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ABSTRACT 
 

 
Dengue virus (DENV) infection of humans is characterised by immunopathology with 

elevated levels of many inflammatory mediators.  Tumour necrosis factor alpha (TNF-α) 

plays a significant role in the pathogenesis of DENV infection with elevated levels of 

TNF-α in the sera of DENV infected patients that parallel the severity of disease and 

release of TNF-α coincident with the peak of DENV production from infected monocyte-

derived-macrophages (MDM) in vitro.  However, the effect of TNF-α on DENV 

replication is not fully clarified.  In this study we aimed to determine (1) the effect of TNF-

α on DENV replication and (2) the changes in host cell protein expression, in response to 

DENV-infection.  Since macrophages are a primary cell target in vivo for DENV-infection, 

this study mainly used primary monocyte-derived-macrophages (MDM) and macrophage-

like cell lines (K562, U937) to represent this cell type.  Initially methods were developed 

for specific analysis of DENV replication, including a tagged RT-PCR method for 

quantitation of DENV positive (+ ve) and negative (- ve) strand RNA. 

 

Next the potential antiviral role of TNF-α in regulating DENV replication in MDM was 

investigated.  While pre-treatment of MDM with TNF-α had a minor inhibitory effect, 

addition of TNF-α to MDM with established DENV-infection had no effect on DENV 

replication as measured by DENV RNA levels or virion production.  Blocking endogenous 

TNF-α using TNF-α antibodies or TNF-α siRNA also had no effect on infectious DENV 

production or RNA synthesis.  Together, these results demonstrate that DENV replication 

in MDM is not affected by TNF-α.  Additionally, normal cellular TNF-α signalling, 

measured by quantitation of TNF-α-induced stimulation of transcription from a nuclear 

factor-kappa B (NF-kB) responsive reporter plasmid or NF-kB protein nuclear 

translocation, was blocked in DENV-infected MDM.  Thus, DENV replication in MDM is 

not affected by TNF-α, and infected cells do not respond normally to TNF-α stimulation.  

It is therefore unlikely that the increased production of TNF-α seen in DENV-infection and 

correlating with DENV pathology contributes directly to DENV clearance by inducing 

anti-viral defence mechanisms and reducing DENV replication in MDM.  These results 

also highlight an example of viral subversion of potential anti-viral cellular responses. 
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Secondly, the host cell response to DENV-infection was analysed, presenting the first 

proteomic analysis on the cellular response to DENV-infection.  The differential proteomes 

of K562 cells with or without DENV infection were resolved and quantitated with two 

dimensional differential gel electrophoresis (2D PAGE).  One 72 kDa protein, was 

identified by mass spectrometry to be GRP78 (a member of HSP70 protein family) and 

was up-regulated 2 to 3 fold in infected cells.  Up-regulation of GRP78 in DENV-infected 

cells was confirmed by immuno-staining and confocal microscopy.  GRP78 and HSP70 

have previously been identified as a component of the DENV receptor complex and 

blocking of these proteins has been found to inhibit DENV entry into the cell.  By confocal 

microscopy we found that cytoplasmic GRP78 and HSP70 were also up-regulated in 

DENV-infected cells.  The role of cytoplasmic GRP78 and HSP70 in DENV-infected cells 

has not been established; however there are precedents in other viral infections that 

cytoplasmic GRP78 and HSP70 could enhance viral protein production. 

 

Thus, this thesis shows that (1) the high levels of circulating TNF-α seen in DENV-

infection does not influence DENV replication (2) the cellular responses to TNF-α are 

altered in DENV-infected cells and (3) we have identified two protein chaperones and 

stress response proteins (GRP78 and HSP70) that are up-regulated during DENV-

infection.  With the advancement in proteomic techniques since initiation of this project 

future proteomic analysis could further identify other novel host factors that may either 

regulate DENV-infection or be involved in a host cell response to DENV-infection and 

help our understanding of DENV pathogenesis at the protein level. 
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CHAPTER 1 
 

INTRODUCTION 
 

1.1 DENGUE VIRUS (DENV) 
 
Dengue virus (DENV), is a single stranded (ss) RNA virus of the family Flaviviridae 

(Henchal and Putnak, 1990) and is the most common cause of arboviral (arthropod borne) 

disease in the world.  DENV-infection causes a range of syndromes from an undifferentiated 

fever referred to as dengue fever (DF), to the potentially fatal dengue haemorrhagic fever 

(DHF) and dengue shock syndrome (DSS).  DENV exists as four antigenically related but 

distinct serotypes, designated DENV-1, DENV-2, DENV-3, and DENV-4, any of which can 

cause any form of the disease.  Infection with one serotype provides life-long immunity to the 

homologous serotype but does not provide immunity to the heterologous serotypes.  The more 

severe forms of the disease, DHF/DSS, are predominantly, but not exclusively, associated 

(Scott et al., 1976; Morens et al., 1987; Martinez et al., 1993) with secondary infection of a 

different serotype to that type which caused the primary infection (Burke et al., 1988; Vaughn 

et al., 2000).  

 

1.2 EPIDEMIOLOGY 
 
In the past 25 years there has been a huge global increase in epidemic dengue, including more 

frequent and larger epidemics associated with severe forms of the disease (Mackenzie et al., 

2004).  This global pandemic has been attributed to major demographic and societal changes 

resulting in both virus and vector being distributed worldwide (Mackenzie et al., 2004).  

Unprecedented population growth, increased movement of virus through modern 

transportation, global climate warming and lack of effective mosquito control, have all 

contributed to the marked increase in epidemic activity. 

 

1.2.1 Worldwide distribution of DENV and threat to public health 
 
Humans and mosquitoes are the principal hosts of DENV.  The virus is only known to cause 

illness in humans and is transmitted by bites from Aedes sp mosquitoes.  The most common 

vector is the domestic mosquito Aedes aegypti that is closely associated with human 

habitation and is found in tropical and sub-tropical regions (35oN – 35oS, latitudes) (Gibbons 

and Vaughn, 2002) (Fig 1.1).  Due to increased incidence and geographical distribution of 



Fig 1.1. World distribution of the predominant dengue mosquito vector
(Aedes aegypti) and areas with dengue epidemic acitivity (www.cdc.gov).
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DENV-infections in the last 50 years, DENV is being increasingly recognised as one of the 

world’s major infectious diseases that represent a serious threat to public health (Mairuhu et 

al., 2004).  WHO reports an estimated 50-100 million cases of DF occur every year, with 

500,000 patients developing the more severe disease, namely DHF, leading to hospitalisation 

and resulting in around 24,000 deaths.  DENV-infection is a global problem which is also 

relevant to Australia (as discussed in section 1.2.2) and as there is no vaccine or current 

medical means to prevent infection, vector control and personal protection are the main 

control measures available.  Preventing man-vector contact is a difficult task, and the 

predictions of potential climate changes, which are likely to increase the distribution of these 

mosquitoes (Hales et al., 2002), suggest that an even larger proportion of the human 

population will be at risk in the future. 

 

1.2.2 DENV prevalence in Australia 
 
In Australia the first recorded outbreak of DF was in 1879 (McBride, 1999).  The first fatality 

attributed to classical dengue occurred in Charters Towers in 1885 and the first fatality 

attributed to DHF occurred in the same town during the 1897 epidemic, where Hare (in 1898) 

recorded 60 fatalities (30 of those were children) (www.health.qld.gov.au).  The largest 

outbreak reported so far occurred in Townsville/Charters Towers, the Torres Strait, and the 

Cairns/Mossman area of North Queensland in the early 1990’s resulting in 1600 confirmed 

cases of dengue (www.health.qld.gov.au).  Since then epidemic outbreaks have been 

restricted to North Queensland and the Torres Strait islands and a summary of DENV 

outbreaks reported in Queensland in the last ten years to date is summarised in Table 1.1. 

 

Dengue and the mosquitoes Aedes aegypti (Fig 1.2B) are currently confined to the North 

Eastern part of Australia and the surrounding islands (www.health.qld.gov.au) (Fig 1.2A).  In 

2005 the presence of another dengue vector the Aedes albopictus (The Asian Tiger mosquito) 

was reported in the Torres Strait islands in the northern tip of Australia 

(www.health.qld.gov.au) (Fig 1.2C).  Aedes albopictus is notorious for rapidly colonising new 

geographical areas including colder climates thereby posing further risk to vector and DENV 

spread to much larger parts of Australia.   
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Table 1.1. Dengue outbreaks reported in North Queensland in the last 
10 years (adapted from www.health.qld.gov.au).



Fig 1.2. (A) Distribution of DENV and vector in Australia. (B and C) The two vectors
Aedes aegypti and Aedes albopictus.(www.health.qld.gov.au/dengue/dengue_fever).

Distribution of Asian Tiger mosquito
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1.2.3 Vaccine development, prevention and control of DHF/DSS 
 
Despite the likely increase in cases of DHF, there is no licensed vaccine available to protect 

against DENV-infection.  However, there is currently a great focus on research into vaccine 

development, and an effective vaccine remains a global health priority.  DENV vaccine 

development has been hindered by three major problems: 

 

(1) The need to protect against all 4 DENV serotypes.   

The observed association of more serious forms of DENV disease with secondary infections 

involving a heterologous serotype means that an effective vaccine will need to prevent 

infection with all four DENV serotypes and therefore require a complicated immunogen that 

induces high-level, long-lived immunity against all four DENV strains.  Weak immune 

responses producing non-neutralising antibody would not be favourable as this may lead to 

serious forms of DENV pathology upon infection (due to ADE as discussed in section 

1.8.2.1).  Currently a number of live-attenuated tetravalent dengue virus vaccines containing 

each of the four serotypes are at clinical trial stages (http://clinicaltrials.gov).  Meanwhile 

continual efforts are being made to develop alternate vaccine candidates such as chimeric 

(Guirakhoo et al., 2000), DNA and inactive subunit vaccines (Kochel et al., 2000; Konishi et 

al., 2000; Raviprakash et al., 2000).  Table 1.2 shows a partial list of dengue vaccine 

candidates that are under development as reviewed in (Whitehead et al., 2007).   

 

(2) The lack of animal models to test the vaccine, as humans are the only hosts that manifest 

clinically apparent diseases (Rothman, 2004).   

Non human primates (such as macaques, monkeys, baboons and chimpanzees reviewed in 

(Bente and Rico-Hesse, 2006) have been investigated as potential animal models.  Even 

though these animals are susceptible to infection (showing detectable viremia and antibody 

response) they do not manifest clinically apparent or sub clinically detectable diseases as seen 

in humans. 

 

Several mouse models have been described including BALB/c mice (Paes et al., 2005), IFN 

α/β and IFN γ receptor gene knockout mice (AG129) (van den Broek et al., 1995; Johnson 

and Roehrig, 1999; Shresta et al., 2006) and the A/J mouse model (Huang et al., 2000a), but 

again none mimic DHF/DSS symptoms as seen in humans and wild type viruses replicate to 
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Navy Medical 
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DNA 
(Monovalent)
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Biologicals
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(Tetravalent)
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Table 1.2. A partial list of dengue vaccine candidates that are under 
development (reviewed in Whitehead et al., 2007).
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very low titers therefore the use of mice as a true model for DENV in vaccine development is 

limited.   

 

Use of immunodeficient SCID mice engrafted with human cells or cell lines such as HepG2 

(An et al., 1999) and K562 (Lin et al., 1998) have led to sustained dengue viral infection.  

Immunodeficient NOD-SCID mice engrafted with human cord blood hematopoietic 

progenitor cells have also been found to be susceptible to DENV-infection showing signs of 

fever and thrombocytopenia (Bente et al., 2005).  However the main deficiency of these 

human engrafted models is lack of an immune response making them inadequate for human 

immunity studies.   

 

Recently a new humanised RAG-hu mouse model has been reported to show productive 

DENV-infection associated with viremia, fever and generation of human anti-dengue 

antibodies (Kuruvilla et al., 2007).  An immunocompetent C57BL/6 mouse model has also 

been described, where 33% of mice infected with high titers of DENV exhibited haemorrhage 

at the subcutaneous tissue as seen in humans, but without the paralysis as normally seen in 

DENV-infected mice (Chen et al., 2007).  Thus these mice may have future potential use as 

an animal model in vaccine studies.   

 

(3) Possibility of genetic drift.   

Identification of rapid and dramatic changes in DENV sequences within the C, E, NS1 and 

NS2B genes suggests that DENV undergoes substantial sequence diversity (Sittisombut et al., 

1997; Wang et al., 2002a; Wang et al., 2002b; Wittke et al., 2002), and therefore DENV 

vaccines may need to be regularly updated to remain active which would be a costly exercise 

(Aaskov, 2003).   

 

Thus the designing of an ideal immunogen for dengue vaccination is a complicated process 

that would need to induce a high level of protection against all 4 DENV serotypes (without 

inducing more complex secondary infections due to the ADE phenomenon as discussed in 

section 1.8.2.1), to account for sequence diversity and provide life long immunity.   
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1.3 CLINICAL PRESENTATION 
 
As discussed earlier, DENV-infection is characterised by a spectrum of disease ranging from 

clinically inapparent to death.  The most common clinical manifestation is a non-specific 

febrile illness or classical DF.  The incubation period for DF is usually 3 to 8 days.  Infants 

and young children often have non-specific febrile illness with a maculopapular rash (Rigau-

Perez et al., 1998; McBride, 1999; Gibbons and Vaughn, 2002; Guzman and Kouri, 2002; 

Mairuhu et al., 2004).  Severe cases of DF are seen in older children and are characterised by 

an increase in temperature (≥ 39°C) for 5-6 days.  The febrile period is accompanied by 

severe headache, retro-orbital pain, myalgia, arthralgia, nausea and vomiting.  Patients 

generally recover after 7-10 days of illness.  DHF is an acute febrile illness with haemorrhagic 

manifestations, thrombocytopenia (≤100,000 cells/mm3) and evidence of an increased 

vascular permeability resulting in loss of plasma from the vascular compartment.  When 

plasma leakage is so strong that shock occurs, it is referred to as DSS (WHO, 1997).  About 

250,000-500,000 cases of these latter two, more severe forms of disease, estimated to be 

about 5% of the DENV-infected population, are officially notified annually.  WHO 

classification of symptomatic dengue infection is shown in Fig 1.3.  The WHO case definition 

of DHF states that a patient must exhibit all four criteria to be classed as a DHF case. 

These are: - 

1. Acute sudden onset of high fever for two to seven days. 

2. Haemorrhagic manifestations with at least a positive tourniquet test. 

3. Platelet count <100 x 109/l. 

4. Haemoconcentration (rising packed cell volume >20%) or other evidence of 

   plasma leakage - for ascities, pleural effusions, low level of serum 

   protein/albumin. 

The severity of DHF is further classified into four grades according to the presence or absence 

of spontaneous bleeding and the severity of plasma leakage as follows: - 

Grade I: Fever accompanied by non-specific constitutional symptoms; the only 

haemorrhagic manifestation is a positive tourniquet test and or/ easy 

bruising. 

Grade II: Spontaneous bleeding in addition to manifestation of Grade 1 patients, 

usually in the forms of skin or other hemorrhages. 

Grade III: Circulatory failure manifested by a rapid, weak pulse and narrowing of 

pulse pressure or hypotension, with presence of cold and clammy skin 

and restlessness. 

Grade IV: Profound shock with undetectable blood pressure or pulse. 



Fig 1.3. WHO classification of symptomatic dengue infection (WHO, 1997).

Dengue virus infection
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Undifferentiated
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(viral syndrome)
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With unusual
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Dengue shock
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DSS refers to DHF grades III and IV.  These classifications developed by WHO have been 

found to be clinically and epidemiologically useful in epidemics.  These guidelines, however, 

are based on clinical experience mainly from Thailand and do not represent the findings from 

other countries affected by recent global expansion in dengue and thus there are strong 

suggestions that improvement to these guidelines are needed (Phuong et al., 2004; 

Bandyopadhyay et al., 2006; Deen et al., 2006) for clinical management and epidemiological 

purposes.  

 

1.4 VIRUS CLASSIFICATION 
 
DENV belongs to the genus Flavivirus, of the family Flaviviridae that compromises over 70 

viruses (Lindenbach and Rice, 2001).  Most of the viruses belonging to this family are 

arthropod-borne human pathogens causing a variety of diseases including fevers, encephalitis 

and hemorrhagic fevers.  The Flaviviridae family contains three genera: (1) Flavivirus (e.g. 

dengue virus, yellow fever virus, Japanese encephalitis virus (JEV) and tick borne 

encephalitis virus), Table 1.3 shows some of the common members of the Flavivirus genus.  

(2) Hepacivirus (hepatitis C virus (HCV)) and (3) Pestivirus (bovine viral diarrhea virus 

(BVDV), classical swine fever virus and border disease virus).  The Flaviviridae family of 

viruses has a conserved genome structure containing a single molecule of linear positive sense 

(+ ve) ssRNA.  The complete genome is 9500-12,500 nucleotides long.  Members of the 

Flavivirus genus are distinguished by presence of a type I cap structure (m7GpppAmp) at the 

5’ end of the genome, a highly structured 3’ untranslated region (UTR) (Brinton and Dispoto, 

1988) and by the absence of a 3’-terminal poly (A) tract (Chambers et al., 1990).  It has also 

been shown recently that the 5’ and 3’ ends stack together to cause cyclisation of the genome 

which may be important for flavivirus RNA replication (Alvarez et al., 2005; Filomatori et 

al., 2006) (discussed in section 1.6.2.3).  The other genera of the Flaviridae family (i.e 

hepaciviruses and pestiviruses) control translation by an internal ribosomal entry site (IRES) 

in the 5’ UTR and have a shorter, less structured 3’ UTR than flaviviruses (Pestova et al., 

1998). 

 

1.5 DENV STRUCTURE 
 
Like other flaviviruses, mature DENV virions consist of a ss positive sense (+ ve) RNA 

genome surrounded by an isometric nucleocapsid about 30 nm in diameter (Henchal and 

Putnak, 1990).  The nucleocapsid is covered by a host derived lipid envelope into which the E 



Mosquito

Mosquito

Mosquito

Vector

Yellow fever virusUngrouped

Japanese encephalitis virus
Kunjin virus
West Nile virus
Murray Valley encephalitis virus

Japanese encephalitis
group

DENV 1
DENV 2
DENV 3
DENV 4

Dengue virus

Type/speciesFlaviviruses
(Antigenic group)

Table 1.3. Some common Flaviviruses adapted from (Lindenbach et al., 2001).
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and M proteins are inserted.  The complete virion is 50 nm in diameter (Fig 1.4A).  Cyro-

electron microscopy studies have shown structural deviation between immature and mature 

DENV envelopes (Fig 1.4B,C) (Kuhn et al., 2002; Zhang et al., 2003).  The immature DENV 

particle is covered with asymmetric trimers of prM-E hetrodimers that jut out like spikes on 

the surface (Fig 1.4B).  In mature viruses, the E protein exists as homodimers that lie on the 

viral membrane in the form of rafts.  These rafts are made of three parallel dimers arranged in 

icosahedral symmetry (Fig 1.4C). 

 

DENV genome comprises of approximately 10,600 nucleotides.  Most of the genomic RNA 

forms a non-interrupted open reading frame (ORF), which is flanked by untranslated regions 

(UTRs) at the 5' and 3' end (Huang et al., 1997).  Both the 5’ and 3’ UTR’s have key roles in 

the regulation of translation and genomic RNA synthesis.  

 

1.5.1 DENV structural and non structural proteins 
 
The single ORF in the DENV RNA directs the synthesis of a long poly-protein (in the 

cytoplasm) that is subsequently co- and post-translationally modified by viral and host cell 

proteases to produce 10 viral proteins.  These include three structural proteins, the capsid (C), 

the precursor (prM) to the membrane protein (M), the envelope glycoprotein (E), and seven 

non-structural (NS) proteins: NS1, NS2a, NS2b, NS3, NS4a, NS4b and NS5 (Fig 1.5).  The 

processing of the DENV poly-protein includes a combination of viral serine proteases (NS2B-

NS3) and host cellular proteases.  Definitive roles for all the DENV proteins have not 

currently been fully characterised, and many of the DENV structural and non-structural 

proteins serve multiple functions in the viral life cycle as discussed below.   

 

1.5.1.1 Structural proteins C, M and E 
 
The structural C protein is highly basic and in the virion forms a nucleocapsid around the 

genomic RNA (Lindenbach and Rice, 2001).  Nuclear magnetic resonation (NMR) techniques 

have been used to elucidate the structure of DENV-2 C protein (Jones et al., 2003; Ma et al., 

2004) which shows that the C protein contains a hydrophobic cleft, of which the negative 

charged side is proposed to interact with the viral lipid bilayer and the positively charged 

region on the opposing side is thought to interact with viral RNA (Ma et al., 2004).   

 



A B

A

B C

Fig 1.4. Immature and mature dengue viruses (A). Schematic representation 
of mature virions. E, envelope protein; M, membrane-associated protein; C, capsid
protein (Henchel et al.,1990).  (B). The immature dengue particle with 60 spikes 
(circled) that jut from its surface (Zhang et al., 2003). (C). The smooth structure of
mature dengue virus (Kuhn et al., 2002). One raft consists of three parallel dimers
of the envelope protein, the different domains are represented by different colours 
(domain I, II and III are coloured red, yellow and blue respectively) and the fusion 
peptide is shown in green.



Fig 1.5. DENV RNA protein-coding regions and genome organisation from
(Lindenbach et al., 2001). Untranslated regions of the genome (top), with their 5’
and 3’ terminal structures, are indicated by black lines.  The single open reading
frame encodes a polyprotein (middle) that is processed by the viral NS2B-NS3
protease and host protease to the mature viral proteins (bottom).  Mature structural
proteins are indicated by shaded boxes, and the non structural protein precursors by 
open boxes. Contiguous stretches of unchanged amino acids are shown by black bars.
Asterisks denote proteins with N-linked glycans.  Cleavage sites for host signalase
(♦), the viral serine protease (   ), furin or other golgi-localised protease (    ), or 
unknown proteases (?) are indicated.

UTR UTR
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The nucleocapsid core is surrounded by an endoplasmic reticulum (ER) derived lipid bilayer 

containing the two other structural proteins E and prM.  The prM is processed to mature M 

protein by cellular proteases shortly before the virion exits the cell (Stadler et al., 1997).  

Studies have shown this maturation step is necessary to expose the E receptor binding domain 

allowing viral infectivity (Heinz and Allison, 2003).   

 

The DENV E protein is the cell attachment protein involved in cell receptor binding 

(Anderson et al., 1992; Chen et al., 1996), and virus entry via membrane fusion (Lindenbach 

and Rice, 2001).  The E protein is a 494 amino acid protein with two potential glycosylation 

sites and is present on the outer surface of the virus particle (Henchal and Putnak, 1990).  The 

E glycoprotein can be divided into three structural and functional domains: - (1) the central 

domain (2) the dimerisation domain which encodes the fusion peptide and (3) the receptor 

binding domain.  The DENV E protein is the major virion surface protein and thus plays an 

important role in virus attachment entry and is the major antigen involved in humoral 

immunity and protection.  In both primary and secondary cases of DENV-infection antibody 

to E protein is most readily detected, suggesting E proteins are highly immunogenic 

(Churdboonchart et al., 1991; Se-Thoe et al., 1999; Valdes et al., 2000).  Flavivirus E protein 

is an essential component for initial viral infection (Henchal and Putnak, 1990; Chen et al., 

1996) and E reactive antibodies have been shown to neutralise virus infectivity by interfering 

with virus binding and penetration (He et al., 1995; Hung et al., 1999).  Cells transfected with 

recombinant prM and E alone can form viral-like particles that do not contain C or genomic 

RNA (Purdy and Chang, 2005).   

 

1.5.1.2 Non structural proteins 
 
The most extensively characterised non structural proteins are NS1 (a glycoprotein), and two 

cytosolic proteins NS3 (a viral protease/helicase) and NS5 (the polymerase).  In in vitro 

infections, NS1 translocates into the ER where it associates as a homodimer which then 

interacts with membranous components (Winkler et al., 1988; Winkler et al., 1989).  NS1 

also has been shown to be associated with intracellular organelles where it is thought to aid in 

early steps of viral replication (Mackenzie et al., 1996) and it is released as a soluble hexamer 

(sNS1) from infected mammalian cells (Flamand et al., 1999).  In a mouse model sNS1 has 

been shown to accumulate in the late endosomal compartment of hepatocytes and incubation 

of Huh7 cells (hepatoma cell line) with sNS1 for 24 hrs before infection with DENV has been 

shown to increase virus production up to 7 fold (Alcon-LePoder et al., 2005).  NS1 antibodies 
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are detected in DENV-infected patients and may be involved in pathogenesis as discussed in 

section 1.8.2.1.   

 

NS3 protein is part of the replication complex and has several enzymatic functions.  The 

amino terminus of NS3 is a serine protease domain which requires the DENV NS2B protein 

as a cofactor to cleave the DENV poly-protein with help of host proteases (Falgout et al., 

1991; Arias et al., 1993).  The carboxyl terminus of the NS3 exhibits nucleoside 5’-

triphosphatase (NTPase) and helicase functions that are required for DENV RNA synthesis 

(Li et al., 1999) and 5’-triphosphatase (RTPase) activity (Bartelma and Padmanabhan, 2002; 

Benarroch et al., 2004).  DENV NS3 protein has been shown to interact with human nuclear 

receptor binding protein (hNRBP), a host protein that modulates intracellular trafficking 

between the ER and the golgi compartment.  The interaction of NS3 with hNRBP alters the 

cellular distribution of hNRBP and has been proposed to be important in viral maturation and 

the generation of virus-induced membrane structures from the ER (Chua et al., 2004).   

 

NS5 protein is the largest of the dengue proteins and is highly conserved among the 

flaviviruses (Mandl et al., 1989).  NS5 consists of a well characterised viral RNA dependent 

RNA polymerase (RdRp) activity in the carboxyl terminus (Tan et al., 1996; Nomaguchi et 

al., 2003) and methyltransferase activity in the amino terminus (Egloff et al., 2002) which is 

the enzyme function responsible for viral RNA capping.  NS5 complexes with NS3 in the 

cytoplasm to form a DENV replication complex.  NS5 is responsible for stimulating the 

NTPase acitivity of NS3, which is necessary for unwinding of double stranded (ds) RNA 

substrates by the NS3 helicase activity during viral replication (Yon et al., 2005).  DENV 

NS5 protein has a putative nuclear localisation site (NLS) and can accumulate in the nucleus 

late in infection (Kapoor et al., 1995).  The function of nuclear localised NS5 is undefined but 

the impaired ability for replication of virus lacking nuclear localising NS5 suggest it is likely 

to be integral to viral infection (Pryor et al., 2007).   

 

NS2A, NS4A and NS4B are smaller hydrophobic proteins that are thought to be responsible 

for localisation of viral proteins and virion assembly (Lindenbach and Rice, 2001).  They 

have also been implicated in blocking IFN mediated signal transduction as discussed in 

section 1.8.2.1. 
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1.6 DENV REPLICATION CYCLE  
 
DENV replication is similar to that of other flaviviruses (Fig 1.6 (Lindenbach and Rice, 

2001)).  Briefly the steps involve 1. Uptake of virus mediated by binding of the virus E 

protein to the cell membrane receptor, 2. Receptor mediated endocytosis, 3. Membrane fusion 

with the endosome and delivery of the nucleocapsid to the cytoplasm, 4. Cytoplasmic 

uncoating of virus, 5. Translation of the genomic RNA and production of a single long poly-

protein with subsequent cleavage to form NS and structural proteins, 6. RNA replication in 

membrane-associated replication complexes, 7. Virion assembly and budding of progeny 

virions through intracellular membranes into cytoplasmic vesicles, 8. Virion transport and 

glycoprotein maturation, 9. Vesicle fusion at the plasma membrane and release of mature 

virions into the extracellular compartment.  A number of differences from the schematic 

flavivirus replication scheme shown in Fig 1.6 that are specific to DENV replication are 

discussed below.  The structure of DENV genome and the roles of each protein and RNA 

structural region is shown in Fig 1.7. 

 

1.6.1    DENV binding to receptors and entry 

1.6.1.1 DENV receptors 
 
DENV E protein attaches to a receptor, either Fc receptors on cells such as macrophages or B 

cells (Daughaday et al., 1981; Littaua et al., 1990) or an uncharacterised non-Fc receptor, to 

initiate infection.  A number of putative non-Fc receptors have been identified in monocytes 

and macrophages which include a trypsin sensitive receptor (Daughaday et al., 1981), 

LPS/CD14-associated binding protein (Chen et al., 1999), 4 unnamed proteins with molecular 

weights 27, 45, 67 and 87 kDa (Moreno-Altamirano et al., 2002) and a heat shock protein 

(HSP) 90 and 70 associated complex (Reyes-Del Valle et al., 2005).  In dendritic cells DENV 

entry has been shown to occur in an Fc receptor-independent manner (Wu et al., 2000).  

Recently a non-Fc receptor for DENV on dendritic cells has been identified as DC-SIGN 

(CD209).  DC-SIGN binds to all four DENV serotypes (Tassaneetrithep et al., 2003) and is 

also a receptor for HCV and utilised during human immunodeficiency virus (HIV) infection 

of dendritic cells.  Heparan sulphate and GRP78 (BiP) have been identified as putative DENV 

receptors in livers cells (Lin et al., 2002a; Jindadamrongwech et al., 2004).   

 

Thus there is probably not one single DENV receptor, and DENV receptor binding varies 

between cell types. 



Fig 1.6. Life cycle of the Flaviviridae from (Lindenbach et al., 2001).



Fig 1.7. Structure of DENV RNA from (Clyde et al., 2006).
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1.6.1.2 DENV entry 
 

The E protein mediates virus binding to cell receptors and the subsequent low pH dependent 

fusion step (Randolph and Stollar, 1990).  Attachment can occur at low temperatures (up to 

40C) but penetration requires higher temperatures of 370C (Hase et al., 1989).  It is generally 

accepted that DENV gains entry into its target cell by receptor mediated endocytosis as seen 

with other Flavivirus.  However there are reports of DENV entry via direct fusion with the 

plasma membrane in cultured C6/36 mosquito cells (Hase et al., 1989).  In this case DENV 

virions attach to host cells by their envelope spikes, the virion envelope overlaps the host 

plasma membrane and the plasma membrane dissolves at the attached sites, followed by 

penetration of the virion into the cytoplasm of C6/36 cells (Hase et al., 1989).  Similarly 

direct penetration into the cytoplasm through the plasma membrane of DENV-2 has been 

observed in peripheral blood mononuclear cells (PBMC) (Hase et al., 1989).  Electron 

microscopy has also shown that DENV can be taken up by phagocyotsis in 

monocyte/macrophages, with as many as 29-63% of virus particles engulfed by typical 

lamellipods and sequestered into intra-cytoplasmic vacuoles (Espina et al., 2003).  Thus the 

mode of entry for DENV may vary in different cell types.   

 

1.6.2 DENV uncoating, translation, RNA transcription 

1.6.2.1 Uncoating 
 
Uncoating of virus occurs after exposure to acidic pH (below pH 6.5), and infection can be 

blocked by treatment of cells with agents that raise the pH of the intracellular endosomal 

compartment and prevent Flavivirus uncoating (Gollins and Porterfield, 1985; Gollins and 

Porterfield, 1986; Randolph and Stollar, 1990).   

 

1.6.2.2 Translation 
 
Following uncoating, nucleocapsids are disassembled, and genomic RNA is translated.  

Translation occurs in association with the ER derived membranes.  Translation of the non 

structural proteins results in the formation of the replication complex that is essential for 

subsequent viral RNA synthesis and replication (Khromykh et al., 2000). 
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1.6.2.3 Viral replication 
 
Following initial translation of the infecting genomic RNA, the virus then produces viral 

mRNA for further protein production and viral genomic RNA for packaging and virion 

production.  The positive (+ ve) genomic viral RNA initially operates as template for the 

synthesis of a negative (- ve) strand RNA to form a ds replicative form (RF) (Fig 1.8) (Chu 

and Westaway, 1985).  Amplification of (+ ve) strand progeny genomes then occurs using the 

(- ve) RNA strand as a template in a semi-conservative manner where the nascent (+ ve) 

strand displaces the previously bound (+ ve) RNA, forming replicative intermediate (RI).  The 

RI at any time consists of a (- ve) strand (template), a displaced (+ ve) strand and a base-

paired nascent (+ ve) strand.  As the release of the displaced (+ ve) strand progresses the 

nascent (+ ve) strand is extended but remains attached along its entire length to the (- ve) 

strand, and the whole RF molecule is regenerated.  The displaced viral (+ ve) strand RNA 

either initiates further rounds of RNA replication or is translated and assembled with matured 

structural proteins to yield progeny virus particles, thus serving as both viral genome and 

mRNA.  This RNA replication strategy produces 10-100 fold higher (+ ve) than (- ve) strand 

RNA (Cleaves et al., 1981) although the mechanism by which this asymmetric synthesis 

occurs is not known.  Additionally, the molecular mechanisms involved in the initiation of 

RNA replication or regulation of protein verses RNA synthesis during DENV replication is 

not understood.   

 

Recent studies have shown that cyclisation of DENV RNA is a requirement for viral 

replication (Alvarez et al., 2005; Filomatori et al., 2006).  5’ and 3’ cyclisation sequences (5’ 

and 3’ CS), are thought to be responsible for mediating cyclisation of DENV RNA.  

