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ABSTRACT 
 
 

 The immunopathology of dengue virus (DENV) infection is associated with increased 

TNF-α production.  In this study, small RNA-mediated regulation of TNF-α and the effect of 

TNF-α knockdown during DENV infection were analyzed.  This provides insight into the 

role of TNF-α during DENV infection, both in terms of its contribution to 

immunopathogenesis and its regulatory mechanism by miRNAs. 

 Utilizing a lentiviral expression system, human monocytic U937 cells that express 

short hairpin RNAs designed to target TNF-α mRNA were established.  TNF-α expression 

was downregulated in these monocytes, and upon DENV infection they showed decreased 

endothelial cell activation ability.  This demonstrates an overall decrease in the 

proinflammatory response upon TNF-α knockdown during DENV infection.   

 To analyze the role of microRNAs (miRNAs) in the TNF-α response, miRNAs that 

potentially target the 3’ UTR of TNF-α were predicted.  Many of the miRNAs were 

differentially regulated during DENV infection.  miR-320a and miR-592 were among those 

downregulated, and chosen for further analysis.  TNF-α post-transcriptional regulation by 

miR-320a and miR-592 was confirmed utilizing a TNF-α 3’UTR luciferase reporter.  U937 

cells transfected with miR-320a and miR-592 mimics followed by DENV infection displayed 

decreased TNF-α expression and their culture supernatants demonstrated decreased ability to 

activate endothelial cells.  It is concluded that one function of these miRNAs is to negatively 

regulate TNF-α, and their downregulation contributes to the immunopathogenesis of DENV 

infection.  
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CHAPTER 1.  Introduction 
 
 
 
 
1.1.  Dengue Virus  

 Dengue virus is an enveloped, Aedes mosquito-transmitted single-stranded positive-

sense RNA virus of about 11 kb, encoding for three structural proteins (capsid, membrane 

precursor, and envelope) and seven non-structural proteins (NS1, NS2a, NS2b, NS3, NS4a, 

NS4b, and NS5).  It is prevalent, with an estimated 2.5 billion people at risk of dengue virus 

(DENV) infection, mostly in tropical and subtropical countries (Webster et al., 2009).  

Dengue viruses are divided into four serotypes, dengue virus types 1, 2, 3, and 4, with 

strains of each serotype being antigenically related (Kurane et al., 2007).  Thus DENV 

infection with one serotype results in cross-protective antibodies to all strains of that 

serotype only.  

 

1.1.1.  Dengue Hemorrhagic Fever and Dengue Shock Syndrome 

 There are an estimated 50-100 million cases of DENV infection each year, an 

estimated 500,000 of which are life-threatening forms of the disease.  These severe forms of 

DENV infection are dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS).  

(Webster et al., 2009).  DHF and DSS cause an estimated 22,000 deaths annually, mostly in 

children (Morens and Fauci, 2008).   

The majority of DENV infections are asymptomatic, but infections occur often 

enough that the symptomatic dengue fever (DF) is a common ailment in many parts of the 

world.  DF is characterized by fever, headache, muscle and joint pains, rash, nausea, and 

vomiting (Rigau-Perez et al., 1998).  DHF and DSS (DHF/DSS) are differentiated from DF 
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by several key aspects.  The viremia in DHF/DSS is 10 to 100 times greater than DF.  

Common symptoms of DHF/DSS not seen in DF include low platelet count, hemorrhagic 

bleeding, and vascular permeability.  The vascular permeability can lead to the shock that 

characterizes DSS.  DSS is more severe than DHF and is characterized by systemic shock 

that occurs when fluid leaks into interstitial space.  DHF and DSS are much more common 

in children under the age of fifteen.  (Murrell, Wu, and Butler, 2011).  There is no vaccine, 

antiviral or other effective treatment for DENV infection, only supportive therapy such as 

fluid replacement, rest, analgesics and antipyretics, and hospital monitoring (Rigau-Perez et 

al., 1998).  

 

1.1.2.  Dengue Immunopathogenesis 

 The exact cause of why life-threatening DHF/DSS develops versus DF or 

asymptomatic infection remains under investigation.  There are two main theories regarding 

this.  One is that specific DENV phenotypes and their virulence factors can lead to more 

severe disease.  The other is that antibody-dependent enhancement (ADE) during secondary 

DENV infection with a different serotype causes DHF/DSS.  The rationale behind the latter 

theory is that antibodies, which were neutralizing for the first infecting strain of DENV, are 

sub-neutralizing to the second infecting strain of DENV.  Due to the similarity of DENV 

serotypes, memory B cells specific for the previous infecting serotype are activated and 

undergo clonal expansion, ultimately resulting in the secretion of large quantities of sub-

neutralizing antibodies.   These antibodies cause an increased uptake of DENV into 

phagocytic cells via Fc-γ receptors (Figure 1.1).  DENV preferentially infects certain 

phagocytic cells, such as monocytes and macrophages, and Fc-γ –mediated uptake of DENV 
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bound by sub-neutralizing antibody results in viral entry for infection.  (Rothman, 2011).  

Both ADE and virulence theories have supporting evidence, so most likely there is a 

combination effect at work. 

  

 

Figure 1.1.  The proposed immunopathogenesis of DENV infection (Image from Rothman, 
2011). 
 

To study the cause of DHF/DSS, it is important to know the key cellular players 

during DENV infection.  When a person becomes infected with DENV through the bite of 

an infected Aedes mosquito, the virus is believed to initially replicate in local immature 

dendritic cells.  From there DENV undergoes systemic spread to macrophages and 

monocytes with viral entry into the blood.  (Murphy and Whitehead, 2011).  The most 

critical human cell type(s) infected by DENV is an important matter because there is no 

animal model for DENV infection that mimics the human infection.  Thus primary human 

cells or cell lines are the most relevant experimental model for DENV infection.  
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For the purpose of studying the immunopathogenesis of DENV infection, some 

believe the most relevant human cell type infected by DENV to be dendritic cells and others 

believe it to be monocytes/macrophages.  To determine the tropism of DENV, it is 

important to look at what receptor(s) DENV uses to gain entry into cells.  It appears that the 

DENV envelope protein can bind host cell heparan sulfates, which are widely expressed 

cellular receptors (Chen et al., 1997).  The DENV envelope protein can also use the 

dendritic cell specific ICAM3-grabbing non-integrin (DC-SIGN) on dendritic cells or the 

mannose receptor on macrophages as co-receptors to facilitate entry into these cell types.  

Another mechanism for DENV to gain entry into cells, as mentioned previously, is by ADE 

in secondary DENV infection.  Sub-neutralizing antibodies form complexes with DENV 

that bind to Fc-γ receptor-bearing (phagocytic) cells and allow for viral entry.  (Murrell, Wu, 

and Butler, 2011).  Both dendritic cells and monocytes/macrophages have Fc-γ receptors.  

From co-receptors and receptors for DENV alone, it appears that both dendritic cells and 

monocytes/macrophages, as well as other phagocytic immune cells, are primary targets for 

DENV infection. 

