranded RNA-
activated protein kinase (PKR), can serve a pro-viral or anti-viral role
(Kudchodkar and Levine, 2009). For example, in HIV infection, while the viral
proteins can regulate autophagy in order to amplify virion production, they
are also capable of disrupting autophagy in bystander cells, inducing CD4* T

cell death and HIV pathogenesis (Killian, 2012).

In this study, it was demonstrated that DENV2 infected-IMDCs had
decreased amounts of LC3I, while the amount of LC3Il increased. This
suggested the accumulation of internal autophagosomes. The LC3
conversion pattern in DENV2 infected-IMMoDCs is different from that of
infected IMDCs. Compared to the mock control, both LC3I and LC3Il were
up-regulated in infected IMMoDCs at 48 h post-infection, with the ratio of
LC3Ill/internal control being increased as well. An-increased amount of
endogenous LC3Il can be due to the lipidation of LC3I to form LC3Il during

autophagy, inhibition of the fusion between autophagosomes and lysosomes,
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and blocking of lysosomal degradation (Tanida et al., 2005). Also, the
increase of LC3Il can be due to the overexpression of Atg4B, which cleaves
the carboxyl termini of LC3 (Tanida et al., 2004). Thus, the observation from
infected IMMoDCs suggested a complicated autophagic-network upon

DENV?2 infection.

One problem of LC3Il detection is that this molecule is more sensitive to
detection during immunoblotting than LC3I (Mizushima and Yoshimori, 2007).
Therefore, in order to precisely monitor the process of autophagy in DENV2-
infected IMDCs and IMMoDCs, there are several aspects that require
attention. Detecting LC3 expression at different time-points is necessary to
illustrate the autophagy flux of infected IMDCs and infected IMMoDCs.
Furthermore, to compare the amount of LC3ll in the presence and absence
of lysosomal protease inhibitor can help to measure the amount of LC3II that
is delivered to lysosomes (Mizushima and Yoshimori, 2007). Another
autophagy indicator, p62, which can bind to LC3 and serve as a selective
substrate of autophagy (Pankiv et al., 2007), should be included in the

detection as well. These experiments are necessary for future work.

In agreement with our findings in infected IMMoDCs, DENV?2 replication was
able to activate the autophagy machinery with autophagosome formation and
up-regulate viral replication in Huh7 cells (Lee et al., 2008). Moreover, the
inducer of autophagy can effectively increase DENV2 viral load and

production. On the contrary, adding the inhibitor of autophagy 3-
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Methyladenine and knocking down of the autophagy-related genes down-

regulated the DENYV replication levels in infected cells (Lee et al., 2008).

A proportion of DENV NS1 protein was proven to be co-localised with
autophagosomes and the ribosomal protein L28. Furthermore, the
endosomal marker M6P-R co-localised with autophagosomes, suggesting
that autophagosomes fuse with endosomes to form amphisomes, which
linked DENV entry and replication (Panyasrivanit et al., 2009). However,
inhibiting the fusion between autophagosomes and amphisomes with
lysosomes generated contrasting effects on viral yield in DENV2-infected
HepG2 and DENV3-infected HepG2, suggesting different translation and
replication strategies between DENV serotypes and the involvement of virus-
encoded factors in host autophagy (Khakpoor et al., 2009; Panyasrivanit et

al., 2009).

In addition to viral-type specificity, it was indicated that DENV-autophagy
interaction was cell type-dependent and tightly related to virus pathogenesis.
Although autophagy was observed in DENV-infected monocytic cells, the
induction of autophagy in monocytic cells significantly decreased viral yield
(Panyasrivanit et al., 2011). As observed in this study, DENV2-infected
IMDCs presented typical autophagic markers, but with a lower viral yield,
while a non-typical autophagic pattern appeared in infected IMMoDCs, with a

rather higher viral load, suggesting different anti-viral responses from these
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two types of cells.

5.1.5 Other factors involved in the lower-level replication of DENV2 in

IMDCs

5.1.5.1 Host genetic polymorphism

Variation of promoter sequences in DC-SIGN was found to be strongly
associated with the severity of dengue infection (Sakuntabhai et al., 2005). A
similar observation was obtained in a study of HIV infection (Liu et al,
2004a). Besides genes of DENV receptors, cytokine gene polymorphisms
also contribute to the development of DENV-related diseases. As reported by
Perez et al, the TNF-a (-308) A allele together with the IL-10 (-1082/-819/-
592) ACC/ATA haplotype were correlated with DHF, while TNF-a (-308) GG
and TGF-p1 (c25) GG genotypes prevented the development of the disease
(Perez et al., 2010). Variations also appear in IFI27 and IFITM1 coding
regions, especially abundant in cancer cells (Parker and Porter, 2004;
Siegrist et al., 2011; Smidt et al., 2003). These host genetic polymorphisms

may lead to different DENV2 replication levels in IMDCs and IMMoDCs.

5.1.5.2 DENV serotypes and DENV strains

The low replication level of DENV2 in IMDCs in the current study may also

be due to the choices of DENV serotypes and strains.
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Entry of DENV into host cells is serotype-specific (Thepparit and Smith,
2004). Furthermore, different DENV serotypes have varying affinities in
different cell lines (Barr et al., 2012). According to immunostaining and PCR
detection, DENV1 and DENV4 were found to infect a wider range of cells,
while DENV2 showed a quite narrow infectivity range (Barr et al., 2012). As a
result, only if the replication levels of DENV1, DENV3, and DENV4 in IMDCs

are investigated, can the permissiveness of IMDC to DENV be concluded.

The maijority of in-vitro investigations, including this study, have used high-
passaged laboratory-adapted standard DENV strains, in that these strains
are able to induce susceptibility in a broad range of cells, growing to high
titres and showing more plaques during titration. Results generated with
high-passage DENV strains may differ from those with low-passage clinical
isolation strains (Bente and Rico-Hesse, 2006). Therefore, clinically-isolated
DENV strains need to be included in the investigation of permissiveness of

IMDCs to DENV.