Disruption of base pairing between the two regions has been shown to compromise viral RNA 

synthesis (You and Padmanabhan, 1999; You et al., 2001; Holden et al., 2006).  Hence, a new 

model for synthesis of a DENV RNA (- ve) strand has been proposed (Filomatori et al., 2006) 

in which the viral polymerase recognizes the 5’ end of the RNA and through long-range 

RNA-RNA interactions the 5’ promoter and the 3’ promoter are brought together to facilitate 

RNA synthesis (Fig 1.9).   

 

Accumulation of (- ve) strand viral RNA has been shown to be critical for productive cell 

infection by DENV and therefore the detection of (- ve) strand viral RNA is a reliable marker 

for active DENV replication (Diamond et al., 2000a; Wang et al., 2002c). Technically, 

however, specific quantitation of DENV (+ ve) and (- ve) RNA strands are problematic due to 

self-priming during cDNA synthesis (Tolou, 1994; Peyrefitte et al., 2003), which may relate 
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Fig 1.8. RNA replication by semi conservative RNA synthesis 
(Chu et al., 1985). 



Fig 1.9. Model for DENV (- ve) strand RNA synthesis from Filomatori et al., 
2006.  The viral genome circularises in the absence of proteins mediated by 5’ – 3’
UAR and 5’-3’ CS hybridisation. The viral RdRp binds to a 5’ stem-loop (SLA), and 
by long-range RNA-RNA interactions the polymerase is transferred to the site of 
initiation at the 3’ end of the genome.
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to DENV RNA structure or cyclic replication mechanism (Fig 1.9) and this is addressed in 

chapter 3 of this thesis. 

 

1.6.3 Assembly and release of DENV particles 
 
Electron microscopy studies in cells such as C6/36 and Vero cells suggest that DENV 

morphogenesis occurs in association with intracellular membranes of the ER (Matsumura et 

al., 1971; Matsumura et al., 1977; Hase et al., 1989; Mackenzie et al., 1996).  Here the poly-

protein is produced and cleaved while in the membrane by cell and viral encoded (NS2B-3) 

proteases and assembled in a concerted processes (Lobigs, 1993; Stocks and Lobigs, 1995; 

Stocks and Lobigs, 1998).  Following assembly in the ER the immature particle is shuttled 

through the trans-golgi network.  The immature virion contains a spiked surface which has 

been shown to be the prM protein capping the E protein (Zhang et al., 2003).  Cleavage of 

prM from the E protein occurs before the virus is released from the plasma membrane by 

furin or furin-like proteases (Stadler et al., 1997).  Cyro-electron microscopy has been used to 

show that immature dengue particles undergo a reversible conformational change at low pH 

which makes them accessible to furin cleavage (Yu et al., 2008).  As a result of furin 

cleavage, the 60 spikes composed of three prM-E heterodimers are dissociated, consequently 

forming a smooth surface of mature virus composed of 90E homodimers (Fig 1.4C) (Kuhn et 

al., 2002).  Mature virions are released via exocytosis of secretory vesicles. 

 

1.7 DENV TARGET CELLS  
 
DENV can replicate in a wide range of cell types in vitro, including dendritic cells, monocytes 

and macrophages, B cells, endothelial cells and hepatocytes.  Many kinds of cell lines have 

been used for viral propagation such as hepatoma cell lines (Huh7 and Hep3B) 

myelomonocytic cell lines (K562), B cell line (Raji) and T cell line (HSB-2) but the relevance 

to DENV replication in vivo is unclear (Kurane et al., 1990; Lin et al., 2000).  Analysis of 

PBMC, liver, lymph nodes, spleen and bone marrow from DENV-infected patients has 

identified DENV antigens in monocytes, macrophages and B cells suggesting these cell types 

are natural target cells for DENV-infection in the body (Kurane et al., 1994; Mangada and 

Igarashi, 1998; Couvelard et al., 1999; Rosen et al., 1999).   
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1.7.1 Macrophages 
 
DENV has been recovered from PBMC derived from patient blood (Scott et al., 1980; King et 

al., 1999).  The adherent cell population from PBMC which primarily consists of cells from 

the monocyte/macrophage lineage was found to yield the most infectious virus (Scott et al., 

1980).  Additionally, DENV-infected mononuclear cells have been identified in pathological 

specimens from a number of tissues including skin, liver (Kupffer) cells and glass adherent 

peripheral blood leukocytes isolated from patients with DHF/DSS (Scott et al., 1980; 

Halstead, 1989; King et al., 1999).  Cultured primary macrophages also support active DENV 

replication in vitro and release infectious viral progeny (Halstead et al., 1977; Pryor et al., 

2001; Chen and Wang, 2002).  Together these data suggest that macrophages are one of the 

main targets for DV replication in vivo.  

 

1.7.1.1 Macrophages and DENV replication 
 
Macrophages are generally present in every tissue of the body and provide innate immune 

surveillance. They are derived from myeloid precursors in bone marrow, spleen and fetal 

liver, where they migrate to enter the blood.  Exposure to cytokines and chemokines changes 

their functional and phenotypic characteristics (Stout and Suttles, 2004), producing a 

heterogeneous cell population, that display a progression of functional changes in response to 

their microenvironment.  For example, blood monocytes can be sorted as CD14+, CD16- 

(major population) or CD14+, CD16+ (minor population).  These circulating monocytes 

differentiate and migrate through blood vessel walls to various tissues where they mature into 

differentiated resident tissue macrophages, again with functional properties specific to the 

tissue they reside in e.g. normal macrophages in liver are Kupffer cells, in spleen are splenic 

macrophages and in kidney are mesangial cells. 

 

Phagocytosis is one of the most important differentiated characteristics of macrophages.  It 

can be grouped into receptor mediated (e.g. Fc receptors that recognise the Fc portion of the 

antibody) or receptor independent phagocytosis (Silverstein et al., 1977).  Splenic and 

peritoneal cavity macrophages from DENV-infected mice show a significantly reduced ability 

to phagocytose latex particles and opsonised sheep erythrocytes compared to macrophages 

from uninfected mice showing functional changes related to DENV replication (Gulati et al., 

1982; Chaturvedi et al., 1983).   
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Monocyte derived macrophages (MDM) can be generated in vitro, by differentiation of 

CD14+ monocytes and is a useful in vitro model of primary macrophage.  DENV can 

productively infect MDM with high level production of infectious virus, independent of the 

stage of cell differentiation (Chen and Wang, 2002).  DENV-infection of monocytes and 

MDM can also be enhanced by infection in the presence of antibody.  The DENV virion can 

form a complex with non-neutralising antibody that can bind to the Fc receptors on MDM and 

be taken up as described in section 1.6.1.2 (Theofilopoulos et al., 1976; Kliks et al., 1989; 

Kliks, 1990; Kurane et al., 1990).  In this study we have used MDM as an in vitro model 

system for DENV replication, without antibody enhancement, as it has been previously shown 

in our lab and others that antibody enhancement is not required to obtain high level virus 

production (O'Sullivan and Killen, 1994; Pryor et al., 2001). 

 

1.7.2 Dendritic cells  
 
Dendritic cells are also of interest as a primary target for DENV replication as they are 

exposed to virus early and recent studies have shown that immature dendritic cells support 

DENV-infection (Wu et al., 2000; Ho et al., 2001; Libraty et al., 2001; Marovich et al., 

2001).  Dendritic cells are also derived from cells of the monocytic lineage, and can exist as 

immature dendritic cells in blood or as specialised tissue dendritic cells in tissues such as 

lymph nodes or skin (Langerhans cells).  Two subsets of human skin dendritic cell – (1) 

monocyte derived dendritic cells (resembling dermal/interstitial dendritic cells) and (2) human 

skin Langerhans cells have been shown to support DENV replication in vitro (Wu et al., 

2000).  Interestingly, histology from a skin rash of a healthy volunteer who received 

attenuated tetravalent DENV vaccine showed that DENV had spread to Langerhans cells, 

thereby demonstrating DENV transmission and replication in this cell type in vivo (Wu et al., 

2000). These observations implicate dendritic cells as a potential initial target cell type for 

DENV-infections, following exposure to the virus early during the feeding of an infected 

mosquito. 

 

1.7.3 B and T cells 
 
In addition to the identification of monocytes and macrophages as the main circulating cell 

type infected by DENV the studies described in section 1.7.1 also identified DENV-infected, 

B cells.  In particular the study of King et al., 1999, which collected PBMC from acutely ill 

dengue patients, sorted these into different cell populations by flow cytometry and isolated 
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DENV by inoculation of cell samples into Toxorhynchites splendens mosquitoes (King et al., 

1999), principally isolated DENV from the B cell population.  Comparative in vitro DENV 

replication studies have shown similar levels of infectious viral production from primary B 

cells and monocytes (isolated from PBMC of healthy donors) (Lin et al., 2002b) and thus B 

cells may be another target cell for DENV in vivo.  In contrast, although human T cell 

leukemia and lymphoma cell lines can be efficiently infected with DENV in vitro producing 

high levels of infectious virus (Kurane et al., 1990), primary T lymphocytes (CD4+, CD8+) 

show only low levels of infection even at a high multiplicity of infection (MOI) of 20 (Mentor 

and Kurane, 1997) or no infection at all (Theofilopoulos et al., 1976).  Thus B cells but not T 

cells are probably also target cells for DENV in vivo. 

 

1.7.4 Endothelial cells 
 
Endothelial cells are involved in the severe DENV pathology associated with vascular 

leakage, but the changes in the endothelium are believed to be mediated by indirect 

immunopathology rather then direct viral induced cytopathic effect (CPE) on endothelial 

cells.  Both human endothelial-like cell line (ECV304) (Avirutnan et al., 1998) and primary 

cultures of human endothelial cells isolated from umbilical cord veins, can be infected by 

DENV in vitro (Andrews et al., 1978; Killen and O'Sullivan, 1993; Anderson et al., 1997b; 

Avirutnan et al., 1998; Huang et al., 2000b).  To date there is no evidence of DENV-infection 

and endothelial cell damage during DENV-infection in vivo.  Biopsy or autopsy specimens 

have shown no evidence of DENV-infection of endothelial cells (Halstead, 1989), and 

although endothelial cells are clearly important in DENV pathogenesis they are probably not a 

major target cell for viral replication in vivo.   

 

1.7.5 Hepatocytes and Kupffer cells 
 
Liver damage with elevation of aspartate (AST) and alanine (ALT) aminotransferase levels is 

a common complication of clinical DENV-infection in patients (Souza et al., 2004), drawing 

recent attention to the involvement of the liver in DENV-infections.  Hepatomegaly is evident 

in children with DHF and in Thailand up to 98% of children were reported to have DENV 

associated liver enlargement (Eram et al., 1979; Nimmannitya, 1987; Wichmann et al., 2004).  

In addition, viral antigens can be detected in hepatocytes and Kupffer cells and virus can be 

recovered from liver biopsy specimens of DHF patients (Rosen et al., 1989; Hall et al., 1991; 

Couvelard et al., 1999).  Kupffer cells are resident tissue macrophages of the liver, again 
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highlighting the importance of the macrophage as an in vivo target for DENV-infection.  

However, in contrast to the active DENV replication in blood derived macrophages, in vitro 

studies have shown that DENV penetrates human primary Kupffer cells but no viral progeny 

is produced.  Instead, DENV-infected Kupffer cells undergo apoptosis and are cleared by 

phagocytosis (Marianneau et al., 1999). This finding suggests that Kupffer cells may protect 

against DENV-infection rather than acting as a site for DENV replication in the liver.  

DENV-infection of a range of hepatoma cell lines including Hep3B and Huh7 cells 

demonstrated active viral replication with reasonably high levels of DENV production and an 

increase in AST and ALT levels (Lin et al., 2000).  Infection, in these cell types also results in 

apoptosis and this has been suggested to be the key element in the pathophysiology of liver 

failure associated with DHF/DSS (Kangwanpong et al., 1995; Marianneau et al., 1996; 

Marianneau et al., 1997; Lin et al., 2000).  It is also important to note that other 

immunological mechanisms caused by DENV-infection can induce liver damage such as 

activated T cells and cytokines (Gagnon et al., 1999; Libraty et al., 2002a).  Thus DENV can 

infect liver cells and may be directly or indirectly involved in specific DENV-induced 

pathology in this tissue. 

 

1.7.6 Other cell types 
 
Involvement of primary mast cells in DENV replication has been suggested due to the 

presence of Fc receptors on this cell type, their location close to skin and association with 

recruiting and activating blood vessels (King et al., 2002).  Additionally primary mast cells 

can support active DENV replication in vitro (King et al., 2002).  Other cell types including 

primary skin fibroblast (Kurane et al., 1992), cells of the bone marrow and bone marrow 

stromal cell types have been shown to support DENV replication in vitro (Rothwell et al., 

1996).  However, the relevance of these cell types to DENV-infection and replication in vivo 

is undefined. 

 

1.7.7 Target cells – summary 
 

Despite the large number of cell types that can be infected with DENV in vitro and the 

potential DENV target cells in vivo, one cell type consistently identified as important and 

relevant for DENV-infection are cells of the monocyte lineage.  In vitro infection of cultured 

primary monocyte/macrophages will be used in this study, along with DENV-infection of 
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hepatocyte cell lines in some experiments, thus using cell types relevant to DENV-infection in 

vivo.  

 

1.8 PATHOGENESIS OF DENV-INFECTION 

 
Despite the fact that DENV-infection causes one of the most important mosquito-borne viral 

diseases worldwide and the number of cases has increased over the last several decades, the 

mechanisms for induction of severe DENV pathogenic effects are still poorly understood.  

Serious forms of the disease such as DHF commonly occurs in areas where multiple serotypes 

of DENV are circulating leading to the ADE of infection hypothesis discussed in section 

1.8.2.1.  The tell-tale sign of DHF is vascular leakage, the onset of which is reported to occur 

after the peak of viremia, at the time of deffervescence (Kurane et al., 1994).  The vascular 

leakage following DENV-infection is generally short-lived and resolves without tissue 

damage, suggesting this effect is due to the actions of circulating factors rather than a direct 

viral effect.  Though it is generally accepted that secondary infection (with increases in levels 

of viremia, antibody, cytokine and T cell responses) is the main risk factor for DHF, other 

factors such as viral virulence based on serotype (Gubler, 1998; Balmaseda et al., 2006), viral 

genotype (Rico-Hesse et al., 1997; Messer et al., 2003) and host characteristics (Halstead et 

al., 2001; Guzman et al., 2002) are also thought to be involved in determining the severity of 

the disease.   

 

1.8.1 The effect of DENV serotypes and genotypes on DENV pathogenesis 
 
DENV2 and DENV3 genotypes are more often associated with greater severity of disease, 

including DHF/DSS (Rico-Hesse et al., 1997; Messer et al., 2003).  Similarly the DENV-2 

Asian-type genotypes have been found to associate with greater disease severity than the 

American-type DENV-2 or the South Pacific genotypes (Rico-Hesse et al., 1997).  

Additionally, Thai DENV-2 strains (Asian genotype) replicate to higher titers than the 

American genotype DENV-2 strains in both MDM and dendritic cells (Pryor et al., 2001; 

Cologna and Rico-Hesse, 2003), thereby showing an association of ability to cause disease in 

vivo with replicative capacity in important cell types in vitro.  Mutation of asparagine at 

position 390 in the E protein, commonly found in Asian-type genotypes, to aspartic acid, as 

present in the American-type genotype reduced virus output in both MDM and dendritic cells, 

again suggesting genotype differences may play a role in the severity of DENV-infections 

(Pryor et al., 2001; Cologna and Rico-Hesse, 2003).   
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1.8.1.1 The role of viral proteins in DENV pathogenesis 
 
The levels of DENV NS1 protein in the serum from infected individual’s has been shown to 

correlate well with viremia and the development of DHF (Libraty et al., 2002b; Avirutnan et 

al., 2006).  Thus it has been suggested that high levels of NS1 could be used as a marker for 

disease severity or the progression of pathology in infected individuals.  The NS1 

glycoprotein is essential for virus replication but how it influences pathogenesis is still not 

clear.  However antibody to DENV NS1 protein has been shown to cross-react with antigens 

on the surface of endothelial cells inducing them to undergo nitric oxide (NO) mediated 

apoptosis (Lin et al., 2003) and cross-reactions between NS1-specific monoclonal antibodies 

and cellular antigens have also been reported (Falconar, 1997).  Thus vascular damage 

induced by anti-NS1 antibodies could play a role in DENV pathogenesis. 

 

The IFN response is an important anti-viral mechanism and many viruses have established 

mechanisms to evade this innate anti-viral response (discussed in section 1.8.2.3).  Three 

DENV proteins NS2A, NS4A and NS4B all block IFN signalling to different extents thus 

promoting viral replication (Munoz-Jordan et al., 2003) (discussed in section 1.8.2.3).   

 

The DENV NS5 protein (the viral polymerase) which plays a key role in DENV replication 

can induce expression of the anti-viral IL-8 gene and secretion of IL-8 from NS5 transfected 

HEK-293 cells (Medin et al., 2005). 

 

Thus some DENV proteins can play key roles in indirectly inducing pathogenesis or 

subverting host protective responses to potentially allow viral evasion and successful 

infection. 

 

1.8.2 The host response and DENV pathogenesis 

1.8.2.1 Role of antibodies in pathogenesis 
 
Antibodies against both E, prM and NS1 proteins are capable of protecting mice from DENV-

infection (Kaufman et al., 1987; Henchal et al., 1988; Kaufman et al., 1989; Wu et al., 2003) 

and are usually detected in DENV patient sera.  During natural DENV-infection, neutralising 

antibodies are generated that provide solid immunity against the infecting primary serotype 

only.  Additionally the immune response to the primary serotype is cross-protective against 

other serotypes for only a short period after infection.  After this initial period of cross-
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protection individuals become susceptible to secondary infection with a heterologous 

serotype, which is often associated with more severe disease.   

 

The antibody-dependent enhancement (ADE) theory (Halstead et al., 1977) was first proposed 

to explain the observation that severe manifestations of DHF/DSS occur more often in a 

secondary than primary DENV-infection.  The ADE theory postulates that some DENV 

specific antibodies, either cross-reacting antibodies from a previous DENV-infection or sub-

neutralising levels of serotype-specific antibodies, can interact with DENV without 

neutralising the virus, and enhance Fcγ-mediated receptor binding and uptake by monocytes 

and macrophages which as discussed earlier, are target cells for DENV-infection (Fig 1.10).  

This hypothesis is supported by evidence that infants between six and twelve months of age 

with passively acquired heterotypic maternal DENV antibodies, experience a more severe 

form of DENV-infection in epidemic cases (Kliks et al., 1988; Halstead et al., 2002; Nguyen 

et al., 2004).  By approximately 6 months of age, levels of maternal antibody to DENV 

decrease below a protective level, potentially leaving these infants at a risk for development 

of DHF and DSS in the absence of a prior DENV-infection and DENV-specific cellular 

immunity (reviewed in (Whitehead et al., 2007)).  Complete decay of maternal antibodies 

ultimately leads to decreased rates of more serious forms of DENV-infection. 

 

In addition to enhanced viral uptake and potential enhanced viremia resulting from ADE, it 

has also been proposed that ADE can lead to activation of macrophages and DENV specific 

memory T lymphocytes induced during the primary infection, which then release a number of 

cytokines and chemical mediators that can induce vascular permeability and may be 

responsible for the capillary leak syndrome in severe DENV pathogenesis (Fig 1.11).   

 

Viral entry by ADE can also stimulate cell-signalling changes.  ADE has also been observed 

for a number of other viruses.  In Ross River virus (RRV), an arthropod-borne alphavirus, 

infection in the presence of enhancing antibody results in down-regulation of anti-viral genes 

and disruption of anti-viral activation pathways (such as NF-kB complex formation and 

production of TNF-α mRNA).  This is accompanied by unrestricted RRV replication 

(Lidbury and Mahalingam, 2000; Mahalingam and Lidbury, 2002).  Similarily DENV ADE 

has recently been shown to up-regulate the production of anti-inflammatory cytokines (IL-6 

and IL-10) but suppresses pro-inflammatory cytokine production (IL-12, TNF-α and IFN-γ) 

in THP-1 cells (Chareonsirisuthigul et al., 2007).  Thus ADE may not only facilitate the viral 



Fig 1.10. Model for antibody-dependent enhancement of dengue virus replication. Antibody (Ab)
dependent enhancement of virus replication occurs when heterotypic, non neutralising Ab present 
in the host from a primary DENV infection binds to an infecting DENV particle during a subsequent
heterotypic infection but cannot neutralise the virus.  Instead, the Ab-virus complex attaches to the
Fc receptors on circulating monocytes, thereby facilitating the infection of Fc cell types in the body not
readily infected in the absence of antibody.  The overall outcome is an increase in the overall replication
of virus, leading to the potential for more severe disease (Whitehead et al., 2007).



Fig 1.11. Diagram of immunopathogenesis of dengue haemorrhagic fever induced by 
cytokines and other chemical mediators that increase vascular permeability. Boxed 
area highlights the ADE proposal and central role macrophages play in DV pathogenesis. 
Adapted from (Kurane et al., 1994). 
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entry process, but may also modify innate and adaptive intracellular anti-viral mechanisms 

and hence allowing unrestricted DENV replication.   

 

Only 5% of infected individuals with secondary infection develop DHF and DSS and the 

more serious forms of the illness have also been reported in patients with primary infection 

(Scott et al., 1976; Morens et al., 1987; Martinez et al., 1993), and thus the ADE theory 

alone does not fully explain the mechanisms predisposing to induction of severe DENV 

pathology. 

1.8.2.2 Role of circulating mediators in immunopathogenesis 
 
The absence of severe pathological changes in fatal DENV cases (Halstead, 1989) combined 

with the fact that most surviving DHF/DSS patients recover rapidly (WHO, 1997) suggest 

that DHF and DSS are secondary to the action of cytokines and chemical mediators that are 

capable of producing severe illness with minimal structural injury.  Evidence of circulating 

changes such as marked T cell activation in patients with primary DENV-infection and the 

presence of high levels of cytokines has also been directly associated with the disease (Kurane 

et al., 1991; Hober et al., 1993; Green et al., 1999a), and these are discussed below.   

 

T Lymphocytes 

DENV specific CD4+ and CD8+ T cells are detected in infected individuals (Bukowski et al., 

1989; Kurane et al., 1989), and activated DENV-specific T cells have been suggested to play 

an important role in immunopathogenesis (Mathew et al., 1998; Gagnon et al., 1999; Zivna 

et al., 2002; An et al., 2004).  Markers of T cell activation, including levels of soluble CD4, 

soluble CD8, soluble IL-2 and soluble TNFR, are all elevated in DENV-infected patients 

(Kurane et al., 1991; Hober et al., 1996a; Green et al., 1999a).  DENV-specific memory 

CD4+ and CD8+ T cell are induced on primary DENV-infection and activated DENV specific 

CD4+ T cell clones lyse non-antigen presenting HepG2 cells suggesting a role of T cell 

immune response in liver injury during DENV-infection (Gagnon et al., 1999).  Additionally 

during DENV-infection CD4+ T cells in vitro produce IFNγ, TNF-α and TNF-β.  

Interestingly IFN-γ has been shown to increase Fcγ receptors on monocytes thus potentially 

increasing viral infection by virus antibody complexes (Kontny et al., 1988).   

 

Soluble mediators 

High serum levels of soluble CD8 (sCD8), sCD4, IL-2 receptors (sIL-2R) are seen in 

children with DHF when compared to DF (Kurane et al., 1991). TNF receptors (sTNFR-II) 
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are higher in individuals with DENV induced shock than those with DHF but no shock 

(Bethell et al., 1998).  Plasma sCD8, sIL-2R and sTNFR-II are higher in children with DHF 

than in those with DF (Green et al., 1999a) and plasma sTNFR-II levels peak at 2 days 

before the onset of plasma leakage with levels correlating with the magnitude of plasma 

leakage.  These observations strongly suggest that release of soluble factors that are 

associated with immune activation is an important determinant of the severity of disease. 

 

Complement activation 

Complement activation by dengue antigen and antibody complexes has been hypothesised to 

be involved in pathogenesis with high levels of cleaved activated complement forms C3a and 

C5a detected in DSS patients (Avirutnan et al., 1998) and higher serum levels of complement 

(C), C3, C4, and C5 are detected during DENV-infections in particularly grade 3 and grade 4 

diseases (Bokisch et al., 1973).  C5a is a potent chemo-attractant of neutrophils and 

monocytes (Hopken et al., 1996) and C3a is known to induce histamine release from mast 

cells, which enhances vascular permeability (Bjork et al., 1985) and thus enhanced 

complement activation has the potential to both enhance infection and induce the release of 

vasoactive factors (Fig 1.11). 

 

Platelet activating factors and NO 

Platelet activating factor, a known enhancer of inflammatory reactions, is also produced at 

higher levels during DHF (Yang et al., 1995).  NO radical has also been shown to be 

produced by DENV-infected macrophages, which can suppress DENV replication in vitro 

and has also been suggested to cause disease via oxidative stress (Charnsilpa et al., 2005; 

Neves-Souza et al., 2005).  Serum from DENV-infected individuals also show increases in a 

range of cytokines discussed below at different stages of infection. 

 

Cytokines  

Increased levels of cytokines, including IL-2, IL-6, IL-8, IL-10, IL-13, IL-18, TNF-α, IFN-γ 

have been observed in patients with DENV-infection compared with uninfected individuals 

(Kurane et al., 1991; Hober et al., 1993; WHO, 1997; Avirutnan et al., 1998; Raghupathy et 

al., 1998; Green et al., 1999a; Chaturvedi et al., 2000; Juffrie et al., 2001; Mustafa et al., 

2001; Gagnon et al., 2002; Suharti et al., 2003; Nguyen et al., 2004).  Further DHF patients 

have even higher levels of TNF-α, IL-6, IL-8, IL-10, IL-13 and IL-18 compared to DF 

patients (Hober et al., 1993; Avirutnan et al., 1998; Raghupathy et al., 1998; Green et al., 
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1999b; Chaturvedi et al., 2000; Juffrie et al., 2001).  A summary of cytokine changes during 

DF and DHF is presented in Table 1.4.   

 

In vitro a number of cells and cell lines, including DENV-infected monocytes, B 

lymphocytes T cells, mast cells and dendritic cells, produce cytokines or chemokines in 

response to DENV-infection.  The cytokines produced by each cell type is summarised in 

Table 1.5.  Two factors of particular note are the cytokines IFN-γ and TNF-α.  

 

The importance of the IFN response in DENV pathology is highlighted by the severe course 

of disease in IFN knockout mice and the viral subversion of this pathway (section 1.8.2.3).  

TNF-α is also central to DENV pathology (see 1.8.2.4).  Proposed pathogenesis of DENV-

infection of monocytes and dendritic cells as a result of the two cytokines TNF-α and IFN-γ 

and NO radicals are shown in Fig 1.12 (Clyde et al., 2006).   

 

1.8.2.3 IFN response in DENV-infection  
 
IFNs play an important role in the first line of defence against viral infections and are 

important regulators of innate and adaptive responses.  It is well established that IFN levels 

markedly increase in response to viral infection including that of DENV and that some viruses 

are able to counteract IFN anti-viral effects (Diamond et al., 2000a; Polyak et al., 2001).  

HCV, a member of the family Flaviviridae, is one of the most well studied viruses in regards 

to IFN because IFN is used as the main anti-viral therapeutic against HCV infections.  HCV 

has evolved multiple mechanisms to inhibit anti-viral activity.  Expression of HCV proteins 

can block IFN-α induced gene transcription responses by inhibiting signal transduction 

through the JAK-STAT pathway which is critical for IFN signalling (Heim et al., 1999).  

Both HCV, NS5A and E2 proteins have been shown to interact with and inhibit the function 

of protein kinases, (reviewed in (Katze et al., 2002)).  HCV core protein expressed in HepG2 

and Huh7 cells inhibits IFN-α induced nuclear STAT1 import (Melen et al., 2004) and the 

HCV NS3/4A protease inhibits IRF-3 phosphorylation which subsequently inhibits RIG-I 

dependent signalling in the IFN pathway (Foy et al., 2003; Breiman et al., 2005).  Thus, 

several HCV proteins can inhibit at multiple stages of the IFN signalling pathway.   

 

The IFN response is also a very important anti-viral pathway to reduce DENV-infection.  

DENV challenge of knock out mice that lack IFN receptors develop limb paralysis and die in 

comparison to the mild disease seen in wild type mice (Johnson and Roehrig, 1999; Shresta et 



↑↑↑hCF

↑↑↓TGF-β

↑↑↑IFN-γ

↑↑↑↑TNF-α

↑↑↑IL-18

↑↑↓IL-13

↓↑↑IL-12

↑↑↓IL-10

↑↑↓IL-8

↑↑↑IL-6

↑↑↓IL-4

↑↑↑IL-2

→→IL-Iβ

DHFDFCytokines

Table 1.4. Cytokines levels in patients with dengue (Chaturvedi et al., 2000).

→, no change; ↓,decrease; ↑,increase,↑↑,marked increase



(Kurane et al., 1992)IFN-β, IL-6, GM-CSFskin fibroblast

(King et al., 2000, King et al., 
2002)

IL-1β, IL-6,RANTES, MIP-α, MIP-βmast

(Marianneau et al., 1999)TNF-α, IFN-α,IL-6,Kupffer

(Avirutnan et al.,1998,Huang, 
et al., 2000)

TNF-α, IL-8, IL-6, RANTESendothelial cells

(Gagnon et al., 1999, 
Mangada et al., 2005, Kurane
et al., 1989)

TNF-α, TNF-β, IFN γ,T cells

(Lin et al., 2002)TNF-α, IL-6B cells

(Palmer et al., 2005, 
Marovich et al., 2001, Ho et
al., 2001,Libraty et al., 2001)

TNF-α, IL-10, IFN-α,IL-12 p70,dendritic cells

(Chen et al, 2002,Hober et al., 
1996 ,Lee et al., 1996,Espina, 
et al., 2003,Carr et al., 2003)

TNF-α, IFN-α, IL-Iβ, IL-8, IL-12, 
MIP-1α, RANTES

macrophages

ReferenceCytokine released when infected with 
DENV

cell type/ cell line

Table 1.5. Cytokines released by DENV permissive cells and cell lines – in vitro



Fig 1.12. Pathogenesis of DENV infection after infection of dendritic cell/macrophage/monocyte
line. TNF-α and NO are produced by macrophages and can activate endothelial cells which is 
responsible for increasing vascular permeability. IFN-γ activates macrophages as well as CD4+ T cells. 
High levels of DENV have been shown to circulate as immune complexes. (Clyde et al., 2006). 
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al., 2004).  In vitro pre-treatment of cultured cells with IFN reduces subsequent DENV 

replication through inhibition of DENV RNA translation (Diamond et al., 2000b; Diamond 

and Harris, 2001).  These studies suggest that the innate immune response is activated by 

DENV-infection to produce IFN that has anti-viral effects on DENV replication.  However 

there is growing evidence to suggest that similar to that seen for HCV, DENV has evolved 

mechanisms to evade the anti-viral effects of IFN.  Treatment of DENV-infected cells with 

IFN as little as four hours after infection resulted in almost complete loss of the IFN anti-viral 

effect (Diamond et al., 2000b) suggesting that once infection is established the anti-viral 

effects of IFN become less effective.  Expression of either DENV NS2A, NS4A or NS4B can 

block IFN-stimulated signal transduction cascade by interfering with STAT1 function 

(Munoz-Jordan et al., 2003).  NS4B in particular is strongest in blocking the IFN induced 

signal transduction in response to IFN-β and IFN-γ in monkey kidney cells.  The other two 

proteins NS4A and NS2A also block IFN signalling but to a much lesser extend than NS4B 

and all three proteins in synergy block IFN signalling completely.  DENV-infection itself can 

inhibit IFN-α mediated signal transduction by decreasing phosphorylation of STAT2 (Jones et 

al., 2005) which are key component of the IFN-α signalling pathway.  Thus collectively these 

studies show that DENV-infection and expression of some DENV proteins can inhibit the 

effects of IFN, a key mediator of the innate anti-viral response, and thus once infection and 

viral protein production is established IFN, has reduced effects on the established replication 

of DENV. 

 

1.8.2.4 TNF-α and DENV-infection  
 
TNF-α production is increased during DENV-infection in vivo and in vitro 

Increased circulating TNF-α levels are found in patients with DENV-infection, with even 

higher levels associated with more serious forms of disease as summarised in Table 1.4 

(Hober et al., 1993; Green et al., 1999a; White, 1999; Kittigul et al., 2000).  Exposure of 

monocytes/macrophages to DENV particles or DENV proteins has been suggested to be 

responsible for the enhanced production of TNF-α in DENV-infected patients (Hober et al., 

1996b).  Increased TNF-α release in response to DENV-infection of monocyte/macrophage 

cultures has been observed in our lab and by others (Lee et al., 1996; Chen and Wang, 2002; 

Carr et al., 2003; Espina et al., 2003).  As shown in Table 1.5 many cells types release TNF-α 

when infected or exposed to DENV in vitro.  
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TNF-α plays a role in pathogenesis in mouse models of DENV-infection 

DENV challenge of BALB/c mice (haplotype H-2d) with a mouse adapted DENV strain 

results in clinical symptoms of severe DENV disease, including hemorrhagic shock with 

100% mortality rate (Atrasheuskaya et al., 2003).  In this mouse model of DENV-infection 

levels of TNF-α increased abruptly and steeply shortly before death, and treatment of these 

animals with anti-TNF-α antibody reduced mortality rate to 40%.  Recent studies using a 

new DENV strain D2S10, which mimics human DENV disease including viremia and 

increased vascular permeability in mice, have shown that neutralisation of TNF-α acitivity 

prevented early death of infected mice confirming that TNF-α is one of the key cytokines 

responsible for severity of DENV diseases and lethality in this model of DENV infection 

(Shresta et al., 2006).  Using an immunocompetent mouse model of DENV-infection 

(C57BL/6) it has been recently shown that high virus levels, macrophage infiltration and 

increased TNF-α levels are three important factors associated with haemorrhage in DENV-

infection (Chen et al., 2007).   