 It has been found that the initial replication of DENV takes place in local dendritic 

cells.  However, the initial innate immune response seems to come from dermal 

macrophages.  This is most likely due recognition by C-type lectin domain family 5 A 

(CLEC5A), which can serve as a pattern recognition receptor for macrophages.  (Murrell, 

Wu, and Butler, 2011).  Since there is no consensus regarding the most pathogenically 

relevant cell type infected by DENV, and indeed it must be the interaction among multiple 

cell types that contributes to the immunopathogenesis of DENV, the cell type used to study 

DENV infection depends on the researcher’s preference and the goal of the study.  Primarily 
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either dendritic cells or monocytes/macrophages are used to study DENV 

immunopathogenesis.  Secondary cell types studied include mast cells, endothelial cells, and 

hepatocytes, and although infection of these cell types may contribute to the 

immunopathogenesis of DENV infection, it is widely accepted that these are not the primary 

sites of DENV replication in vivo. 

 The lack of consensus among researchers does not end at DENV infection model 

systems or what viral or immune factors contribute the most significantly to severe 

pathogenesis.  There are several theories regarding the immunopathogenesis leading to the 

fluid leakage characteristic of DHF/DSS.  A common theory is that an increased number of 

infected cells presents more targets for CD4+ and CD8+ T cells, resulting in the production 

of large amounts of interleukin 10 (IL-10), IL-2, interferon γ (IFN-γ), and TNF-α that, either 

singly or in combination, lead to endothelial damage.  Another theory is that virions released 

from infected cells directly damage endothelial cells.  (Guzman et al., 2010).  Other theories 

include increased viral replication, activation of memory T cells, and increased cell death 

due to cytotoxic T lymphocytes (CTL), antibody dependent cell-mediated cytotoxicity 

(ADCC), and/or complement activation.  Since there is supporting evidence for all of these 

theories, again it is likely that a combination of these factors contributes to DHF/DSS 

vascular permeability. 

 Regardless of the mechanism, vascular permeability and loss of intravascular fluid 

contributes the most significantly of all other DENV infection hallmarks to the life-

threatening DHF/DSS.  Plasma leakage is a precursor to hypovolemia, a decrease in blood 

volume.  Hypovolemic shock occurs when sufficient amounts of plasma have leaked into 

interstitial spaces, compromising cardiac output.  DSS hypovolemic shock typically occurs 
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at the time of defervescence and lasts less than 24 hours.  During this time is when the 

majority of DENV-related deaths occur.  (Murphy and Whitehead, 2011).  Determining the 

mediators of DHF/DSS shock and effective ways to control them becomes of the utmost 

importance when attempting to scale back the deadly hypovolemia. 

 

1.1.3.  TNF-α in Dengue Pathogenesis 

1.1.3.1.  TNF-α Overview 

 TNF-α is a pluripotent cytokine with diverse biological activity.  Most importantly 

to DENV pathogenesis, TNF-α is known to be a significant contributor to septic shock.  By 

fusing recombinant human TNF-α (rhTNF-α) into rats, severe hypertension, lactic acidosis, 

and lethal shock occur.  Also, TNF-α is synthesized rapidly after the stimulation of certain 

cytokine-secreting immune cells, such as monocytes/macrophages, and has a short half-life.  

(Tracey, Lowry, and Cerami, 1988).  The shock-inducing capability of TNF-α, its secretion 

by cell types that are primary targets of DENV infection in vivo, and its short half-life that 

fits the bill for the relatively brief shock characteristic of DSS necessitates investigation of 

its potential role in DSS. 

  TNF-α is involved in an autoregulatory loop, with the presence and amount of TNF-

α controlling the magnitude of TNF-α-mediated effects in TNF-α-responsive cells 

(Lehmann, Benninghoff, and Droge, 1988).  TNF-α is also in an autocrine loop, having the 

ability to induce expression of itself in cells capable of TNF-α production.  In this way it 

regulates monocyte cytotoxicity by inducing TNF-α, among other cytokines (Philip and 

Epstein, 1986.).  It also induces the oxidative burst in neutrophils and the metabolic activity 

of peritoneal macrophages, as well as modulating B cell functions (Lehmann, Benninghoff, 
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and Droge, 1988).  TNF-α is a powerful proinflammatory cytokine capable of inducing a 

strong proinflammatory response merely by inducing itself.   

 TNF-α has two receptors.  TNF-α receptor 1 (TNFR1) is found on virtually all cells 

of the human body.  TNF-α receptor 2 (TNFR2) is localized to endothelial cells and cells of 

hematopoietic lineage, such as monocytes.  It is thought that soluble TNF-α (sTNF-α) 

preferentially binds to TNFR1 and membrane-bound TNF-α (pro-TNF-α) preferentially 

binds TNFR2.  When TNF-α binds to TNFR1 or TNFR2, it can activate, differentiate, or 

induce apoptosis in target cells.  When TNF-α binds TNFR1 it activates transcription factors 

nuclear factor-κB (NF-κB) and activator protein 1 (AP-1), which in turn induce 

proinflammatory and immunomodulatory genes.  TNFR can be cleaved to form soluble 

TNFR (sTNFR) by stimuli such as LPS or by TNF-α itself.  Typically sTNFR binds and 

neutralizes TNF-α, but evidence has shown that low levels of sTNFR can stabilize the 

trimeric structure of TNF-α and act to create a reservoir of stable, biologically active TNF-α.  

(Herbein and O’Brien, 2000).  It is clear from the ubiquity of the TNFR and the ability of 

TNF-α to induce itself how an exaggerated TNF-α response can quickly become out of 

control.   

TNF-α is not the only inducer of TNF-α.  As a proinflammatory cytokine, TNF-α 

production is induced by other proinflammatory cytokines.  Proinflammatory cytokines IL-

1, IL-2, IFN-γ, granulocyte-macrophage colony-stimulating factor (GM-CSF), and 

macrophage colony-stimulating factor (M-CSF) each have the ability to induce synthesis of 

TNF-α.   In addition, TNF-α can be induced by certain pathogens and by lipopolysaccharide 

(LPS).  (Herbein and O’Brien, 2000).  TNF-α in turn is capable of inducing the potent 

proinflammatory cytokine IL-1, enhancing the expression of MHC, and enhancing the 
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expression of IL-2R receptor on T cells, as well as inducing production of other 

proinflammatory cytokines and factors (Lehmann, Benninghoff, and Droge, 1988).  

Overproduction of proinflammatory cytokines can lead to inflammatory diseases or to the 

more severe septic shock.  It may also be an important contributor to the pathogenesis of 

DF. 

As TNF-α is involved in powerful proinflammatory activation loops, there must in 

turn be anti-inflammatory factors capable of inhibiting TNF-α expression and abating or 

reversing the proinflammatory response.  TNF-α can be inhibited at the transcriptional level 

in activated monocytes by addition of the anti-inflammatory cytokine IL-10.  IL-10 also 

inhibits production of other proinflammatory cytokines IL-1α, IL-1β, IL-6, IL-8, GM-CSF, 

and G-CSF.  (De Waal Malefyt et al., 1991).  IL-10 inhibits transcriptional up-regulation of 

TNF-α both in magnitude and duration  (Donnelly, Freeman, and Hayes, 1995).  

Transforming growth factor-β (TGF-β) and IL-4 also inhibit TNF-α production (Dinarello, 

2000).  The immune system has mechanisms to control TNF-α and proinflammatory 

cytokine production, but these are not always efficient.  When TNF-α is overproduced, 

septic shock occurs.  