5.1.6 Factors that lead to different antiviral responses in transfected

cells and infected cells

In this study, it was noticed that the DENV2 subgenomic replicon could not
completely reproduce the reactions that native DENV2 triggered in IMDCs
and IMMoDCs. Because the DENV2 replicon was purified as single-stranded

positive-sense RNA containing no structural protein coding regions, it was
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delivered into the host cells artificially. There were no viral binding or
internalisation processes, not to mention the virion assembly and budding,
which could trigger cellular activation and antiviral defences. In addition, the
process that delivers the replicon into cells via liposome-based reagents may

also trigger cellular responses.

It was believed that efficient innate immune reactions came from pathogen
recognition via PRRs on DCs (Geijtenbeek and Gringhuis, 2009). Meanwhile,
DC-SIGN and MR belong to the C-type lectin receptors as subfamily of PRRs
(Geijtenbeek and Gringhuis, 2009). Upon viral binding onto DC-SIGN, the
serine/threonine protein kinase RAF1 will be stimulated, which induces the
phosphorylation of the nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-xB), and thereby activates downstream immune responses (den
Dunnen et al., 2009; Geijtenbeek and Gringhuis, 2009). In contrast, although
MR lacks the cytoplasmic signalling motifs, specific antibodies binding to MR
activated a series of signal transduction events (Taylor et al., 2005). As
observed in HIV-infected plasmacytoid DCs, not only the interaction between
the viral envelope glycoprotein and the CD4 receptor, but also the
endocytosis process was responsible for the plasmacytoid DC activation
(Beignon et al., 2005). Therefore, leaving DC-SIGN and MR untouched
during transfection in this study might have caused an incomplete antiviral

response.
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Besides viral binding and endocytosis, there was no viral budding or release
in the replicon system. Some signal transduction pathways that related to
these two processes, such as heterotrimeric guanine nucleotide-binding
regulatory proteins and casein kinase pathways (Hui and Nayak, 2002), were
probably absent or poorly activated. Therefore, the global gene expression
profiles resulted from the replicon system and the native virus are important,
as they provide a direction regarding the signalling transductions that relate

to DENV attachment/internalisation and assembly/budding.

5.2 Investigation of entry mechanism of DENV2 on immature DCs

5.2.1 The interaction of DC-SIGN and MR during DENV2 infection

Attaching to the cell surface is the first step of viral infection. The attachment
molecules varied from virus to virus, and from cells to cells. Some of these
molecules play a role as attachment factors, concentrating virions on the cell
surfaces. On the other hand, other molecules serve as real receptors to bind
to the virions and lead into endocytic pathways, with antiviral signals being
transmitted to the cytoplasm (Smith and Helenius, 2004). As observed in
HIV-1 infection, the initial contacts between HIV-1 virions and attachment
factors such as DC-SIGN and MR do not trigger conformational changes of
the glycoprotein. Once the glycoprotein 120 subunit of the virus envelope
protein attaches to the outermost immunoglobulin G domain of CD4, the
virion experiences conformational changes, making it possible to bind to co-

receptors such as CXCR4 or CCR5. The associations between gp120 and
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co-receptors thus activate the fusion-competent conformation of HIV1 (Smith

and Helenius, 2004).

As reviewed in section 1.1.4.1.2 and section 1.1.4.1.3, DC-SIGN and MR
have been shown to be involved in DENV entry. As PRRs, these two
receptors belong to transmembrane CLRs (Figure 5-1). Both MR and DC-
SIGN were shown to be critical factors for DENV entry. DC-SIGN facilitates
the attachment of DENV particles on the target cell surface; the viral particles
will then be internalised by MR-mediated endocytosis (Lozach et al., 2005;
Miller et al., 2008). In this study, it was found that less than half of the
induced DCs were susceptible to native DENV2 infection and increasing viral
dosage to MOI=10 failed to increase the infection rates significantly (data not
shown). This concurred with the finding that about half of the induced IMDC
and induced IMMoDC populations were MR*DC-SIGN*. On some of the DC-
SIGN*MR" IMMoDCs or DC-SIGN*MR" IMDCs, the expression site of DC-
SIGN and MR appeared to be overlapped (Figure 4-17, Figure 4-18), which
could be caused by two reasons: the co-capping effect, and the functional-

related association.

Co-capping is a phenomenon that when cell surface receptors are cross-
linked by antibodies or multivalent ligands, they form aggregated patches,
which then assembly as a cap on the cell surface. This process can generate

signals to initiate the activation of the cell (Graziadei et al., 1990). In this
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study, antibodies staining and DENV2 binding might have caused the co-
capping-like phenomenon on IMMoDCs and IMDCs (Figure 4-17, Figure 4-
18). It was realised that anti-DC-SIGN antibody binding prior to MR staining
changed the distribution pattern of MR from clusters to evenly distributed on
the IMDC surface (Figure 4-17). This observation agreed with the hypothesis
that during DENV2 infection, the virion first bound to DC-SIGN, which served
as an attachment factor (Clyde et al., 2006). The interaction between DC-
SIGN and the DENV2 virion subsequently triggered the relocation of MR,
because MR was recruited to the DENV2 invading sites to fulfil its function of
virus internalisation of the virions (Miller et al., 2008). Although more
evidences are needed, it is suggested that DC-SIGN may somehow
influence the activity of MR on IMDCs. Due to the limitation of the resources,
the co-capping assay was not performed on IMMoDCs in this study;

however, this should be included in the future work.
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Figure 5-1 The system of DC-SIGN and MR in the human body.