 

TNF-α plays a role in endothelial cell activation and permeability in vitro  

In vitro studies have shown that exposure of human endothelial cells to culture fluids from 

DENV-infected monocytes or macrophages triggers endothelial cell activation and induction 

of endothelial cell permeability (Anderson et al., 1997a; Carr et al., 2003) which can be 

reversed by treating with anti-TNF-α antibodies (Anderson et al., 1997a; Cardier et al., 

2005).   

 

Together these data show that circulating TNF-α levels are high in DENV-infection and are 

involved in the pathogenesis of disease, potentially by direct effects on the endothelium; 

however, the effect of these high levels of TNF-α on DENV replication are unknown. 

 

Anti-viral effects of TNF-α in other viral systems 

TNF-α is a powerful pro-inflammatory cytokine with pleiotropic properties.  It is known to 

have anti-viral effects on several viruses and can contribute to virus clearance (reviewed 

extensively in (Herbein and O'Brien, 2000)).  For example TNF-α is associated with viral 

clearance in Hepatitis B virus (HBV) transgenic mice by inhibiting HBV gene expression and 

accelerating the degradation of HBV mRNA (Gilles et al., 1992; Guilhot et al., 1993; Chisari, 

2000).  Endogenously released TNF-α plays an integral part in cytomegalovirus (CMV) 

clearance, since administration of neutralising TNF-α antibodies to immunocompetent and 
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CD8 T cell deficient mice abolished the anti-viral activity of CD4 T cells (Pavic et al., 1993).  

TNF-α has also been shown to suppress HIV-1 replication in PBMC and alveolar 

macrophages (Lane et al., 1999), and TNF-α can protect mice from infection with herpes 

simplex virus type 1 (HSV1) (Rossol-Voth et al., 1991).  Further, TNF-α knockdown mice 

showed increased susceptibility to primary corneal infection with HSV1 and increased virus 

spread, while TNF-α deprivation also significantly prompted the re-activation of HSV1 in 

latently infected trigeminal ganglia explants (Minagawa et al., 2004).  Challenge of mouse 

embryonic fibroblast cells with West Nile virus, another Flavivirus, has shown that cells from 

TNF-α deficient mice are more susceptible to West Nile virus infection than cells from wild 

type mice, suggesting a role for TNF-α in protection against initial West Nile virus infection 

(Cheng et al., 2004).  TNF-α also has been implicated in transiently changing permeability of 

the blood-brain barrier and hence allowing West Nile virus to cross the central nervous 

system (Wang et al., 2004). 

 

In relation to DENV, however, possible anti-viral effects of TNF-α on DENV replication are 

less defined.  TNF-α is released from MDM after DENV-infection, and the peak of this 

release coincides with peak of virus production in vitro (Carr et al., 2003; Espina et al., 2003).  

Other cells of the immune system such as B and T cells that functionally interact with 

monocytes and macrophages during viral infection can also release TNF-α when exposed to 

DENV (Lin et al., 2002b; Mangada et al., 2002; Mangada and Rothman, 2005).  Thus TNF-α 

released from cells of the immune system may contribute to the elevated circulating 

(endocrine) levels of TNF-α that may in turn induce viral pathogenesis in addition, TNF-α 

may act in an autocrine or paracrine manner to modulate viral replication in infected cells. 

Thus TNF-α can be anti-viral in other viral systems and elevated TNF-α has been implicated 

to play a role in pathogenesis of DENV but the potential regulatory role of TNF-α in DENV 

replication needs to be investigated.  This is the aim of chapter 4 of this thesis. 

 

1.8.2.5 Host proteins  
 
Viral replication within the infected host cell can alter host cell gene expression.  Many 

changes in circulating mediators and release of cytokines/chemokines from DENV-infected 

host cells have been characterised (see section 1.8.2.2) leading to the suggestion that DENV 

disease is primarily a result of immunopathogenesis and that host factors are an important 

determinant of pathogenesis.  In addition to well-characterised changes in circulating host 
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factors, DENV induced alterations in host intracellular responses may also be important.  

Microarray analysis of RNA extracted from human umbilical vein endothelial cells (HUVEC) 

that were infected in vitro with DENV have shown up to 269 genes that are induced and 126 

that are suppressed during DENV-infection (Warke et al., 2003; Liew and Chow, 2006).  

Similarly DNA microarray analysis of whole blood cells from DENV-infected patients found 

down-regulation of transcription of IFN-inducible genes in DSS patients compared to 

response in DHF (Simmons et al., 2007).  Recent microarray analysis of both DENV-infected 

cell line (HepG2) and in DENV patient blood samples have identified a highly up-regulated 

IFN stimulation gene termed Viperin. Further over-expression of this gene in A549 cells 

protected against DENV-infection demonstrating high levels of anti-viral activity (Fink et al., 

2007).  Another novel anti-viral protein called Tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL) has been shown to be up-regulated in DENV-infected immune cells 

(monocytes, dendritic and B cells) and HUVECs by assessing gene expression changes using 

Affymetrix GeneChips (Warke et al., 2008). 

 

Thus microarray analysis has identified many changes in host cell gene expression and the 

full role of these proteins in disease pathogenesis requires further study.  Complementing 

these microarray studies, part of this thesis (Chapter 5) identifies changes in DENV-infected 

cells using proteomic studies.   

 

1.9 SUMMARY 
 
DENV-infections of humans is characterised by immunopathology (i.e. diseases caused by the 

host’s response to infection).  Understanding how the infected host cell regulates and 

responds to DENV-infection may lead to better understanding of the mechanisms of DENV 

pathology and to therapeutic avenues to counter DENV disease.   

 

We know that 

• Monocytes and macrophages are an important target cell for DENV replication in vivo 

and in vitro.   

• TNF-α has an anti-viral role in a number of other viruses and plays a role in inducing 

DENV pathology but the potential anti-viral role of TNF-α against DENV replication 

is not known. 
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• While there are many reports of changes in the release of circulating factors during 

DENV-infection only limited studies, mainly by microarray analysis, have assessed 

the intracellular host response to DENV-infections. 

 

This study looks at the potential anti-viral role of TNF-α and host response at a cellular level 

to DENV replication in an important cell type the MDM  

 

1.10 HYPOTHESIS AND AIMS 
 
DENV-infection of MDM induces host cell responses including the release of TNF-α that 

may enhance or counteract viral replication.   

We specifically aim to: 

 (1) Investigate the role of TNF-α, in regulating DENV replication. 

 (2) Identify other novel host-cell responses to DENV-infection in MDM. 

 

1.11 OUTCOMES 
 
Throughout my PhD I have achieved  

• Successful establishment of a RT real-time PCR assay to quantitate (+ ve) and (- ve) 

strand DENV RNA (Chapter 3). 

• Further characterisation of the DENV – MDM in vitro infection model (Chapter 4). 

• Successful application of the DENV quantitative RT real-time PCR technique and 

MDM infection model to analyse TNF-α regulation of DENV replication in MDM 

(Chapter 4). 

• Establishment of techniques for 2D analysis of changes in the proteome in DENV-

infected cells (Chapter 5) 

 

This project has the following major novel findings: 

1. Addition of exogenous TNF-α or blocking of endogenous TNF-α from DENV-

infected MDM has no effect on DENV replication. 

2. DENV-infected MDM do not respond normally to TNF-α-stimulation 

3. DENV-infection of MDM induces GRP78 and HSP70 expression. 

 

Points 1 and 2 have been published in Wati et al., Journal of Virology, 2007 vol. 81 (18), 

10161-71. 
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CHAPTER 2 
 

MATERIALS AND METHODS 

2.1 MATERIALS 

2.1.1 Antibodies and dilutions used 

TNF-α blocking experiments 

Mouse anti-human TNF-α monoclonal antibody (2.5 µg/ml) (Pharmingen, catalogue number 

18630D) 

Mouse IgG isotype control (2.5 µg/ml) (Pharmingen catalogue number 20800D)  

 

DENV primary detection antibody 

Mouse monoclonal DENV anti-E antibodies (1/50) (a gift from Prof. Peter Wright, Monash 

University) 

DENV positive patient sera (1/5000) 

 

Secondary conjugated antibody for confocal microscopy 

Goat anti-mouse Alexa Fluor 546 (1/200) (Molecular Probes) 

Goat anti-rabbit Alexa Fluor 488 (1/200) (Molecular Probes) 

Goat anti-rabbit Alexa Fluor 647 (1/200) (Molecular Probes) 

Rabbit anti-goat CyTM2 (1:150) (Jackson Immunoresearch Laboratories) 

Donkey anti-mouse CyTM5 (1:400) (Jackson Immunoresearch Laboratories) 

 

Other antibodies for confocal microscopy 

Rabbit anti-HSP70 polyclonal antibody (1/100) (Chemicon catalogue number AB3470) 

Goat anti-GRP78 polyclonal antibody (1/50) (Santa Cruz Biotechnology catalogue number C-

20, a gift from Prof James Paton, University of Adelaide) 

Rabbit p65 antibody (1/50) (Abcam catalogue number ab7970, a gift from Dr Michael Beard, 

University of Adelaide) 

 

Western blot primary antibody 

Rabbit anti–HSP70 polyclonal antibody (1/200) (Chemicon catalogue number AB3470) 

Mouse anti-actin monoclonal antibody (1/100000) (Chemicon catalogue number MAB1501R) 
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Western blot secondary conjugated antibody 

ImmunoPure goat anti-mouse IgG, (H+L), perioxidase conjugated (Pierce Biotechnology 

catalogue number 31430) 

ImmunoPure goat anti-rabbit IgG, (H+L), perioxidase conjugated (Pierce Biotechnology 

catalogue number 31460) 

 

2.1.2 Cells  
 
African green monkey kidney (Vero) cells (a gift from Dr Tuckweng Kok, IMVS, Adelaide) 

human hepatoma cells Huh7 and HepG2 cells (a gift from Dr Karla Helbig, Hepatitis C Lab, 

University of Adelaide), monocytic cell lines K562 and U937 (a gift from Mr John Mackrill, 

School of Molecular Biosciences, University of Adelaide) were used for DENV-infection 

studies, mouse fibroblast cells L929 (a gift from Dr Kerrie Diener, Hanson Institute, 

Adelaide) were used in the TNF-α bioassay and Aedes albopictus C6/36 (American Type 

Culture Collection, ATCC) were used to prepare DENV stocks.   

2.1.3 Commercial kits 

OptEIATM human TNF-α ELISA set (Pharmingen catalogue number 2637KI) 

RNeasy mini kit (Qiagen catalogue number 74104) 

RC DCTM protein assay kit I (Biorad catalogue number 500-0121) 

2.1.4 Commonly used buffers and solutions 

Cell culture media and buffer 

MDM adherence media 

Dulbecco modified Eagle medium (DMEM, Gibco BRL) supplemented with 20% (v/v) Fetal 

Bovine Serum (FBS) (JRH, Biosciences), 1.2 µg/ml penicillin, 1.6 µg/ml gentamicin, 2 mM 

L-glutamine and 10 mM Hepes 

 

MDM culture media 

DMEM supplemented with 10% (v/v) FBS, 7.5% (v/v) human serum (Australian Red Cross 

Blood Bank), 1.2 µg/ml penicillin, 1.6 µg/ml gentamicin, 2 mM/L-glutamine and 10 mM 

Hepes 
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Hanks buffers 

Hanks balanced salts (HBSS) – without CaCl2 and MgSO4 (USBiological catalogue number 

H1800) 

Hanks balanced salts (HBSS+) – with CaCl2 and MgSO4 (Sigma catalogue number H1387) 

 

Media for culturing HepG2, Huh7 and Vero cells  

DMEM supplemented with 10% (v/v) FBS (5% (v/v) for vero cells), 1.2 µg/ml penicillin, 1.6 

µg/ml gentamicin, 2 mM L-glutamine and 10 mM Hepes 

 

Media for culturing K562 and L929 cells 

RPMI 1640 media (Gibco BRL) supplemented with 10% (v/v) FBS, 1.2 µg/ml penicillin, 1.6 

µg/ml gentamicin, 2 mM L-glutamine and 10 mM Hepes 

 

Media for culturing C6/36 cells (Eagle’s basal medium) 

Earles salts (BME) (Gibco BRL) supplemented with 7.5 % (v/v) FBS, 1.2 µg/ml penicillin, 

1.6 µg/ml gentamicin, 2 mM L-glutamine, 1mM Sodium pyruvate, 0.1 mM of MEM non 

essential amino acids solution (Gibco) 

 

Buffers for DNA/RNA 

DNA gel loading buffer 

60% (w/v) Glycerol, 100 mM EDTA (pH 8.0); 100 mM Tris base (pH 7.5), 0.416% (w/v) 

Bromophenol blue and 0.416% (w/v) Xylene cyanol 

 

DNase buffer (1x) for RNA 

0.1 M sodium acetate, 5 mM MgSO4, pH 5.0 

 

Ethidium bromide stock solution 

10 mg/ml ethidium bromide (Sigma) dissolved in dH2O.  Stored at 40C in a dark bottle. 

 

Phenol 

Tris base-equilibrated phenol was prepared according to supplier’s instructions (Sigma) 

 

TBE (1x) 

90 mM Tris base, 90 mM boric acid, 2.4 mM disodium EDTA (pH 8) 
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Buffers for 2D gel analysis 

Cell Lysis buffer  

10 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 0.5% Triton X-100 (v/v) (Sigma), 20 µg/ml 

Aprotinin (Sigma) and 1 mM DTT (Sigma) 

 

Equilibration Base Buffer  

6M Urea, 2% (w/v) SDS, 0.05M Tris-HCl, pH 8.8, 20% (v/v) glycerol 

 

Rehydration Buffer (containing multiple surfactant solution)  

5M urea, 2M Thiourea, 40 mM DTT, 2% (v/v) Chaps, 2% (v/v) SB 3-10 (3-

Decyldimethylammonio–propanesulfonate) (Fluka), 40 mM Tris base, 0.0002% Bromophenol 

blue, 0.2% (w/v) ampholytes 3-10 (Biorad).   

 

Buffers for western blots 

Blocking Buffer  

5% (w/v) skim milk powder, diluted in 0.1% (v/v) Phosphate buffered Saline (PBS)-Tween 

 

Tris glycine electrophoresis buffer 

25 mM Tris base, 250 mM glycine, 0.1% (w/v) SDS (pH 8.3) 

 

Western blot stripping solution 

50 mM Tris pH 7.5, 2% SDS (w/v), 0.25% (v/v) Beta mercaptoethanol 

 

Western blot transfer buffer 

24 mM Tris base, 186 mM glycine, 20% (v/v) methanol (pH 8.0) 

 

10% SDS PAGE gels  

Two phase SDS PAGE gels (9 x 8cm), consisted of a 12.5% (v/v) acrylamide resolving gel 

and 5% (v/v) acrylamide stacking gel as described in Sambrook et al.(1989).  The formulation 

of acrylamide to cross-linker Bis acrylamide ratio used was 29:1 as per Biorad Acrylamide 

and Bisacrylamide solution preparation instructions. 

 

Others 

PBS 

140 mM NaCl, 3 mM KCl, 1 mM KH2P04, 8 mM Na2HPO4 (pH 7.4) 
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2.1.5    Oligonucleotide sequences 

All oligonucleotides were synthesised by Geneworks (www.geneworks.com.au).  Dried 

oligonucleotide pellets were resuspended in sterile water to final stock concentrations of 200 

pmol/µl before further dilutions to working concentrations (generally 20 pmol/µl).  The 

sequences and nucleotide positions of the oligonucleotide primers used in this study are 

presented in Table 2.1. 

 

Table 2.1 Primers 

Name Sequence 5’→ 3’ Co-ordinate

CAPECORI Fa CACGAATTC/AGCTCAACGTAGTTCTAACAG 50-70 

CAPBAMHI Ra CGTGGATCC/GATCATGTGTGGTTCTCCGTT 477-457 

CAPF 5’ Fa GCAGATCTCTGATGAATAACCAAC 86-109 

CAPR 3’a GTTCTGCGTCTCCTGTTCAAG 398-378 

DENV5.1 a GCAGATCTCTGATGAATAACCAAC 86-109 

CAP 3.1 a GTTCTGCGTCTCCTGTTCAAG 398-378 

CAP 5.2 a AGCTCAACGTAGTTCTAAC 50-68 

DENV3.2 a TTGTCAGCTGTTGTACAGTCG 187-167 

CYCLOPHILIN Fb GGCAAATGCTGGACCCAACACAAA 383-406 

CYCLOPHILIN Rb CTAGGCATGGGAGG GAACAAGGAA 737-714 

TNF Fc CCCCAGGGACCTCTCTCTAATC 358-379 

TNF Rc GGTTTGCTACAACATGGGCTACA 455-433 

TAGd CGGTCATGGTGGCGAATAA  

 
a (Robyn Taylor, University of Adelaide) – Genbank accession number AF038403 
b (Peter Brautigan, Institute of Medical and Veterinary Science) - Genbank accession 

   number NM_021130 
c (Boeuf et al., 2005) Genbank accession number NM_000594 
d (Peyrefitte et al., 2003)   

 

 

2.1.6    TNF-α siRNA 

TNFα siRNA was synthesised by Invitrogen.  Dried siRNA pellets were resuspended in 

DEPC-treated water (Invitrogen) to 20 µM concentration and stored at -200C.  The sequence 

of siRNA is shown in Table 2.2 
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Table 2.2 TNFα siRNA sequences 

Catalogue number Sequence 5’→ 3’ 

HSS110854(3 RNAi) UCG AGA AGA UGA UCU GAC UGU CUG G 

 CCA GGC AGU CAG AUC AUC UUC UCG A 

HSS110855(3 RNAi) UUA UCU CUC AGC UCC ACG CCA UUG G 

 CCA AUG GCG UGG AGC UGA GAG AUA A 

HSS110856(3 RNAi) AGA CUC GGC AAA GUC GAG AUA GUC G 

 CGA CUA UCU CGA CUU UGC CGA GUC U 

 

2.2 CELL CULTURE 
 

2.2.1 Isolation and culture of primary MDM 

Monocytes from healthy donor buffy coat blood packs (Australian Red Cross Blood Bank) 

were isolated by adherence as previously described (Pryor et al., 2001).  Briefly, buffy coats 

(usually 20-50 ml) were diluted to 100 ml with PBS and 25 ml was gently layered onto 20 ml 

lymphoprep (Nycomed Pharma) in four 50 ml centrifuge tubes.  Gradients were centrifuged at 

2000 rpm in a Heraeus Multifuge 3 S-R for 20 mins with low brake.  The PBMCs form a 

visual band that was carefully collected and washed 3 times with PBS to completely remove 

lymphoprep and minimise platelet contamination.  Cells were enumerated and resuspended at 

1 x 107 cell/ml in pre-warmed MDM adherence media (section 2.1.4) in 75 cm3 tissue culture 

flasks (Nunc) at 370C in 5% CO2 for 1 hr.  Non-adherent cells were further depleted of 

monocytes by 3-4 rounds of adherence, as above.  Adherent monocytes were washed 3-6 

times with HBSS+ (section 2.1.4) to remove any non-adherent cells and cultured in MDM 

culture media (section 2.1.4) overnight.  Day one post isolation monocytes were gently 

detached by cell scraping in HBSS (section 2.1.4).  Adherent cells from 4 buffy coat packs 

were pooled, re-plated and cultured in fresh MDM culture medium (section 2.1.4) for 5 days.  

On the fifth day after isolation, cells were strongly adherent and had differentiated into 

macrophages (MDM).  Cells were detached and seeded in 48 well plates at a concentration of 

2 x 105 cells per well and allowed to adhere for one day.  This method of MDM isolation has 

been previously shown to yield cells that are 85-90% CD14+ positive by flow cytometry with 

macrophage morphology by giemsa staining (Pryor et al., 2001). 
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2.2.2 Cell lines and cell culture 
 
Vero, Huh7 cells, HepG2, L929, U937 and K562 cells were maintained in 75 cm3 tissue 

culture flasks (Greiner, Germany) at 370C in 5% CO2.  These cell lines were passaged every 

2-3 days. Vero, HepG2, and Huh7 were cultured in DMEM (section 2.1.4), K562, U937 and 

L929 cells in RPMI (section 2.1.4) at 370C in 5% CO2.  C6/36 cells were grown in Eagle’s 

basal medium (section 2.1.4) at 280C in 5% CO2. 

 

2.3 DENV-INFECTION OF CELLS 

2.3.1 Preparation and titration of DENV stock  
The strain of DENV-2 used was a laboratory clone of the dengue virus strain New Guinea C 

(MON601) obtained from Prof Peter Wright, Monash University (Gualano et al., 1998; Pryor 

et al., 2001) (Appendix 1).  To generate DENV stocks pMON601 was in vitro transcribed 

using mMessage mMachine®T7 Kit (Ambion catalogue number AM1344) as per 

manufacture’s instructions.  40 ng of in vitro transcribed DENV RNA was transfected into 

BHK cells using 4 µl of Enhancer reagent and 8 µl TransMessenger reagent (TransMessenger 

Transfection Reagent kit; Qiagen catalogue number 301525).  In vitro transcription and 

transfection was performed by Mr Carl Coolen, Research assistant, IMVS.  Supernatant from 

transfected cells were collected, filtered and amplified in C6/36 cells.  Infected cells were 

observed daily by light microscopy for visual CPE.  This was usually visible at day 4 post-

infection.  After visualisation of CPE, infected cells were resuspended in fresh media and 

supernatant collected daily for 3 days to produce 3 separate stocks of infectious DENV.  The 

collected supernatant was clarified by centrifugation, filtered, aliquoted into 1 ml aliquots and 

stored at -800C.  The viral titer was determined by plaque assay using Vero cells as described 

in section 2.3.2. 

 

2.3.2 Quantitation of infectious virus by plaque assay  
 
Cell culture supernatants from infected cells were assayed for infectious DENV by plaque 

assay.  Vero cells were plated at 3 x 105 cells per well in 6 well plates (Falcon) containing 3 

ml of media (section 2.1.4) and cultured overnight.  Cells were washed with serum free 

DMEM and infected with 300 µl of serially diluted (10-1-10-6) samples.  Following infection, 

inoculum was removed, cells washed using serum free DMEM and overlayed with 4 ml of a 

1:1 mix of 2% metaphor agarose (BioWhittaker Molecular Applications) prepared in water 

(sterilised by autoclaving) and 2 x DMEM + 10% (v/v) FBS.  Agarose was allowed to set and 
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plates were inverted and incubated at 370C with 5% CO2, for 5 days.  On day 5, cells were 

overlayed with 2 ml of 1:1 mix of 2 x DMEM containing 10% (v/v) FBS, 0.03% (w/v) neutral 

red (MP Biomedicals) and 2% (w/v) metaphor agarose.  Agarose was allowed to set, inverted 

and incubated till plaques were visible (approximate 5 days).  Plaques were counted at 

dilutions yielding 10-100 pfu/well and levels of infectious virus were quantitated as plaque 

forming units per ml (pfu/ml).  The reproducibility of plaque assay was determined by 

multiple measurement of the same sample (n=3) in two different experiments, yielding 5-10% 

variation from the mean, the plaque assay routinely detected > 50 pfu/ml. 

 

2.3.3 Culture and infection of MDM and cell lines with DENV-2 (MON601)  
 

MDM infection 

MDM were plated the day prior to infection at 2 x 105 cells per well in a 48 well plate 

(described in section 2.2.1), washed with serum free DMEM and then infected with DENV at 

a MOI of 5, in a volume of 100 µl for 90 mins at 370C with intermittent rocking of the plate as 

previously described (Pryor et al., 2001).  Mock-infected controls were performed by 

infecting, as above, with equal volumes of heat inactivated virus (800C for 20 mins).  After 

infection, the cells were washed, cultured in 400 µl MDM culture media (section 2.1.4) and 

one-half the volume of fresh medium was sampled and replaced at each time point (unless 

stated otherwise). 

 

Infection of the adherent cell lines:- HepG2 and Huh7 cells  

HepG2 and Huh7 cells were seeded at 2 x 105 cells per well in a 12 well plate, one day before 

infection.  Cells were washed as described for MDM infection, and infected with DENV 

(MOI) of 5, in a volume of 200 µl of serum free DMEM for 90 mins at 370C with intermittent 

rocking of the plate as described for MDM.  Mock-infected controls were performed as 

described for MDM (section 2.3.3) using an equal volume of heat inactivated virus (800C for 

20 mins).  After infection, the cells were washed, cultured in 1 ml HepG2 and Huh7 media 

(section 2.1.4) and one-half the volume of fresh medium was sampled and replaced at each 

time point. 

 

Infection of PMA differentiated U937 cells 

U937 cells were seeded in a 24 well plate at 5 x 105 cells/well in the presence of PMA 

(6ng/ml) to stimulate differentiation into macrophage-like cells.  48 hrs after PMA addition 
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the cells became adherent and were washed twice with serum free medium and infected with 

DENV at a MOI of 10 in a 150 µl volume for 2 hrs at 370C with intermittent rocking.  Mock-

infected controls were performed as above for HepG2 and Huh7 cells.  After infection, the 

cells were washed, cultured in U937 culture media (section 2.1.4) and one-half of the volume 

of fresh medium was replaced at each sample point.  In a separate experiment cells were 

trypsinised at 48 hrs post-infection and fixed onto slides at concentrations of 105 cells per well 

for confocal staining (section 2.6.7).   

 

Infection of non adherent K562 cells 

K562 (non adherent) cells at concentrations of 5 x 106 cells were washed and suspended in 

500 µl of media containing 1% (v/v) FBS in four separate wells (for sampling at 4 different 

time points) and infected with DENV at a MOI of 5 in 500 µl volume for 2 hrs at 370C with 

intermittent rocking.  Mock-infected controls were performed as above using an equal volume 

of heat inactivated virus (800C for 20 mins).  Cells were washed twice and resuspended at a 

concentration of 2 x 105 cells in K562 cell media (section 2.1.4) in cell culture flasks.  At time 

points 0, 24, 48 and 72 hrs all media containing cells were removed from each well, clarified 

by centrifuging at 6000 g, and supernatant stored at -800C until ready for plaque assay.  Cells 

were also fixed onto slides at concentrations of 105 cells per well for confocal staining 

(section 2.6.7).   

 

2.3.4 Characterisation of DENV-infected MDM 

2.3.4.1 Preparation of opsonised Sheep Red Blood Cells (SRBC) 
 
SRBC (obtained from Garry Penny, University of Adelaide) were washed 3 times by 

resuspending in PBS and centrifuging at 2000 rpm in a Heraeus Multifuge 3 S-R for 10 mins.  

A 0.2% suspension of the SRBC in HBBS+ was incubated with healthy human sera diluted 

1:1000 (Australian Red Cross Blood Bank) at 370C for 1 hr with intermittent rocking.  SRBC 

suspension were washed twice with HBBS+ and resuspended in 10 ml of DMEM and used 

for phagocytosis assay. 

 

2.3.4.2 Phagocytosis 
 
MDM were either DENV or mock-infected as described in section 2.3.3 and 24 hrs post- 

infection cells were washed twice with warm HBBS (section 2.1.4).  200 µl DMEM without 
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FBS or human sera + 200 µl of opsonised SRBC (2.3.4.1) was added to the cells and 

incubated at 370C for 24 hrs.  Cells were then washed 5 to 6 times with warm HBBS to 

remove any SRBC that were not ingested by MDM and either stained with haematoxylin 

(Sigma) and observed using a light microscope or fixed and stained for DENV antigens using 

DENV anti E monoclonal antibodies and Alexa Fluor 546 (as described in section 2.5.8) and 

observed using a Fluorescent microscope. 

 

2.4    EXTRACTION OF RNA AND REVERSE TRANSCRIPTION (RT) REAL-
TIME PCR TECHNIQUES 

2.4.1 Generation of DENV capsid construct and in vitro transcribed RNA 
 
The DENV-2 capsid (CAP) region was PCR amplified from full length, infectious clone 

MON601 (Appendix 1) with primers CAPECOR1 and CAPBAMHI 3’, and cloned into 

pGEM-3Zf(-) (Promega) which contained a T7 forward promoter and an SP6 reverse 

promoter (Appendix II).  Cloning was performed by Ms Robyn Taylor, Honours student, 

University of Adelaide.  For generation of positive (+ ve) strand RNA, the pGEM-DENV-

2CAP was linearised with Hind III and in vitro transcribed with T7 RNA polymerase.  For 

generation of negative (- ve) strand RNA, the pGEM-DENV2capsid was linearised with 

EcoRI and in vitro transcribed with SP6 RNA polymerase.  Both in vitro transcription 

reactions utilised Ambion maxiscriptTM following the manufacturer’s instructions.  The in 

vitro transcribed RNA was purified using an RNeasy RNA extraction kit (Qiagen) as per 

manufacturer’s instruction and quantified by a spectrophotometer.  RNA was immediately 

aliquoted and stored at -700C for use as standards, and RNA copy number calculated using the 

following equation: 

 

RNA standard copy number = Amount of standard RNA (grams) x C 

      RNA size (base) x M 

Where:  C= Avogadro’s constant (6.022 x 1023 molecules) 

  M=Molecular weight of a single base (330 daltons) 

 

2.4.2 RNA extraction 
 
Total RNA was isolated from DENV-infected or mock-infected cells using Trizol (Invitrogen) 

following the manufacturer’s instructions.  The RNA was DNase treated with 2 units of 

RNase free DNase1 (Roche) in 0.1 M sodium acetate, 5mM MgSO4 pH 5 with 10 U RNase 
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inhibitor (Roche), incubated for 15 mins at 370C.  The DNA free RNA was extracted with an 

equal volume of phenol/chloroform (BDH), ethanol precipitated at –200C with 1/10 volume of 

3M sodium acetate (BDH) and 2 volumes of ethanol (Ajax, Finechem).  Extracted RNA was 

washed with 70% ethanol air-dried and resuspended in RNase free water with 10 U RNase 

inhibitor and quantified by a spectrophotometer.   

 

2.4.3 Tagged RT real-time PCR for (+ ve) and (- ve) DENV RNA strands 
 
Isolated RNA was reverse transcribed (RT) and tagged as follows: RNA was denatured at 

650C for 3 mins in presence of 20 pmole of DENV specific primer attached to a 19-mer-long 

sequence (Tag) as described in Peyrefitte et. al., 2003 (Table 2.1).  The primer sequence for 

the DENV (+ ve) strand RNA was Tag(DENV3.2) and for the DENV (- ve) strand RNA was 

Tag(DENV5.1) (Table 2.1).  10 µl of denatured RNA (approx 100 ng) was added to an RT 

mixture containing 10 U M-MuLV (New England Biolabs (NEB)), 10 U RNase inhibitor, 0.5 

mM each dNTP (Promega) in 1 x M-MuLV buffer (New England Biolabs (NEB)) and RNase 

free water up to 20 µl.  Known amounts of (- ve) and (+ ve) strand in vitro transcribed DENV 

RNA were RT in parallel with the extracted RNA from infected cells to quantitate RNA 

copies in the samples.  RT reactions were performed at 370C for 1 hr followed by 950C 

denaturation.   

 

The tagged DENV cDNA was then subjected to real-time PCR as follows: 2 µl of (1:100) 

diluted cDNA sample was amplified in 1x Quantitect SYBER Green PCR mix (Qiagen) and 

0.5 µM of each primer.  The DNA primer pair for (+ ve) strand RNA was primer Tag and 

DENV5.1, and for the (- ve) strand was Tag and DENV3.2.  Real-time PCR were performed 

in a Rotor gene 3000 real-time thermal cycling system (Corbet Research). The cycling 

parameters were: 500C, 2 min; 950C, 15 min, (950C, 20 sec; 580C, 20 sec; 720C, 20 sec 

(acquiring to SYBER Green)) cycled 35 X, 720C 30 sec, melt 72-990C in 10C increments.  

Data was analysed using Rotor-Gene DNA sample analysis system software; version 4.6.   

 

2.4.4 RT-real time PCR for cyclophilin A mRNA 
 

The RT real-time PCR was normalised against cyclophilin A mRNA levels quantitated in 

total RNA.  This involved RT of RNA, as above except 0.5 µg oligo (dT)15 (Promega) was 

used as primer for cDNA synthesis.  RT real-time PCR was performed using primers 
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cyclophilin (F) and cyclophilin (R), as for DENV except that the cycling parameters involved 

40 cycles (940C, 20 sec; 600C, 20 sec; 720C, 30 sec (acquiring to SYBER Green)).  Known 

concentrations of total RNA quantitated by spectrophotometer were used as standards.  

Cyclophilin mRNA levels did not vary over a three day period in DENV-infected and 

uninfected macrophages (Appendix III). 