 

1.1.3.2.  The Role of TNF-α in Dengue Immunopathogenesis 

 Soon after its discovery and characterization as an inducer of septic shock, TNF-α 

was implicated in the pathogenesis of DHF and DSS (Yadav et al., 1991).  It is well 

documented that an increased amount of TNF-α can be found in patients infected with 

DENV.  (Hung et al., 2004), (Laur, 1998), (Kurane, 2007), (Kuno and Bailey, 1994).  It a 

well established theory that this pluripotent cytokine must be involved in the 
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pathophysiology of DENV infection due to its inducing capabilities for septic shock and 

inflammation.  Several studies have shown a correlation of increased TNF-α levels to 

patients that have progressed to DHF/DSS. (Restrepo et al., 2006) (Hober et al., 1993) 

(Green et al., 1999) (Kittigul et al, 2000).   

However, TNF-α is not the only upregulated cytokine correlated with severe DENV 

disease.  Increased plasma levels of IL-10, an anti-inflammatory cytokine known to inhibit 

TNF-α production, was found to correlate with dengue infection severity.  Since IL-10 itself 

does not cause any shock-like symptoms, it may be inferred that this increase is an attempt 

by the immune system to downregulate an exaggerated TNF-α or proinflammatory 

response.  Increased IL-10 levels are also correlated with disease severity in other shock-

related diseases.  (Green et al., 1999).   In addition to increased IL-10 production, the early 

generation of the not-well-characterized cytokine human cytotoxic factor (hCF) is found in 

severe DENV infections.  This seems to shift the Th1-type response seen in mild illness to a 

Th2 response that may result in increased pathogenesis (Chaturvedi et al., 2000).  Elevated 

levels of chemokines C-C motif ligand 2 (CCL2) may also play a pathogenic role in DENV 

infection (Morens and Fauci, 2008).  Other proinflammatory cytokines found to be elevated 

in DHF/DSS include IL-2, IL-6, IL-8, IL-12, monocyte chemotactic protein-1 (MCP-1), and 

IFN-γ (Kurane, 2007).  The vast majority of overproduced cytokines found in DHF/DSS 

patients are proinflammatory.  Since shock is known to be induced by the overproduction of 

proinflammatory cytokines, logically it can be inferred that overproduction of 

proinflammatory cytokines in DHF/DSS strongly contributes to the severity of the infection.  

As illustrated previously, TNF-α is a strong inducer of proinflammatory cytokines and thus 
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may be the primary host factor responsible for the aberrant proinflammatory response in 

DHF/DSS. 

 In addition to the increased levels of certain cytokines during DENV infection, 

certain cytokine receptors have also been found to be upregulated.  The concentration of 80 

kDa sTNFR, as well as CD8 and IL-2 receptors, was found to be higher in a population 

study of Thai children with DHF compared to children with DF or non-dengue febrile 

illnesses.  In the same study, TNF-α was detected more often in DHF than in DF or other 

febrile illnesses.  (Green et al., 1999).  An immune response to help control over-expressed 

TNF-α is by releasing sTNFR, so the results of this study perhaps indirectly implicate TNF-

α in the pathogenesis of DENV infection. 

 There has also been an association between TNF-α polymorphisms and risk of 

DHF/DSS.   A study of Cuban patients with secondary DHF revealed that those with the 

polymorphism TNF-α –308 A high expression allele were found to have an association with 

DHF.  Those with the TNF-α –308 GG low expression allele were found to be associated 

with protection from DHF.  In the same study, low IL-10 production combined with high 

TNF-α production polymorphisms seemed to be associated with a more profound 

susceptibility to DHF.  (Perez et al., 2010).   A similar study of ethnic Thais found the TNF-

α  –238 A polymorphism marking the TNF-4, LTA-3 haplotype was significantly associated 

with DHF. (Vejbaesya et al., 2009).  The TNF-α –238 A polymorphism is associated with 

increased TNF-α production in monocytes following LPS stimulation (Reich et al., 2002).  

The evidence that polymorphisms associated with TNF-α overproduction and 

underproduction have been correlated to risk or protection from DHF, respectively, supports 

the evidence that TNF-α is a major contributor to the pathogenesis of DENV infection. 
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As TNF-α has the ability to cause immune cell activation, some viruses have 

evolved mechanisms to sequester, evade, or mimic components of the TNF-α activation 

pathways.  Some viruses inhibit the TNF-α response to downregulate the antiviral effect it 

causes.  Some Adenovirus products inhibit TNF-α production.  Poxviruses produce proteins 

to bind and neutralize TNF-α to prevent its antiviral effect.  Other viruses take advantage of 

the activating and inducing capabilities of TNF-α for viral replication.  Hepatitis C Virus 

core protein stimulates NF-κB, a transcription factor responsible for TNF-α induction, 

chronically activating infected cells.  TNF-α also indirectly stimulates the HIV LTR. 

(Herbein and O’Brien, 2000).  To date, no DENV-specific product has been implicated in 

TNF-α immune regulation.   

A DENV product that modulates TNF-α production is a possibility, however, as the 

peak of TNF-α release from monocyte-derived macrophages coincides with the peak of 

virus production in vitro.  Interestingly, upon hepatocyte stimulation with TNF-α at times 

corresponding to DENV-related apoptosis, NF-κB activation is upregulated, but at times 

corresponding to very little DENV-related apoptosis (1 d.p.i.), NF-κB is not activated.  The 

lack of activation of NF-κB activation in TNF-α stimulated cells was also observed in 

DENV-infected monocyte-derived macrophages at 2 d.p.i.  In DENV infected dendritic 

cells, TNF-α-induced CD80 and CD86 co-receptor upregulation is abrogated.  (Wati et al., 

2007).  Further studies on the altered cellular responsiveness to TNF-α in DENV-infected 

cells may uncover a viral product modulating TNF-α expression that could help explain why 

TNF-α can become fatally overproduced during DENV infection.   

Some virus products that modulate the TNF-α response have evolved so that viral 

replication is increased.  However, in the case of DENV, it has been shown in vitro that viral 
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replication in monocyte-derived macrophages is not affected by TNF-α production or 

stimulation.  An additional conclusion drawn by Wati et al. is that since TNF-α does not 

have an apparent antiviral role against DENV, blocking TNF-α production in an ongoing 

infection most likely would not result in increased viral replication.  Therefore, targeting 

TNF-α production to suppress the immune response causing the severe pathogenesis of 

DHF/DSS is an attractive prospect. 

 

1.1.3.3.  TNF-α and Monocytic Cells in Dengue Immunopathogenesis 

 Monocytes that are recruited to sites of inflammation often undergo differentiation 

into tissue-resident macrophages.  It has been found that monocytes and macrophages are 

equally susceptible to DENV infection, and infection of each follows similar kinetics.  

Terminally differentiated macrophages undergo shorter periods of DENV replication, but 

their cytokine kinetics and profiles closely resemble those of monocytes.  (Chen and Wang, 

2002).   

 Pro-inflammatory cytokines such as TNF-α, IFN-γ, and IL-6 can activate 

macrophages and nearby vascular endothelium, promote leukocyte and plasma 

extravasations, and all seem to play an important role in the pathogenesis of DHF/DSS.  