Both DC-SIGN and MR belong to the CLRs subfamily, which represent one
subgroup of PRRs. MR has three other family members from the mannose
receptor family that are not shown in this graph, including CD205,
phospholipases A2 (PLA2), and 180 kDa endocytic receptor (Endo180) (East
and Isacke, 2002). DC-SIGN also has three members that belong to the
asialoglycoprotein receptor family: Langerin, CLEC10A, and CLEC5A

(Geijtenbeek and Gringhuis, 2009).
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Results of the receptor-blocking assay in this study (Figure 4-22) agreed with
previous findings by Alen et al. (2011), who showed that blocking DC-SIGN
and MR with specific antibodies at the same time inhibited DENV2
attachment more efficiently than just blocking either one of them. Although
the antibodies used in this assay were different clones (anti-DC-SIGN, clone
DC28; anti-MR, clone 15-2) from those used in the study by Alen et al. (anti-
DC-SIGN, clone 120612; anti-MR, clone 19.2), similar results were obtained.
Thus, the inhibition of DENV2 entry was likely due to the specific receptor-

blockage on DC-SIGN and MR, rather than non-specific effects of antibodies.

For anti-DC-SIGN antibodies, both clone DC28 and clone 120612 were
capable of cross-reacting with liver/lymph node-specific ICAM-3 grabbing
non-integrin (L-SIGN), which shares 77% aa identity with DC-SIGN and
especially shares 84% aa homology of the CRD with DC-SIGN (Table 5-1).
While the tandem-neck-repeat region of DC-SIGN keeps a constant size that
is rather conserved, the same area of L-SIGN has significant polymorphism,
which may cause the varied ligand-binding affinity of L-SIGN (Khoo et al.,
2008). Clone DC28 and clone 120612 inhibited DENV infections in MoDCs
more efficiently than other monoclonal antibodies of DC-SIGN did (Miller et
al., 2008; Tassaneetrithep et al., 2003). On the other hand, the different
blocking efficiency could be due to the difference in antibody affinities.
Regardless, the role that L-SIGN plays in DENV2-DC interactions is worth

investigating in depth.
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As noticed in this study, MR mRNA expression was significantly up-regulated
in infected IMMoDCs, while DC-SIGN gene expression was decreased
seven-fold upon infection in IMMoDCs (Figure 4-6). Although mRNA amount
might not reflect the protein level in cells, it still suggested that there could be

some interactions between DC-SIGN and MR upon DENYV infection.

As introduced in section 1.1.4.1.1, there are other receptors/attach molecules
of DENV on host cells, including the highly sulfated form of the
glycosaminoglycan heparan sulphate. Considering the fact that heparan
sulphate is expressed on nearly all cell types, while molecules like DC-SIGN
and MR only exist on APCs, it agrees with the perspective that cell-free virion
used a different strategy to invade initiate target cells compared to that used

by cell-spread virions to entry subsequent host cells.

To conclude, it was probable that these two receptors interacted with each

other during DENV2 infection.

5.2.2 DENV2 uses clathrin-dependent endocytosis for entry into

immature DCs

DENV uses clathrin-coated pit-mediated endocytosis to enter permissive
cells (Acosta et al., 2008; van der Schaar et al., 2008). Visualising DENV2

particles and a group of endocytic markers at the same time revealed that
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DENV?2 virions directly associated to clathrin at less than two minutes post-
attachment to the cell surface of African green monkey kidney cells (van der
Schaar et al, 2008). Additionally, inhibitors of clathrin-dependent
endocytosis, such as CPZ, dramatically inhibited DENV viral protein
expression and DENV production in mosquito cells (C6/36) and mammalian
cells (HeLa) (Acosta et al., 2008; van der Schaar et al., 2008). Mutation of
molecules that are essential for clathrin-dependent endocytosis also impaired
DENV infection (Acosta et al., 2008; Suksanpaisan et al., 2009). Silencing
the genes for clathrin heavy polypeptide (CLTC), which is required in forming
clathrin-coated pits, and Dynamin 2 (DNM2), which is needed for releasing
the endocytic vesicles from the plasma membrane, can efficiently reduce
DENV2 entry to HepG2 cells and human monocytes (Alhoot et al., 2011,

2012).

However, considering the fact that DENV entry mechanism to mammalian
cells is cell-type dependent (Acosta et al., 2009), the choice of cell models in
these studies generated concern around whether the same mechanism was
applied to DENV initiate target cells, such as DC and M¢. Therefore, the CPZ
inhibition assay was conducted in this study in order to answer this question.
Finally, DENV2 was proven to enter IMDCs and IMMoDCs via clathrin-
dependent endocytosis, because the endocytosis inhibitor CPZ significantly

inhibited viral entry in a dose-dependent manner (Figure 4-21).
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Endocytosis entry has many advantages for invading viruses. Virions can be
transmitted through the barrier of the cytoskeleton and the well-structured
cytoplasm. Viruses thus can enter into endosomal structures directly, and be
exposed to compartmental environments that differ from the extracellular
environment. The mild acidic environment of the endosome is more suitable
for viruses to penetrate and un-coat. One disadvantage of endocytosis for
viruses is that viruses could be delivered into lysosome. For this reason,
viruses will adjust the threshold pH to one that is more suitable for early
endosomes (pH 6-6.5) or for late endosomes (pH 5-6) (Smith and Helenius,

2004).

Meanwhile, other strategies are also employed by DENV to enter target cells.
The inhibition of clathrin-mediated endocytosis via negative mutants of
essential molecules leads to incomplete reduction of DENV1 entry to HepG2
cells. Adding an inhibitor of macropinocytosis can block the remaining
DENV1 entry, indicating an alternative pathway for DENV invasion
(Suksanpaisan et al., 2009). More interestingly, DENV2, although it was
demonstrated to enter into the human lung carcinoma cell A549 via clathrin-
dependent endocytosis, was proven to invade Vero cells via dynamin-
dependent endocytosis (Acosta et al., 2009). It is suggested that the route of

DENYV entry is diverse and dependent on the virus serotypes and cell types.
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To understand DENV entry mechanisms will not only enable exploration of
the knowledge of viral pathogenesis, but will also provide novel strategies
and targets for antiviral agent development. The inhibition of DENV entry

represents a hurdle, which prevents viral infection at the initiate stages.