 

2.4.5 RT-real time PCR for TNF-α mRNA 
 
RNA was extracted as described in section 2.4.2 and TNF-α mRNA quantitated.  TNF-α 

mRNA primer sequences used are shown in Table 2.1.  RT-PCR was performed by addition 

of 10 µl of denatured RNA (approx 100 -2000 ng) to an RT mixture containing 20 pmoles of 

TNF-α (F) primer, 10 U M-MuLV, 10 U RNase inhibitor, 0.5 mM each dNTP (in 1 x M-

MuLV buffer) and RNase free water up to 20 µl.  RT reactions were performed at 370C for 1 

hr followed by 950C denaturation.  2 µl of (1:100) diluted cDNA sample were used in a real-

time PCR reaction containing 1x Quantitect SYBER Green PCR mix (Qiagen) and 0.5 µM of 

each TNF-α primer.  Real-time PCR were performed as described for DENV in section 2.4.3, 

with the cycling parameters as follows: 500C, 2 min; 950C, 15 min, (950C, 20 sec; 580C, 20 

sec; 720C, 20 sec, 750C, 20 sec (acquiring to SYBER Green)) cycled 35 X: 720C 30 sec, melt 

72-990C in 10C increments.  Representative amplification profile is shown in Appendix IV.  

Data was analysed as described for DENV by normalising against cyclophilin mRNA (section 

2.4.4). 

 

2.5 ANALYSIS OF THE EFFECT OF TNF-α ON DENV-REPLICATION 
 

2.5.1 Treatment of cells with cytokines 

HepG2 cells were seeded at 2 x 105 cells per well in a 12 well plate, and adherent MDM were 

seeded at 2 x 105 cells per well in a 48 well plate.  To pre-treat cells with IFN-α or TNF-α, the 

medium was removed and the required amount of cytokine added in medium containing 2% 

FBS and incubated for 4 or 24 hrs prior to infection.  IFN-α (Intron A, Schering-Plough Ltd) 

(gift from Dr Karla Helbig, Hepatitis C Lab, University of Adelaide) was used at 100 IU/ml 

and TNF-α (Prospec-TechnoGene Ltd) was used at 500 ng/ml.  Cells were washed, infected 

with DENV at a MOI of 5 as described in section 2.3.3.  Following infection the cells were 

again washed and resuspended in fresh media containing 2% FBS (designated as time-point 

0).   
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For post-treatment of cells with IFN-α or TNF-α, the cells were infected as described in 

section 2.3.3 and cultured for 24 hrs, medium was removed, and the required amount of 

cytokine as above was added in medium containing 2% FBS and incubated for a further 24 

hrs.  At 48 hrs post-infection supernatant was collected and assayed for infectious virus 

production (pfu/ml) and RNA extracted from cell lysates to quantitate DENV RNA. 

2.5.2 Blocking TNF-α using TNF-α antibodies 
 
Adherent MDM were seeded at of 2 x 105 cells per well in 48 well plates and infected with 

DENV at MOI 5, as described in section 2.3.3.  24 hrs post-infection all the supernatant from 

the wells were replaced with MDM culture medium (section 2.1.4) containing either 2.5 

µg/ml purified mouse anti-human TNF-α antibody (Pharmingen), purified mouse IgG isotype 

matched control (Pharmingen), or without any antibody.  MDM culture media +/- antibody 

was again completely replenished at 48 hrs.  At 24, 48 and 78 hrs post-infection supernatant 

was quantitated for virus release (plaque assay), and cells lysed at 78 hrs post-infection and 

viral RNA quantitated by RT-PCR. 

 

2.5.3 Transfection of siRNAs into MDM 
 
Pre-designed StealthTM duplex oligonucleotide siRNAs were obtained from Invitrogen.  The 

sequences of the sense and anti-sense strands are shown in Table 2.2.  The negative control 

siRNA used was StealthTM RNAi negative control duplex “medium GC content” (Invitrogen).   

 

2.5.3.1 siRNA transfection efficiency in MDM 
 
siRNA transfection efficiency was determined by transfecting Block-iTTM fluorescent oligo 

(Invitrogen) using lipofectamineTM (Invitrogen) as described by the manufacturers.  Briefly 

MDM were seeded at concentrations of 2 x 105 cells per well (in 48 well plates), 24 hrs prior 

to transfection, then incubated in MDM growth media that did not contain any antibiotics.  

Cationic lipid complexes were prepared by incubating 20 pmoles Block-iTTM fluorescent 

oligo with 1 µl lipofectamine (Invitrogen) in serum and 100 µl antibiotic free DMEM and 

then added to cells.  After 4 hrs incubation, the cells were washed and replaced with fresh 

complete MDM culture media (section 2.1.4), 24 hrs siRNA post-transfected cells were 

observed under the fluorescent microscope and greater than 90% of cells had taken up the 

fluorescent siRNA indicating high transfection efficiency (Appendix V). 
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2.5.3.2  Blocking of TNF-α mRNA using siRNA 
 
The day before transfection, 5 day old adherent MDM were seeded at concentrations of 2 x 

105 cells per well in a 48 well plate in MDM growth media without antibiotics.  Cationic lipid 

complexes were prepared by incubating 1.6 µM siRNA duplexes with 0.6 µl lipofectamine 

RNAiMAX (Invitrogen) in 40 µl of DMEM without serum, and then added to the cells.  After 

4 hrs incubation, the cells were washed and replaced with 200 µl fresh MDM culture medium 

(section 2.1.4) without antibiotics for at least 18 hrs to allow recovery, followed by a second 

round of siRNA transfection as described above.  After 4 hrs of incubation the cells were 

washed and cultured in MDM culture media (section 2.1.4). 

 

2.5.4 DENV-infection and lipopolysaccharide (LPS) stimulation of siRNA 
transfected cells 

 
MDM were transfected with TNF-α siRNA as above and 18 hrs after the second transfection 

(section 2.5.3.2) the cells were infected with DENV at MOI of 5 or mock-infected as 

described in section 2.3.3.  At 32 hrs post-infection supernatants were collected.  The levels of 

infectious virus released were determined by plaque assay and TNF-α production was 

quantitated by ELISA (Pharmingen, OptEIATM Human TNF-α Set) in accordance with the 

manufacturer’s recommendation. RNA was also extracted from these cells and analysed for 

TNF α mRNA by RT-PCR (section 2.4.5). 

 

To validate the efficacy of siRNA knockdown of TNF-α protein, MDM were transfected with 

TNF-α siRNA and 18 hrs after the second transfection (section 2.5.3.2) TNF-α production 

was stimulated by addition of 10 ng/ml LPS (Sigma) for 4 hrs.  Supernatant was collected and 

cells were thoroughly washed using HBSS (section 2.1.4) and refreshed with fresh MDM 

growth media.  LPS exposure (as above) was repeated daily up to day 4 post-transfection.  

The supernatants were assayed for TNF-α bioactivity using a L929 cytotoxic bioassay (as in 

section 2.5.5). 
  

2.5.5 L929 Cytotoxic Bioassay 
 
L929 cytotoxicity was analysed by modifying the method from (Cseh and Beutler, 1989) 

based on TNF-α killing of L929 cells.  L929 cells were plated in 96 well plates at a density of 

104 cells per well in RPMI media supplemented with 10% FBS, and incubated overnight.  

Known concentration of TNF-α (320 pg/ml) and LPS-stimulated supernatants (section 2.5.4) 
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were serially diluted 2 fold in RPMI media containing 2% FBS and 2 µg/ml actinomycin D 

(Sigma).  Spent medium was removed from overnight cultured L929 cells and 100 µl of TNF-

α standards or diluted samples were added to the wells.  The cells were re-incubated for 18 

hrs, fixed with 100% methanol, and viable cells were stained using 0.5% crystal violet (BDH) 

diluted in 25% methanol.  After 5 mins of staining the monolayers were washed extensively 

with water, and dye adherent to plates was solubilised using 1% (w/v) SDS (BDH).  

Absorbance was read at 540 nm, standards were graphed and concentrations of TNF-α in 

samples were determined (Appendix VI-A).  Specificity of this assay for TNF-α was shown 

by antibody blocking of the bioactivity of LPS-stimulated supernatants, from TNF-α siRNA 

transfected macrophages or 50 000 pg/ml of TNF-α individually co-incubated with 2.5 µg/ml 

TNF-α monoclonal antibodies for 2 hrs prior to L929 cytotoxicity assay (Appendix VI-B). 

 

2.5.6 Quantitation of TNF-α-stimulated NF-kappa B (NF-kB) mediated luciferase 
(LUC) reporter gene transcription 

 
Huh7 cells were seeded at concentrations of 1.4 x 105 cells per well in a 6 well plate, then co-

transfected with two different reporter plasmids (2 µg each) and 10 µl Superfect (Qiagen) as 

per manufacturer’s instructions.  The first plasmid pTK81NF-kBLUC (a gift from Dr Andrew 

Bert, Human Immunology, IMVS, Adelaide, SA 5000) was a modified version of pT81-LUC 

(Nordeen, 1988) and contained 5 tandem repeats of a 27 bp NF-kB responsive element 

derived from the immunoglobin k gene enhancer (aacagagGGGACTTTCCgaggccatct) 

upstream of the TK promoter.  The second plasmid pRL-TK (Promega) contained a renilla 

LUC gene under a control of a constitutive TK promoter (Appendix VII).  After 18 hrs, the 

transfected cells were trypsinised, distributed equally into 4 wells of a 24 well plate and 

allowed to adhere for 18 hrs.  Duplicate wells were infected with DENV at MOI 5 or mock-

infected as described in section 2.3.3.  24 hrs after infection, 10 ng/ml of TNF-α or fresh 

medium alone was added and incubated for 6 hrs before the cells were harvested and lysed in 

passive lysis buffer (Promega).  LUC activity was quantitated in cell lysates using Promega’s 

Dual Luciferase Reporter Assay System Kit and luminescence measured (using Turner 

Designs: Td20/20 Luminometer version 2020-IE 1098).  The activity of firefly LUC was 

normalised to the activity of renilla LUC (to control for different transfection efficiencies), or 

to the total protein concentration quantitated by a Biorad DC Protein assay (section 2.5.7).  

Both methods of normalisation yielded the same result.  As a control the IFN-α responsive 

plasmid pISRE-LUC (Clontech Labs, Appendix VIII) was also transfected into cells, the 
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transfected cells were stimulated with 100 IU IFN-α, and the LUC activity was measured and 

normalised as described above. 

 

2.5.7 DCTM Protein Assay (Biorad catalogue number 500-0121) 
 
BSA standards (Biorad) were diluted in PBS (0-1 ug/ml) and samples were either tested neat 

or diluted 1:5 and 1:10 in PBS.  A working reagent A was first prepared as described by 

manufacturer which involved adding 5 µl of DC reagent S to 250 µl of DC reagent A.  5 µl of 

BSA standards or samples were pipetted into 96 well Nunc Flat bottom plates with 25 µl of 

working reagent A.  200 µl of reagent B was added to each well.  The plates were incubated 

for 15 mins and absorbance read at 595 nm using a plate reader (EL 808, Ultra microplate 

reader, Bio-Tek).  A standard curve was extrapolated and concentration of protein was 

calculated. 

 

2.5.8 Analysis of TNF-α stimulation of NF-kB nuclear localisation using confocal 
microscopy 

 
MDM and Huh7 cells were seeded at 1 x 105 and 1 x 104 cells per well respectively in a 16 

well Lab-Tek chamber glass slide and infected at MOI of 5.  MDM two days after infection, 

or Huh7 cells 1 day after infection, were treated with or without TNF-α (10 ng/ml) for 30 

mins.  Cells were fixed in 1% formalin and permeabilised with 0.05% IGEPAL CA-630 

(Sigma).  MDM were then blocked with 4% (v/v) human sera, 4% (v/v) goat sera and 0.4% 

(w/v) bovine serum albumin (BSA).  Huh7 cells were blocked with 4% (v/v) goat and 0.4% 

(w/v) BSA diluted in HBSS (section 2.1.4) containing 5% FCS and 0.02% Sodium Azide 

(Ajax chemicals).  After 30 mins of blocking, the MDM were incubated with mouse 

monoclonal DENV anti-E antibodies (1/50) and rabbit anti-NF-kB p-65 (1/50).  Huh7 cells 

were incubated with DENV positive patient sera (1/5000) and rabbit NF-kB anti-p-65 (1/50).  

Following 45 mins incubation the MDM were incubated with 1/200 conjugated secondary 

goat anti-mouse Alexa Fluor 546 (Molecular Probes) and goat anti-rabbit Alexa Fluor 488, 

while the Huh7 cells were incubated with 1/200 of goat anti-human Alexa Fluor 546 and goat 

anti-rabbit Alexa Fluor 488.  Slides were mounted with ProLong Antifade Mounting Medium 

(Molecular Probes), allowed to dry and examined by confocal microscopy.  Confocal images 

were captured at 400 x magnification using a Biorad Radiance 2100 confocal microscope.  

Specificity of staining was shown using uninfected cells stained with DENV antibodies and 

DENV positive cells stained with a species matched irrelevant antisera.   
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2.6 PROTEOMICS 

2.6.1 Sample preparation for proteomic analysis 
 
K562 cells were DENV or mock-infected as in section 2.3.3.  At 72 hrs post-infection, the 

cells were washed twice with PBS and resuspended in 1 ml of cold cell lysis buffer (section 

2.1.4).  Nucleic acids were degraded following addition of 0.2 mg/ml of DNase I and RNase 

A and incubation on ice for 20 mins. Cells were sonicated (MiSonix sonicator XL 2007-

setting 3) for 1 min in 10 sec bursts to prevent over heating of samples.  Proteins from the 

disrupted cell suspensions were precipitated by addition of 4 volumes of ice-cold acetone at – 

200C for 2 hrs.  The protein precipitate was collected by centrifugation (13 000 g, 30 min at 

40C) and residual acetone was removed by evaporation.  Purified proteins were dissolved in 

rehydration buffer (section 2.1.4) containing multiple surfactant solution and clarified by 

centrifugation (13 000 g, 15 mins at 200C).  Aliquots of supernatant were then stored at - 

800C.  Protein concentration was determined by RC DC protein assay (2.6.2). 

 

2.6.2 RC DCTM Protein Assay kit 1 (Biorad catalogue number 500-0121) 
 
The RC DC assay system is compatible with the 2D rehydration buffer components and 

therefore used to determine accurately the protein concentration in samples for proteomics.  

RC DC protein assay was performed as per manufacturer’s instructions.  Briefly, BSA 

standards (Biorad) were diluted in PBS (0-1 µg/ml) and samples were either tested neat or 

diluted 1:10 and 1:20 in PBS.  A working reagent A was first prepared as described by 

manufacturer which involved adding 5 µl of DC reagent S to each 250 µl of DC reagent A.  

25 µl of BSA standards and samples were pipetted into microcentrifuge tubes (the standard 

and samples were tested in duplicate).  125 µl RC reagent I was first added into each tube, 

vortexed and incubated for 1 min.  Next 125 µl RC reagent II was added into each tube and 

vortexed.  The tubes were centrifuged at 15 000 x g for 5 mins.  The supernatant was 

discarded and pellet was dissolved in 127 µl of reagent A.  Tubes were vortexed and 

incubated till the precipitate completely dissolved and 1 ml of DC reagent B was added to 

each tube.  The tubes were incubated for 15 mins and read at 750 nm.  A standard curve was 

extrapolated and concentration of protein was calculated. 
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2.6.3 Two-dimensional electrophoresis (2D-PAGE) 
 
Isoelectric focussing (IEF) was performed on 11 cm precast IPG strips with pH range of 3-10 

using a Protean IEF cell (Biorad).  Briefly, 0.7 mg cell protein as determined by RC DC 

protein assay (section 2.6.2) in rehydration buffer was used to passively rehydrate each 11 cm 

IPG strip overnight.  IEF was run using a linear voltage increased to 10 000 volts over 3 hrs.  

Focussing occurred for 60 000 volts per hr with 50 µA per strip current limit, with the 

temperature maintained at 200C.  The 6 IPG strips (3 from replicate DENV-infections and 3 

from replicate mock-infections) were run concurrently.  After IEF, the IPG strips were 

subjected to a two-step equilibration which involved 20 mins incubation in a 2% DTT 

equilibration base buffer with gentle agitation followed by 20 mins incubation in a 2.5% 

iodoacetamide equilibration base buffer.  Separation of proteins in the second dimension was 

performed using 12% precast criterion gels (Bio-Rad).  The proteins were electrophoresed at 

80 volts for 1 hr, washed 3 times in double distilled water and stained with Biosafe TM 

Coomassie G250 stain (Biorad) for 1 hr followed by removal of excess stain by washing gels 

in double distilled water for 30 mins.  Stained gels were stored in double distilled water at 40C 

until analysis. 

 

2.6.4 Image acquisition and analysis 
 
The stained gels from section 2.6.3, were scanned using a GS-800 densitometer and analysed 

using PD-Quest software (Biorad).  Firstly a match set of protein spots using 6 gels from the 3 

DENV-infected cells and 3 mock-infected cells was created with PD-Quest that represented 

the protein spot pattern consistently detected in all 3 DENV-infected and mock-infected gels.   

Spot density was normalised within each gel based on the total density of spots detected in 

each gel using PD-Quest software.  Difference in presence of unique proteins in either subset 

was first analysed using the PD-Quest software.  The mean protein spot density between 

DENV-infected and mock-infected groups were futhur analysed using Student’s t-test.  

Protein spots showing a statistically significant quantitative change between DENV-infected 

and mock-infected samples were identified, excised from the gels and examined by mass 

spectrometry. 

2.6.5 MALDI TOFF/TOFF mass spectrometry and protein identification 
 
Excised protein spots from section 2.6.4 were processed by Dr Chris Bagly at the Adelaide 

Proteomics Centre, School of Molecular and Biomedical Science, University of Adelaide.  

Briefly, the excised protein was trypsin digested and subjected to mass spectrometry (MS) 
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using MALDI TOFF/TOFF MS.  The spectra and mass lists were exported to Bio Tools 

(version 3.0, Bruker Daltonik GmbH) and submitted to the in-house or on-line Mascot 

database-searching engine (Matrix Science: http://www.matrixscience.com).  The 

specifications were as follows: Taxonomy: Homo sapiens (human), Database: SwissProt 51.3, 

Enzyme: Trypsin, Fixed modifications: Carbamidomethyl (C), Variable modifications: 

Oxidation (M), Mass tol MS: +/- 100ppm, missed cleavages:1.  The MOWSE and probability 

scores calculated by the software were used as the criteria for protein identification.   

 

2.6.6 Western blot for HSP70 
 
40 µl (approx 0.1 mg protein) of whole cell lysate (from section 2.6.1) of infected and 

uninfected K562 cells used in 2D–PAGE analysis were separated in 10% SDS PAGE gels 

alongside BenchMarkTM Prestained Protein Ladder (Invitrogen).  The proteins were separated 

at 80 volts for 1-2 hrs.  Gels were equilibrated in Transfer Buffer (section 2.1.4) for 30 mins 

and the proteins were transferred onto nitrocellulose membrane (Amersham) using Biorad 

Transblot apparatus at 0.5 mA/cm2 for 60 mins.  The membrane was washed in PBS-Tween 

(0.1% Tween 20) three times for 5 mins.  The nitrocellulose membranes were blocked for 1 hr 

in blocking buffer (section 2.1.4).  The blocking buffer was replaced with fresh blocking 

buffer containing rabbit HSP70 antibodies diluted 1:200 (Chemicon catalogue number 

AB3470) and was incubated at room temperature for 1 hr with continuous rocking.  The 

membranes were rinsed 3 times in PBS-Tween and then washed 3 times for 15 mins.  

Secondary peroxidase conjugated goat anti-rabbit IgG (Pierce Biotechnology catalogue 

number 31460) diluted 1:50 000 in PBS-Tween was added to the membrane and incubated at 

room temperature for 1 hr with continuous shaking.  The membrane was rinsed again and 

washed as above with PBS-Tween.  Bound antibody complexes were detected by 

chemiluminescence using ECL substrates (Amersham).  Substrates were mixed and poured 

onto the filter for 5 mins.  Excess fluid was drained from the nitrocellulose membrane and 

was exposed to X-Omat BT Film (Kodak) for 10 mins, and the film was developed using 

Ilfospeed 2240 automated developer.  To normalize the levels of protein, the membrane was 

stripped in warmed stripping buffer (section 2.1.4) and thoroughly washed in PBS-Tween.  

Membranes were blocked and subjected to western blot, as described above, with (1:1000) 

mouse actin antibodies (Chemicon catalogue number MAB1501R), and bound proteins 

detected with 1:100 000 conjugated peroxidase goat anti-mouse IgG (Pierce Biotechnology 

catalogue number 31430) and ECL substrates as described above. 
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2.6.7 Immuno-staining and confocal microscopy  

2.6.7.1    Detection of DENV antigens in K562 and U937 cells 
 
K562 and U937 cells were infected or mock-infected as described in section 2.3.3.  At peak of 

infection previously determined by plaque assays (i.e. 48 hrs for U937 cells and 72 hrs for 

K562 cells) cells were fixed and stained as described in section 2.5.8.  K562 were blocked 

with 4% human sera, 4% goat sera and 0.4% BSA, and U937 cells were blocked with 4% goat 

and 0.4% BSA diluted in HBSS containing 5% FBS and 0.02% Sodium Azide (Ajax 

chemicals).  The K562 cells were incubated with mouse monoclonal DENV anti-E antibodies 

(1/50).  U937 cells were incubated with DENV positive patient sera (1/5000).  Following 45 

mins incubation the K562 cells were incubated with 1/200 of goat anti-mouse Alexa Fluor 

546 (Molecular Probes), while U937 cells were incubated with goat anti-human Alexa Fluor 

488.  Cells were mounted onto glass slides as and examined using confocal microscope 

described in section 2.5.8.  The percentage of DENV positive cells were enumerated by 

counting total cells using light microscopy and infected cells using confocal microscopy. 

2.6.7.2 Detection of HSP70 and GRP78 in DENV-infected and mock-infected K562 
and MDM cells 

 
K562 cells stained at day 3 post-infection as in section 2.6.7.1 and showing 100% infection 

were also stained for HSP70 and GRP78.  Similarly day 2 post-infected and mock-infected 

MDM were fixed, blocked as described above (with exception for GRP78 staining where 4% 

goat sera in blocking buffer was replaced with 4% rabbit sera) and stained for HSP70, GRP78 

protein and DENV.  Primary rabbit anti-HSP70 antibody (1:100) (Chemicon) was used to 

detect HSP70, in MDM and K562 cells and primary mouse monoclonal DENV anti-E 

antibodies (1/50) was used to detect DENV-infected MDMs.  The secondary antibody to 

detect HSP70 was conjugated goat anti-rabbit Alexa Fluor 488 (1/200) (Molecular probes) 

and to detect DENV virus was conjugated donkey anti-mouse CyTM5 (1:400) (Jackson 

Immunoresearch Laboratories).  Primary goat anti-GRP78 antibody (1/50) (Santa Cruz 

Biotechnology C-20) was used to detect GRP78 in MDM and K562 cells and mouse 

monoclonal DENV anti-E antibodies (1/50) was used to detect DENV-infected MDMs.  The 

secondary antibody to detect GRP78 in K562 and MDM cells were conjugated rabbit anti-

goat CyTM2 (1:150) (Jackson Immunoresearch Laboratories) and DENV anti E antibodies was 

conjugated donkey anti-mouse CyTM5 (Jackson Immunoresearch Laboratories).  Stained cells 

were mounted onto glass slides as and examined using confocal microscope described in 
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section 2.5.8.  Note - DENV anti-mouse monoclonal antibodies were used instead of DENV 

positive patient sera in K562 and macrophages due to high background issues. 

 

2.7 LIST OF SUPPLIERS 

Abcam, Cambridge Science Park, Cambridge, UK  

ABI, Applied Biotechnology Inc., Division of Perkin-Elmer Corporation 
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American Tissue Culture Collection, Manassas, Virginia, USA 

Amersham, Amersham International PLC, Little Chalfont, Buckinghamshire, UK 

Australian Red Cross Blood Bank, Adelaide, Australia 

BDH, BDH Chemicals Australia Pty Ltd, Kilsyth Vic, Australia 

New England Biolabs, Ipswich, MA, UK 

Bio-Rad, Bio-Rad Laboratories, Hercules CA, USA 

Bio-Tek Instruments Inc., Highland Park, Winooski, VT, USA 

Biowhittaker Molecular Applications, Rockland, Maine, USA 

Boeringer, Boeringer Mannheim, Mannheim, Germany 

Chemicon, Temecula, California, USA 

Clonetech labs, Mountain view, CA, USA 

Fluka, Buchs, Switzerland 
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Intron A, Schering-Plough Ltd, USA 

Jackson Immunoresearch Laboratories, West Baltimore Pike, West Grove, USA 
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CHAPTER 3 

 

DEVELOPMENT OF AN IMPROVED RT REAL-TIME PCR 

TO DETECT DENV (+ ve) AND (- ve) STRAND RNA 

 

3.1    INTRODUCTION 

The DENV genome consists of ss (+ ve) sense RNA.  During viral replication the incoming 

virus genome synthesises a (- ve) strand RNA molecule, utilizing the virus (+ ve) strand RNA 

as a template.  This (- ve) strand then is present in infected cells as part of a ds complex 

known as the replicative intermediate (RI) or replicative form (RF) (Cleaves et al., 1981) (Fig 

1.8).  The newly synthesised (- ve) strand RNA within the RI is used as a template for 

synthesis of a (+ ve) strand RNA molecule via semi-conservative RNA synthesis, that is then 

either translated into the DENV poly-protein or packaged to form new virions (Cleaves et al., 

1981). 

 

The (- ve) strand RNA is detected from 3 hrs after infection (Peyrefitte et al., 2003) and is 

present throughout the DENV replication cycle (Cleaves et al., 1981) making it a good 

marker for active viral infection.  In contrast, the (+ ve) strand RNA is present in DENV-

infected cells in larger amounts at a ratio of approximately 10:1 to that of (- ve) RNA strand 

(Cleaves et al., 1981) and is detectable both in the presence or absence of active replication.  

However, the quantitation of (- ve) strand RNA as a marker of active replication has been 

hampered by lack of strand-specificity in PCR based assays.   

 

In vitro reverse transcription (RT) of DENV RNA (either in vitro transcribed RNA or RNA 

extracted from DENV-infected cells) without complementary primers generates DENV 

specific cDNA (Tolou, 1994; Peyrefitte et al., 2003), suggesting non primer-mediated 

generation of DENV specific cDNA during the RT step.  This non primer-mediated RT 

amplification has been shown to occur using in vitro transcribed DENV RNA of both (+ ve) 

and (- ve) strands (Tolou, 1994).  Why or how this non primer-mediated RT occurs is not 

fully understood but a similar phenomenon has also been reported for HCV RNA, another 

well studied virus of the Flaviviridae family (Lanford et al., 1994; Lerat et al., 1996; Mellor 
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et al., 1998).  For HCV it has been suggested that the non primer-mediated RT occurs due to 

the secondary structure in the complex HCV 5’ non coding region or due to random priming 

via interaction with cellular nucleic acids (Gunji et al., 1994; Lanford et al., 1994).  Thus, RT-

PCR assays using conventional primer-driven methods to detect strand-specific DENV RNA 

are not conclusive, since non primer-mediated RT can produce either false detection or over 

estimation of (- ve) strand RNA.  Since the present study aimed to look at DENV replication 

under different conditions, a reliable system was needed for detecting strand-specific DENV 

RNA, particularly (- ve) strand as a specific marker of active replication. 

 

This chapter describes the development of a RT real-time PCR to specifically detect (+ ve) 

and (- ve) strand DENV RNA, which was used to determine levels of DENV replication in 

later chapters. The first part of this chapter describes a range of optimisation methods in an 

attempt to prevent non primer-mediated RT, while the second part describes a tagged RT real-

time PCR protocol first described by Peryfitte et al., 2003, to specifically detect DENV RNA 

(+ ve) and (- ve) strands by incorporating a tagged primer into DENV-specific cDNA during 

the RT process.   

3.2    RESULTS 

 

3.2.1    Generation of in vitro transcribed DENV RNA 

The pGEM-DENV-2CAP clone was generated by honours student Ms Robyn Taylor, 

University of Adelaide (Taylor, 2003).  This plasmid construct allowed in vitro transcription 

of DENV strand-specific RNA to establish RNA copy number standards for quantification of 

(+ ve) and (- ve) DENV RNA (Fig 3.1).  Briefly, a 428 base pair (bp) region of the DENV 

laboratory strain (MON601) capsid sequence (nucleotide #s 50-477, Accession# AF038403) 

(Appendix I) was cloned into pGEM-3ZF(-) plasmid vector between Eco RI and Bam HI 

(Appendix II). 

 

The pGEM-DENV-2CAP construct was in vitro transcribed to produce (+ ve) or (- ve) 

transcripts (as outlined in Fig 3.1 and described in materials and methods section 2.4.1).  The 

in vitro transcribed RNA was treated with DNaseI and quantitated by spectrophotometry, and 

copy numbers were calculated as outlined in section 2.4.1.  The transcripts were then RT with 

DENV primers 3.1 or 5.1 as outlined in Fig 3.2.  Controls for the RT-PCR included the RT 

reaction with (i) no primers (ii) with the same sense primers (referred to as wrong primer 



Fig 3.1.  In vitro transcription strategy for generation of strand-specific 
DENV RNA from pGEM-DENV-2CAP.  pGEM-DENV-2CAP containing 428 
bp sequence of DENV-2 capsid protein (nucleotides  #s 50 to 477, Accession 
AF038403) was used to in vitro transcribe (+ ve) or (- ve) strand  RNA with T7 or 
SP6 polymerase, respectively.  The synthesised RNA was quantified by 
spectrophotometer, copy numbers were calculated and the RNA was used as 
standards in RT real-time PCR.

Plasmid linearised by HindIII Plasmid linearised by EcoRI

T7 in vitro transcription
reaction

SP6 in vitro transcription
reaction

Generation of (+ ve)  strand RNA Generation of (- ve)  strand RNA

pGEM-DENV-2CAP

Bam HIEco RI

MON 601 CAPSID SEQUENCE

428 bp
HindIII

+1

+5 +26
+56

+69

T7 SP6

+ ve RNA - ve RNA

XbaI

+32
NaeI

+2618



Fig 3.2. Conventional two step RT real-time PCR.  In vitro transcribed (+ ve) or 
(- ve) RNA is reversed transcribed with complementary primers 3.1 and 5.1
respectively.  The resultant cDNA is subjected to real-time PCR using DENV 
specific primers DENV 5.1 and 3.2 and products detected by incorporation of 
syber green.

(+ ve) sense RNA (- ve) sense RNA

5’

5’3’

3’
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throughout this chapter) and (iii) no RT enzyme (to test for complete removal of pGEM-

DENV-2CAP DNA).  The synthesised cDNA was amplified by real-time PCR as outlined in 

Fig 3.2.  In initial reactions, all the controls (ie no RT controls, no primer and wrong primer 

controls) produced high levels of PCR products with identical melting curves to authentic 

DENV PCR products from authentically primed (+ ve) and (- ve) strand (results not shown).  

This suggested (i) DENV DNA contamination from pGEM-DENV-2CAP (ii) false priming 

during in vitro transcription or producing both (+ ve) and (- ve) strand DENV RNA (iii) non 

primer-mediated RT.  These three scenarios were investigated. 

3.2.2 DNA contamination of RT reaction from pGEM-DENV-2CAP 

The PCR signal in the control reactions without any RT enzyme suggested DNA 

contamination in the in vitro transcribed RNA (both (+ ve) and (- ve) strand RNA).  Thus the 

in vitro transcribed DENV RNA was further DNase treated with 100 units of DNaseI for an 

extra 15 mins beyond that recommended by the manufacturer (Ambion in vitro transcription 

kit).  No PCR product was observed in the no RT controls in the RT real-time PCR (Fig 3.3 

lanes 4 and 8) and thus this extra DNaseI treatment totally eliminated any DNA contaminants 

in the in vitro transcribed products.  However, the no primer controls and wrong primer 

controls still produced DENV specific PCR products (Fig 3.3, lanes 2-3 and 6-7), suggesting 

non specific priming during in vitro transcription or in the RT reaction. 

3.2.3 Lack of strand specificity – Possible false priming arising during in vitro 
transcription 

 
The production of DENV PCR products without specific priming may have been a 

consequence of (i) production of the opposite DENV RNA strand during the in vitro 

transcription reaction or (ii) production of small nucleic acids during the in vitro transcription 

reaction that can act as subsequent primers in the RT reaction.  These possibilities were 

investigated. 

 

3.2.3.1 Removal of all unlinearised pGEM-DENV-2CAP DNA, 3’ overhangs and the 
SP6 promoter 

 
Unlinearised vector could lead to complete continuous transcription of the circular pGEM-

DENV-2CAP templates that could subsequently self-prime during RT.  Thus pGEM-DENV-

2CAP was digested with HindIII, and the linearised fragment was then gel purified on 0.7% 

agarose gels to eliminate all unlinearised pGEM-DENV-2CAP DNA.  This extra purification 



Fig 3.3.  PCR amplification of DENV RNA without specific priming of the RT 
reaction.  In vitro transcribed RNA for both + ve (0.02 pg) and - ve (0.017 pg) 
strand RNA were amplified by RT real-time PCR with varying primers during RT 
step. The amplified products were run on 2.5% agarose gel and stained with 
ethidium bromide. The expected DENV specific PCR product of 102 bp was 
clearly visible in all lanes except those that did not have any RT enzyme (4 and 8).