DENV-infected monocytes release TNF-α, which induces endothelial production of reactive 

nitrogen and oxygen species and apoptotic cell death.  (Perez et al., 2010).  TNF-α is known 

to regulate monocyte cytotoxicity by self-inducing TNF-α and other proinflammatory 

cytokines (Philip and Epstein, 1986.).  It is very clearly established that TNF-α production 

by DENV-infected monocytes is a major contributor to the pathogenesis of infection.   
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 Perhaps a substantial portion of the overall proinflammatory effect contributed by 

monocytes during DENV infection is from TNF-α produced after cell contact with DENV 

antigens.  Macrophage-differentiated monocyte cell line THP-1 was found to produce 

increased levels of TNF-α when cultured with betapropiolactone (BPL) virus-inactivated 

supernatants from Aedes pseudoscutellaris (AP61) cells infected with DENV.  This effect 

was observed when TNF-α was monitored at both 4 hours post treatment and 24 hours post 

treatment.  An inhibition of TNF-α production was achieved when the BPL-treated AP61 

supernatant was added to THP-1 along with hyperimmune mouse ascitic fluid from mice 

with antibodies to DENV.  (Hober et al., 1996).   This demonstrates that dengue viral 

particles alone are enough to activate monocytic cells to produce TNF-α, supporting the 

theory that innate immunity plays a significant role in the severe pathogenesis of DENV 

infection. 

 A more recent study showed that CLEC5A, a receptor found exclusively on 

monocytes and macrophages, binds to DENV and induces TNF-α expression by DAP12 

phosphorylation.  (Another reporter TNF-α inducer in DENV-infection is the TLR7-MyD88 

pathway.)  Dose-dependent secretion of TNF-α by macrophages was detected at the earliest 

time point measured, 6 hours after incubation with DENV.  This occurred both with 

infectious DENV and with UV-inactivated DENV.  In infectious DENV-infected 

macrophages, TNF-α levels continued to rise as DAP12 phosphorylation was induced for 

the next 48 h.p.i.  In macrophages incubated with UV-inactivated DENV, TNF-α levels 

petered off after about 12 h.p.i., when DAP12 phosphorylation ended.  CLEC5A 

knockdown analysis resulted in greatly reduced TNF-α secretion in DENV-infected 
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macrophages.  This did not, however, alter infection levels, as production of infectious 

DENV remained approximately the same. (Chen et al., 2008).   

 Toll like receptor 3 (TLR3), found predominantly on monocytic cells and monocyte-

derived dendritic cells, is also involved in DENV recognition.  Following DENV infection 

of monocytes, cytokine expression occurs after endosomal acidification (during viral 

uncoating) when DENV RNA co-localizes with TLR3.  Theoretically, TLR3 signaling can 

inhibit DENV replication, as there is an increased IFN-α/β response in TLR3-transfected 

HEK293 human embryonic kidney cells.  DENV-mediated TLR7 and TLR8 activation can 

also occur, but have weaker effects. (Tsai et al., 2009).  TLR3 activation by DENV RNA 

again implicates monocytic cell pattern recognition receptor (PRR) innate immune 

mechanisms as contributors to the cytokine storm seen in DENV infection. 

 Aside from monocytic PRRs for DENV, an interesting effect was observed in a 

study of co-infection utilizing intentional activation of a bacterial PRR during an ongoing 

DENV infection.  Peripheral blood monocytic cells (PBMCs) were infected with DENV and 

incubated in media containing LPS.  After 48 hours, the LPS-treated cells showed increased 

levels of viral replication and LPS seemed to synergistically increase cytokine levels.  

Notably, IFN-α levels were synergistically increased as early as 1 d.p.i.  Despite the 

increased DENV replication and cytokine secretion, cell numbers and viability were not 

different between LPS-treated and DENV-only groups.  Even more interestingly, DENV-

infection was inhibited by pre-treatment of the cells with LPS (or with IFN-γ).  

Theoretically, LPS may block viral entry.  (Chen and Wang, 2002).   

 With regards to the previous study, it is likely that the increased IFN-α levels 

observed after LPS-stimulation of DENV-infected monocytes were merely coincidental 
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with, not a cause of, the increased DENV replication.  LPS-stimulation can activate many 

genes that were not analyzed in the Chen and Wang study.  Furthermore, some have found 

evidence that DENV produces a factor that blocks IFN-α/β production by somehow 

blocking interferon regulatory factor 3 (IRF-3) phosphorylation.  The lack of IFN-α/β results 

in an attenuated ability to prime antiviral T cell proliferation in coculture.  (Rodriguez-

Madoz et al., 2010).  Evolutionarily, viruses should not evolve a mechanism to evade a host 

response if that response augments viral replication.  The previously discussed study of Wati 

et al., 2007, showed that at 1 and 2 d.p.i., DENV-infected monocytic cells are unresponsive 

to external TNF-α stimulation due to a lack of NF-κB nuclear translocation.  Perhaps LPS 

treatment, which activates monocytes by binding TLR4, not TNFR1/2 as in TNF-α 

induction, is able to bypass this and activate transcription factors involved in an antibacterial 

proinflammatory response, which indirectly causes an increase in DENV replication.   

 In addition to transcriptional activation through promoter regulation, TNF-α is post-

transcriptionally regulated in monocytes and macrophages.  This regulation is directed at 

least partly by AU-rich elements (AREs) in the 3’UTR of its mRNA.  AU-rich 3’UTR 

sequences are binding sites that are commonly found in genes with acute temporal 

expression patterns, such as cytokines.  TNF-α production can be controlled via the 

expression of specific transacting factors involved in 3’UTR-mediated stability.  

(MacKenzie, Fernandez-Troy, and Epsel, 2002).  HuR, Tristetraprolin (TTP) family of 

proteins, and Fragile–X-mental-retardation-related protein 1 (FXR1) can also bind the TNF-

α ARE to post-transcriptionally regulate TNF-α expression (Vasudevan and Steitz, 2007).   

 DENV infection of monocytes can result in apoptosis through both the intrinsic 

(caspase 9 mediated) and extrinsic (caspase 8 mediated) pathways.  Evidence in one study 
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demonstrates that the extrinsic apoptosis activation pathway activated during DENV 

infection of monocytes is caused by death receptor activation.  TNF-α was upregulated at all 

time points of caspase 8 activated apoptosis and is a known activator of caspase 8.  

Mechanisms leading up to intrinsic activation seem to be due to the activation of at least 

several of the ER stress response pathways. (Klomporn et al., 2011).  Perhaps the observed 

TNF-α non-responsiveness in DENV-infected macrophages at early time points in infection 

is due to a mechanism evolved by the virus to prevent apoptosis of the cells before viral 

replication has reached its peak.  Additionally, if TNF-α is sequestered by viral products 

inside infected cells it could explain why the peak of measurable TNF-α secretion coincides 

with viral release from cells.  There is an enigma surrounding the role and regulation of 

TNF-α during DENV infection of monocytic cells.  So far, the only thing for certain that 

there is a strong link between TNF-α produced by monocytes and the immunopathogenesis 

of DHF/DSS. 

 

1.1.3.4.  Endothelial Permeability in Dengue Immunopathogenesis 

Endothelial cells are the gate-keepers of the vascular system, dynamically regulating 

the flow of nutrients, signaling molecules, plasma, red blood cells and leukocytes.  