5.2.3 The involvement of ITIH2 in DENV2 entry

According to the previous findings by other investigators and the
observations in this study, it was believed that there were other molecules
involved in DENV2 entry to immature DCs besides DC-SIGN and MR. Hence,
a Co-IP assay was designed to explore the extra attachment molecules of
DENV2 (Figure 4-23). After mixing the native DENV2 with the
transmembrane protein mix of IMDCs or IMMoDCs, the virion-attachment
factor complex was pulled down by sepharose beads-linked anti-DENV-E
antibodies. It was clearly shown in the silver-stained polyacrylamide gel that
extra bands were generated from the experimental group compared to
negative controls. Within these extra bands, the strongest bands that
appeared around 120 kDa were subsequently identified to be ITIH2 by
MS/MS. This was the first time that ITIH2 had been found to interact with
virus particles directly. The remaining sections will discuss the background of

ITIH2 and the interaction between this molecule and DENV2.
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5.2.4 Sources of ITIH2

ITIH2, with molecular weight of 106 kDa and theoretical P1=6.40, belongs to
the family of inter-a-trypsin inhibitor proteins (ITl). Proteins of this family are
named by their serine protease inhibition abilities (Bost et al., 1998; de
Souza et al., 2006). ITI proteins are mainly detected in body fluids, such as
serum (de Souza et al., 2006), lymph fluid (Gronborg et al., 2004), and
plasma (Schenk et al., 2008). Additionally, ITI proteins or mRNA are
expressed by several human tissues, for example lung (Plymoth et al., 2006),

liver (Salier et al., 1987), and kidney (Mizushima et al., 1998).

In addition to the a1-microglobulin (aw1m)/bikunin precursor gene (AMBP),
four genes, namely H1, H2, H3 and H4, are involved in the synthesis of ITI
proteins. H1, H2, and H3 encode the precursor of polypeptides, while H4
encodes ITIH4 directly (Heron et al., 1995). It has been shown that the
maturation of ITIH2 from its precursor requires the existence of bikunin. The
maturation process takes place together with the formation of the protein-
glycosaminoglycan-protein (PGP) cross-link between ITIH2 and bikunin

(Martin-Vandelet et al., 1999).

ITI heavy chains are believed to be secretory proteins, because there are no
predicted transmembrane segments in the sequence (Anderson et al., 2004).
Interestingly, in this study, ITIH2 was found in the insoluble fraction during

transmembrane protein extraction, instead of staying with other cytoplasmic
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proteins in the soluble fraction. One possible reason could be that the
transmembrane solubilisation agents used in this process were able to
extract not only the integral membrane proteins but also the peripherally-
integrated proteins. ITIH2, which could firmly associate with the extracellular
matrix (ECM), was integrated into the cytoplasm membrane, exteriorly
detected by a flow cytometer on the cell surfaces (Figure 4-24), and

subsequently extracted with other transmembrane proteins.

The results of this study showed that gene expression of bikunin, but not that
of ITIH2, was detectable in IMDC and IMMoDC. The source of the ITIH2
detected in this study was an issue. The occurrences of ITIH2 on IMDCs and
IMMoDCs were weakly detected on the cytoplasmic membranes in this study
(Figure 4-24). However, human ITIH2 is high-degree similar to bovine ITIH2
(Chang et al., 2012). Whether the ITIH2 detected in this study came from
cultivated human DCs or bovine serum in the culture medium was uncertain.
Culturing cells in serum-free medium may help to identify the origin of ITIH2.
Nevertheless, in this study, MUTZ-3 cells cannot survive without a high
percentage of serum in the medium. Additionally, monocytes had interacted
with autologous plasma before being isolated from buffy coat. Therefore,
determination of the origin of ITIH2, which is not feasible in this study,

deserves further investigation.
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5.2.5 Structure of ITIH2

In order to discuss the possible mechanism by which ITIH2 attaches to

DENV2 virions, the structure of ITIH2 is briefly introduced in this section.

The major active form of the ITI protein complex consists of two heavy chains
(ITIH1 and ITIH2) and the light chain: bikunin. These three polypeptide
chains are covalently linked by a glycosaminoglycan chain (Flahaut et al.,

1998).

ITIH2, containing 648 aa residues, is similar to ITIH1 in amino acid
sequence, with 40% identity (Diarra-Mehrpour et al., 1992). In the N-terminal
region of the protein, ITIH2 carries only one complex-type N-glycan attached
to Asn64. ITIH2 also contains two strong glycosylation sites, Asn42-Asn-Ser
and Asn391-lle-Ser. In the C-terminal, there are three or four O-linked
carbohydrate chains that consist of the type-1 core structure with one or two
N-acetylneuraminic acid (NeuAc) moieties on ITIH2 (Figure 5-2) (Flahaut et

al., 1998).

The glycosylation pattern of ITIH2 (single N-glycan plus a cluster of O-
glycans) is distinguished from that of other heavy chain members (only two
N-glycans) (Flahaut et al., 1998). The unique cluster of O-glycans plays a

critical role in ITIH2 functions (Figure 5-2). The ITIH2 O-glycan, which carries
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the necessary signal for the specific recognition of the partner-proteins
(ITIH1, for instance), influences the metabolism of the ITI complex (Flahaut

et al., 1998).

There is a von Willebrand factor type A domain (VWFA) (Pfam code:
PF00092) in each ITIH2 molecule. The von Willebrand factor (VWF) is known
as a large glycoprotein observed in plasma. The type A domain is the
prototype for a protein superfamily. Proteins with VWFA domains are
involved in diverse biological activities, interacting with numerous ligands

(Luo et al., 2012).