M = GelPilot 100 bp marker (Qiagen)
1 and 5 = complementary primer
2 and 6 = wrong primer
3 and 7 = no primer
4 and 8 = complementary primer, NO RT enzyme
M = GelPilot 100 bp marker

M      1   2   3    4      5   6   7  8       M

100bp

200bp

300bp
400bp
500bp

(+ ve) RNA (- ve) RNA

102 bp
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step alone was not sufficient to reduce non primer-mediated generation of DENV PCR 

products (data not shown). 

 

Additionally the presence of 3’ overhang after restriction enzyme digestion can result in 

transcription of wrong RNA strand (see Ambion maxiscriptTM guide).  Accordingly, two 

enzymes Hind III and Xba I were used to ensure complete linearisation of pGEM-DENV2-

CAP.  Additionally, these restriction enzymes leave a 5’ overhang rather than 3’ overhang.  

The double cut plasmid was gel purified and used to in vitro transcribe DENV RNA.  Again 

these measures had no effect on the subsequent production of non primer-mediated PCR 

products (data not shown). 

 

The linearised plasmid pGEM-DENV-2CAP contained two promoters, T7 and SP6, and it 

was possible that the presence of the SP6 promoter might generate the opposite RNA strand 

during in vitro transcription using the T7 polymerase. Therefore pGEM-DENV-2CAP was 

digested with two restriction enzymes Hind III and Nae I (Appendix II) producing an 1050 bp 

product that included the 428 bp DENV-2 capsid and T7 promoter, and a 2563 bp product that 

contained the SP6 promoter and the remaining plasmid.  The 1050 bp DNA fragment lacking 

the SP6 promoter was excised from the gel, purified using Qiagen gel purification and used 

for in vitro transcription of the (+ ve) strand RNA.  This still did not reduce the observed non 

primer-mediated production of DENV PCR products, as the wrong primer in the RT reaction 

also gave PCR products with the same melting peak and concentration as that seen with 

complementary primers (results not shown).   

 

In summary, these measures to ensure strand-specific in vitro transcription had no subsequent 

effect on the generation of non primer-mediated DENV specific PCR products, suggesting 

non specific priming during the RT reaction rather than during in vitro transcription. 

3.3.3.2 Purification of in vitro transcribed RNA template 
 
Any small nucleic acids, potentially produced during the DNase treatment of the input vector 

following in vitro transcription, could act as a random primer during the RT reaction.  Thus, 

following in vitro transcription and DNase treatment, the RNA product was purified twice by 

RNA extraction using the RNeasy column by following manufacturer’s instructions (Qiagen).  

This step should completely remove all small fragments of RNA or DNA, which should not 

co-purify on the RNeasy column due to their size (less than 50 bp).  This extra purification 

step had no effect on reducing non primer-mediated generation of DENV specific PCR 
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products, as RT reactions with the wrong primer still gave PCR products with same melting 

peak and concentration as that seen with complementary primers (results not shown). 

 

The measures described in section 3.2.3 had no effect on improving the strand specificity of 

the RT-PCR and therefore were not incorporated in subsequent methods for detecting strand-

specific DENV RNA. 

3.2.4 Lack of strand-specificity – possible non primer-mediated generation of RT 
products during the RT reaction 

 

3.2.4.1 Increased temperatures and different RT enzymes to increase specificity of RT 
Non primer-mediated generation of RT products during the RT reaction can be reduced by 

increasing the temperature to reduce any RNA secondary structure.  AMV RT has the 

capacity to function at high temperature, and cDNA synthesis at temperatures up to 700C 

using AMV reverse transcriptase has been shown to improve the specificity of RT-PCR 

(Fuchs et al., 1999).  Increasing the temperatures of RT up to 480C has been also shown to 

reduce non primer-mediated generation of RT products in in vitro transcribed DENV RNA 

(Tolou, 1994). Therefore AMV-RT was utilised and different temperatures for the RT 

reaction (420C, 500C, 550C, 580C ,600C and 650C) were investigated.  Increasing the 

temperatures of RT to 580C, 600C and 650C decreased non primer-mediated generation of 

DENV specific PCR products in some experiments, but it also decreased the sensitivity of the 

RT-PCR.  Additionally, results were not reproducible (data not shown).   

 

Omniscript (Qiagen) RT enzyme has been suggested to be superior to AMV RT enzyme. 

However, use of Omniscript RT yielded no improvement to the specificity of the PCR since 

DENV specific PCR products still produced products without priming in the RT reaction. 

3.2.4.2 Other optimisation methods to reduce non primer-mediated generation of 
DENV(+ ve) and (-ve) strand RNA 

 
Other technical measures were investigated to reduce the non primer-mediated generation of 

PCR products from DENV RNA: 

(i) A range of RT enzyme concentrations (ranging from 0.02-10 units) were used in the 

RT reaction.  

(ii) In vitro transcribed RNA and RNA extracted from infected cells were heated at 650C 

with or without primers before addition of RT to the reaction. 
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(iii) RT reaction products were ethanol precipitated to purify the cDNA before adding to 

the real-time PCR reaction. 

(v) A range of primer combinations were used in the RT and real-time PCR reactions (Fig 

3.4).   

None of the above measures had any affect on reducing the DENV PCR product observed 

without priming of the RT reaction (i.e. non primer-mediated priming), and thus none of these 

protocols were used for detection of DENV RNA in subsequent procedures. 

 

3.2.5 Tagged RT real-time PCR for quantitation of DENV (+ ve) and (- ve) strand 
RNA 

 
A DENV specific, tagged RT real-time PCR was developed according to the system first 

described by Peyrefitte et al., 2003.  This method does not prevent the production of non 

primer-mediated DENV specific cDNA during RT, but the subsequent PCR reaction only 

amplifies products synthesised from the strand-specific tagged primers used during RT.  This 

ensures quantitative measurement of only the strand-specific cDNA generated under 

controlled reverse transcription conditions. 

 

3.2.5.1  Development of a tagged RT real-time PCR  

Primers that were previously used for RT in optimisation methods above i.e DENV3.2 for  

(+ ve) strand and DENV5.1 for (- ve) strand were re-designed with the addition of a 19-mer 

sequence Tag (CGGTCATGGTGGCGAATAA) to the 5’ end.  The cDNAs generated from in 

vitro transcribed DENV RNA following RT using the Tag primers, were diluted 1:100 and  

2 µl was amplified in real-time PCR reactions using a DENV specific primer DENV5.1 for  

(+ ve) strand and DENV3.2 for (- ve) strand and a primer containing the 19-mer sequence Tag 

only.  Schematic diagrams of tagged RT real-time PCR for (+ ve) and (- ve) are shown in Figs 

3.5.  RT real-time PCR from in vitro transcribed RNA and RNA extracted from DENV-

infected cells showed specific production of DENV PCR product only in those RT reactions 

that were primed with a tagged DENV primer (Fig 3.6 and 3.7).  Reaction products were not 

observed without primer or RT or with the wrong primer in the RT reaction (Fig 3.6 or 3.7C).  

Linear amplification curves were achieved, across 100 fold dilution range (Fig 3.6 or 3.7A-C).  

Melt curves were representative of a single product (Fig 3.6 or 3.7 D) that was confirmed by 

agarose gel electrophoresis (data not shown).  Thus the tagged-RT real-time PCR protocol 

successfully yielded strand-specific quantitation of DENV RNA. 



Fig 3.4.  Assessment of RT and PCR primer combinations for elimination
of false priming in the DENV capsid region. (A) The relative positions of the
primers are shown. (B) Primer combinations used are listed.  

428 bp DENV capsid protein

5.2 5.1 3.2 3.1

50 86 187 398

5’ 3’

Primer 
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Real-time primer
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(-) 5.2 5.2/3.2, 5.1/3.2

(-) 5.1 5.1/3.2

3.2/5.1, 3.2/5.2(+) 3.2

(+) 3.1 3.2/5.1, 3.2/5.2

A

B



Fig 3.5. Schematic diagram showing (+ ve) or (- ve) strand-specific tagged RT 
real-time PCR adapted from Peyrefitte et al., 2003 and used to detect specific
RT products synthesised using tagged RT primers to avoid detection 
of non primer-mediated DENV specific cDNA.
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Ct

Calculated
concentration

(copies/reaction)
0.002 Tagged complementary primer 19.74 74,115
0.0002 Tagged complementary primer 23.32 7,376
0.00002 Tagged complementary primer 26.89 741

Tagged complementary primer 19.71 75,616
no primer control > 35                   0
no RT control > 35                   0 

no primer control > 35                   0
wrong primer control > 35                   0
no RT control > 35                   0

Fig 3.6.  Use of tagged RT primers prevents detection of falsely primed 
products from (+ ve) strand RNA.  Quantitation curves (A) and calculated copy 
numbers (C) based on standard curve (B) are  shown for RT real-time PCR of in 
vitro transcribed RNA and RNA extracted from infected HepG2 cells. Melting 
curves (D) show one peak at 800C.
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Fig 3.7.  Use of tagged RT primers prevents detection of falsely primed
products from (- ve) strand RNA.  Quantitation curves (A) and calculated copy 
numbers (C) based on standard curve (B) are  shown for RT real-time PCR of
in vitro transcribed RNA and RNA extracted from infected HepG2 cells. 
Melting curves (D) show one peak at 800C.
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Theoretically, residual primers (Tag-DENV) from the RT reaction may also prime in the 

subsequent PCR reactions and amplify the falsely primed DENV cDNA by virtue of the 

DENV specific portion of the Tag-DENV primer.  To prevent this, Peyrefitte et. al., 2003 

purified the tagged cDNA on a column, removing residual Tag RT primers based on size.  

This is costly and time consuming, and we chose to investigate diluting the RT reaction 

products prior to PCR amplification.   

 

Following the Tag-RT reaction, the RT products were diluted 1:10 or 1:100 and 2 µl of the 

diluted product was amplified in either (i) a normal real-time PCR with both Tag and DENV 

specific primers or (ii) just one DENV specific primer alone as outlined in Fig 3.8. If any 

residual Tag-DENV primer from the RT reaction was taking part in subsequent PCR, then 

PCR products would be generated after adding only a single DENV specific primer. 

 

Using in vitro transcribed (+ ve) or (- ve) strand RNA no PCR products were generated unless 

both Tag and DENV specific primers were added to PCR reactions (Fig 3.9), demonstrating 

that after dilution of 1:10 or 1:100, the remaining Tag-DENV primer from the RT reaction 

was insufficient to prime the PCR reaction.  Thus the Tag primer RT-PCR approach 

circumvented the amplification of falsely primed DENV cDNA and yielded valid 

quantitations of in vitro transcribed (+ ve) and (- ve) strand RNA. 

 

3.2.5.2 Specificity of detection of (- ve) strand RNA from infected cells using the tagged 
RT real-time PCR 

 
We next examined the specificity of the tagged RT real-time PCR for detection of (- ve) 

strand from DENV-infected cells.  The (- ve) strand RNA should not be present at 0 hrs post-

infection, where there is exclusively (+ ve) strand input genomic RNA.  Results from multiple 

experiments in MDM (Fig 4.1, chapter 4) K562 and HepG2 (Fig 3.10) confirm detection of  

(+ ve) but not (- ve) strand RNA immediately following DENV-infection.  Similar analysis 

could not be performed for (+ ve) strand RNA as it is present throughout the entire infection 

period as seen in K562 and HepG2 DENV-infected cells (Fig 3.10).  

 

 

 

 



Fig 3.8.  Strategy to check that residual Tag RT primers do not serve as PCR
primers to amplify falsely-primed cDNAs. Addition of only one PCR primer 
i.e. DENV primer 5.1 or DENV primer 3.2 theoretically will only amplify products  
in presence of residual tagged RT primers from RT reactions.  Similar strategy
was validated for (– ve) strand RNA reverse transcribed with Tag DENV primer 
5.1 and PCR amplified with DENV primer 3.2 and Tag or DENV primer 3.2 alone.
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> 35                       0
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Fig 3.9.  Dilution of RT products 1/10 or 1/100 prevented residual RT primers
from amplifying PCR products.  Quantitation curves and calculated copy 
numbers are  shown for RT real-time PCR of in vitro transcribed RNA (A)
(+ ve) strand and (B) (- ve) strand.  No products were detected in PCR reactions
that only used DENV specific primers suggesting that dilution of RT products
1/10 or 1/100 is sufficient to prevent formation of any non specific products 
due to presence of residual primers.
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FIG 3.10. (+ ve) and (- ve) strand DENV RNA detected in infected (A) K562 and 
(B) HepG2 cells over 72 hrs, expressed as RNA copy number per 1 ng of
input cyclophilin RNA. High levels of (+ ve) strand RNA could be detected 
at time 0 but no (- ve) strand was detected.  Conversely high levels of both
(+ ve) and (- ve) strands were detected at later time points post infection. 
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3.2.5.3 Sensitivity of DENV (- ve) and (+ ve) strand-specific tagged RT-PCR 
 
To estimate the sensitivity of the tagged RT-PCR assay, known concentrations of (+ ve) or (- 

ve) strand in vitro transcribed RNA were serially diluted 10 fold and amplified using the 

above tagged RT real-time PCR system.  Linear amplification was achieved with as little as 

74 copies of (+ ve) strand RNA (Fig 3.11) and 63 copies of (- ve) strand RNA per reaction 

(Fig 3.12).  Experiments in this study (chapter 4-5) used a MOI of 5 resulting in levels of 

cellular DENV RNA not less than 107 copies per 1 ng of cyclophilin RNA and thus lower 

sensitivity of RT real-time PCR assay was not required.   

 

3.3 DISCUSSION 

Later studies in this project aimed to determine the effect of cytokines on DENV replication, 

and thus a rigorous assay was needed to specifically quantitate DENV (- ve) strand RNA, as a 

marker of active replication without co-amplification of genomic (+ ve) strand RNA.  We 

initially applied conventional RT-PCR methods to in vitro transcribed DENV RNA but 

observed significant PCR amplification of DENV specific products, even without addition of 

complementary primers.  This is consistent with previous reports of non specific priming of 

Flaviviridae viruses RT reactions (Lanford et al., 1994; Tolou, 1994; Lerat et al., 1996; 

Mellor et al., 1998; Peyrefitte et al., 2003).  As discussed in section 1.6.2.3 recent studies 

have shown that cyclisation of DENV RNA is a requirement for viral replication (Alvarez et 

al., 2005; Filomatori et al., 2006).  These circularised structures, that are part of the inherent 

DENV replication strategy, may be responsible for confounding laboratory detection methods 

for DENV RNA, by inducing RNA self priming.   

 

We examined if we could overcome this self priming by optimising the RT-PCR reaction.  A 

number of strategies including different RT temperatures, enzymes and a range of primers at 

different concentrations (summarised in Table 3.1) were investigated.  However, after 

extensive PCR optimisation, significant amplification of DENV specific products in the 

absence of specific priming of the RT reaction was still observed.   

 

As the various optimisation methods outlined in Table 3.1 failed to stop non primer-mediated 

amplification completely, a Tagged RT real-time PCR was adapted to detect both (+ ve) and 

(- ve) strand RNA based on methods used by Peyrefitte et al., 2003.  This method did not 

prevent non primer-mediated cDNA production during the RT step, but allowed amplification 

of those cDNA products that had incorporated the Tag-primer during strand-specific RT, thus 



Fig 3.11.  Sensitivity of  RT real-time PCR was determined to be at least
7.4 -74 copies/reaction for (+ ve) strand RNA.  RT real-time PCR was performed
on 10 fold serially diluted 0.2 pg in vitro transcribed RNA.  Quantitation curves
(A) and input copy numbers  (based on standard curve not shown) (B) are  shown
for RT real-time PCR of in vitro transcribed RNA.  Relationship of known input
RNA copies used in generating cDNA and the threshold cycle (CT) in the
real time PCR assay are shown (C). R is the correlation coefficient.
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Fig 3.12. Sensitivity of  RT real-time PCR was determined to be at 6.3 to
63 copies/reaction for (- ve) strand RNA.  RT real-time PCR was performed 
on 10 fold serially diluted 0.17 pg in vitro transcribed RNA. Quantitation curves
(A) and calculated  copy numbers  based on standard curves (not shown) (B)
are shown for RT real-time PCR of in vitro transcribed RNA.  Relationship of 
known  input  RNA copies used  in generating cDNA and the threshold cycle 
(CT) in the real time PCR assay  are shown (C).  R is the correlation coefficient.
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 No RT 
enzyme 

Wrong primer No primer 

Purpose Detect DNA 
contamination 

Show strand specificity Specificity 

Initial 
outcome 

Positive signal Positive signal Positive signal 

Implication Contamination 
DNA 

Contamination with opposite 
strand 

Non specific priming 

Approach (1) Further 
DNase treatment 

(2)Further purification of 
plasmid and in vitro 
transcription product 
 
1.Treatment of template 
plasmid before in vitro 
transcription  
 
(a)  Complete digestion of     
      plasmid 
(b)  Gel purification of plasmid 
(c)  Complete removal of    
      opposite promoter  
 
2.Treatment of in vitro 
transcription product 
 
(d)  Double RNeasy     
       purification 

(3) Optimisation of 
RT conditions 
 
(a) RT temperatures 
(b) Enzyme 

concentrations 
(c) Range of primer 

concentrations and 
combinations 

 
(4) Tagged RT-PCR 

Outcome Successfully 
prevented signal 
in no RT enzyme 

control 

No reduction in non specific 
DENV PCR amplification 

Tagged RT-PCR 
prevented 

amplification of non 
specific priming 

 
Table 3.1. Summary of methods used to optimise RT real-time PCR products to prevent non 
specific priming of in-vitro transcribed RNA synthesised using pGEM-DENV-2CAP.   
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allowing specific quantitation of specific primer-generated (+ ve) or (- ve) RNA strands and 

was successfully adapted in our laboratory 

 

We further simplified the published procedure of Peyrefitte et al., 2003 by dilution of RT 

products 1:10 or 1:100 before adding to real-time PCR to negate any PCR amplification from 

residual Tag-RT primer, rather than the cDNA purification step as used by Peyrefitte et al. 

2003.  The sensitivity of both (+ ve) and (- ve) strand tagged RT real-time PCR was estimated 

to be at least 74 and 63 copies per reaction for (+ ve) and (- ve) strand RNA respectively, 

much lower than the sensitivity needed to analyse DENV replication in cells in culture.  

DENV (- ve) strand RNA has been well established to be an active marker for DENV 

replication and studies on flavivirus replication using methods such as LiCl fractionation of 

RNA followed by Northern blot analysis and tagged RT-PCR (Liu et al., 1997; Peyrefitte et 

al., 2003) suggest that synthesis of DENV (- ve) strand occurs a few hours after infection.  

The results here using the tagged RT real-time PCR show that, in DENV-infected MDM, 

K562, and HepG2 cells at time 0 after infection, high levels of (+ ve) strand RNA but no  

(- ve) strand RNA could be detected, supporting the conclusion that the assays were strand-

specific and can be successfully applied to quantitate DENV replication in infected cells.  

Thus, results from this chapter have shown strand-specific quantitation from in vitro 

transcribed RNA and during DENV-infection of cells.  Such strand specific quantitation was 

not achievable through optimisation of standard RT-PCR protocols.  The adaptation of this 

new Tag RT real-time PCR provides an accurate tool to allow study of intracellular DENV 

replication under different conditions and has been applied to the studies in chapter 4.   
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CHAPTER 4 
 

DENV REPLICATION IN MDM IS NOT AFFECTED BY 

TNF-α, AND DENV-INFECTION INDUCES ALTERED 

RESPONSIVENESS TO TNF-α STIMULATION 
 

4.1 INTRODUCTION 

TNF-α is released from MDM after DENV-infection, and the peak of this release 

coincides with peak of virus production in vitro (Carr et al., 2003; Espina et al., 2003).  

Other cells of the immune system such as B and T cells that interact with monocytes and 

macrophages during viral infection can also release TNF-α when exposed to DENV (Lin et 

al., 2002b; Mangada et al., 2002; Mangada and Rothman, 2005).  Thus TNF-α released 

from cells of the immune system may contribute to the elevated circulating (endocrine) 

levels of TNF-α that may in turn contribute to viral pathogenesis (discussed in section 

1.8.2.4).  In addition, TNF-α may act in an autocrine or paracrine manner to modulate viral 

replication in infected cells as seen with other viruses (discussed in section 1.8.2.4). 

 

This chapter describes use of an in vitro primary cell culture system, to examine whether 

increased levels of TNF-α, as seen in DENV-infected patients and released from DENV-

infected cultured cells, could affect DENV replication in macrophages, one of the main 

DENV target cell types in vivo.  The first part of this chapter investigates the effect that 

addition of exogenous TNF-α, or inhibition of endogenously produced TNF-α, has on 

DENV replication.  The second part of this chapter describes the cellular signalling 

response to TNF-α in DENV-infected cells. 

 

4.2 RESULTS 

4.2.1 Characterisation of a DENV MDM infection model 

4.2.1.1 Characteristics of DENV replication in MDM 
 
The tagged RT real-time PCR approach developed in chapter 3 was used to quantitate (+ ve) 

and (- ve) strand DENV RNA throughout DENV-infection of MDM.  Our infection model 

utilised adherent MDM, 6 days post isolation and previously characterised to be 85-90% 

CD14 (+ ve), with adherent macrophage-like morphology (Pryor et al., 2001).  Cyclophilin A 
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mRNA was used to normalise all RT real-time PCR results, and therefore it was first 

necessary to validate whether cyclophilin A was consistently expressed during DENV-

infection.  MDM were infected with DENV and at day 0, 1, 2 and 3 post-infection, cells were 

harvested, RNA extracted and quantitated by spectrometry.  For the same amount of input 

RNA, cyclophilin A mRNA did not vary over the 3 days in infected macrophages (Appendix 

III).   

 

We next examined the time course of DENV replication over 72 hrs.  MDM were DENV-

infected and at different time points post-infection, the supernatants were collected to 

quantitate the release of infectious virus (pfu/ml) and intracellular RNA was extracted from 

cell lysates to measure levels of (+ ve) and (- ve) strand DENV RNA and normalised.  

Active replication of DENV in MDM was observed as indicated by the increasing 

production of infectious virus and increasing levels of (- ve) strand RNA.  Maximum virus 

and RNA levels were seen at 48 hrs post-infection and levels of virus and RNA production 

continued at a lower level on day 3 (Fig 4.1A).  The profile of (- ve) strand RNA coincided 

with infectious virus production (pfu/ml), whereas (+ ve) strand RNA was present in high 

levels at all time points (Fig 4.1A and B).  Subsequent studies utilised this infection model 

and monitored infection by release of virus (plaque assay) and accumulation of (- ve) 

strand RNA (RT real-time PCR). 

 

4.2.1.2 Characteristics of DENV-infected MDM 
 
Having established a cell culture MDM model with active viral replication, the next set of 

experiments aimed to characterise the infected cell population.  MDM were infected and cells 

stained for DENV antigens.  Confocal analysis of stained cells showed 15-30% of MDM 

infected at 48 hrs post-infection, the time of peak virus production.  Infection of MDMs by 

DENV was non cytopathic with no visual CPE or cell loss detected and DENV-infected 

MDM displayed diverse phenotype with variable shapes and sizes of DENV antigen positive 

MDM (Fig 4.2) consistent with previous reports that DENV-infects MDM regardless of its 

stage of differentiation (Chen and Wang, 2002).  This indicates the low (15-30%) of infected 

MDM, is not due to infection of a subset of cells with specific morphology. 

 

To assess changes in function of DENV-infected MDM, phagocytosis of opsonised SRBC by 

DENV-infected MDM was analysed.  SRBC were opsonised by incubating in human sera at 

370C, and added to MDM at 24 hrs post-infection at 370C for a further 24 hrs (section 2.3.4).  
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Fig 4.1. DENV replication in MDM. MDM were infected with DENV at 
MOI of 5.  At 0, 24, 48 and 72 hrs post-infection supernatant was collected to 
determine infectious DENV released by plaque assay (pfu/ml), and RNA was 
extracted from cell lysates to determine levels of intracellular  DENV RNA 
using a tagged RT real-time PCR.  In vitro transcribed copy number standards 
from DENV2 capsid protein were used to quantitate DENV RNA.  Tagged 
RT real-time PCR represent average ± SEM (n=2) and were normalised per 1 
ng input cyclophilin RNA. Peak of infectious virus production and (- ve) 
strand RNA was seen at 48 hrs. (A) (- ve) strand RNA and pfu/ml (B) (+ ve) 
strand RNA 



A B

C

Fig 4.2. DENV infected MDM display diverse phenotype.  MDM were 
infected with DENV at MOI of 5.  After 48 hrs, infected cells were washed 
thoroughly fixed, permeabilised, stained with DENV anti-E mouse 
monoclonal antibodies and antigen/antibody complexes visualised with anti-
mouse red Alexa Fluor 546 (conjugated secondary antibody) and confocal
microscopy.  Variable phenotype of DENV antigen positive MDM was
observed.  A, B and C shows different fields of infected macrophages, D 
shows DENV infected cells stained with control normal human sera.

D
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After incubation cells were washed thoroughly, fixed, permeabilised and stained with DENV 

mouse monoclonal antibodies and Alexa Fluor 546 (conjugated anti-mouse IgG).  Using 

direct light microscopy, uninfected MDM showed 80-85% of cells that successfully 

phagocytosed SRBC.  The (10-15%) remaining cells had the same morphology but did not 

ingest SRBC (Fig 4.3A and B). This finding is consistent with other reports (Liao et al., 1994) 

that MDM have a heterogeneous phagocytic ability.  In contrast, to the DENV E - antigen (+ 

ve) cells in the DENV-infected population only 40% DENV (+ ve) MDM phagocytosed 

SRBC (Fig 4.3E and F, Table 4.1).  However, some DENV positive cells stained densely with 

Alexa Fluor 546 and hindered visualisation of SRBC and therefore 40% SRBC phagocytosis 

may be an underestimate.  Approximately 60% of uninfected MDM in the DENV-infected 

population showed presence of phagocytosed SRBC (Table 4.1).  This finding again is 

consistent with literature (Chaturvedi et al., 1983) where spleen and peritoneum macrophages 

isolated and cultured from DENV-infected mice showed a low phagocytic index for 

erythrocytes compared to uninfected controls.  Thus DENV-infected MDM are heterogeneous 

with only a subpopulation (15-30%) of cells showing productive, non cytopathic infection.  

Although the number of phagocytic cells was reduced in the DENV-infection population, 

functional phagocytosis was retained in some DENV positive cells. 

 

4.2.2 Addition of exogenous TNF-α prior to or after established DENV-infection 
does not dramatically affect DENV replication in MDM 

 
We next assessed the ability of TNF-α to affect DENV replication in MDM.  TNF-α is 

present at high levels in the circulation of DENV-infected patients and is released by DENV-

infected macrophages and other cells normally present in the environment of macrophages.  

From the literature we know that pre-treatment of HepG2 cells with IFN-α, 4 hrs before 

infection inhibits subsequent DENV replication while pre-treatment with TNF-α for 24 hrs 

before infection has no effect on DENV replication in HepG2 cells (Diamond et al., 2000b) 

and MDM (Chen et al., 1999).  We established conditions for DENV-infection in HepG2 

cells to use as a comparative control.  The replication profile of DENV in HepG2 cells is 

shown in Fig 4.4, showing increasing virus production from 0 - 72 hrs post-infection as 

previously reported (Marianneau et al., 1998).   

 

Prior studies in our lab have shown TNF-α is released by DENV-infected MDM, coinciding 

with the peak of DENV production at 36 hrs after established infection (Carr et al., 2003).  

We therefore looked at the effect of TNF-α on DENV replication in MDM, with TNF-α 



Fig 4.3. Phagocytosis of SRBC by MDM.  (A-B) Uninfected MDM. 6 day old 
uninfected MDM were incubated with opsonised SRBC at 370C for 24 hrs. 
Cells were washed thoroughly fixed, permeabilised, stained with haematoxylin 
and observed using light microscopy.  80 to 85% of MDM successfully 
phagocytosed SRBC. The other 10-15% were morphologically similar to cells 
that phagocytosed SRBC (indicated via a red arrow) but did not ingest SRBC. 
(C-F) Infected MDM.  MDM were infected with DENV at MOI of 5.  24 hrs 
after infection, opsonised SRBC were added to infected cells and left at 370C 
for 24 hrs. Infected cells were washed thoroughly fixed, permeabilised, stained 
with DENV anti E-mouse monoclonal antibodies and red Alexa Fluor 546 
(conjugated secondary antibody).  Presence of red blood cells were visualised 
using a fluorescent microscope with a green filter.  SRBC appear green and 
infected cells appear yellow green in colour. (C) Negative control – DENV 
infected MDM + SRBC stained with normal mouse serum and Alexa Fluor 546 
(D) DENV infected MDM - SRBC stained with DENV anti-E mouse antibody 
(E) and (F) DENV infected MDM + SRBC stained with DENV anti-E mouse 
antibody .

A B

C D

E F



40%
60%

DENV infected MDM population

DENV infected cellsb

DENV uninfected cellsc

80-85%Uninfected MDMa

% MDM able to 
phagocytise

opsonised SRBC

Condition

Table 4.1. Phagocytosis of SRBC by DENV infected and uninfected cells
Number cells counted a = 50,  b = 65, c = 65
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Fig 4.4. Replication profile of DENV in HepG2 cells. HepG2 cells were 
infected with DENV at a MOI of 5 and cell culture medium was collected and 
assayed for infectious virus released (pfu/ml).  
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added at 4 hrs prior to infection and at 24 hrs post-infection, a time point that represents 

established infection but is still prior to the peak of endogenous TNF-α release and progeny 

viral production.   

 

The levels of TNF-α (500 ng/ml) used in this part of our study were higher than the pg/ml 

levels released from DENV-infected MDM (Carr et al., 2003) consistent with levels known to 

induce TNF-α responses in the literature (Lane et al., 1999; Minagawa et al., 2004) and 

higher than the levels used later in this study to induce TNF-α signaling in uninfected cells 

and thus should be in the required range for TNF-α activity.  Lower levels of TNF-α up to 0.3 

ng/ml were also tested and similar results as that seen with 500 ng/ml were observed (data not 

shown).  Addition of TNF-α at 24 hours post-infection showed no effect on subsequent 

DENV replication in MDM (Fig 4.5A) or HepG2 (Fig 4.6A) as measured by analysis of 

levels of DENV RNA and infectious virus at 48 hrs post-infection.  Treatment with IFN-α at 

24 hrs post-infection showed a small inhibitory effect on DENV (- ve) strand RNA 

accumulation and virus release from MDM (Fig 4.5B) and, as previously reported also for 

HepG2 cells (Fig 4.6B) (Diamond et al., 2000b).  These experiments were repeated four times 

in MDM and twice in HepG2. 

 

In contrast, 4 hrs pre-treatment of MDM with TNF-α before DENV-infection had a small and 

reproducible inhibitory effect (1.4-4 fold) on release of infectious virus (pfu/ml) and RNA 

production from MDM (Fig 4.5A and Table 4.2).  The paired Student t test from the results of 

four independent experiments measuring infectious virus release (pfu/ml) and two 

independent experiments that quantitated RNA levels showed that, although alteration in the 

release of infectious virus was not significant (p = 0.28), there was a significant reduction in 

RNA levels (p = 0.03), suggesting this to be a real and reproducible inhibition of DENV 

replication.  However, pre-treatment of HepG2 cells for 4 hrs with TNF-α had no effect (< 2 

fold) on DENV replication (Fig 4.6A).  These moderate effects of pre-treatment with TNF-α 

contrast with the more significant effects seen with IFN-α where 4 hrs pre-treatment of MDM 

and HepG2 cells with IFN-α showed >10 fold inhibition of (- ve) strand RNA accumulation 

and virus release (Fig 4.5B and 4.6B, Table 4.2), consistent with the literature (Diamond et 

al., 2000b).  Finally, no effect of 24 hrs TNF-α pre-treatment on DENV replication in HepG2 

cells (Fig 4.6B) and MDM (results not shown) were seen, again consistent with previous 

reports (Chen et al., 1999; Diamond et al., 2000b).  To assess if this small but reproducible 

inhibitory effect of 4 hrs TNF-α pre-treatment was due to alterations in the levels of viral 
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Fig 4.5. Exogenously added TNF-α shows minor inhibition of DENV 
replication in MDM when added 4 hrs pre but not 24 hrs post DENV
infection.  MDM cells were exposed to TNF-α or IFN-α for 4 hrs, infected 
with DENV MOI 5 or infected then cytokine treated 24 hrs post-infection.  
Cell culture supernatants were collected at 48 hrs after infection and assayed 
for virus release by plaque assays (pfu/ml).  RNA was extracted from cell 
lysates and DENV RNA was quantitated by tagged RT real-time PCR and 
were normalised per 1 ng input cyclophilin mRNA. Values represent mean ±
SEM from duplicate samples in RT real-time PCR of a representative 
experiment.  Experiments were replicated (n=2, RNA; n=4, titre). Panels 
represent effects of (A) TNF-α (B) IFN-α (controls). *p<0.05 (students t-
test).
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Fig 4.6. Exogenously added TNF-α shows no inhibition on DENV 
replication in HepG2 cells (used as controls) when added 4 hrs pre or 24 
hrs post DENV infection.  HepG2 cells were exposed to TNF-α or IFN-α for 
4 or 24 hrs then infected with DENV MOI 5 or infected then cytokine treated 
24 hrs post-infection.  Cell culture supernatants were collected at 48 hrs after 
infection and assayed for virus release by plaque assays (pfu/ml). RNA was 
extracted from cell lysates and DENV RNA was quantitated by tagged RT real-
time PCR and were normalised per 1 ng input cyclophilin mRNA.  Values 
represent mean ± SEM from duplicate samples in RT real-time PCR of a 
representative experiment.  Experiments were replicated (n=2). Panels 
represent effects of (A) TNF-α (B) TNF-α and IFN-α (controls).