Endothelium-secreted mediators capable of regulating blood pressure include the 

vasodilators nitric oxide and prostacyclin, and the vasoconstrictors endothelin and platelet-

activating factor.  In response to cytokines such as IL-6 and IL-8, endothelial cells express 

cell surface molecules that direct the migration of leukocytes towards sites of inflammation 

in underlying tissues.  In this process, termed rolling adhesion, leukocytes from the vascular 

lumen attach to endothelial cell adhesion molecules such as ICAM-1, ICAM-2, and VCAM-
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1.  The attachment of a leukocyte activates endothelial cells to spread, which allows the 

leukocyte to cross the endothelial barrier.  (Cines et al., 1998).  One type of circulating 

leukocyte that utilizes rolling adhesion to reach tissue sites of inflammation is monocytes.  

Aside from direct attachment, monocytes have other ways to activate endothelial 

cells.  Monocytes, as well as several other cell types, are capable of secreting endothelium-

activating cytokines.  TNF-α, for instance, is a well-characterized activator of endothelial 

cells (Bonner and O’Sullivan, 1998).  When TNF-α binds receptors on endothelial cells, 

reactive oxygen species and NF-κB are induced.  This results in endothelial cell activation, 

which can upregulate VCAM-1, ICAM-1, and monocyte chemotactic protein-1 (MCP-1), 

among other things.  MCP-1 promotes monocyte adhesion and entry, as does VCAM-1 and 

ICAM-1.  Uncontrolled leukocyte adhesion to endothelial cells contributes to inflammation.  

(Cines et al., 1998).  

 DHF and DSS are characterized by plasma leakage.  Plasma leakage into 

surrounding tissues is a passive process, occurring anytime there is increased permeability 

of the vascular endothelium.  Another characteristic of DHF/DSS is the overproduction of 

certain proinflammatory cytokines, such as TNF-α.  When activated by TNF-α, endothelial 

cells become elongated and lose their fibronectin matrix.  This is reversible when TNF-α is 

removed.  This activation effect is synergistic with IFN-γ, another proinflammatory 

cytokine involved in general antiviral response.  (Stolphen et al., 1986).  It has been 

theorized that the increased level of TNF-α in DHF/DSS is the major contributor to the 

characteristic vascular permeability. 

 In a benchmark study linking endothelial cell activation to the increased level of 

TNF-α in DENV infection, serum samples were collected from four patients with acute DF 



 
18 

at the day of defervescence (when the majority of DSS occurs).  Sera TNF-α levels were 

elevated when compared to healthy controls.  Overlaying the DF sera onto HMEC-1 

endothelial cell monolayers resulted in activation and decreased viability.  DF sera was then 

treated with TNF-α-neutralizing antibody and again overlain onto HMEC-1 cells.  In three 

out of four serum samples, activation was inhibited greater than seventy percent. (Cardier et 

al., 2005 ).  In a similar study, supernatants from DENV-infected PBMCs activated human 

umbilical vein endothelial cells (HUVECs), as determined by increased levels of ICAM-1 

and VCAM-1 expression.  Treatment of PBMC supernatants with neutralizing anti-TNF-α 

antibody abolished most of the activation effect.  (Anderson et al., 1997).  This clearly 

demonstrates a relationship between TNF-α upregulation in acute DF and subsequent 

endothelial cell activation and damage. 

Although the presence of TNF-α seems to be the main contributor to the endothelial 

cell activation of DENV infection, it is certainly not the only contributor.  In another study, 

endothelial cell treatment with TNF-α alone showed upregulation of ICAM-1 similar to 

treatment with the supernatants from DENV-infected monocytes.  Treatment of the 

supernatants with neutralizing anti-TNF-α antibody before applying to endothelial cells 

decreased ICAM-1 expression.  However, ICAM-1 levels were not decreased as much as 

they were when the TNF-α-only treatment was neutralized with anti-TNF-α antibody. 

(Anderson, et al 1997).  This solidifies that although monocyte-secreted TNF-α during 

DENV infection is the major contributor to endothelial cell activation, it is not the only 

contributor.  Whether TNF-α overproduction or DENV-infection alone induce other factors 

contributing to endothelial cell activation has yet to be established. 
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 The permeability of endothelial cell monolayers increase when the cells are activated 

by certain factors.  Endothelial permeability can be determined by measuring the 

transendothelial electrical resistance (TEER) of endothelial cell monolayers grown in a 

transwell plate.  Decreased TEER values correspond to increased permeability.  Treatment 

of HUVECs alone with 0.1 - 1 µg/mL TNF-α, 1 µg/mL IFN-γ, or direct DENV infection at 

an MOI of 5 decreases TEER values.  IL-2, IL-6, IL-8, IL-10, and IFN-β do not decrease the 

TEER value.  A synergistic effect between infection of HUVECs with DENV at an MOI 0.5 

and treatment with TNF-α at the sub-TEER-decreasing value of 0.01 µg/mL was observed 

to decrease the TEER value.  (Dewi et al., 2004).  Importantly, although endothelial cells 

can be infected with DENV in vitro, in situ hybridization for DENV RNA in autopsy 

specimens of endothelial cells strongly suggests that they do not become infected with 

DENV in vivo (Jessie et al., 2004).  Perhaps the presence of dengue viral antigen in 

combination with TNF-α has a synergistic activating effect on endothelial cells.  This could 

be determined using BPL-inactivated virus instead of live virus in combination with 0.01 

µg/mL TNF-α to treat endothelial cells.   

 These studies help paint the picture of DENV immunopathogenesis.  The simplified 

model of DENV immunopathogenesis used in this study, which although popular is by no 

means a consensus model, is that DENV infects monocytic cells and these cells become 

activated to secrete proinflammatory cytokines such as TNF-α.  These proinflammatory 

cytokines, especially TNF-α, in turn upregulate more proinflammatory cytokines in more 

cells until a cytokine storm ensues, including but not limited to TNF-α.  TNF-α then wreaks 

havoc by over-activating endothelial cells.  The over-activated endothelium loses 

confluence, causing plasma to leak into surrounding tissues.  Plasma leakage causes the 
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blood volume to drop dangerously low and shock occurs.  The natural course of DENV 

infection involves the infection of more cell types and more regulatory cell-cell interactions 

than this model can account for.  However, using monocytic cells, endothelial cells, and 

dengue virus, with this model the proposed basic mechanism leading to the vascular 

permeability that characterizes DHF/DSS can be studied. 

  

1.1.3.5. Current Strategies for DHF/DSS Treatment 

 To date there is no known cure or vaccine for DENV infection.  The treatment for 

patients presenting with severe symptoms is simply hospitalization to receive supportive 

care.  The standard supportive care regimen for DSS is intravenous (IV) administration of 

fluids to replenish plasma volume.  Typically the circulatory problems arise at the time of 

defervescence and rarely last longer than 2 days, so hospitalized patients receive IV fluids 

immediately when their hematocrit concentration rises.  (Panpanich et al., 2010). 

 Since DHF and DSS seem to be modulated by the immune system, most novel 

therapies have focused on downregulating the strong inflammatory response characteristic 

of dengue related shock.  A popular idea was to administer corticosteroids, as these anti-

inflammatory agents are sometimes effective in proinflammatory disorders.  Randomized 

and quasi-randomized trials using corticosteroids or placebos in patients with DSS were 

tested, but results showed that corticosteroids had no effect in reducing mortality, the need 

for blood transfusions, or complications such as seizure and hemorrhage.  (Panpanich et al., 

2010).  