5.2.6 Biological activities of ITIH2

As a complex, the major biological function of ITIl is protease inhibition.
However, it is bikunin that takes responsibility for the protease inhibition
ability of ITI complex. Bikunin can inhibit a wide range of important
proteases, including trypsin, plasmin, etc. (Zhuo and Kimata, 2008). Although
having been taken seen as the precursor for protease inhibitor bikunin for a
long time, the most important function of ITI heavy chains was later found to
be as serum-derived hyaluronan (HA)-associated proteins (SHAPs) (Huang

et al., 1993).
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HA is a polysaccharide that exists in the ECM of epithelial tissues and neural
tissues; it is crucial for cell migration, differentiation, and proliferation. As a
consequence, HA participates in tissue injury, tissue repair, and wound
healing (Jiang et al., 2011). The ITIH proteins (SHAPs) are firmly and
covalently linked to HA. ASP at the C-terminal of ITI heavy chains is
esterified to the C6-hydroxyl group of an internal N-acetylglucosamine of the
HA chain (Zhao et al., 1995). During this process, ITl heavy chains are
efficiently transferred to HA oligosaccharides with eight or more
monosaccharides. This transfer reaction is mediated by an inflammation-
associated protein known as TSG-6 (Mukhopadhyay et al., 2004). TSG-6 is
released after the transfer of ITI heavy chains towards HA and is then
recycled. The whole transport procedure requires Mg®* or Mn?*, and can be
negatively controlled by Co?* (Rugg et al., 2005). As observed in this study,
the mRNA level of TSG-6 was increased significantly in DENV2-infected
IMMoDCs (Figure 4-26), indicating that more TSG-6 activity was required by
the infected IMMoDCs. TSG-6 can be induced by TNF-a (Wisniewski and
Vilcek, 1997), which is produced by DENV-infected DCs (Dejnirattisai et al.,
2008). Therefore, it is possible that DENV infection induced TSG-6
expression in DCs indirectly via TNF-a in order to recruit the participation of

the SHAP-HA complex during DENV infection.

Several organs, such as the liver and kidney, are responsible for HA and ITlI
protein metabolism. Consequently, damage to these organs causes an

imbalance between the synthesis and clearance of these molecules, leading
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to altered levels of circulating HA and ITI proteins (Jiang et al., 2011). In
DENYV infection, serum HA level of dengue-infected patients was significantly
higher not only than that in healthy controls, but also than that in hepatitis A
virus (HAV)-infected patients. This phenomenon might be due to the fact that
DENV attacks liver endothelial cells while HAV causes hepatocyte damage
via a direct cytopathic effect (Honsawek et al., 2007). Additionally, during
severe DENV diseases, such as DSS, the plasma level of the ITI complex
was notably decreased (Koraka et al., 2010). This observation may be as a
result of the interaction between the ITI complex and complement activation,
and the interaction between the ITI complex and HA. Additionally, the
decreased ITI level also indicates liver injury during DENV infection, because
the liver is the major synthesis and assembly location of ITI proteins (Koraka

et al., 2010).

Besides attaching to HA, another important function of the ITI complex is to
inhibit complement activation in-vitro and in-vivo. Both the ITI light chain and
ITI heavy chains are required to accomplish this activity. On one hand,
VWEFA on the ITl heavy chains can bind to integrin-like sites on complement
factors C1, C2, and C4. ITI heavy chains interact with the formation of C1
complex and C3-convertase, thus inhibiting the early stage of the classical
complement activate pathway. On the other hand, the ITI light chain can
inhibit furin, which can cleave complement. Subsequently, the light chain and
heavy chains of the ITI protein work together to impair complement activation

(Garantziotis et al., 2007; Okroj et al., 2012). This also explains why ITlI
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heavy chains are involved in the development of diseases during DENV

infection.

5.2.7 Possible mechanism for ITIH2 binding to DENV2

Although ITIH2 was pulled down by the DENV2 virion from transmembrane
protein mixtures in this study (Figure 4-22), there are no published data to
prove that ITIH2 bind to any virus. Furthermore, according to the Database of
Protein Domain Interactions (DOMINE) (Yellaboina et al., 2011), there was
no association between the VWFA domain and DENV E protein/DENV C
protein. Instead, the VWFA domain can interact with C-type lectin domain
(Pfam code: PF00059), which is contained by DC-SIGN (Yellaboina et al.,

2011).

In the blocking assay of this study, blocking ITIH2 together with blockage of
DC-SIGN and MR inhibited DENV2 binding to IMDC and IMMoDC more
efficiently than blocking DC-SIGN and MR only (Figure 4-24). It is further
indicated that the DENV2 entry mechanism was multistep and required
multiple molecules. Moreover, DC-SIGN played a more critical role in
associating with ITIH2 on IMMoDCs compared to MR. In contrast, it was
interesting to observe that anti-ITIH2 together with anti-DC-SIGN significantly
increased DENV2 attachment to IMDCs instead of blocking it. Thus, it is
tempting to hypothesise that the antibodies might trigger the interaction

between ITIH2 and DC-SIGN, which assisted DENV2 attachment to IMDCs.
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Figure 5-2 Glycosylation structure of human ITI molecule.

This figure was modified from (Flahaut et al., 1998). The human ITI molecule
consists of one light chain (147 aa) and two heavy chains (ITIH1, 644 aa;
ITIH2, 648 aa) covalently linked by a chondroitin sulphate chain. It is ester
bonds between the C-terminal Asp residues of ITIH1 and ITIH2 that linked
these two heavy chains to the chondroitin sulphate. The glycosylation pattern
of ITIH2 is different from that of ITIH1. ITIH2 has one N-glycan and an O-
glycan cluster. (Y): N-glycan carrying either zero, one or two N-
acetylneuraminic acid (NeuAc) residue(s) at the non-reducing terminal
position. (@): O-linked glycan: NeuAc-Gal-GalNAc. (¥): the only site partially

O-glycosylated. ([]), the SS bridges of heavy chains.
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On the other hand, PCR is a very sensitive detection method; a little
difference in the initiate template will be amplified exponentially by the chain
reaction. As a result, the increased viral replication signal after ITIH2 and
DC-SIGN double-blocking could be a false-positive. Therefore, the plaque
assay, which is necessary for determining the virus binding efficiency, will be

included in the future work.

As demonstrated by the ITIH2 blocking assay and Co-IP assay (Figure 4-22,
Figure 4-24), ITIH2 interacted with DENV2 virions during viral attachment,
even though the spring of the ITIH2 and the reaction mechanism could not

be determined yet.