101.5HepG2 2

101.2HepG2 1

153MDM 4

101.4MDM 3

Not done4.5MDM 2

124MDM 1

Fold decrease in DENV 
replication (pfu/ml) with 

4hrs IFN-α pre-treatment

Fold decrease in DENV 
replication (pfu/ml) with 

4hrs TNF-α pre-treatment

Cell type and 
experiment 

number

Table 4.2. TNF-α pre-treatment 4 hrs before infection has a small but 
reproducible inhibitory effect on DENV replication compared to IFN-α
pre-treatment. Difference in viral production  pfu/ml are listed from multiple 
independent experiments.
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attachment or entry, the levels of cell-associated input virus were quantitated by measurement 

of (+ ve) strand viral RNA immediately after infection in cells pre-treated for 4 hrs with TNF-

α.  Results show that levels of input RNA in TNF-α pre-treated cells were not different to 

untreated cells, indicating that pre-treatment with TNF-α did not affect virus binding or 

uptake (Table 4.3).  Similar results with IFN-α pre-treatment (Table 4.3) were observed 

consistent with the literature (Diamond and Harris, 2001).  Thus addition of high levels of 

exogenous TNF-α which were shown in subsequent studies to be biologically active (section 

4.2.4.1-2) and were known to be stable in culture conditions (Aderka et al., 1992) had a very 

small effect on DENV replication in MDM and only if added 4 hrs prior to infection.  

 

4.2.3 Inhibition of endogenously produced TNF-α has no significant effect on DENV 
replication in MDM 

 

Since DENV-infected macrophages can produce their own TNF-α it was possible that 

addition of exogenous TNF-α had no effect on DENV replication because responses were 

already saturated by endogenously released TNF-α.  Thus siRNA was used to block 

production of endogenous TNF-α and TNF-α antibodies were used to block actions of TNF-α 

produced by infected cells, to further investigate the role of endogenous TNF-α on DENV 

replication. 

 

4.2.3.1 Blocking TNF-α by siRNA knockdown has no effect on DENV replication 
 

To achieve knockdown of production of endogenous TNF-α, 3 pre-designed stealth TNF-α 

siRNAs (Invitrogen) were used to transfect MDM.  Stealth siRNAs were used to prevent 

stimulation of the dsRNA or IFN-α response that could complicate the interpretation of 

results.   

 

4.2.3.1.1 Optimisation of TNF-α stealth siRNA to give maximum TNF-α knockdown 
 

We first analysed siRNA uptake by MDM.  A florescent siRNA was transfected into MDM 

under standard conditions recommended by the manufacturer (Invitrogen) and showed >90% 

uptake of the labelled oligonucleotides into MDM (Appendix V) demonstrating highly 

efficient uptake of siRNA by MDM.  Functional TNF-α knockdown was assessed by 

stimulating TNF-α siRNA transfected cells with LPS and quantitating levels of TNF-α 



3 x 1059 x 106Control – no treatment

4 x 1059 x 106IFN-α

2 x 1058.9 x 106TNF-α

Copy number (+ ve) 
strand RNA in DENV 
infected HepG2 at 0 hr 

post-infection

Copy number (+ ve) 
strand RNA in DENV 
infected MDM at 0 hr 

post-infection

Treatment
4 hrs before infection

Table 4.3. TNF-α or IFN-α pre-treatment 4 hrs before infection has no effect 
on the level of (+ ve) strand genomic DENV RNA associated with newly 
infected cells.
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mRNA (by RT real-time PCR) and levels of TNF-α protein (by bioassay).  Maximum TNF-α 

knockdown was achieved by using two rounds of transfection of 1.6 µM siRNA 24 hrs apart 

(data not shown) using Lipofectamine RNAiMAX, an agent found to be not as toxic to cells 

as conventional Lipofectamine. 

 

To validate TNF-α protein knockdown, MDM were stimulated with 10 ng/ml of LPS 1-4 

days after siRNA transfection, and TNF-α release was measured by bioassay.  Results 

showed that all three siRNAs yielded 50-80% inhibition of bioactive TNF-α protein release 

that lasted over a 4-day period (Fig 4.7).  This indicates rapid and persistent TNF-α 

knockdown in MDM from 1-4 days post-transfection using these siRNA transfection 

conditions. 

 

4.2.3.1.2 siRNA reduction of TNF-α had no effect on DENV replication 
 

To test if siRNA reduction of TNF-α in MDM had any effect on DENV replication, MDM 

were transfected with the same three stealth TNF-α siRNA’s and a negative control (scramble 

siRNA), then infected with DENV (MOI of 5).  Experiments were sampled at 32 hrs post-

infection, since at the usual sampling point of 48 hrs, TNF-α mRNA could not be detected to 

confirm siRNA knockdown.  We know, however, that DENV RNA and infectious virus levels 

are similar at these two time points.  At 32 hrs post-infection the supernatant was collected 

and analysed for viral titer, DENV RNA and TNF-α protein production (by ELISA).  Cellular 

RNA was extracted and analysed for DENV RNA and TNF-α mRNA production by RT real-

time PCR.  Two of the three stealth siRNA showed >75% inhibition of TNF-α mRNA and 

protein release from DENV-infected MDM (Fig 4.8A and B) showing efficient knockdown of 

endogenous TNF-α.  However, analysis of DENV release and (- ve) strand RNA levels 

showed that even with this high level of TNF-α protein knockdown, no difference in virus 

replication was observed (Fig 4.9).  The lack of effect of siRNA knock-down of TNF-α on 

DENV replication was also observed at 48 hrs post-infection, although concomitant siRNA 

knockdown of TNF-α could not be confirmed in these latter experiments. 
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Fig 4.7. TNF-α siRNA inhibits LPS-stimulated release of TNF-α bioactivity.
MDM were transfected with individual TNF-α siRNA’s by two rounds of  
transfection with 1.6 µM TNF-α siRNA 4, 5 or 6.  At 1-4 days post-transfection
MDM were stimulated with 10 ng/ml LPS and TNF-α production in macrophages 
quantitated by TNF-α bioassay.  Results are expressed as a % inhibition of TNF-α
release following LPS-stimulation of mock transfected cells.  Values are average of 
2 wells and a representative experiment is shown.  Experiments were replicated 
(n=2).
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Fig 4.8. siRNA knock down of TNF-α in MDM infected with DENV.  Cells were
transfected with TNF-α siRNA, infected with DENV at MOI 5 and at 32 hrs after 
infection cell culture supernatants were assayed for (A) TNF-α mRNA levels in 
infected cells ( by RT real-time PCR) normalised per 1 ng input cyclophilin mRNA 
(B) TNF-α production (by ELISA).  Results were expressed as a percentage of TNF-
α released from mock transfected MDM (2,027 pg/ml/24 hrs).  Values are mean ±
SEM of 2 wells and values represent mean ± SEM from duplicate samples in RT 
real-time PCR of a representative experiment.  Experiments were replicated (n=2).  
siRNA’s 4 and 5 showed > 75% inhibition of TNF-α protein and mRNA.
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Fig 4.9. siRNA knock down of TNF-α in MDM had no effect on DENV 
replication.  Cells were transfected with TNF-α siRNA infected with DENV at MOI 
5 (same cells as in Fig 4.8 ) and at 32 hrs after infection cell culture supernatants 
were assayed for DENV replication by infectious virus released (pfu/ml) and (- ve) 
strand RNA levels in infected cells.  In vitro transcribed copy number standards from 
DENV2 capsid protein were used to quantitate (- ve) viral RNA using a tagged RT 
real-time PCR normalised per 1 ng input cyclophilin mRNA.  Values represent mean 
± SEM from duplicate samples in RT real-time PCR of a representative experiment.  
Experiments were replicated (n=2).  siRNA’s 4 and 5 showed greater then 75% 
inhibition of TNF-α mRNA and protein release (Fig 4.8) but had no effect on DENV 
replication.
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4.2.3.2 Blocking actions of endogenously released TNF-α had no effect on DENV 
replication 

 

Although we achieved high level TNF-α mRNA and protein knockdown, TNF-α was not 

completely abolished.  Therefore we next aimed to extend the siRNA knockdown studies by 

antibody blocking of endogenous TNF-α activity.  MDM were isolated, infected with DENV 

and at 24 hrs post-infection, prior to the peak of TNF-α release (Carr et al., 2003), 

neutralising TNF-α antibody or isotype matched control antibodies were added.  The amount 

of TNF-α antibody used (2.5 µg/ml) is capable, in our laboratory, of neutralising > 50 000 

pg/ml of TNF-α as tested in a bioassay (data not shown).  In comparison, the cumulative level 

of TNF-α released from DENV-infected MDM in this study at 32-48 hrs post-infection were 

1980-2185 pg/ml, as determined by TNF-α ELISA (data not shown).  Cultures were 

supplemented with fresh medium and antibodies throughout the experiment.  DENV 

replication profiles in the presence or absence of TNF-α antibodies showed little difference 

suggesting that endogenously released TNF-α has no effect on DENV replication in MDM 

(Fig 4.10A).  Further cellular RNA extracted at 72 hrs showed no difference in levels of 

DENV RNA (Fig 4.10B). 

 

4.2.4 DENV-infected cells do not respond normally to exogenously added TNF-α  
 
Infection with HCV, which like DENV belongs to the Flaviviridae family, has been shown to 

confer resistance to TNF-α and prevents TNF-α signalling in infected cells (Marusawa et al., 

1999; Park et al., 2002; Frese et al., 2003; Choi et al., 2006; Saito et al., 2006).  Since neither 

exogenously added nor blocking of endogenous TNF-α had any effect on DENV replication, 

we next aimed to investigate if DENV-infected cells could still respond to TNF-α by analysis 

of TNF-α-induced NF-kB responsive transcription and induction of NF-kB nuclear 

translocation. 

 

4.2.4.1 DENV-infection inhibits TNF-α-stimulated, NF-kB mediated reporter gene 
transcription 

 
In contrast to the efficient uptake of siRNA by MDM described in section 4.2.3.1.1, large 

DNA constructs can transfect these cells only with difficulty.  Therefore, Huh7, hepatoma 

cells were used for these studies.  These cells were in current use in an adjacent lab for 

analysis of IFN-α response in HCV (Dr Michael Beard, HCV lab, University of Adelaide) 
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Fig 4.10. Blocking endogenous TNF-α with TNF-α antibodies had no effect 
on DENV replication.  MDM were infected with DENV at MOI 5 and 24 hrs 
after infection cells were treated with either anti-TNF-α antibodies (2.5ug/ml), 
isotype matched anti-IgG control (2.5ug/ml) or fresh media.  Supernatant was 
collected every 24 hrs and replaced with fresh antibody or media.  (A) Infectious 
virus released was detected by plaque assay (pfu/ml).  (B) Cell lysates at 72 hrs 
were used to extract RNA to determine DENV RNA levels in infected cells.  In 
vitro transcribed copy number standards from DENV2 capsid protein were used 
to quantitate (- ve) viral RNA using a tagged RT real-time PCR and normalised 
per 1 ng input cyclophilin mRNA. Values represent mean ± SEM from duplicate 
samples in RT real-time PCR of a representative experiment.  Results are of a 
representative experiment and were replicated (n=3).  No significant differences 
were observed in any experiment.
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and have been previously shown to be susceptible to DENV-infection (Lin et al., 2000).  

Huh7 cells were shown to support active DENV replication with production of high titres of 

infectious virus (Fig 4.11A).  DENV-infection in Huh7 cells was cytolytic, resulting in cell 

death by 48 to 72 hrs (data not shown), and thus all analyses were performed at 24 hrs post-

infection when there is active replication and approximately 90% of cells were infected as 

shown by immuno-staining without a large degree of cell death (Fig 4.11B).  Huh7 cells were 

co-transfected with two plasmids (i) pTK81NF-kBLUC which has NF-kB responsive 

promoter binding sites regulating the transcription of firefly LUC and (ii) pRL-TK (Appendix 

VII) which contains the renilla LUC gene under control of a constitutive TK promoter.  

Dually transfected cells were infected with DENV or mock-infected and 24 hrs after 

infection, cells were either left untreated or treated with TNF-α (10 ng/ml) and LUC activity 

in lysates was measured.  Firefly LUC luminescence was normalised against total protein 

content of the lysate and renilla LUC activity.  Both methods of normalisation gave similar 

results and only results from protein normalisation are shown (Fig 4.12A).  Mock-infected, 

untreated cells showed basal levels of NF-kB mediated reporter gene transcription, and 

DENV-infection alone had no effect on this, with similar levels of LUC activity in mock and 

DENV-infected cells (Fig 4.12A).  Addition of TNF-α to mock-infected cells saw a 5-fold 

increase in LUC activity, consistent with TNF-α stimulation of NF-kB mediated reporter gene 

transcription (Fig 4.12A).  In contrast, TNF-α stimulation of DENV-infected cells resulted in 

only basal levels of LUC activity.  As a control Huh7 cells were co-transfected with an IFN 

responsive LUC reporter construct (Appendix VIII) and renilla LUC.  Cells were infected and 

stimulated with IFN-α, as above for TNF-α.  DENV-infection prevented IFN stimulated 

reporter gene transcription (Fig 4.12B) consistent with the well described DENV inhibition of 

IFN signalling.  Our novel observation of DENV inhibition of TNF-α signalling is similar in 

magnitude to this well described effect of IFN.  Thus these results indicate that DENV-

infected cells do not respond normally to TNF-α stimulation, as measured by NF-kB 

induction of gene expression. 

4.2.4.2 DENV-infection inhibits TNF-α-stimulated translocation of NF-kB cellular 
proteins into the nucleus 

 
Since the reporter assays shown in Fig 4.12 cannot be performed in primary MDM, TNF-α 

stimulation of DENV-infected MDM was investigated by analysis of TNF-α induced NF-kB 

nuclear translocation by immuno-staining for p65 NF-kB proteins and confocal microscopy.  

DENV-infected Huh7 at 24 hrs post-infection were used as controls.  DENV-infected and 

mock-infected Huh7 cells that were not treated with TNF-α showed cytoplasmic staining of 
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Fig 4.11. Replication profile of DENV in Huh7 cells. (A) Huh7 cells were 
infected with DENV at a MOI of 5 and cell culture medium was collected and 
assayed for infectious virus released (pfu/ml).  Peak of virus production was seen 
at 48 hrs. After 24 hrs DENV infected Huh7 cells were washed thoroughly fixed, 
permeabilised, stained with (B) control normal serum and (C) DENV anti-E 
antibody and red Alexa Fluor 546 (conjugated secondary antibody) and 
visualised by confocal microscopy.  Greater than 90% cells were positive for 
DENV antigen without visual cell death.
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Fig 4.12. DENV infected Huh7 cells do not respond to TNF-α
stimulation. (A) DENV inhibits TNF-α stimulated NF-kB responsive 
transcription.  Huh7 cells were co-transfected with plasmids, containing the 
firefly LUC gene downstream of a NF-kB responsive promoter and a renilla
LUC gene under control of a TK promoter.  24 hrs after infection cells were 
either treated or untreated with TNF-α (10ng/ml) for 6 hrs.  Cells were lysed
and reporter activity and total protein concentration was measured.  Firefly 
LUC activity was normalized against total protein (shown here) or renilla
LUC.  Results shown are representative of three independent experiments. 
(B) DENV inhibits IFN-α stimulated ISRE responsive transcription. Huh7 
cells were co-transfected with plasmids as in (A) except plasmid with ISRE 
promoter was used instead of NF-kB and IFN-α (100 IU/ml) was added 
instead of TNF-α. Cells were assayed as in (A).  Results shown are 
representative of two independent experiments.
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NF-kB p65 proteins as expected (4.13A).  TNF-α stimulation of mock-infected Huh7 cells led 

to clear translocation of p65 NF-kB proteins to the nucleus (Fig 4.13B).  However TNF-α 

stimulation of DENV-infected Huh7 cells failed to induce nuclear localisation of NF-kB (Fig 

4.13(2a to 2c)) in cells that were confirmed to be DENV-infected (Fig 4.13(2b)).  These data 

support the lack of normal TNF-α stimulation in DENV-infected cells seen in reporter assays 

shown in Fig 4.12A. 

 

In contrast to the strong cytoplasmic staining for NF-kB in untreated Huh7 cells, mock-

infected MDM that were not treated with TNF-α showed a variable distribution of 

intracellular NF-kB p65 proteins.  Some uninfected MDM showed NF-kB proteins in both 

cytoplasm and nucleus, or either the nucleus or the cytoplasm exclusively (Fig 4.14(A) and 

Table 4.4).  Similarly, DENV-infected cells without TNF-α treatment showed NF-kB proteins 

in both cytoplasm and nucleus, or in a few cells just in the nucleus (Fig 4.14(1a- 1c) and 

Table 4.4).  However, after stimulation with TNF-α, mock-infected MDM clearly showed 

translocation of NF-kB p65 protein in 100% of the cells (Fig 4.14(B)).  In contrast TNF-α-

stimulated, DENV-infected MDM showed variable cellular localisation of NF-kB proteins, 

with no nuclear translocation in approx 50% of infected cells (Fig 4.14 (2a-2c)).  Dual 

analysis for NF-kB and DENV antigens revealed that TNF-α stimulation of NF-kB nuclear 

translocation occurred in both DENV negative and DENV positive cells within the MDM 

population.  Cytoplasmic localisation of NF-kB after TNF-α stimulation was only observed in 

DENV positive cells.  These results suggest that the lack of movement of NF-kB in response 

to TNF-α stimulation occurs only in DENV-infected and not uninfected bystander cells, but 

that effective TNF-α induction of NF-kB nuclear translocation can still occur in some DENV-

infected MDM.   

 

Together, the observed lack of nuclear accumulation of NF-kB in response to TNF-α in 

DENV-infected Huh7 cells and MDM is consistent with reporter assays in Huh7 cells, and 

suggests that DENV-infected cells, including primary MDM are unable to respond normally 

to TNF-α stimulation. 
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Fig 4.13. DENV inhibits TNF-α stimulated translocation of NF-kB
proteins into the nucleus in Huh7 cells.   Huh7 cells were either mock 
infected or infected with DENV and treated with or without TNF-α.  After 30 
mins of TNF-α treatment cells were fixed and stained with antibodies against 
DENV (red Alexa Fluor 546) and p65 NF-kB protein (green Alexa Fluor 488).  
Immunoreactivity was visualised by confocal microscopy.            indicates 
movement of NF-kB into nucleus          shows absence of NF-kB proteins in 
nucleus. Mock infected Huh7 (A) =  NF-kB protein localisation in cytoplasm. 
Mock infected Huh7 cells + TNF-α (B) = NF-kB proteins in the nucleus of all 
cells.  Huh7 cells infected with DENV – TNF-α (1a to 1c) =  NF-kB protein 
localisation in cytoplasm.  Huh7 cells infected with DENV + TNF-α (2a to 2c)
= 100% inhibition in nuclear movement of NF-kB proteins.
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Fig 4.14. DENV inhibits TNF-α stimulated translocation of NF-kB proteins 
into the nucleus in MDM.  Cells were either mock infected or infected with 
DENV and treated with or without TNF-α.  After 30 mins of TNF-α treatment 
cells were fixed and stained with antibodies against DENV (red Alexa Fluor 
546) and p65 NF-kB protein (green Alexa Fluor 488).  Immunoreactivity was 
visualised by confocal microscopy.            indicates movement of NF-kB into 
nucleus,        shows absence of NF-kB proteins in nucleus and        indicates NF-
kB proteins present in both nucleus and cytoplasm. Mock infected MDM - TNF-
α (A) = NF-kB protein localisation varying with proteins in nucleus or 
cytoplasm or both cytoplasm and nucleus.  Mock infected MDM + TNF-α (B) = 
NF-kB proteins in the nucleus of all cells.  DENV infected MDM - TNF-α (1a
to 1c) = NF-kB proteins in nucleus or both nucleus and cytoplasm in infected 
cells.  DENV infected MDM + TNF-α (2a to 2c) = inhibition of movement of 
NF-kB protein to the nucleus in 50% of DENV positive cells and in others NF-
kB proteins distributed in both cytoplasm and nucleus.
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4.2.5 Does DENV non-structural protein 5 (NS5) inhibit TNF-α signalling as occurs 
with HCV? 

 

It has been established that HCV inhibition of TNF-α stimulation of the NF-kB signalling 

pathway is mediated by at least three HCV proteins (core, non structural 5A and 5B) 

(Marusawa et al., 1999; Park et al., 2002; Choi et al., 2006; Saito et al., 2006).  We next 

aimed to investigate if DENV NS5 protein similarly inhibited TNF-α-stimulated signalling in 

DENV-infected cells using LUC reporter systems in Huh7 cells as in section 4.2.4.1.  

Plasmids expressing a GFP fusion of DENV NS5 (pEPI-GFP-NS5-1-900) were obtained from 

Dr David Jans and Steven Rawlinson (Pryor et al., 2007) Monash Uni, Melbourne.  Huh7 

cells were co-transfected with pEPI-GFP-NS5-1-900 or pEPI-GFP alone in combination with 

pTK81NF-kBLUC (control) and pRL-TK, stimulated with TNF-α, and LUC activity 

measurement as in section 4.2.4.1.  Results indicated no inhibition of TNF-α-stimulated NF-

kB mediated reporter gene transcription (data not shown).  However only 3% of Huh7 cells 

were visualized by confocal microscopy to express GFP-NS5 (data not shown).  Thus these 

results were inconclusive due to low levels of NS5 expression, and further work is required to 

determine accurately if, similar to HCV, DENV NS5 is responsible for inhibiting TNF-α-

stimulated signalling. 

 

4.3 DISCUSSION 
 
Results from this chapter show that DENV replication in a relevant primary cell system, 

MDM is unaffected by TNF-α, and further that DENV-infected cells do not respond normally 

to TNF-α stimulation. 

 

DENV-infected MDM model 

These studies were carried out in primary MDM, which represent a key target of DENV in 

vivo (Halstead et al., 1977; Rothman and Ennis, 1999).  Although the number of DENV-

infected macrophages in vitro is relatively low (15-30%), DENV replicates to reasonably high 

levels releasing >104 pfu/ml of infectious virus, consistent with previous studies (Pryor et al., 

2001; Chen and Wang, 2002).  To analyse DENV replication at the RNA level a tagged RT 

real-time PCR was developed (chapter 3).  This showed that intracellular (- ve) strand DENV 

RNA coincided with infectious virus production, indicating it is a marker for active 

replication of DENV as suggested by others (Diamond et al., 2000b; Wang et al., 2002c).  

Visually DENV-infected MDM did not differ from uninfected cells and retained the ability 
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for phagocytosis.  Thus, in our model, infected MDM produce DENV RNA co-incident with 

release of infectious virus, are not killed by DENV-infection and still retain at least some 

important macrophage functions.  

 

Effect of TNF-α on DENV replication 

Studies in our lab showed that the peak of TNF-α released from DENV-infected MDM 

coincided with peak of DENV release (Carr et al., 2003).  Therefore in this study the effect of 

addition of exogenous TNF-α in regulating DENV replication was investigated.  When high 

concentrations of TNF-α were added at 24 hrs after established DENV-infection but prior to 

the peak of virus production, no change was observed in the amount of virus released or viral 

RNA detected in infected cells.  To test whether this observation was due to a lack of 

responsiveness to cytokines in our system we performed a positive control: inhibition of 

DENV replication 4 hrs following IFN-α pre-treatment of cells prior to infection (Diamond et 

al., 2000b).  This inhibitory effect of IFN-α was reproduced in our studies, while in contrast 

we observed a very small inhibition of DENV replication in macrophages following 4 hrs pre-

treatment with TNF-α.  Analysis of the amount of input RNA suggested this was not due to a 

reduction of the initial infection but a minor effect of TNF-α pre-treatment in inhibiting 

subsequent DENV-replication was not pursued any further.  Since it is known that DENV-

infected MDM produce TNF-α (Carr et al., 2003; Espina et al., 2003) the role of endogenous 

TNF-α in DENV replication was investigated.  Firstly TNF-α production by MDM was 

blocked using TNF-α siRNA.  TNF-α siRNA was shown to inhibit LPS-stimulated release of 

TNF-α protein from one to four days after siRNA transfection, showing successful and stable 

siRNA knockdown of its target in MDM for at least 4 days.  This TNF-α siRNA transfection 

protocol also successfully down regulated 80% of the TNF-α mRNA and protein production 

in DENV-infected MDM.  However TNF-α siRNA knockdown had no effect on either 

infectious DENV production or DENV RNA levels.  Secondly the activity of endogenously 

produced TNF-α was blocked by incubating MDM with TNF-α antibodies prior to and during 

the known peak of TNF-α and DENV production.  The level of TNF-α antibody used blocked 

the activity of > 50 000 pg/ml of TNF-α (validated using L929 bioassay), a much higher level 

than the approx 2000 pg/ml of total TNF-α released by DENV-infected MDM over three days 

(Carr et al., 2003).  Again however, no effect on DENV replication was observed.  Together 

these results conclusively show that DENV replication is not affected by either the addition of 

exogenous or the blocking of endogenous TNF-α in the natural target cell the macrophage.  In 

studies with WNV, another Flavivirus, addition of TNF-α 1 hr post-infection significantly 
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reduces the number of infected cells from TNF-α deficient mice but has a small but not 

significant effect in cells from wild type animals (Cheng et al., 2004).  These results of WNV 

infection in wild type cells show some similarities to our results for DENV, with lack of 

effect of exogenously added TNF-α on DENV replication when added at later stages of 

infection.  However, the lack of an anti-viral action of TNF-α contrasts sharply to the 

significant anti-viral actions of TNF-α seen in other viral systems such as CMV and HSV1 

(Rossol-Voth et al., 1991; Pavic et al., 1993). 

 

Sera from patients with DHF/DSS contain greater levels of several pro-inflammatory 

cytokines such as interleukin-6 (IL-6), interleukin-10 (IL-10), interleukin-8 (IL-8) and TNF-α 

than sera from individuals with uncomplicated dengue fever (Hober et al., 1993; Raghupathy 

et al., 1998; Green et al., 1999a; Green et al., 1999b; Kittigul et al., 2000).  Anti-TNF-α 

treatment of mice infected with DENV has been shown to significantly decrease fatality 

(Atrasheuskaya et al., 2003; Shresta et al., 2006) suggesting that TNF-α is at least in part 

responsible for more severe DENV disease in this model.  However anti-TNF-α antibodies do 

not affect DENV viremia in vivo, consistent with the findings in this chapter that blocking 

TNF-α did not affect DENV replication in cells in vitro.  Culture fluids from PBMC infected 

with DENV by antibody enhancement triggered activation of endothelial cells in vitro, which 

could be abolished by treatment of monocyte culture fluids with TNF-α antibody (Anderson 

et al., 1997a; Cardier et al., 2005).  Thus, measures to block TNF-α actions might be of value 

for the improved clinical management of dengue complications.  Results in this chapter 

suggest that such approaches should not compromise any ongoing anti-viral role of TNF-α, as 

TNF-α does not have any effect on DENV replication, unlike the case in other virus 

infections such as CMV and HSV1 (Rossol-Voth et al., 1991; Pavic et al., 1993). 
 

Blockade of TNF-α signalling in DENV-infected cells 

There are precedents in the literature of viral infections blocking cytokine signalling e.g. HCV 

blockade of TNF-α signalling (Marusawa et al., 1999; Park et al., 2002; Choi et al., 2006; 

Saito et al., 2006) and DENV blockade of IFN signalling (Munoz-Jordan et al., 2003; Munoz-

Jordan et al., 2005).  Since in this study it was found that TNF-α did not affect DENV 

replication in infected cells, it was further investigated if DENV-infected cells were capable 

of responding to TNF-α.  TNF-α responsiveness was assessed by a NF-kB LUC reporter 

assay, and analysis of NF-kB cellular localisation.  TNF-α treatment of uninfected Huh7 
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cells-stimulated NF-kB transcription as shown previously (Hilgard et al., 2004) but TNF-α 

treatment of DENV-infected Huh7 cells failed to stimulate NF-kB mediated transcription.  

This clearly suggests that DENV-infection inhibits TNF-α-stimulated NF-kB promoter 

responsive transcription in Huh7 cells. 

 

As this reporter system could not be used to determine TNF-α responsiveness in DENV-

infected MDM, TNF-α signalling in DENV-infected and uninfected macrophages was 

examined by assessing NF-kB nuclear translocation by immuno-staining and confocal 

microscopy.  Again, Huh7 cells clearly showed that DENV-infection inhibited TNF-α-

stimulated nuclear translocation of NF-kB and thereby supported the reporter studies above.  

Results in MDM were not as clear as in Huh7 cells, as TNF-α stimulation of NF-kB nuclear 

translocation was inhibited in some (approximately 50%) but not all DENV-infected cells 

within the MDM population.  However, this is in stark contrast to the 100% stimulation of 

NF-kB nuclear translocation by TNF-α seen in uninfected MDM which again clearly suggests 

that DENV infection alters TNF-α-stimulated responses.  Primary MDM are a heterogeneous 

cell population, compromising macrophages in different maturational states from monocytes 

to macrophages.  The cell-to-cell variability in TNF-α-stimulated nuclear translocation of NF-

kB proteins could be attributed to a number of factors, including differences in the stage of 

macrophage maturation or the stage of DENV replication.  For example, inhibition of NF-kB 

translocation by CMV infection is seen only at late stages after infection (Jarvis et al., 2006).  

Additionally, DENV-infected MDM can release many cytokines and chemokines (Chen and 

Wang, 2002) that may mediate NF-kB nuclear translocation by paracrine activity on a 

subpopulation of cells, independent of TNF-α signalling.   

 

In contrast to our observed DENV blockade of TNF-α-stimulated NF-kB nuclear 

translocation, other studies have shown DENV activation of NF-kB (Marianneau et al., 1997; 

Avirutnan et al., 1998; Chang et al., 2006), including a study showing DENV-induced nuclear 

movement of NF-kB in 60% of DENV-infected A549 cells (Chang et al., 2006).  In these 

studies, including studies in HepG2 hepatoma cells, similar to those used in this chapter, the 

infection models are immortalised cell lines and investigations were performed at a time when 

these cells undergo DENV induced apoptosis, a cell death pathway well documented to 

involve NF-kB activation.  We have performed some limited DENV-infection studies in 

A549 cells and observed DENV-induced nuclear movement of NF-kB in a small percentage 

of cells (10%) compared with Chang et al., 2006, but within 48 hrs these DENV-infected cells 
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are killed (data not shown).  In these extensive studies reported in this chapter, using in vitro 

cell models representing DENV-infection of macrophages and liver cells, two important cell 

targets for DENV in vivo, no DENV induction of NF-kB activation was observed, but instead 

we observed DENV-blockade of TNF-α-stimulated NF-kB activation, at a time of established 

DENV-infection but with little (3-10%) cell death (Espina et al., 2003; Mosquera et al., 

2005).  Thus, while high level DENV-infection of cell lines may activate NF-kB and induce 

apoptosis, during active DENV replication in primary MDM or hepatoma cell lines DENV 

does not activate NF-kB and in fact has the capacity to prevent its activation by TNF-α.   

 

This is the first study to show that DENV-infected MDM do not respond to TNF-α 

stimulation, but a similar observation has been made in DENV-infected dendritic cells 

(Palmer et al., 2005).  TNF-α plays a role in differentiating dendritic cells to a mature 

phenotype, by increasing expression of co stimulatory and activation molecules, and recent 

experiments have shown that DENV-infected dendritic cells do not up regulate co-stimulatory 

molecules CD80 and CD86 in response to TNF-α (Palmer et al., 2005).  Thus, DENV blocks 

responses to TNF-α in infected dendritic cells, as well as in macrophages as demonstrated in 

the current study.  This may alter the stimulation of many genes normally involved in immune 

responses via disruption of the NF-kB signalling pathway.  This may complement the 

previously described DENV-induced inhibition of IFN-α signalling and lead to multiple 

mechanisms for subversion of the host immune response.  Future work needs to determine the 

mechanism of DENV inhibition of responsiveness to TNF-α.  Alteration to expression of 

IFN-stimulated genes by DENV NS4B, NS4A, NS2A and blockade of STAT-1 and ISRE 

promoter activation of NS4B (Munoz-Jordan et al., 2003; Munoz-Jordan et al., 2005) suggest 

a role for these DENV proteins in interfering with IFN signalling.  Inhibition of TNF-α 

activation of NF-kB in HCV infection can be mediated by three HCV proteins (core, NS5A 

and NS5B) (Marusawa et al., 1999; Park et al., 2002; Choi et al., 2006; Saito et al., 2006).  