 Human clinical trials have been performed using intravenous immunoglobulins 

(IVIG) therapy, with the hope that it would compete for Fc-γ receptors to prevent ADE-
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mediated uptake of virus in secondary infection, and also prevent the formation of 

complement membrane attack complexes and subsequent tissue damage.  However, results 

did not show a significant difference between IVIG-treated and placebo-treated groups.  In 

non-randomized non-blind trials, some improvement in thrombocytopaenia was seen.  

Further studies need to be performed with proper controls to determine the effectiveness of 

IVIG therapy.  (Rajapakse, 2009).  One obstacle standing in the way of widespread use of 

IVIG therapy is that it is quite expensive due to the fact that antibodies cannot be 

synthesized, and consequently most people would not have access to it. 

Clinically, TNF-α has been blocked using neutralizing antibodies and soluble 

receptors.  This has been successful in patients with rheumatoid arthritis, inflammatory 

bowel disease, and graft vs. host disease, but has not been useful in patients presenting with 

sepsis.  (Dinarello, 2000).  Sepsis is a problem not just because it is often fatal and difficult 

to treat even in hospitalized patients, but also because there is a lack of biomarkers available 

to identify hospitalized at-risk patients before the onset of sepsis (Bozza et al., 2005).  One 

study used anti-TNF-α antibody treatment in a mouse model of infection.  Inbred 4-week-

old BALB/c mice were intraperitoneally injected with DENV2 strain P23085.  In this model 

of infection, mice develop neurologic abnormalities with hind-leg paralysis before 

hemorrhagic shock syndrome by day 7.  24 hours before exitus, TNF-α levels are markedly 

increased.  Anti-TNF-α antibody administration twice a day from 3 - 12 d.p.i. reduced 

mortality from 100% to 40%.  (Atrasheuskaya et al., 2003).  

 Recently, dsRNA activated caspase oligomerizers (DRACOs) have been developed 

as a broad-spectrum antiviral that, as the name suggests, activates apoptosis in cells 

containing dsRNA.  As apoptosis inducers whose target is not virus sequence specific, these 
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show promise as a non-specific antiviral treatment that will not lead to antiviral resistance.  

Each DRACO is a dsRNA-binding domain fused to an apoptosis induction domain.  When 

dsRNA is present, multiple DRACOs can bind it, causing cross-linking of the apoptosis 

induction domain resulting in cell death.  In vitro, DRACOs have been successful in killing 

cells infected with DENV2, thereby preventing its spread to uninfected cells. (Rider et al., 

2011).  However, in vivo they require years of testing before they can be licensed for clinical 

use.  The idea of killing all infected cells is worrisome in the case of those with chronic 

widespread disease or infection that is diffuse in vital organs.  Someone who has HIV, if 

treated with DRACOs, may immediately progress to AIDS due to total immediate collapse 

of an arm of the immune system.  Also there is the case of latent virus infections, such as 

herpes simplex virus 1 and 2, which reside in nerve cells.  Giving DRACOs to a person who 

has this type of infection could cause permanent nerve damage.  On the flip side, if in vivo 

testing determines that the use of DRACOs is safe and effective, they could be administered 

to those with DF to reduce the number of people every year who go into shock and die from 

DHF/DSS. 

 

1.2.  RNA Interference-Mediated Gene Regulation 

1.2.1.  RNA Interference Background 

 The phenomenon of RNAinterference (RNAi) was discovered a mere 22 years ago, 

when researchers were trying to overexpress chalcone synthase (CHS) in petunias via CHS 

cDNA cloned into an Agrobacterium vector.  CHS, which is purple, was cloned into pink 

and purple petunias, and the resulting flowers displayed repression of pigment instead of 

overexpression.  Researchers were even more surprised to discover that mRNA of both 
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endogenous CHS and transgene CHS were abundant.  They termed the phenomenon “co-

suppression,” because it only occurred when the cDNA vector was introduced into petunias 

with an endogenous CHS gene.  (Napoli et al., 1990).  It took until 1998 for the realization 

that dsRNA, a common viral intermediate, is much more effective at producing RNAi than 

ssRNA (Fire et al., 1998).  Of note is that plant cells encode for RNA dependent RNA 

polymerase, which accounted for the presence of dsRNA of the CHS gene in the Napoli et 

al. study. 

 It wasn’t until 2000 that mRNA degradation mediated by complementary RNA and 

molecular machinery was implicated in RNA interference (Ketting and Plasterk, 2000).  

Since then, great advances in post-transcriptional gene silencing, also known as RNA 

interference, have been accomplished.  In late 2001 a large class of conserved regulatory 

RNA species of 21-24 nt, termed microRNA (miRNA), were discovered to be encoded in 

the genome of Caenorhabditis elegans.  This launched the search for regulatory miRNA 

sequences in genomes of other organisms.  (Lau et al., 2001).  Since then, hundreds of 

miRNAs have been discovered in vast numbers of species, from complex organisms like 

humans to invertebrates, plants, and insects.  Even some viruses encode for miRNAs!  

Currently there is impetus to characterize the functions of discovered miRNAs.   

 Today, miRNA are known to be involved in regulation.  miRNAs display diverse 

expression patterns during organismal development.  Some are expressed only during 

embryogenesis and others are expressed at specific times in maturation or constitutively 

throughout life.  Many miRNAs are encoded in genomic clusters for coexpression, and it 

would be extremely rare to find only one miRNA regulating any given cellular process.  

(Lau et al., 2001).  Analysis suggests that nearly one percent of all human genes encode for 
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miRNA (John et al., 2004).  Often, expression of certain miRNAs are found to be specific 

for tissue type, as is the case in the expression of miR-181, miR-223, and miR-142s being 

confined to cells of the bone marrow, spleen and thymus (Sheedy and O’Neill, 2008).  

Another highly conserved RNAi pathway is the Piwi-RNA (piRNA) pathway.  piRNAs are 

approximately 24-30 nt long, and individual piRNAs are poorly conserved.  These have 

been implicated in transposon regulation.  (Aravin et al., 2007). 

 miRNA-mediated post-transcriptional regulation occurs via sequence-specific target 

recognition in the 3’untranslated regions (3’UTRs) of mRNA.  The seed region of any given 

21-24 nt miRNA is nt 2-7, and these regions preferentially bind targets.  Sites matching 

miRNA seed regions located in 3’UTRs are well conserved (Friedman et al., 2009).  In fact, 

analysis of potential miRNA binding sites indicates that as many as 30% of human genes 

may be targets for miRNAs (Lewis et al., 2005).  However, seed region matches alone are 

not always enough for mRNA target downregulation.  Other factors that increase the odds 

that a given complementary miRNA will downregulate mRNA are nearby AU-rich 

nucleotide stretches, proximity to sites for coexpressed miRNAs, miRNA:target pairing in 

nt 13-16, location at least 15 nt from the stop codon in the 3’UTR, and positioning near the 

ends of long 3’UTRs.  (Grimson et al., 2007). 

  miRanda is an algorithm that helps predict miRNA targets.  This algorithm is based 

on factors determined to increase the odds of a given miRNA binding a given sequence. 