Additionally, because it was suspected that ITIH2 was involved in DENV2
entry in collaboration with DC-SIGN and MR, the binding affinities of these
molecules to DENV2 particles was worth measuring. SPR was used to
achieve this goal (Takemoto et al., 1996). It was believed that molecules with
lower binding affinity probably serve as attachment factors, while those with

higher binding affinity take responsibility for virus entry (Liu et al., 2004b).

According to our investigation, acidic pH condition was more suitable for the
binding reaction between MR and DENV2. This observation agreed with the
fact that membrane fusion during DENV internalisation and MR-dependent

endocytosis were under acidic conditions (Gazi and Martinez-Pomares, 2009;
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van der Schaar et al., 2008). This also explained why the Co-IP assay, which
was under neutral condition, failed to precipitate MR from the
transmembrane protein mixture by DENV2 virions. Unexpectedly, human ITI
protein had higher affinity to DENV2 than recombinant human MR did.
Furthermore, ITI protein attached to DENV2 virions much stonger under
neutral pH condition. It could be supposed that DENV2 virions attach to the
heavy chain of ITI protein (with neutral pH) prior to bind to MR (with acidic

pH), followed by the MR-dependent endocytosis of DENV2.

The differences of the virus-receptor binding affinities correlate with the viral
tropism and disease kinetics (Smelt et al., 2001). Therefore, in order to have
a deep insight of the interaction between DENV2 and the
receptors/attachment molecules, the binding affinities between these
molecules and DENV should be examined with different serotypes and

strains of DENV.

In the current study, the investigation of the binding affinity between DC-
SIGN and DENV2 was hampered by the lack of high quality human

recombinant DC-SIGN. This is going to be included in the future work.

Besides, as discussed in section 5.2.6, the biological functions of ITIH2 were

usually involved HA. Therefore, it is necessary to include HA and ITIH-HA
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complex in the SPR assay, to study their binding affinities and binding

conditions when interacting with DENV2 virions.

5.3 Conclusion

In this study, a novel in-vitro DC model for studying DENV2 infection was
established using MUTZ-3 cell-derived immature DCs. After cytokine
stimulation, MUTZ-3 cells generated typical DC-like morphology and a similar
phenotype to IMMoDCs. Then, the investigation of DENV2-DC interaction
was conducted with two major scopes: the antiviral mechanism and the viral

entry mechanism.

As expected, DENV2 was able to attach to, enter into, and replicate in
IMDCs as in IMMoDCs. Although alternative morphology of the virions in
IMDCs were observed under electron microscope and the replication level of
DENV2 in IMDC was lower than that in IMMoDCs, the production of
infectious DENV2 virions was demonstrated by a series of experiments,
indicating that IMDCs were permissive overall to DENV2 infection. To our
knowledge, this study was the first report demonstrating that IMDCs were

permissive to DENV2 replication and production.

What was unexpected was that the type | IFN-related antiviral pathway was

somehow spontaneously activated in naive IMDCs, while it was up-regulated
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upon DENV?2 infection in IMMoDCs. This observation suggested a correlation
between the suppression of DENV2 and the spontaneously activated type |
IFN-related antiviral pathway in IMDCs. It meant that this IMDC model was

suitable for studying the antiviral responses towards DENV2.

DENV2 used clathrin-dependent endocytosis to enter immature DCs. This
entry activity involved DC-SIGN and MR, which were not only co-expressed
by immature DCs on the cell surface, but also functionally related, as
demonstrated in this study. Although both of these receptors were critical for
DENV2 entry, double-blocking these two receptors failed to inhibit DENV2
infection one hundred percent. As a result, extra attachment factors were
indicated and the Co-IP assay was applied for exploring these additional
attachment factors of DENV2. This resulted in the key findings that a novel
attachment factor candidate ITIH2 bound to DENV2 and might participate in
the viral entry process. Nevertheless, the discovery of this molecule
generated several issues and concerns. The origin of ITIH2 had not been
decided in this study. Furthermore, the binding mechanism between ITIH2

and DENV2 still remained unclear.

This was the first time that ITIH2 was found to interact with DENV virions.
Since ITIH2 was not a transmembrane protein, it might possibly serve as an
attachment factor rather than a receptor during DENV2 entry to DCs. Thus, it

was hypothesised that DENV2 first attaches to ITIH2 under neutral pH
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condition with a high affinity; thereafter, these attachments triggered the
involvement of MR, which then accomplished the endocytosis of the viral

particles with mild acidic environment.

The key findings of this study indicated that the IMDC model might be less
competent for studying DENV replication or for the screening of anti-DENV
drugs compared to IMMoDCs. Nonetheless, the IMMoDCs used here were
an induced-DC model, as well, representing IL-4-DC (see section 1.4.2.3).
IMMoDCs may not absolutely represent in-vivo DCs. Thus, although the
performances of IMDCs were not consistent with those of IMMoDCs at every
studied aspect, it was still a valuable tool that could be further applied to

investigate the viral suppression mechanisms and entry mechanisms.

Hopefully, IMDC can also provide some hints to the interaction between
leukaemia and DENV infection, as this interaction has just begun to draw
attention in clinical studies. However, as discussed, the culture condition
might influence the performance of MUTZ-3. Therefore, caution is highly

required when using MUTZ-3-derived DCs.

5.4 Future work

5.4.1 Anti-DENV effect of IFIT genes in immature DCs

Genes of the IFIT family, including IFIT1, IFIT2, and IFIT3, were continuously
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expressed in naive IMDCs, in which DENV2 replication was suppressed.
Additionally, DENV2 infection triggered the expression of IFIT members in
IMMoDCs at both the mRNA and protein level. It was suspected that IFIT
genes might contribute to the low replication level of DENV2 in IMDCs.
However, as discussed in section 5.1.3, the anti-viral mechanism of IFIT
genes involves recognising 2' O-methylation-lacking mRNA, which is not
observed in DENV2. Thus, if IFIT proteins take responsibility for the
suppressed DENV replication in IMDCs, an alternative mechanism may be

involved.

It has been known that IFIT proteins can interact with host proteins to either
inhibit viral translation or induce apoptosis. Whether these anti-viral
mechanisms are applicable to DENV infection in immature DCs is worth

investigating.