Simarily we assessed if DENV NS5 was also capable of inhibiting TNF-α-stimulated NF-kB 

transcription.  However poor transfection or expression levels of GFP-NS5 in Huh7 cells 

prevented further investigation of this issue within the time constraints of this PhD.  Thus 

future work should pursue methods to achieve better transfection of GFP-NS5 or trial 

alternative cell lines and investigate other DENV proteins to determine which DENV proteins 

can mediate inhibition of TNF-α responsiveness in DENV-infected cells. 
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In conclusion, results presented in this chapter have demonstrated that DENV replication in 

macrophages is not affected by addition of high levels of TNF-α, or by blocking production 

of the endogenous TNF-α released by macrophages.  Analyses of transcription from a NF-kB 

responsive promoter and NF-kB nuclear translocation has also shown that DENV-infected 

cells do not respond normally to TNF-α stimulation.  These findings suggest that the 

excessive levels of TNF-α seen in DENV-infected patients do not contribute to DENV 

clearance by reducing viral replication in DENV-infected macrophages, but that the virus sets 

up a cellular state of non-responsiveness to TNF-α which may represent a viral mechanism 

for subverting host anti-viral responses. 
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CHAPTER 5 
 

HOST CELLS RESPOND TO DENV-INFECTION BY UP-

REGULATION OF GRP78 AND HSP70 

 

5.1 INTRODUCTION  

Virus replication can alter normal host cell proteins, and analysis of the proteins present in a 

host cell can be used to determine the cellular responses to infection.  To date most DENV 

studies have focussed on viral pathogenesis, virulence and the host immunological response.  

A more limited number of studies have looked at host intracellular responses to viral 

infections but at the level of gene expression in endothelial cells and liver cells (Warke et al., 

2003; Liew and Chow, 2006; Ekkapongpisit et al., 2007) or by analysis of cytokine and 

chemokine release from infected cells such as MDM (Chen and Wang, 2002).  Since changes 

in gene expression do not always correlate with changes in protein levels (for example as 

observed when comparing mRNA and protein abundances in human liver (Anderson and 

Seilhamer, 1997) we chose to examine changes in host protein expression in DENV-infected 

cells.   
 

As discussed earlier, macrophages are the main target cell for DENV replication in vivo but 

using our in vitro MDM model only up to 30% of cells can be infected with DENV.  This low 

level of infection may mean that any DENV induced responses could be masked in the 

background of uninfected cells and thus we felt it was not feasible to examine the proteomic 

profile of DENV-infected MDM.  We thus sought a “macrophage-like cell line DENV-

infection model” for proteomic studies and two alternatives were investigated (i) U937 cells 

and (ii) K562 cells.  The promonocytic cell line U937, derived from a human diffuse 

histiocytic lymphoma (Sundstrom and Nilsson, 1976) has been widely used as a model for 

human monocytes.  These cells can be differentiated to become more macrophage-like by the 

addition of phorbal myristate acetate (PMA), which makes them susceptible to DENV-

infection without requiring antibody enhancement (O'Sullivan and Killen, 1994).  However 

the literature suggests that in the U937 DENV-infection model, again the level of cells 

infected is relatively low (0.6 – 17.4%) (Kurane et al., 1990).   
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K562 cells were first isolated from a pleural effusion from a patient with chronic 

myelogenous leukaemia in blast crisis (Lozzio and Lozzio, 1975) and were found to be 

strongly positive for immunoglobulin Fc receptors and initially described as macrophage-like.  

However the Fc receptors on K562 cells are not functional in terms of phagocytosis or 

mediating antibody dependent phagocytosis (Klein et al., 1976), and these cells were later 

characterised as a erythroleukemia cell line (Andersson et al., 1979).  K562 cells can be 

infected with DENV yielding infection rates as high as 99% on third day post-infection 

(Kurane et al., 1990) which was also confirmed in our studies herein.     

 

This chapter describes characterisation of DENV-infection in these two cell lines to establish 

a model for proteomic analysis of whole cell lysates of DENV-infected and uninfected 

macrophage-like cells by two dimensional (2D) gel electrophoresis:  (1) the first dimension 

(isoelectric focussing) allowed separation of proteins based on their charge and (2) the second 

dimension (SDS PAGE) allowed separation based on the mass of the proteins.  Separated 

proteins were visualised by Coomassie blue G250 staining.  Triplicate gels from three 

independent DENV-infections of K562 cells showed consistent and reliable up-regulation of 

one protein spot.  This was identified by mass spectrometry as GRP78, a member of the heat 

shock protein 70 (HSP70) family and up-regulation of GRP78 and the prototype family 

member HSP70 was further confirmed by immuno-staining and confocal microscopy in 

DENV-infected K562 and MDM cells.   

 

5.2 RESULTS 

5.2.1 Identification of a good macrophage model for proteome studies 

5.2.1.1 The monocytic cell line U937 was not highly susceptible to DENV-infection and 
did not represent a good macrophage proteome model 

 
Since primary macrophages are difficult to culture in high numbers and only a minor 

proportion of cells become DENV-infected, the differentiated macrophage-like cell line U937 

was first investigated, as a macrophage-like DENV-infection model, for proteome analysis.  

Differentiation of U937 suspension cells to strongly adherent macrophage phenotype was 

achieved by addition of PMA for 48 hrs as described (O'Sullivan and Killen, 1994), and cells 

were infected with DENV at a high MOI of 10.  DENV released in supernatant over a three-

day period was assessed by plaque assay (Fig 5.1A).  The replication profile of DENV in 

PMA treated U937 cells showed peak virus production at day 2 and a decrease in virus release 
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Fig 5.1. Low levels of DENV-infection in PMA treated U937 cells. 
U937 cells were differentiated with PMA, infected with DENV (MOI 10)
and (A) at the indicated time post-infection supernatant was collected and 
infectious DENV release was quantitated by plaque assay (pfu/ml) (B) At 
48 hrs post-infection DENV-infected cells were fixed and stained with 
(1) control normal human sera (2) DENV positive patient sera and  complexes
were detected with Alexa Fluor 488 conjugated secondary antibody and 
visualised by confocal microscopy.  
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at day 3 similar to MDM (chapter 4, Fig 4.1A) and as previously reported (O'Sullivan and 

Killen, 1994).  To determine the percentage of infected cells, at 48 hrs post-infection, cells 

were stained for DENV antigens and visualised by confocal microscopy (Fig 5.1B).  The 

number of DENV positive cells was enumerated by counting total cells using light 

microscopy and infected cells using confocal microscopy.  Only 6% of cells were found to be 

expressing DENV antigens even when infected at this high MOI of 10.  This low level of 

DENV-infection made the U937 cell line unsuitable for proteome studies, and an alternate 

DENV susceptible macrophage-like cell line was sought. 

 

5.2.1.2 K562 cells were highly susceptible to DENV-infection and represent a good 
MDM proteome model 

 
K562 cells have been previously described as a human mononuclear cell line (Kurane et al., 

1990) although they also have erthrocytic properties (Andersson et al., 1979), K562 cells are 

highly susceptible to DENV-infections showing 99% cells infected at 3 days post-infection 

(Kurane et al., 1990) and have been reported to establish persistent DENV-infection and 

maintain a high percentage (more than 70%) of DENV antigen positive cells for at least 25 

weeks (Kurane et al., 1990).  To assess DENV replication over a time course of 72 hrs, K562 

cells were infected with DENV at a MOI of 5 in four separate wells.  At different time points 

after infection, all supernatant was collected from respective wells and the release of 

infectious virus measured (pfu/ml).  Active replication of DENV was observed in K562 cells 

(Fig 5.2A) with continued increasing virus production up to 72 hrs post-infection as reported 

previously (Kurane et al., 1990).  At 72 hrs post-infection, cells were stained for DENV 

antigens showing 100% of cells infected (Fig 5.2B).  Cells were visually healthy, without 

obvious CPE and thus at this time point post-infection, proteomic responses should not be 

predominated by uninfected cells or a cell death response, as such K562 cells were used in all 

subsequent proteomic analyses.   

 

5.2.2 Proteomic analysis of DENV-infected and uninfected K562 cells 

Three different DENV-infections were performed in K562 cells.  At 72 hrs post-infection all 3 

replicate infections showed 100% of DENV positive cells by immunofluorescence staining of 

DENV E antigens and visualisation by confocal microscopy and similar high levels of 

infectious virus release in the supernatant by plaque assay (Fig 5.3).  The whole cell lysates of 

the three replicate DENV-infected cultures and three replicate mock-infected cultures were 

examined separately by 2D gel electrophoresis and staining with Coomassie blue stain G 250 



Fig 5.2. High levels of DENV-infection in K562. K562 cells were infected with
DENV (MOI 5) and (A) at the indicated time post-infection supernatant was
collected and infectious DENV release was quantitated by plaque  assay (pfu/ml) 
(B) At 72 hrs post-infection DENV-infected cells were fixed and stained with 
(1) control normal mouse sera (2) DENV anti-E monoclonal antibodies 
and complexes detected with red Alexa Fluor 546 conjugated secondary antibody
and visualised by confocal microscopy. 
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Fig 5.3. Efficient infection of K562 cells. K562 suspension cells were either 
infected with DENV at MOI of 5 or mock-infected in three replicate biological
infections.  At 72 hrs post-infection, supernatant was used to determine infectious 
DENV released by plaque assay (pfu/ml) and cells fixed and stained using DENV
anti-E monoclonal antibodies and complexes detected with red Alexa Fluor 546 
conjugated secondary antibody and were visualised by confocal microscopy.
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(Fig 5.4).  Results from a total of 6 gels were scanned individually, and a match set of 

consistently detected proteins were constructed using the PDQuest image analysis software 

(Biorad) (Fig 5.5).  This digital manipulation program lines up key protein spots and digitally 

skews images to account for small gel to gel migration patterns to allow accurate 

identification and comparison of protein spots between gels.  The mean density of each 

individual protein spot was then calculated using PDQuest and compared between infected 

and mock-infected cell lysates.  A total of 344 distinct protein spots were identified in both 

infected and uninfected cell lysates.  Using a cut-off value of > 2 and Student’s t-test (P < 

0.05) only 1 protein spot (approx 72 kDa, pI ~6) out of the 344 spots was found to have a 

mean spot density significantly different in DENV compared with mock-infected cell lysates.  

This protein was 2-3 fold higher in DENV-infected than mock-infected control cell lysates 

and this difference was reproducibly detected in each of the three DENV-infected 2D gels 

(Table 5.1).  No unique protein or down regulated protein was observed in any of the DENV-

infected cell lysates. 

 

5.2.2.1 Identification of the up-regulated protein as GRP78 by mass spectrometry and 
Mascot database-search 

 
The 72 kDa protein spot identified above as up-regulated in DENV-infected cell lysates was 

excised from the gel and subjected to in gel digestion and mass spectrometry (MS) analysis 

(using MALDI TOF/TOF MS).  Mascot database search identified homology to a human 

protein GRP78 with a highly significant Mowse scores (Fig 5.6).  The top 20 data base 

matches for the MS search, MS Spectrum and peptide molecular weight matches are shown in 

Appendix IX to XI respectively.  The MS identified peptides mapped to 52% of the GRP78 

sequence (Fig 5.7).  The predicted MW of the observed protein was 72 kDa, which matches 

the observed MW in comparison to SDS PAGE protein standards in our 2D gels.  This data is 

summarised in Table 5.2 and together conclusively identifies the 72 kDa protein as GRP78. 

 

GRP78 is a member of the HSP70 family of proteins and both GRP78 and HSP70 have been 

implicated as part of a receptor complex for DENV (Jindadamrongwech et al., 2004; Reyes-

Del Valle et al., 2005; Cabrera-Hernandez et al., 2007).  We next aimed to confirm up-

regulation of GRP78 in DENV-infected K562 and MDM cells and also, although not 

identified by proteomic analysis, determine if HSP70 was similarly up-regulated in these 

cells. 

 



Fig 5.4. Proteins expressed by DENV-infected and mock-infected K562 cells.  
K562 cells were either DENV-infected or mock-infected in three replicate experiments
as shown in Fig 5.3.  At 72 hrs post-infection whole cell lysates were obtained and
subjected to 2D gel electrophoresis and protein spots were stained with 
Coomassie blue G250.  The horizontal axes represent the iso-electric focussing 
gradient (pI) and the vertical axes represent molecular mass (kDa). A 72 kDa protein 
spot was identified by image analysis (Table 5.1) as up-regulated in infected cell 
lysates and is highlighted in the red box compared to mock-infected gels where the 
same protein is shown in a blue box.
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Table 5.1. Comparison of mean spot density of the 72kDA protein in DENV-
infected and mock-infected gels. Quantitation of protein spots by PDQuest
showed a statistically significant and reproducible 2-3 fold increase in mean spot
density in all three infected gels when compared to mock-infected as indicated 
by using Student’s t-test (P<0.05).
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Fig 5.5. Matched set of protein spots detected following 2D gel 
electrophoresis. A matched set representing proteins consistently detected 
in the 6 gels shown in Fig 5.4 was constructed using PDQuest image 
analysis software. A 72 kDa protein spot was identified by image analysis 
(Table 5.1) as up-regulated in infected cell lysates and is highlighted in the 
red box. 



Database            : SwissProt 51.3 (250296 sequences; 91444238 residues)
Taxonomy          : Homo sapiens (human) (15347 sequences)
Top Score           :242 for GRP78_HUMAN, 

78 kDa glucose-regulated protein precursor (GRP 78)
(Heat shock 70 kDa protein 5)
(Immunoglobulin heavy chain-binding protein)
(BiP) (Endoplasmic reticulum)

Probability Based Mowse Score
Protein score is -10*Log(P), where P is the probability that the observed 
match is a random event.
Protein scores greater than 54 are significant (p<0.05).

Fig 5.6. Mascot search results. Mascot search resulted in a single significant 
hit of greater than the cut off of 54 (highlighted in green) with a highly 
significant Mowse score of 242 (highlighted in red box).  The single hit was for 
the human protein GRP78.
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5.2.3 Confirmation of up-regulation of GRP78 in DENV-infected K562 and MDM 
cells 

 
K562 cells at 72 hrs post DENV and mock-infection (time point used in proteomic analysis in 

section 5.2.2 where 100% cells are infected), were fixed, permeabilised and analysed for 

changes in GRP78 by immuno-staining and confocal microscopy (Fig 5.8).  GRP78 staining 

was only seen in the cell cytoplasm and was up-regulated in DENV-infected (Fig 5.8 A,B) 

compared to mock-infected cells (Fig 5.8 C,D).  K562 cells were 100% DENV-infected, as 

seen previously. 

 

We further confirmed the observed up-regulation of GRP78 in our primary MDM-DENV-

infection model.  MDM were isolated and either DENV or mock-infected (as described in 

section 2.3.3).  At 48 hrs post-infection (peak of infection) only 15-30% of MDM were 

DENV-infected (Fig 5.9 B,C).  GRP78 staining was seen in distinct puncate pattern in the 

cytoplasm.  The intensity of GRP78 immuno-staining was similar in DENV-infected and 

neighbouring uninfected cells in the DENV-infected population.  However the intensity of 

GRP78 staining was clearly up-regulated in comparison to GRP78 staining in mock-infected 

cells (Fig 5.9).  This suggests up-regulation of GRP78 in both DENV-infected and uninfected 

bystander cells in a DENV-infected MDM population. 

 

Demonstration of up-regulation of GRP78 by western blot was attempted using GRP78 

specific antibodies (C-20, Santa Cruz Biotechnology catalogue number sc-1051) but was 

unsuccessful in detecting any GRP78.  Due to time constraints establishment of a successful 

western detection system for GRP78 was not pursued.   

5.2.4 Up-regulation of HSP70 

HSP70 is up-regulated in many viral infections, has a chaperone and stress-response function, 

is reported as part of DENV receptor complex in MDM and is closely related to GRP78 

identified in our proteomic analysis.  Thus we also determined if HSP70 was up-regulated in 

DENV-infected cells by western blot analysis and confocal microscopy. 

 

5.2.4.1 Up-regulation of HSP70 in DENV-infected K562 cells 
 
The infected and uninfected K562 cell lysates used for 2D gel analysis were subjected to one 

dimensional SDS PAGE, proteins transferred to nitrocellulose and probed by western blot 

using HSP70 antibody (Chemicon catalogue number AB3470) (Fig 5.10).  Two bands were 



Fig 5.8.  Up-regulation of GRP 78 in DENV-infected K562 cells.  K562 cells 
were infected with DENV and 72 hrs post-infection cells were fixed permeabilised
and subjected to immuno-staining for either (A and C) DENV (using DENV 
anti- E monoclonal antibodies and complexes detected with red Alexa Fluor 546 
conjugated secondary antibody) or (B and D) GRP78 (using GRP78 (C-20)
and  complexes detected with green Cy 2 conjugated secondary antibody)
separately.  
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Fig 5.9.  Up-regulation of GRP78 in DENV-infected MDM and bystander 
cells.  MDM were infected with DENV and 48 hrs post-infection cells were fixed 
permeabilised and subjected to dual immuno-staining for both DENV (using 
DENV anti- E monoclonal antibodies and complexes detected with red Cy 5 
conjugated secondary antibody)  or GRP78 (using GRP78 (C-20) antibodies and 
complexes detected with green Cy 2 conjugated secondary antibody).  A. DENV-
infected cells stained for GRP78 (green). B. DENV-infected cells stained for 
DENV (red). C. Merged image. D. Mocked-infected cells stained for GRP78 
(green). E. Mock-infected cells stained for DENV antigens (red). F. Merged 
image.
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Fig 5.10. Up-regulation of HSP 70 in DENV-infected K562 cells. K562 cells 
were DENV or mock-infected and cell lysates obtained at 72 hrs post-infection 
as described in Fig 5.4.  The same cell lysates used for 2D gel electrophoresis 
were run on 1D SDS PAGE gels and immunoblotted using HSP70 antibodies. 
Lanes (1-3) represent replicate experiments from either DENV or mock-infected 
cells. The filters were stripped and re-probed for actin to normalise protein 
loading.
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detected of approximate MW of 72 and 78 kDA, consistent with potential cross-reactivity of 

the HSP70 antibody raised against Ecoli DNAK HSP70 homologue with other HSP70 family 

members, possibly also GRP78.  Protein load was normalised by actin staining.  Results show 

that HSP70 is up-regulated in DENV-infected cells compared to mock-infected cells. 

 

5.2.4.2 Both intracellular and membrane associated HSP70 is up-regulated in DENV- 
infection 

 
HSP70 is present both intra-cellularly and on the cell surface (Schmitt et al., 2007).  It has 

been previously shown that blocking cell membrane associated HSP70 in 

monocyte/macrophages by HSP70 antibodies blocks DENV entry into cells (Reyes-Del Valle 

et al., 2005).  Thus the cellular location of the up-regulated HSP70 in DENV-infected K562 

cells was assessed.  DENV-infected and mock-infected K562 cells at 72 hrs post-infection 

were either detergent permeabilised (to allow intracellular staining) or not permeabilised (to 

allow staining only of the outer membrane).  Comparison of DENV and mock-infected cells 

show up-regulation of both intracellular and cell membrane associated HSP70 (Fig 5.11).   

 

Immuno-staining for HSP70 was also performed in MDM at 48 hrs after DENV or mock-

infection.  Results showed slight up-regulation of membrane bound HSP70 in cells co-stained 

for DENV E antigen (Fig 5.12 (1)).  When cells were permeabilised to stain for intracellular 

HSP70, up-regulation was observed not only in DENV antigen positive cells, but also in 

uninfected neighbouring cells (Fig 5.12 (2)).  Thus similarly to K562, both intracellular and 

membrane-associated HSP70 was up-regulated in DENV-infected cells. Unlike the 

cytoplasmic staining observed for GRP78 (Fig 5.8-5.9) immuno-staining indicated HSP70 

proteins in cytoplasm, and cell surface.  Similar to GRP78, HSP70 was also up-regulated in 

uninfected bystander cells. 

 

5.3 DISCUSSION 

This chapter describes the first study using proteomic approaches to analyse the changes in 

host cell proteins induced by DENV-infection and has identified an ER molecular chaperone 

BiP (Immunoglobulin heavy chain-binding protein), also called glucose-regulated protein 78 

(GRP78), a member of the HSP70 family as up-regulated during DENV-infection.   

 

For proteomic profiling a high percentage of DENV-infected cells were needed, as protein 

changes in a small number of infected cells could be masked by uninfected cells.  Therefore 



Fig 5.11. Up-regulation of intracellular and membrane bound HSP70 in 
DENV-infected K562 cells. K562 cells were DENV or mock-infected and at
72 hrs post-infection cells were fixed and subjected to immuno-staining for
HSP70 and complexes detected with green Alexa Fluor 488 conjugated 
secondary antibody in either non permeabilised cells (A and B) or permeabilised
cells (C and D), allowing detection of both external membrane and intracellular
HSP70 respectively.
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Fig 5.12. Up-regulation of intracellular and membrane bound HSP70 in 
DENV-infected MDM and bystander cells. MDM were infected with DENV 
and 48 hrs post-infection cells were fixed and  either (1) not permeabilised or (2)
permeabilised and subjected  to dual immuno-staining for both DENV (using 
DENV anti-E monoclonal antibodies and complexes detected with red Cy 5 
conjugated secondary antibody) or HSP70 (using HSP70 and complexes detected 
with and green Alexa Fluor 488 conjugated secondary antibody). A. Mock-
infected cells stained for HSP70 (green).  B. Mock-infected cells stained for 
DENV antigens (red). C. Merged image.  D. DENV-infected cells stained for 
HSP70 (green). E. DENV-infected cells stained for DENV (red). F. Merged 
image. 
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our in vitro MDM model, that only yields a maximum of 15-30% of infected cells even with 

high MOI’s could not be used.  Similarly, U937 cells which are widely used as a model for 

human monocytes and can be differentiated to become macrophage-like by the addition of 

PMA (O'Sullivan and Killen, 1994) also showed < 15% DENV-infected cells at a MOI of 10 

and thus were not suitable.  K562 cells, a human erythroleukemic cell with some macrophage-

like properties, could be highly infected with 100% DENV-infected cells at 72 hrs post-

infection without cell death as a result of DENV-infection and was suitable for initial 

proteomic analysis, although any protein change identified would need to be confirmed in 

MDM. 

 

Using mock and DENV-infected K562 cells, 344 distinct and reproducible protein spots were 

visualised following 2D gel electrophoresis and Coomassie blue G250 staining.  Only one 

protein was found to differ significantly between mock and DENV-infected cell lysates.  This 

72 kDa protein was up-regulated > 2-3 fold with a mean spot density significantly different 

from mock-infection (p < 0.5) and was observed reproducibly in all 3 independent infections.  

There are no absolute criteria for setting the cut-off to determine genuine change (i.e. up or 

down-regulation) in protein level, but less than a two fold change in protein expression has 

been suggested to be unreliable (Zilm et al., 2007) and > 2 fold change was thus used as a cut- 

off point in this study.   

 

Mass spectrometry and mascot database search identified the up-regulated protein in DENV-

infected cells as an ER molecular chaperone BiP (Immunoglobulin heavy change-binding 

protein), also called glucose-regulated protein 78 (GRP78).  Immuno-staining confirmed up-

regulation of GRP78, with GRP78 protein localised to the cytoplasm, consistent with reported 

localisation of this protein in cells (Benali-Furet et al., 2005; Luo et al., 2006).  In addition to 

up-regulation in DENV-infected cells, we also observed up-regulation in uninfected 

neighbouring cells within the DENV-infected cell population.  DENV-infected MDM and 

other cell types are well documented to release enhanced levels of inflammatory mediators 

such as TNF-α and NO (discussed in section 1.8.2.2).  Such stimuli are also reported to 

induce GRP78 levels (Xu et al., 2004) and thus up-regulation of GRP78 in DENV-infected 

cells may involve both virus-specific intracellular response and/or a secondary response to 

DENV induced release of inflammatory mediators.  GRP78 is a member of the heat shock 70 

protein family.  GRP78 has a specific role in the cell in preventing ER stress and in the 

unfolded protein response (UPR).  GRP78 works as a master control of ER stress and the 

UPR by interacting with three factors: PKR-like endoplasmic kinase (PERK), activating 
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transcription factor 6 (ATF6) and the ER trans-membrane protein kinase/endoribonuclease 

(IRE1) reviewed in (Kaufman et al., 2002; He, 2006).  GRP78 is normally bound to these 

three mediators, however under stress conditions, high levels of unfolded proteins sequesters 

GRP78 away, releasing PERK, ATF6 and IRE1.  On release PERK is activated to start 

protein synthesis, IRE1 leads to transcription induction of a subset of gene encoding protein 

degradation and ATF6 stimulates transcription of responsive genes that refold misfolded 

proteins leading to a response that promotes cell recovery from stress.  While induction of 

GRP78 is required to maintain cellular homeostasis in response to ER stress and over 

expression of GRP78 protects cells from ER stress induced apoptosis, prolonged ER stress 

has been shown to induce apoptosis or programmed cell death in JE, BVDV and HCV 

infections (all viruses of the Flaviviridae family).   

 

ER stress (via the PKR mechanism) is a normal host cell response to many viral infections 

inducing cell death.  GRP78 is up-regulated in viral infections such as HIV, Rabies, Influenza, 

HCV and Rotavirus (Hurtley et al., 1989; Earl et al., 1991; Gaudin, 1997; Choukhi et al., 

1998; Xu et al., 1998).  Further, GRP78 has been shown to be associated transiently with 

folding intermediates of HIV viral membrane proteins, misfolded forms of influenza virus 

hemagglutinin, to be involved in folding of HCV glycoprotein and can interact with rotavirus 

structural proteins suggesting active involvement in the control of virus replication or viral 

protein and virion assembly (Hurtley et al., 1989; Earl et al., 1991; Choukhi et al., 1998; Xu 

et al., 1998).  Recent studies have shown up-regulation of GRP78 in HCMV infection that 

correlates with production of virion structural proteins and glycoprotein synthesis/processing 

and virion assembly (Buchkovich et al., 2007).  These authors hypothesised that this up-

regulation of GRP78 provides the needed chaperone for viral assembly.  In the study by 

Buchkovich et al., 2007 depletion of GRP78 during HCMV infection using GRP78 siRNA 

and subAB toxin which cleaves GRP78 had little effect on HCMV protein expression within 

infected cells but dramatically reduced virion production.  Additionally subAB toxin was 

highly cytotoxic for uninfected cells but not HCMV infected cells suggesting that virus up-

regulation of GRP78 potentially alters cellular stress signalling and the cell death response. 

 

Flaviviruses use the ER of host cells as the primary site of viral replication and assembly and 

ER stress mediated signalling has been implicated in apoptosis induced by some flaviviruses 

such as JE and BVDV (Jordan et al., 2002; Su et al., 2002).  Potentially viruses, such as 

flaviviruses that use the ER as an integral part of their replication strategy, may need to 

overcome the ER stress response in order to successfully replicate or may utilise GRP78 for 
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viral assembly, as is highlighted above for HCMV.  In this study K562 cells infected with 

DENV replicated similarly to mock-infected cells with no visible CPE indicating absence of 

apoptosis.  Up-regulation of GRP78 in this cell line may play a role in cell survival allowing 

successful virus replication.   

 

Although our proteomic analysis identified GRP78 as the only up-regulated host cell protein, 

the literature suggests particular importance of the HSP70 in DENV-infected cells in Fc 

receptor cell lines (Reyes-Del Valle et al., 2005).  Additionally since some HSP70 antibodies 

can cross-react with GRP78 and vice versa there is some uncertainty as to the exclusive 

specific roles of GRP78 or HSP70 previously reported in the literature and we thus chose to 

also analyse changes in HSP70 in DENV and mock-infected cells.  Even though HSP70 

mainly functions as a cytoplasmic chaperone, it has also been observed at the cell surface in 

DENV-infected cells and proposed to play a role in a DENV receptor complex (Reyes-Del 

Valle et al., 2005).  Therefore cells were analysed for HSP70 with or without permeabilising 

the cells to investigate cytoplasmic and membrane bound HSP70 respectively.  In both K562 

and MDM cells we observed up-regulation of both membrane-associated and intracellular 

HSP70 in DENV-infected cells.  Similar to that seen for GRP78, HSP70 was up-regulated in 

the cytoplasm of both DENV-infected MDM and neighbouring uninfected cells, again 

suggesting up-regulation of HSP70 via bystander effects, such as release of stimulus such as 

TNF-α and NO.   

 

HSP70 is present in all cell types, and increased expression of HSP’s has been seen in cells 

subject to stress including heat or physiological and environmental conditions such as nutrient 

supply, infection and cytokine production.  HSP70 alters proteins or genes known to be 

involved in inflammation by inhibition of NO synthase generation, nuclear translocation of 

the transcription factor, NF-kB (Feinstein et al., 1997; Guzhova et al., 1997) and also protects 

cells from the cytoxicity mediated by TNF-α, by inhibiting TNF-α induced activation of 

phospholipase A2 (Jaattela, 1993; Jaattela and Wissing, 1993; Wissing et al., 1997).  Of 

particular interest are reports of roles for HSP70 in the replication of some RNA and DNA 

viruses.  Up-regulation of HSP70 is not a general response to the stress of viral infection, but 

rather a highly specific response depending on cell type and virus interaction (Phillips et al., 

1991).  Some DNA viruses such as HSV1 and adenovirus type 5 have been shown to induce 

HSP70, whereas infection with other DNA viruses such as simian virus 40 and vaccinia virus 

do not (Phillips et al., 1991).  In replication of a number of viruses including adenovirus, 

cytomegalovirus, HSV 1 and 2 (extensively reviewed in (Mayer, 2005)) heat shock proteins 
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assist in viral replication (Table 5.3).  In contrast HSP70 may also be involved in a host 

protective response and resist virus replication. In rotavirus infection of caco-2 cells, HSP70 

is rapidly induced, and blocking of HSP70 production using siRNA results in an increase in 

rotavirus replication, thus suggesting that HSP70 negatively controls rotavirus replication 

(Broquet et al., 2007).  Similarly HIV-1 infection induces HSP70 and siRNA knockdown of 

HSP70 in MAGGI cells shows an increase in HIV-1 production and also an increase in cell 

cycle arrest and apoptosis (Iordanskiy et al., 2004).   

 

In DENV-infection HSP70 has been previously identified as part of a DENV receptor 

complex in monocytes/macrophages and cell lines that have Fc receptors (eg neuroblastoma 

and U937) (Reyes-Del Valle et al., 2005) but not in the liver cell line (HepG2) (Cabrera-

Hernandez et al., 2007).  In the study of Cabrera-Hernandez et al., 2007, blocking of HSP70 

extra-cellularly with antibody, did not reduce DENV-infection.  Given that GRP78 is also 

reportedly part of DENV receptor complex in HepG2 cells, it is possible that HSP70 family 

members may play specific roles in DENV entry in different cell types.  Alternatively, these 

two reports may be identifying the same receptor complex with discrepancies in the identity 

of GRP78 and HSP70 due to cross reactivity of antibodies against these homologous proteins.  

Recent studies by cDNA-amplified fragment length polymorphism (AFLP) have shown up-

regulation of HSP70 mRNA in DENV-infected HepG2 cells from day 1 to 4 post infection, 

although this study did not look at HSP70 protein (Ekkapongpisit et al., 2007).  The authors 

suggest HSP70 is a stress protein and this up-regulation of HSP70 is most likely to be 

associated with the innate cellular response of cells to virus infection. 

 

The present study herein is the first to report induction of GRP78 and HSP70 in DENV-

infected K562 cells and MDM, but its functional role has not been characterised.  Future work 

should include (i) a time course study to determine up-regulation of GRP78 and HSP70 in 

relation to cell death or viral replication, as done in HCMV studies (Buchkovich et al., 2007) 

(ii) knockdown studies of GRP78 and HSP70 using GRP78 or HSP70 siRNA which we have 

found to be a particularly effective technique in MDM (chapter 4) or subAB toxin knockdown 

of GRP78, as done in HCMV studies (Buchkovich et al., 2007) and subsequent analysis of 

viral replication.  Together (i) and (ii) will clarify whether GRP78 and HSP70 play a role in 

enhancing or counteracting viral replication, and help understand cellular protective and 

cytopathic responses to DENV-infection.  (iii) Extension of our initial proteomic analysis 

using more advanced proteomic techniques such as passive rehydration of IEF strips (Barry et 

al., 2003), cup loading of protein samples onto IEF strips, use of smaller pH range 



Reverse transcriptionHepatitis B virus

Transcription, mRNA exportAdenovirus

Genome replicationHerpes Simplex virus 1

Genome replicationMeasles virus

Virion assembly?Poliovirus

Capsid protein foldingReovirus

Nuclear localisationHerpes Simplex virus 2, Varicella
Zoster

Functional interaction of HSP70 
during viral replication

Virus

Table 5.3. Some viruses that require HSP70 for replication (adapted from 
Mayer et al., 2005).
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(Campostrini et al., 2005), use of more sensitive stains such as SYPRO Ruby and use of 

bigger gels.  All these technical advances in proteomics have developed since the beginning 

of this study and could enhance the visualisation of more proteins and thus increase the 

probability of identification of other novel host factors that may regulate DENV-infection as 

shown with SARS virus where a total of 344 unique proteins have been identified (Jiang et 

al., 2005).  Identifying novel proteins involved in a host cell response to DENV-infection may 

further assist in our understanding of DENV pathogenesis at the protein level. 
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CHAPTER 6  
 

GENERAL DISCUSSION 

6.1 DISCUSSION AND SUMMARY 

DENV-infection of humans results in symptomatic infection ranging from self limited febrile 

illness (DF) to more severe fatal diseases (DHF/DSS).  DHF is characterised by increased 

capillary permeability resulting in decreased plasma volume, which may be accompanied by 

hemorrhagic manifestations (WHO, 1997).  The pathogenesis of DENV-infection is not fully 

understood.  A number of factors such as T cell cross-reactivity, increased viral load, antibody 

dependent enhancement of infection and importantly, induction of a range of cytokines and 

chemokines, have been reported in severe forms of illness and have been implicated as 

playing a role in pathogenesis of DENV-infection (as discussed in chapter 1).  Cytokines, in 

particular TNF-α are elevated in the sera of DENV-infected patients and even higher levels 

are associated with more serious forms of the DENV disease (Hober et al., 1993; Green et al., 

1999a; Kittigul et al., 2000).  In vitro, TNF-α release coincides with the peak of DENV 

production from infected MDM (Carr et al., 2003) and high levels of TNF-α are released 

from other cells of the immune system such as B and T cells when exposed to DENV (Lin et 

al., 2002b; Mangada et al., 2002; Mangada and Rothman, 2005).  TNF-α is a powerful pro-

inflammatory cytokine with pleiotropic properties and can also have direct anti-viral effects 

on several viruses (reviewed in (Herbein and O'Brien, 2000)).  In relation to DENV, TNF-α 

may have anti-viral or regulatory effects on DENV replication but these are poorly 

understood.  Additionally, the overall host response to DENV-infection is clearly important in 

mediating DENV disease and we need to understand how the DENV-infected host responds 

to and regulates DENV-infection.   