Some miRNA regulate genetic expression by directing cleavage of mRNA targets between 

nucleotide positions 10 and 11 in the miRNA:mRNA target duplex.  miRNA typically have 

more bases complementary to the mRNA on their 5’ end than their 3’ end, with loopouts in 

either the mRNA or the miRNA between positions 9 and 14 of the miRNA.  G:U wobble 
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base pairs are less common at the 5’ complementary end of an miRNA.  Many miRNAs can 

potentially bind one gene and often these potential target sites overlap.  It is most common 

for miRNA to target the 3’ untranslated region (3’UTR) of genes.  Using these rules and the 

rules of regulation in the small interfering RNA (siRNA) pathway (low G/C content, bias 

towards low internal stability at the 3’ end of the dsRNA precursor, no inverted repeats, and 

seed regions at positions 3, 10, 13, and 19 that preferentially bind to mRNA targets), and 

with the knowledge of known miRNA sequences, miRanda predicts targets for miRNA 

binding in the human genome.  (John et al., 2004).  

 

1.2.2.  Small Interfering RNA and MicroRNA Pathways 

 siRNAs and miRNAs, despite being very similar to one another in that they are both 

21-24 nt RNA species that direct post-transcriptional gene silencing, arise from very 

different precursors and have divergent processing pathways in the cell.  The major 

difference between the two is that siRNAs are processed from dsRNA in the cytoplasm, 

whereas miRNAs are endogenously encoded for in the nucleus.  dsRNA in mammalian cells 

could be due to secondary structure of native transcripts, but more likely it is the result of 

viral RNA Dependent RNA Polymerase (RdRp) transcription of viral genomes.  The siRNA 

pathway is believed to have evolved as an antiviral response, whereby dsRNA intermediates 

of a virus are processed by cellular machinery to direct sequence-specific viral dsRNA 

cleavage and suppression.  (Obbard et al., 2006). 

  RNA destined to become siRNA are double-stranded viral RNA, double stranded 

hairpin RNA structures, and small dsRNA duplexes that are transfected into the cells.  When 

the ribonuclease Dicer encounters these double-stranded RNA molecules in the cytoplasm, 
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it cleaves them into fragments approximately 21 nt long.  The RNA-induced silencing 

complex (RISC) is assembled, which includes the ribonucleases Argonaute-2 (AGO2) and 

Dicer, as well as other proteins and the 21 nt dsRNA fragment.  Once inside AGO2, the 

passenger strand of the RNA fragment is preferentially degraded.  The guide strand is 

typically the strand that had the easiest 5’ end to unwind, characterized by less 

thermodynamic stability.  The guide strand incorporated RISC complex is termed siRNA 

activated RISC (siRISC).  AGO2 is the major ribonuclease effector molecule of siRISC, 

which uses the antisense guide strand to find and cleave target mRNA.  (Figure 1.2 A).  

When siRISC binds complementary mRNA, the antisense siRNA guides AGO2 to cleave 

the target mRNA 10 nt from the 5’ end of the siRNA.  The cleaved RNA degrades, and 

RISC is recycled.  (Rana, 2007). 
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Figure 1.2.  Mammalian RNAi machinery.  (A) siRNA-induced silencing complex formation, and 
(B) miRNA-induced silencing complex formation (Images from Rana, 2007). 
 

 miRNA are initially processed differently than siRNA (Figure 1.2 B).  As miRNA 

are encoded by the genome, their origins begin in the nucleus.  They are transcribed by 

RNA polymerase II, or in some cases by RNA polymerase III.  Within the nucleus the 

miRNA transcripts fold into primary miRNA (pri-miRNA) long hairpin structures.  Drosha-

DGCR8 (DiGeorge syndrome critical region 8) complex binds the pri-mRNA and cleaves 

them to produce 70 nt premature-miRNA (pre-miRNA) (Rana, 2007).  These pre-miRNA 

then are exported to the cytoplasm by the GTP-coupled nuclear export protein exportin 5 

A 

B 
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(Sheedy and O’Neill, 2008).  Once in the cytoplasm they are bound by Dicer, the same 

ribonuclease responsible for processing siRNA, and cleaved into fragments of 

approximately 22 nt in length.  Mature miRNA sequences enter RISC by the same process 

as siRNA.  Of the Dicer-cleaved 21-24 nt dsRNA pre-miRNA fragment, the complementary 

antisense strand to the miRNA sequence is called the miRNA* sequence, and is most likely 

degraded.  Mature miRNA:RISC complex (miRISC) binds mRNA 3’UTR regions via the 

seed-region of the miRNA.  Due to the imperfectly matched target sequence, AGO2 cannot 

cleave the mRNA target.  Recent evidence shows that miRISC is bound by repressor protein 

RCK (aka p54) and transported to P-bodies, which are cytoplasmic foci for mRNA:miRISC 

complexes.  Here, depending on cellular stimuli, the mRNA:miRISC complex can stay in 

storage until it reenters the translational pathway, or it can form a complex with decapping 

enzymes and cap-binding proteins that ultimately cause the mRNA to decay.  (Rana, 2007). 

 

1.2.3.  MicroRNA and Innate Immunity 

 Although initially discovered as regulators of development, recently it has been 

discovered that miRNA have a broad range of activity in the innate immune response.  For 

instance, proinflammatory cytokines such as IL-1 and TNF-α, and proinflammatory stimuli 

such as Toll-like receptors (TLRs), have been shown to upregulate the expression of miR-

147 and miR-155.  miR-146 can inhibit TLR signaling.  miR-155 regulates Th1 cells as well 

as positively regulating TNF-α mRNA.  From cumulative experimental evidence, miRNAs 

have been implicated as mediators of inflammation.  miRNA regulation has been linked to 

the control of haematopoiesis, T cell polarization, and inducible mRNA regulation of 

inflammatory stimuli.  (Sheedy and O’Neill, 2008). 
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Coinciding with their role as mediators of inflammation, drastic changes in the 

expression of certain miRNAs have been linked to cancer.  Mechanism of miRNA 

dysregulation in cancer can be due to oncogenic translocations and breakpoint mutations 

occurring at miRNA loci.  Because of this, some believe that miRNAs are the missing link 

between inflammation and cancer. (Sheedy and O’Neill, 2008). In fact, tissue-specific tumor 

dysregulated miRNA changes are pronounced enough that serum levels of these miRNAs 

can be used as biomarkers.  miRNAs surprisingly have a high stability in plasma, with a 

relatively long half-life and resistance to endogenous RNase activity and multiple freeze-

thaw cycles.  (Mitchell et al., 2008).  In addition to their use as cancer biomarkers, certain 

specific miRNA polymorphisms have been linked to the inflammatory disease rheumatoid 

arthritis (Yang et al., 2012).  Because of specific host immune changes that occur when 

certain miRNA are differentially regulated, miRNA have the potential to be used as 

biomarkers for predicting the outcome of autoimmune and inflammatory disorders.  

 Certain miRNAs have been known to be up-regulated or down-regulated during 

certain viral infections, and some viruses have even been identified as making their own 

miRNAs to regulate host cell processes (viRNAs).  Many viruses also encode regulators of 

miRNAs which can down-regulate antiviral miRNAs, and conversely some miRNAs are 

known to actually positively regulate certain viruses’ replication.  (Scaria et al., 2006).  In 

terms of DENV infection, where the hosts’ own cytokine response seems to be controlling 

the more severe pathogenesis, characterizing the miRNAs involved in cytokine control 

during DENV infection could be of great benefit.  Controlling the aberrant host cytokine 

response of DHF/DSS may save thousands of lives every year.  
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 Due to the inflammation-mediating functions of many miRNA, using these miRNA 

clinically to control inflammation is an attractive prospect.  Interestingly, it turns out that 

miRNA-altering clinical therapy has inadvertently already been used.  Glucocorticoids, a 

class of steroid hormones used clinically to reduce inflammation, were found to inhibit LPS-

induced inflammation in macrophages by downregulation of proinflammatory miR-155.  