For this purpose, first, over-expression of IFIT proteins in IMMoDCs is
needed, as well as the knocking-down of these proteins in IMDCs. DENV2
replication in these IFIT over-expressed or knocked-down immature DCs will
be observed. The binding reaction between IFIT complex and DENV2 RNA
also needs to be determined. The electrophoretic mobility shift assay (EMSA)
can be applied to study the viral RNA-host protein interactions. This
technique is based on the principle that the shift speed of RNA-protein

complexes is slower than that of free linear RNA fragments in polyacrylamide
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or agarose gel electrophoresis (Shcherbakov and Piendl, 2007). If the IFIT
complex is proven to bind to DENV2 RNA, the recognition mechanism of IFIT
proteins needs to be further studied. On the other hand, if there is no binding
reaction between IFIT proteins and DENV2 RNA, IFIT probably utilises other
strategies to fulfil its anti-DENV function, for instance interacting with viral
proteins or host proteins. Yeast two-hybrid screen of the cDNA libraries from
immature DCs and DENV?2 is helpful to explore the possible protein-protein
interactions. Hopefully, the possible associations between IFIT complex and
DENV/DCs proteins may explain why the low permissiveness for DENV2 in

IMDCs is ascribed to the activation of IFIT proteins in naive IMDCs.

5.4.2 DENV2 infection induced autophagy in DCs

Selective autophagy, as mentioned in a previous section, may also be
involved in the suppressed DENV replication level in IMDCs. Initially, it is
needed to detect the progress of autophagy in infected IMDCs and infected
IMMoDCs. Besides LC3 conversion at different time-points, other autophagy
indicators such as p62 should be included in the detection. Once the
autophagy has been proven to be present in infected IMDCs, the next step is
to find out that at which step of DENV life-cycle the autophagy is activated.
Adding autophagy inhibitor 3-Methyladenine or autophagy inducer rapamycin

at different time points during DENV2 infection may help to elucidate this.

Besides biochemical methods, confocal microscopy is helpful for detecting
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the dynamic aspects of autophagy. Moreover, EM technology is still
indispensable for analysing the ultrastructure of the autophagosome, which is

induced by DENV infection (Eskelinen et al., 2011).

Host lipid droplets were previously proven to play critical roles in DENV
assembly and release (Samsa et al., 2009). Furthermore, it was recently
discovered that DENV degraded host lipid droplets by inducing autophagy
(Heaton and Randall, 2010). Thus, it is very interesting to determine whether
host lipid droplets are involved in DENV-induced autophagy in immature

DCs.

Additionally, because DENV NS4a was report to induce autophagy and
NS4a of West Nile virus (WNV) was found to stimulate unfolded protein
response (UPR), which is stimulated by accumulation of unfolded/misfolded
proteins in the ER lumen, it is questionable whether UPR indirectly

participates in DENV replication control in host cells via autophagy.

5.4.3 The role of ITIH2 during DENV2 entry into DCs

The mechanism of ITIH2 and DENV2 association needs to be investigated in
depth. Although the available protein-protein interaction database cannot
provide information regarding the ITIH2-DENV interaction, the binding

mechanism can be studied via computational modelling using softwares such
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as F2dock, which is a rigid-body protein-protein docking software (Bajaj et al.,
2011). The in-silico approach has been used in investigating the DENV and
DC-SIGN interaction, indicating specific binding sites that can be used for the
design of anti-DENV agents (Shah et al., 2013). Having figured out the
reaction sites between ITIH2 and DENV, it is necessary to examine whether
mutations of the putative reaction sites on either DENV E protein or ITIH2
can restrain the viral entry. As observed in the current study, the ITIH2
domain had the potential to interact with the domain from DC-SIGN, in
addition to double-blocking ITIH2 and DC-SIGN at the same time, which
increased viral binding to IMDCs. Consequently, the association between
ITIH2 and DC-SIGN during DENV2 entry is believed to be important. The
affinities of DC-SIGN and ITIl protein binding to DENV virions should be

investigated and compared.

HA is known to tightly associate with ITIH2 and relate to DENV diseases
development, as a result, knowledge of the activity of HA during DENV
infection, especially during viral entry to immature DCs, is valuable. It is
believed that the novel-binding molecule found in this study can possibly

shed light on the new treatment strategy.

ITIH2 may recruit TSG-6 and HA during its interaction with DENV. Therefore,
the other two molecules need further investigation as well. The protein

expression level of TSG-6 and HA concentration in IMDCs and IMMoDCs,
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both before and after DENV infection, need to be determined. Because ITIH2
is a secreted protein, the concentration-change of ITIH2 in the culture

medium of infected IMDCs/IMMoDCs is also necessary to be measured.

5.4.4 Further application of the IMDC model

5.4.4.1 DC-T cell interaction during DENV infection

MDCs have been shown to be capable of priming functional T cells (Chang
et al., 2005; Santegoets et al., 2008a; Santegoets et al., 2006). Moreover, as
reviewed in sections 1.1.5.3 and 1.4.3.2, after infected DCs present the
DENV antigen to T cells, activated T cells are competent to lyse infected

cells.

MoDCs have been applied for studying DC-T cell interactions during DENV
infection (Dejnirattisai et al., 2008; Palmer et al., 2005). Compared to DCs
that were generated from other leukaemia cell lines, such as THP-1 and
K562, MDCs resembled MoDCs better in terms of T cell activation (Larsson
et al., 2006; van Helden et al., 2008). Hence, it is essential to evaluate how
DENV-infected IMDCs react with co-cultured T cells, for a better
understanding of this DC model and the interaction between DENV infection

and leukaemia.
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Appendix |

Formulae of buffers and reagents

Buffers and reagents for Transmission electron microscopy

0.2 M phosphate buffer

A. NaH,PQO4.H,O 27649
ddH.0 1000 ml

B. Na;HPO4.2H,0 35.6 9
ddH20 1000 ml

23 ml A + 77 ml B, adjust pH to 7.3 (as 0.2 M phosphate buffer) then add

100 ml ddH.0O

0.1 M phosphate buffer

Add 100 ml ddH,0 to 100 ml 0.2 M phosphate buffer (see above)