 

Aims of this study:-  

1. To determine the role of TNF-α in regulating DENV replication in an important target 

cell type; the macrophage. 

2.  To determine changes in host cell protein expression within cells infected with 

DENV.   
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6.2 MAIN CONCLUSIONS OF THIS THESIS 
 

1. In contrast to the known effects of TNF-α on replication of some other viruses, this 

thesis shows that TNF-α does not have any autocrine or paracrine effect on DENV 

replication.  

2. Cells supporting DENV replication show reduced activation of NF-kB mediated 

reporter gene transcription and NF-kB nuclear translocation in response to TNF-α, 

while neighbouring uninfected cells respond normally to TNF-α. 

3. DENV-infection up-regulates the host proteins GRP78 and HSP70 in both DENV-

positive and DENV-uninfected bystander cells 

These findings are schematically illustrated in Fig 6.1. 

6.3 IMPLICATIONS OF THESE FINDINGS 

6.3.1 Altered TNF-α responses may allow DENV to evade the immune response 
 
These results show that TNF-α does not affect DENV replication, and that DENV infected 

cells do not respond normally to TNF-α, as NF-kB nuclear translocation and NF-kB-mediated 

reporter gene transcription following TNF-α-stimulation are both reduced compared to 

uninfected cells (chapter 4).  NF-kB is a central mediator of the immune response and also 

cell death discussed in section 6.3.4.  Thus, the reduced activation of NF-kB following TNF-α 

stimulation seen in DENV-infected cells, may reduce the expression of hundreds of target 

genes (including growth factors, cytokines and stress inducing agents) that are involved in the 

intracellular defence against DENV and inhibit processes such immune cell activation, 

thereby allowing viral replication in the absence or reduced anti-viral responses (Fig 6.1 [4]). 

 

6.3.2 Future identification of the DENV-specific protein that mediates DENV 
inhibition of TNF-α-stimulated NF-kB activation 

 
Inhibition of TNF-α-stimulated activation of NF-kB in HCV infection (another member of the 

Flaviviridae) can be mediated by three HCV proteins, core, NS5A, or NS5B (Marusawa et 

al., 1999; Park et al., 2002; Choi et al., 2006; Saito et al., 2006).  HCV NS5A inhibits the 

TNF-α signalling cascade by binding to the TNF-α receptor (TNFR1) signalling complex, 

and through its interaction with TNF-α receptor associated factor 2 (TRAF2) it inhibits NF-

kB activation (Park et al., 2002).  NS5B has been shown to interact with both TRAF2 and IkB 

kinase complex (IKK) (Choi et al., 2006).  In the same way, DENV NS5 may be responsible 



NF-kB
activation

Inhibition of :-
•immune cell activation
•antiviral response
•apoptosis

Fig 6.1. Summary of the main conclusions from this thesis. TNF-α is 
released from DENV infected cells and acts on DENV-infected cells but (1) does
not affect DENV replication  and (2A) does not activate NF-kB. However (2B)
activates NF-kB normally in neighbouring uninfected cells of  a DENV positive
population. (3) DENV up-regulates GRP78 and HSP70 in DENV infected and
uninfected cells.  We hypothesise DENV inhibition of NF-kB activation may (4)
alter cell function and (5) be mediated by the DENV NS-5 protein.
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for blocking TNF-α-stimulated NF-kB activation (Fig 6.1 [5]).  This possibility should be 

formally examined in the future. 

 

6.3.3 Up-regulation of GRP78 and HSP70 in DENV-infected cells may assist viral 
replication and viral spread 

 
In DENV-infected cells GRP78 and HSP70 are up-regulated (discussed in chapter 5) (Fig 

6.2A).  This may promote viral production by eliciting ER stress and the UPR, seen with 

other viruses (and discussed in chapter 5), and thereby assisting viral protein folding, virion 

assembly and virus production (Fig 6.2B).  Additionally ER stress and DENV-infection 

induces the release of elevated levels of inflammatory mediators such as TNF-α and NO 

(discussed in chapter 1) (Fig 6.2C) and has been shown to up-regulate GRP78 and HSP70 

(Heimbach et al., 2001; Xu et al., 2004) (Fig 6.2D).  Since GRP78 has been described as a 

DENV-2 receptor complex in liver cells (Jindadamrongwech et al., 2004) and HSP70 itself is 

part of a receptor complex of Fc receptor-positive cells such as U937 cells and MDM (Reyes-

Del Valle et al., 2005) (chapter 5), the increased levels of GRP78 and HSP70 may function as 

receptors to enhance virus entry and spread (Fig 6.2D).  Such an effect would not be seen in 

the one-step viral culture described in this thesis, but may be important in vivo.  Thus the up-

regulation of GRP78 and HSP70 seen in DENV-infected culture in this study may have 

important consequences for both infected and uninfected cells.  This is summarised in Fig 6.2. 

6.3.4 Proposed host cell - DENV interactions and cell death 

In contrast to the above DENV-cell interactions that may aid DENV replication (section 6.3.1 

and 6.3.3) other processes occurring concurrently may increase the susceptibility of DENV-

infected cells to death.   

 

By blocking NF-kB activation, DENV might prevent NF-kB-mediated cell death (Fig 6.3-

1A).  However NF-kB activation stimulated by TNF-α can also be a pro-survival signal 

(reviewed in (Hiscott et al., 2001)).  In this situation, it is well described that blocking of NF-

kB activation enhances the alternative TNF-α-stimulated NF-kB-independent cell death 

pathway (Fig 6.3-1B) and thus TNF-α stimulation of DENV-infected cells may induce NF-kB 

independent cell death. 

 

Similarly DENV-induced up-regulation of GRP78 and HSP70 may have contrasting effects 

on cell survival.  Up-regulation of GRP78 may mediate UPR and promote cell survival (Fig 



Fig 6.2. Up-regulation of GRP78 and HSP70 during DENV replication. 
(A) In DENV-infected cells at the peak of viral replication, GRP78 and 
HSP70 are increased (B) which we hypothesise may assist in viral production.  
(C) DENV infection is also known to induce release of inflammatory mediators 
that we propose may (D) up-regulate GRP78 and HSP70 in uninfected 
bystander cells which would aid in spread of DENV infection.
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Fig 6.3. Host-DENV interactions and cell death. 1. DENV blockade of TNF-α
stimulated NF-kB activation may (A) prevent actions of NF-kB mediated 
apoptotic stimuli or (B) promote TNF-α stimulated NF-kB independent 
apoptosis?  2. DENV up-regulation of GRP78 and HSP70 may (A) induce UPR 
and protect against apoptosis, or (B) during persistent stress may promote 
CHOP-mediated cell death.
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6.3-2A).  However up-regulation of GRP78 in the presence of persistent stress, such as viral 

infection, may result in stress induced apoptosis mediated by the cell death factors CHOP and 

p38 MAPK as has been reported for JE infection (another Flavivirus) (Bartelma and 

Padmanabhan, 2002)) (Fig 6.3-2B).   

 

Thus the relationship between DENV-infection and cell death may be dependent on the stage 

of viral infection, accumulation of particular viral proteins, presence of TNF-α and other 

apoptotic stimuli and levels of cell stress.  Further work is needed to clarify these interactions. 

 

6.4 CONCLUSION 
 
This study has described perturbations to normal cellular signalling networks during DENV 

infection, including TNF-α signalling pathways and intracellular levels of GRP78 and HSP70 

that are likely to have important consequences for anti-viral responses, cell death, virus 

production and spread.  The final balance between these observed effects is likely to impact 

on the clinical severity of DENV infection and the occurrence of DHF/DSS.  In particular, 

future work should determine whether the altered TNF-α signalling in DENV-infected cells 

and up-regulation of GRP78 and HSP70 in infected and neighbouring cells culminate to (1) 

assist the virus by decreasing pro-inflammatory anti-viral cytokines and increasing viral 

assembly production and spread, or do they (2) assist the host by promoting death of infected 

cells.  Further work should explore the significance of these findings in terms of the 

regulation of virus replication and the development of disease.   

 

 

 

 

 

 

 

 
 
 

 
 
 



 
Appendix I. Sequence of DENV-2, New Guinea C strain from which pMON601 was 

constructed.  The DENV capsid region cloned into pGEM-DENV-2CAP is 
highlighted in yellow 

 
 
 
LOCUS       AF038403               10724 bp    RNA     linear   VRL 23-
MAR-1998 
DEFINITION  Dengue virus type 2 strain New Guinea C polyprotein mRNA, 
complete 
            cds. 
ACCESSION   AF038403 
VERSION     AF038403.1  GI:2723944 
KEYWORDS    . 
SOURCE      Dengue virus type 2 
  ORGANISM  Dengue virus type 2 
            Viruses; ssRNA positive-strand viruses, no DNA stage; 
Flaviviridae; 
            Flavivirus; Dengue virus group. 
REFERENCE   1  (bases 1 to 10724) 
  AUTHORS   Gruenberg,A., Woo,W.S., Biedrzycka,A. and Wright,P.J. 
  TITLE     Partial nucleotide sequence and deduced amino acid sequence 
of the 
            structural proteins of dengue virus type 2, New Guinea C and 
            PUO-218 strains 
  JOURNAL   J. Gen. Virol. 69 (Pt 6), 1391-1398 (1988) 
   PUBMED   3385407 
REFERENCE   2  (bases 1 to 10724) 
  AUTHORS   Gualano,R.C., Pryor,M.J., Cauchi,M.R., Wright,P.J. and 
            Davidson,A.D. 
  TITLE     Identification of a major determinant of mouse neurovirulence 
of 
            dengue virus type 2 using stably cloned genomic-length cDNA 
  JOURNAL   J. Gen. Virol. 79 (Pt 3), 437-446 (1998) 
   PUBMED   9519821 
REFERENCE   3  (bases 1 to 10724) 
  AUTHORS   Gualano,R.C., Pryor,M.J., Cauchi,M.R., Wright,P.J. and 
            Davidson,A.D. 
  TITLE     Direct Submission 
  JOURNAL   Submitted (11-DEC-1997) Department of Microbiology, Monash 
            University, Wellington Rd, Clayton, Melbourne, VIC 3123, 
Australia 
FEATURES             Location/Qualifiers 
     source          1..10724 
                     /organism="Dengue virus type 2" 
                     /mol_type="genomic RNA" 
                     /strain="New Guinea C" 
                     /db_xref="taxon:11060" 
ORIGIN       
1 agttgttagt ctacgtggac cgacaaagac agattctttg agggagctaa gctcaacgta 
61 gttctaacag ttttttaatt agagagcaga tctctgatga ataaccaacg aaaaaaggcg 
121 agaaataccc ctttcaatat gctgaaacgc gagagaaacc gcgtgtcgac tgtacaacag 
181 ctgacaaaga gattctcact tggaatgctg cagggacgag gaccattaaa actgttcatg 
241 gccctggtgg cgttccttcg tttcctaaca atcccaccaa cagcagggat actgaagaga 
301 tggggaacaa ttaaaaaatc aaaagccatt aatgttttga gagggttcag gaaagagatt 
361 ggaaggatgc tgaacatctt gaacaggaga cgcagaactg caggcatgat cattatgctg 
421 attccaacag tgatggcgtt ccatttaacc acacgtaacg gagaaccaca catgatcgtc 
481 agtagacaag agaaagggaa aagtcttctg tttaaaacag aggatggtgt gaacatgtgt 
541 accctcatgg ccatggacct tggtgaattg tgtgaagata caatcacgta caagtgtcct 



601 tttctcaggc agaatgaacc agaagacata gattgttggt gcaactctac gtccacatgg 
661 gtaacttatg ggacgtgtac caccacagga gaacacagaa gagaaaaaag atcagtggca 
721 ctcgttccac atgtgggaat gggactggag acacgaactg aaacatggat gtcatcagaa 
781 ggggcctgga aacatgccca gagaattgaa acttggatct tgagacatcc aggctttacc 
841 ataatggcag caatcctggc atacaccata ggaacgacac atttccaaag agccctgatt 
901 ttcatcttac tgacagctgt cgctccttca atgacaatgc gttgcatagg aatatcaaat 
961 agagactttg tagaaggggt ttcaggagga agctgggttg acatagtctt agaacatgga 
1021 agctgtgtga cgacgatggc aaaaaacaaa ccaacattgg attttgaact gataaaaaca 
1081 gaagccaaac aacctgccac tctaaggaag tactgtatag aggcaaagct gaccaacaca 
1141 acaacagatt ctcgctgccc aacacaagga gaacccagcc taaatgaaga gcaggacaaa 
1201 aggttcgtct gcaaacactc catggtggac agaggatggg gaaatggatg tggattattt 
1261 ggaaaaggag gcattgtgac ctgtgctatg ttcacatgca aaaagaacat gaaaggaaaa 
1321 gtcgtgcaac cagaaaactt ggaatacacc attgtgataa cacctcactc aggggaagag 
1381 catgcagtcg gaaatgacac aggaaaacat ggcaaggaaa tcaaaataac accacagagt 
1441 tccatcacag aagcagagtt gacaggctat ggcactgtca cgatggagtg ctctccgaga 
1501 acgggcctcg acttcaatga gatggtgttg ctgcaaatgg aaaataaagc ttggctggtg 
1561 cacaggcaat ggttcctaga cctgccgttg ccatggctgc ccggagcgga cacacaagga 
1621 tcaaattgga tacagaaaga gacattggtc actttcaaaa atccccatgc gaagaaacag 
1681 gatgttgttg ttttgggatc ccaagaaggg gccatgcaca cagcactcac aggggccaca 
1741 gaaatccaga tgtcatcagg aaacttactg ttcacaggac atctcaagtg caggctgagg 
1801 atggacaaac tacagctcaa aggaatgtca tactctatgt gcacaggaaa gtttaaagtt 
1861 gtgaaggaaa tagcagaaac acaacatgga acaatagtta tcagagtaca atatgaaggg 
1921 gacggttctc catgtaagat cccttttgag ataatggatt tggaaaaaag acatgtttta 
1981 ggtcgcctga ttacagtcaa cccaatcgta acagaaaaag atagcccagt caacatagaa 
2041 gcagaacctc cattcggaga cagctacatc atcataggag tagagccggg acaattgaag 
2101 ctcaactggt ttaagaaagg aagttctatc ggccaaatga ttgagacaac aatgagggga 
2161 gcgaagagaa tggccatttt aggtgacaca gcttgggatt ttggatccct gggaggagtg 
2221 tttacatcta taggaaaggc tctccaccaa gttttcggag caatctatgg ggctgccttc 
2281 agtggggtct catggactat gaaaatactc ataggagtca ttatcacatg gataggaatg 
2341 aattcacgca gcacctcact gtctgtgtca ctagtattgg tgggagtcgt gacgctgtat 
2401 ttgggagtta tggtgcaggc cgatagtggt tgcgttgtga gctggaaaaa caaagaactg 
2461 aagtgtggca gtgggatttt catcacagac aacgtgcaca catggacaga acaatacaag 
2521 ttccaaccag aatccccttc aaagctagct tcagctatcc agaaagctca tgaagagggc 
2581 atttgtggaa tccgctcagt aacaagactg gaaaatctga tgtggaaaca aataacacca 
2641 gaattgaatc acattctatc agaaaatgag gtgaagttga ctattatgac aggagacatc 
2701 aaaggaatca tgcaggcagg aaaacgatct ctgcagcccc agcccactga gctgaagtat 
2761 tcatggaaaa catggggcaa agcgaaaatg ctctctacag agtctcataa ccagaccttt 
2821 ctcattgatg gccccgaaac agcagaatgc cccaacacaa acagagcttg gaattcgctg 
2881 gaagttgaag actatggctt tggagtattc accaccaata tatggctaaa gttgagagaa 
2941 aagcaggatg tattctgcga ctcaaaactc atgtcagcgg ccataaaaga caacagagcc 
3001 gtccatgccg atatgggtta ttggatagaa agtgcactca atgacacatg gaagatagag 
3061 aaagcctctt tcatcgaagt taaaagctgc cactggccaa agtcacacac cctctggagt 
3121 aatggagtgt tagaaagtga gatgataatt ccaaagaatt tcgctggacc agtgtcacaa 
3181 cacaactaca gaccaggcta ccatacacaa acagcaggac catggcatct aggtaagctt 
3241 gagatggact ttgatttctg cgaaggaacc acagtggtgg tgactgagga ctgtggaaat 
3301 agaggaccct ctttaagaac aactactgcc tctggaaaac tcataacaga atggtgctgc 
3361 cgatcttgca cattaccacc gctaagatac agaggtgagg acggatgctg gtacgggatg 
3421 gaaatcagac cattgaaaga gaaagaagag aatttggtca actccttggt cacagccgga 
3481 catgggcaga ttgacaactt ttcactagga gtcttgggaa tggcattgtt cctggaagaa 
3541 atgctcagga cccgagtagg aacgaaacat gcaatactac tagttgcagt ttcttttgtg 
3601 acattgatca cagggaacat gtcctttaga gacctgggaa gagtgatggt tatggtgggc 
3661 gctactatga cggatgacat aggtatgggc gtgacttatc ttgccctact agcagccttc 
3721 aaagtcagac caacttttgc agctggacta ctcttgagaa agttgacctc caaggaattg 
3781 atgatgacta ccataggaat cgtactcctc tcccagagca ccataccaga gaccattctt 
3841 gaactgactg atgcgttagc cttgggcatg atggtcctta aaatggtgag aaaaatggaa 
3901 aagtatcaat tggcagtgac tatcatggct atcttgtgcg tcccaaatgc agtgatatta 
3961 caaaacgcat ggaaagtgag ttgcacaata ttggcagtgg tgtccgtttc cccactgttc 
4021 ttaacatcct cacagcagaa agcggattgg ataccattag cattgacgat caagggtctc 
4081 aatccaacag ctatttttct aacaaccctt tcaagaacca acaagaaaag gagctggcca 
4141 ctaaatgagg ctatcatggc agtcgggatg gtgagcattt tggccagttc actcctaaag 
4201 aatgacattc ccatgacagg accattagtg gctggagggc tcctcactgt gtgctacgtg 



4261 ctcactggac gatcggccga tttggaactg gagagagccg ccgatgtcaa atgggaagat 
4321 caggcagaga tatcaggaag cagtccaatc ctgtcaataa caatatcaga agatggtagc 
4381 atgtcgataa aaaacgaaga ggaagaacaa acactgacca tactcattag aacaggattg 
4441 ctggtgatct caggactttt tcctgtatca ataccaatca cggcagcagc atggtacctg 
4501 tgggaagtga agaaacaacg ggctggagta ttgtgggatg tcccttcacc cccacccgtg 
4561 ggaaaggctg aactggaaga tggagcctat agaatcaagc aaaaagggat tcttggatat 
4621 tcccagatcg gagccggagt ttacaaagaa ggaacattcc atacaatgtg gcatgtcaca 
4681 cgcggcgctg ttctaatgca taaaggaaag aggattgaac catcatgggc ggacgttaag 
4741 aaagacctaa tatcatatgg aggaggctgg aagctagaag gagaatggaa ggaaggagaa 
4801 gaagtccagg tcttggcatt ggagcctgga aaaaatccaa gagccgtcca aacaaaacct 
4861 ggtcttttca aaaccaacgc cggaaccata ggtgccgtat ctctggactt ttctcctgga 
4921 acctcaggat ctccaatcat cgacaaaaaa ggaaaagttg tgggtcttta tggtaatggt 
4981 gttgttacaa ggagtggagc atatgtgagt gctatagccc agactgaaaa aagtattgaa 
5041 gacaatccag agatcgaaga tgatattttt cgaaagagaa aattgaccat catggacctc 
5101 cacccaggag cgggaaagac gaagagatac cttccggcca tagtcagaga ggctataaaa 
5161 cggggcctga ggacattaat cctggccccc actagagtcg tggcagctga aatggaggaa 
5221 gccctaagag gacttccaat aagataccaa accccagcca tcagagctga gcacaccggg 
5281 cgggagattg tggacctaat gtgtcatgcc acattcacta tgaggctgct atcaccagtt 
5341 agagtgccaa attacaacct gatcatcatg gacgaagccc atttcacaga cccagcaagt 
5401 atagcggcta gaggatacat ctcaactcga gtagagatgg gtgaggcagc tgggattttc 
5461 atgacagcca ctcctccggg aagcagagac ccattccctc agagcaatgc accaatcatg 
5521 gatgaagaaa gagaaatccc tgaacgttcg tggagttctg gacatgagtg ggtcacggat 
5581 tttaaaggga agactgtttg gttcgttcca agtataaaag caggaaatga tatagcagct 
5641 tgcctgagaa aaaatggaaa gaaagtgata caactcagta ggaagacctt tgattctgag 
5701 tatgtcaaga ctagaaccaa tgattgggac ttcgtggtca caactgacat ttcagaaatg 
5761 ggtgccaact tcaaggctga gagggttata gaccccagac gctgcatgaa accagttata 
5821 ctaacagatg gtgaagagcg ggtgatcctg gcaggaccta tgccagtgac ccactctagt 
5881 gcagcacaaa gaagagggag aataggaaga aatccaaaaa atgaaaatga ccagtacata 
5941 tacatggggg aacctctgga aaatgatgaa gactgtgcac actggaaaga agctaaaatg 
6001 ctcctagata acatcaacac acctgaagga atcattccta gcatgttcga accagagcgt 
6061 gaaaaggtgg atgccattga tggtgaatac cgcttgagag gagaagcaag gaaaaccttt 
6121 gtggacctaa tgagaagagg agacctacca gtctggttgg cctacagagt ggcagctgaa 
6181 ggcatcaact acgcagacag aaggtggtgt tttgatggaa ttaagaacaa ccaaatcttg 
6241 gaagaaaatg tggaggtgga aatctggaca aaagaagggg aaaggaagaa attaaaaccc 
6301 agatggttgg atgccaggat ctactctgac ccactgacgc taaaggaatt caaggagttt 
6361 gcagctggaa gaaagtccct gaccctgaac ctaatcacag aaatgggtag gcttccaact 
6421 ttcatgactc agaaggcaag agacgcactg gacaacttag cagtgctgca cacggctgaa 
6481 gcaggtggaa gggcgtacaa tcatgctctc agtgaactgc cggagaccct ggagacattg 
6541 cttttactga cacttctggc tacagtcaca ggaggaatct ttttattctt gatgagcgga 
6601 aggggtatag ggaagatgac cctgggaatg tgctgcataa tcacggctag tattctccta 
6661 tggtacgcac aaatacagcc acactggata gcagcttcaa taatactgga gttttttctc 
6721 atagttttgc ttattccaga accagaaaag cagagaacac cccaagataa ccaattgacc 
6781 tacgttgtca tagccatcct cacagtggtg gccgcaacca tggcaaacga gatgggtttc 
6841 ctggaaaaaa cgaagaaaga tctcggattg ggaagcatta caacccagca acccgagagc 
6901 aacatcctgg acatagatct acgtcccgca tcagcatgga cgctgtatgc tgtggccaca 
6961 acatttgtca caccaatgtt gagacacagc attgaaaatt cctcagtgaa cgtgtcccta 
7021 acagctattg ccaaccaagc cacagtgtta atgggtcttg ggaaaggatg gccattgtca 
7081 aagatggaca tcggagttcc ccttctcgcc attggatgct actcacaagt caaccccata 
7141 actctcacag cagctctttt cttactggta gcacattatg ccatcatagg gccaggactc 
7201 caagcaaaag caaccaggga agctcagaaa agagcagcag cgggcatcat gaaaaaccca 
7261 actgtcgatg gaataacagt gattgaccta gatccaatac cctatgatcc aaagtttgaa 
7321 aagcagttgg gacaagtaat gctcctagtc ctctgcgtga ctcaagtgtt gatgatgagg 
7381 actacatggg ctctgtgtga ggctttaacc ttagcgaccg ggcctatctc cacattgtgg 
7441 gaaggaaatc cagggaggtt ttggaacact accattgcag tgtcaatggc aacattttt 
7501 agagggagtt acttggccgg agctggactt ctcttttcca tcatgaagaa cacaaccaac 
7561 acgagaaggg gaactggcaa cataggagag acgcttggag agaaatggaa aagccgattg 
7621 aacgcattgg ggaaaagtga attccagatc tacaagaaaa gtggaatcca ggaagtggat 
7681 agaaccttag caaaagaagg cattaaaaga ggagaaacgg accatcacgc tgtgtcgcga 
7741 ggctcagcaa aactgagatg gttcgtcgag agaaatatgg tcacaccaga agggaaagta 
7801 gtggacctcg gttgcggcag aggaggctgg tcatactatt gtgggggact aaagaatgta 
7861 agagaagtca aaggcctgac aaaaggagga ccaggacatg aagaacccat ccccatgtca 



7921 acatatgggt ggaatctagt acgtcttcaa agtggagttg acgttttctt cactccgcca 
7981 gaaaagtgtg acacattgtt gtgtgacata ggggagtcgt caccaaatcc cacggtagaa 
8041 gcaggacgaa cactcagagt ccttaactta gtggaaaatt ggttgaacaa caacacccaa 
8101 ttttgcataa aggttctcaa cccatacatg ccctcagtca tagaaaaaat ggaagcacta 
8161 caaaggaaat atggaggagc cttagtgagg aatccactct cacgaaactc cacacatgag 
8221 atgtactggg tatccaatgc ctccgggaac atagtgtcat cagtgaacat gatttcaagg 
8281 atgttgatca acagattcac aatgagacac aagaaagcca cttacgagcc agatgtagac 
8341 ctcggaagcg gaacccgcaa catcggaatt gaaagtgaga taccaaacct agacataatc 
8401 gggaaaagaa tagaaaaaat aaaacaagag catgaaacat catggcacta tgaccaagac 
8461 cacccataca aaacgtgggc ttaccatggc agctatgaaa caaaacaaac tggatcagca 
8521 tcatccatgg tgaacggagt ggtcagactg ctgacaaaac cttgggacgt cgtccccatg 
8581 gtgacacaga tggcaatgac agacacgact ccatttggac aacagcgcgt ttttaaagaa 
8641 aaagtggaca cgagaaccca agaaccgaaa gaaggcacaa agaaactaat gaaaatcacg 
8701 gcagagtggc tttggaaaga actagggaag aaaaagacac ctaggatgtg cactagagaa 
8761 gaattcacaa gaaaggtgag aagcaatgca gccttggggg ccatattcac tgatgagaac 
8821 aagtggaagt cggcacgtga ggctgttgaa gatagtaggt tttgggagct ggttgacaag 
8881 gaaaggaatc tccatcttga aggaaagtgt gaaacatgtg tgtataacat gatgggaaaa 
8941 agagagaaga agctagggga gttcggcaag gcaaaaggca gcagagccat atggtacatg 
9001 tggcttggag cacgcttctt agagtttgaa gccctaggat tcttgaatga agatcactgg 
9061 ttctccagag agaactcctt gagtggagtg gaaggagaag ggctgcacaa gctaggttac 
9121 attttaagag acgtgagcaa gaaagaggga ggagcaatgt atgccgatga caccgcagga 
9181 tgggacacaa gaatcacact agaagaccta aaaaatgaag aaatggtaac aaaccacatg 
9241 gaaggagaac acaagaaact agccgaggcc attttcaaat taacgtacca aaacaaggtg 
9301 gtgcgtgtgc aaagaccaac accaagaggc acagtaatgg atatcatatc gagaagagac 
9361 caaagaggta gtggacaagt tggtacctat ggactcaata ctttcaccaa tatggaagcc 
9421 caactaatca gacagatgga gggagaagga gtcttcaaaa gcattcagca cctgacagtc 
9481 acagaagaaa tcgccgtgca aaactggtta gcaagagtag ggcgcgaaag gttatcaaga 
9541 atggccatca gtggagatga ttgtgttgtg aaacctttag atgacaggtt cgcaagcgct 
9601 ttaacagctc taaatgacat gggaaaggtt aggaaagaca tacaacaatg ggaaccttca 
9661 agaggatgga acgattggac acaagtgccc ttctgttcac accatttcca tgagttaatc 
9721 atgaaagacg gccgcgtact tgtagttcca tgcagaaacc aagatgaact gattggtaga 
9781 gcccgaattt cccaaggagc tgggtggtct ttgcgagaga cggcctgttt ggggaagtcc 
9841 tacgcccaaa tgtggagctt gatgtacttc cacagacgtg acctcaggct ggcggctaat 
9901 gctatttgct cggcagtccc atcacattgg gttccaacaa gtagaacaac ctggtccata 
9961 cacgccaaac atgaatggat gacaacggaa gacatgctga cagtctggaa cagggtgtgg 
10021 attcaagaaa acccatggat ggaagacaaa actccagtgg aatcatggga ggaaatccca 
10081 tacttgggga aaagagaaga ccaatggtgc ggctcattga ttgggctaac aagcagggcc 
10141 acctgggcaa agaacatcca aacagcaata aatcaagtta gatcccttat aggcaatgag 
10201 gaatacacag attacatgcc atccatgaaa agattcagaa gagaagagga agaggcagga 
10261 gtcctgtggt agaaggcaaa actaacatga aacaaggcta gaagtcaggt cggattaagc 
10321 tatagtacgg aaaaaactat gctacctgtg agccccgtcc aaggacgtta aaagaagtca 
10381 ggccattaca aatgccatag cttgagtaaa ctgtggcagc ctgtagctcc acctgagaag 
10441 gtgtaaaaaa tctgggaggc cacaaaccat ggaagctgta cgcatggcgt agtggactag 
10501 cggttagagg agacccctcc cttacaaatc gcagcaacaa tgggggccca aggtgagatg 
10561 aagctgtagt ctcactggaa ggactagagg ttagaggaga cccccccaaa acaaaaaaca 
10621 gcatattgac gctgggaaag accagagatc ctgctgtctc ctcagcatca ttccaggcac 
10681 agaacgccag aaaatggaat ggtgctgttg aatcaacagg ttct 
// 
 
 



Appendix II. pGEM-DENV-2CAP



Appendix III. Cyclophilin A mRNA does not vary in DENV infected MDM 
over 3 days. Quantitation curves (A) and calculated copy numbers (C) based on
standard curve (B) are shown for RT real-time PCR of 1 ng total RNA extracted
from DENV  infected MDM over three days . Melting curves (D) show one major
peak at 820C. 
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Appendix IV. TNF-α mRNA RT real-time PCR quantitation. Quantitation
curves (A) and calculated TNF-α mRNA ng/reaction (C) based on standard 
curve (B) are shown for RT real-time PCR of RNA extracted from LPS 
stimulated macrophages  (standards) and DENV infected macrophages 
32 hrs after infection (sample 1).  Melting curves (D) show one peak at 81.70C.

Calculated
concentration
ng/reaction

>35water control
>35water control

251.99869121.48sample 1(2 pg)
254.89451321.47sample 1(2 pg)
2.83764928.000.0002
1.96794628.530.0002
22.00839825.020.002
18.32498126.000.002
226.88618521.630.02
246.12954121.520.02

RNA CtC
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in pg
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Appendix V. Greater than 90% transfection efficiency was observed 
using Block-itTM flourescent labelled oligonucleotides (Invitrogen)
in MDM. MDM were transfected with 20 pmole of fluorescent labelled 
oligonucleotides and lipofectamine (A) > 90 % of cells fluoresced  when
observed under a fluorescence microscope. (B) Negative control – MDM 
not transfected with fluorescent labelled oligonucleotides.
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Appendix VI. (A) L929 TNF-α Bioassay.  Standard curve of a TNF-α
cytotoxic bioassay using L929 fibroblast cell lines.  Various concentrations
of TNF-α in the presence of actinomycin D were incubated with the L929
cells.  After 24 hrs incubation, the viable cells were stained using crystal 
violet. High OD’s indicate minimal effects of TNF-α. (B)  Inhibition of 
TNF-α activity by 2.5 μg/ml of TNF antibody.



Appendix VII. pRL-TK map (Promega)



Appendix VIII. pISRE-Luc (Clonetech Laboratories)



Appendix IX. Top 20 data base matches for MS results.  Any mouse score >54 indicates a significant match.  The 
highest and only significant data base match is for GRP78.



Appendix X. Molecular weight of peptides identified by mass spectrum analysis and the respective sequence.





Appendix XI.  Spectrum analysis report.  The peaks highlighted in the spectrum represent those that were matched to the 
identified protein based on the MS data. Sequence name (P11021) GRP78.  Number of peaks 99.
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