0.4% lead citrate solution

Lead citrate 0.2¢g
ddH,0 50 mi
10 N NaOH 0.5 ml
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Adjust pH to 12, filtered

0.5-2% uranyl acetate

Saturated uranyl acetate in 50% absolute ethanol

50% Ethanol

1% Osmium tetroxide (OsO,) solution

2% OSO4 in ddeO

0.2M phosphate buffer

1% toluidine blue O solution

1% toluidine blue O

borax ( NazB407'1 OHQO)

1.1% Methyl cellulose-medium

Methyl cellulose
double distilled (dd) H,O
Autoclaved

BHK culture medium
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100 ml

100 ml

100 ml

100 ml

1 ml

20 ml

1149

500 ml

500 ml



4% glutaraldehyde solution

50% glutaraldehyde
0.2 M phosphate buffer

ddH.0

Spurr's resin

Vinylcyclohexene dioxide
Diglycidyl ether of Polypropyleneglycol
Nonenyl succinic anhydride

Dimethy aminoethanol

Buffers and reagents for Western blot

5% SDS-PAGE Stacking gel

30% acrylamide /0.8% bis-acrylamide
4x Stacking gel buffer (pH 6.8)

25% APS

TEMED

MilliQ water

10% SDS-PAGE Separating gel
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20 ml
125 ml

105 ml

69
2649

049

666 pl
1000 pl

40ul

2290 i



30% acrylamide /0.8% bis-acrylamide 2333 ul
4x Separating gel buffer (pH 8.8) 1750 pl
25% APS 70 pl
N, N, N', N'-tetramethylethylenediamine (TEMED) 7 ul

MilliQ water 2840 pl

25% Ammonium persulfate (APS)

APS 259
ddH.,0 10 ml

Store at -20°C in 1 ml aliquot

30% acrylamide /0.8% bis-acrylamide solution (37.5:1)

acrylamide 6049
bis-acrylamide 1649
ddH,0 200 ml

Store at 4°C, avoid from light

4x Separating gel buffer (4x Tris-HCI/SDS, pH 8.8)

Tris 36.34 g
10% SDS 8 ml
ddH,0 200 ml
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6 x Adjustthe pH to 8.8 with 1 M HCI

Sam  giore at 4°C
ple

loadi

ng

buffer

10%SDS

Glycerol

B-Mercaptoethanol

4x staking gel buffer (pH 6.8)
Bromophenol blue

ddH,O

Store at -20°C

6 x non-reducing Sample loading buffer

10%SDS

Glycerol

4x staking gel buffer (pH 6.8)
Bromophenol blue

ddH,0O

Store at -20°C
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3 ml
3.6 ml
0.5ml
1.25 ml
1mg

10 ml

3 ml
3.6 ml
1.25 ml
1mg

10 ml



10 x Transfer buffer

Glycine 144 g
Tris 3049
SDS 3.75¢g
ddH,O 1000 ml

Adjust the pH to 8.3
Dilute as 1 x for use

Add absolute methanol freshly to 1x buffer (1:4, v/v)

10 x Electrophoresis buffer

Tris 30.2¢
Glycine 144 g
SDS 104
ddH,O 1000 ml
Store at 4°C

Dilute as 1 x for use

Stacking gel buffer (4x Tris-HCL/SDS, pH 6.8)

Tris 121¢g
10% SDS 8 ml
ddH,0 200 ml
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adjust the pH to 6.8 with 1 M HCI

Store at 4°C

Tris-buffered saline Tween-20

Tris-HCI 10 mM
NaCl 150 mM
Solved in ddH,0, adjust pH to 8.0

Tween-20 0.05%

MUTZ-3-competent medium

Minimum essential medium-a (MEM-a)(GIBCO) 400 ml

Fetal bovine serum (FBS) (GIBCO) 100 ml
Rad

Penicillin (GIBCO) 100 U/mi
io-

Streptomycin (GIBCO) 100 mg/mi
Im

GM-CSF (GENTAUR, Brussels, Belgium) 10 ng/ml
mu

noprecipitation Assay (RIPA) buffer

Tris-HCI [pH 7.5] 20 mM
NaCl 150 mM

Disodium ethylenediamine tetraacetate (Na,EDTA) 1 mM

Ethylene glycol tetraacetic acid (EGTA) 1 mM
NP-40 1%
sodium deoxycholate 1%
sodium pyrophosphate 2.5 mM
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Freshly supplemented with:
protease inhibitor cocktails (Fermentas)

200 mM sodium orthovanadate

Regents for silver stain

Silver stain fixation solution

Absolute methanol
acetic acid

ddH>0

Silver stain developer solution

Na2003
formaldehyde
N828203

ddH->0

Buffers and reagents for SPR

Piranha solution
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1/100 volume

1/2000 volume

150 ml
75 ml

Make up to 300 ml

0.28 M
0.085% (v/v)
0.016 mM

Make up to 300 ml



sulphuric acid

Hydrogen peroxide

Coating solution

11-Mercaptoundecanoic acid

Ethanol

10 mM acetate buffer (coupling buffer)

Sodium Acetate — trihydrate
ddH,0O

Adjust the pH to 4.5 with acetic acid

20 mg/ml BSA solution (immobilisation solution)

BSA

Acetate buffer

1 M Ethanolamine solution (blocking solution)
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7 ml

3ml

11 mg

50 ml

68.4 mg

50 ml

200 mg

10 ml



Ethanolamine 600 pl
ddH20 Make up to 10 ml

Adjust the pH to 8.5 with 1 M HCI

100 mM N-Hydroxy Succinimide (NHS) solution

NHS 23 mg

ddH>0 2ml

400 mM Dimethylaminopropyl-N’Ethylcarbodiimide N-3-hydrochloride (EDC)

solution
EDC 153.4 mg
ddH->O 2 mi

Activation solution

Mix the 100 mM NHS solution and 400 mM EDC solution as 1:1 (v:v)
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