Previously the mechanism of glucocorticoid action was not well characterized.  miR-155 

inhibition depended on the transcription factors NF-κB and the ligand-activated 

transcription factor glucocorticoid receptor (GR).  miR-155 is encoded on the primary 

transcript of the B-cell integration cluster (bic), which contains NF-κB, AP-1, and c-Ets 

transcription factor sites in the promoter region.  Glucocorticoid-induced inhibition of NF-

κB was the discovered pathway of miR-155 suppression by glucocorticoid treatment. 

(Zheng et al., 2012).  Perhaps the study of miRNA expression induced by other anti-

inflammatory drugs will reveal other inflammatory-mediating miRNAs.   

 With regards to the miRNA-based immune regulation of glucocorticoids and the 

prospect for treatment of DENV infection with miRNA-based therapy, it would appear that 

miR-155 might not be particularly helpful.  Hydrocortisone hemisuccinate and methyl 

prednisolone, two glucocorticoids, were found to be ineffective at treating clinical 

DHF/DSS (Panpanich et al., 2010).  Possible reasons these drugs were not effective could 

be that upregulation of miR-155 during DENV infection is stronger than the inhibitory 

effect of glucocorticoids, or that the glucocorticoid signaling has been blocked.  In LPS-

treated macrophages transfected with miR-155 mimics, glucocorticoids were ineffective at 

reducing inflammation (Zheng et al., 2012), demonstrating that if miR-155 is strongly 

induced in DENV infection, glucocorticoid downregulation of miR-155 by blocking NF-κB, 
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only one of several transcription factors known to activate bic transcription, may not be 

enough to compete.  Additionally, at certain time points during DENV infection, NF-κB 

activation has already been blocked.  In the study of 1-2 d.p.i. macrophages, NF-κB was not 

able to translocate to the nucleus after cellular stimulation by TNF-α (Wati et al., 2007).  To 

circumvent both of these potential roadblocks, perhaps treatment with an even stronger 

inhibitor of miR-155 that does not rely on NF-κB inhibition, such as an inhibitory siRNA 

that directly binds miR-155, could be administered to control inflammation in DHF/DSS. 

 A relevant side-note regarding bic and the involvement of miRNAs in oncogenesis 

comes from the study of a bird retrovirus.  Proviral insertions of avian leukosis virus at the 

bic locus of birds causes overexpression of a small conserved RNA encoded by bic 

(presumably a bird-encoded miR-155 homolog), which in turn collaborates with the proto-

oncogene c-myc, resulting in lymphoma.  Proviral insertional activation of c-myc alone 

cannot account for the vigorous type of lymphoma seen when combined with the small 

RNA. (Tam et al., 1997).  This not only highlights the fact that dysregulation of certain 

miRNA can lead to cancer, it also raises questions about how a proinflammatory miRNA 

combined with c-Myc, a cell cycle regulatory protein, synergistically promotes 

tumorigenesis. 

 miR-155 overexpression is not limited to bird lymphomas, it is also found in human 

B cell lymphomas.  Of potential relevance to DENV immunopathogenesis is the finding that 

miR-155 causes an upregulation in TNF-α in B cells isolated from germinal centers of 

mouse spleens.  TNF-α levels generated by B cells isolated from miR-155 knockout mice 

are only one third that of the wild type mice.  Undifferentiated T cells isolated from the 

transgenic mice showed increased IL-10 and IL-4 and decreased IFN-γ during baseline 
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conditions, and ultimately the T cells tended to differentiate to the TH2 subset. (Thai et al., 

2007).  In the Thai et al. study, monocytic cells were not examined for TNF-α production in 

the miR-155 knockout mice.  However, the results of the Zheng et al., 2012 study of 

glucocorticoids in LPS-stimulated macrophages demonstrated a link between miR-155 

downregulation and an anti-inflammatory effect which included the downregulation of 

TNF-α.  The TNF-α downregulation effect of glucocorticoids was lost when miR-155 

mimics were added.  Taken together, this data indicates that miR-155 is responsible for pro-

inflammatory upregulation, causing TNF-α specific upregulation in certain cell types. 

  The Zheng et al. 2012 study was focusing on proinflammatory miRNA that are 

downregulated by corticosteroids, so consequently did not further analyze any miRNA that 

did not show inflammation-rescue when added with corticosteroids to activated 

macrophages.  Interestingly, when miR-146a and miR-147 mimics were transfected into 

macrophages that were then treated with LPS and glucocorticoids 48 hours later, the TNF-α 

inhibitory effect of glucocorticoids in LPS-treated cells was enhanced, as well as the 

inhibition of IL-6 and nitric oxide, suggesting they have anti-inflammatory roles themselves.  

These 2 miRNA also had significantly increased expression levels in LPS-treated 

macrophages, and when their expression levels were measured after treatment with 

combination LPS and glucocorticoid, both exhibited a expression levels very close to 

untreated cells.  (Zheng et al., 2012).  Determining the targets of miR-146a and miR-147 

might reveal a novel mechanism for enhancing the anti-inflammatory effect of 

glucocorticoid treatment, and may be useful in clinical application with patients who do not 

respond to glucocorticoids alone.  Upon cursory analysis using TargetScan.org, the two 

genes with the highest predicted target score for miR-146a are TNF receptor-associated 



 
33 

factor 6 (TRAF6) and interleukin-1 receptor-associated kinase 1 (IRAK1), which are two 

signal transducing factors of TLR4, IL-1 receptor, and TNF-α receptor pathways, which 

ultimately result in the activation of NF-κB. 

 Getting away from the intriguing role of miR-155 in oncogenesis and TNF-α 

upregulation, another fascinating aspect of miRNA expression is that different miRNA 

populations are expressed at different developmental stages.  Thus the miRNA population 

expressed by infants, adolescents and adults is not the same.  This is to be expected since 

miRNAs are involved in the regulation of development.  However, since some miRNAs also 

regulate the immune response, the differences in susceptibility of different age groups to 

various disorders may very well have root in age-related miRNA expression differences.  To 

give an example related to the subject of this study, TNF-α production by infants in 

response to LPS is known to be upregulated as compared to adults.  It has recently been 

shown that this is most likely due to differences in the miRNA population responsible for 

LPS-induced TNF-α regulation, as neonatal monocytes were treated with LPS and found to 

produce greater levels of TNF-α mRNA than adult monocytes.  miR-125b showed 

decreased expression in LPS-stimulated in neonatal monocytes, but increased expression in 

the adult monocytes.  Transfection of miR-125b into neonatal monocytes resulted in TNF-α 

repression.  (Huang et al., 2012).  As is the case for LPS-activation, decreased ability of the 

miRNA population of children to downregulate TNF-α could explain why they are much 

more susceptible to DHF/DSS.  

 A recent study profiled several hundred microRNA in human monocyte cell line 

THP-1 before and after 8 hour 1 µg/mL endotoxin stimulation using microarray analysis.  

They found several of the miRNA to be LPS-responsive, including miR-146a/b, miR-132, 
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and miR-155.  miR-146a and miR-146b were also induced in response to a other microbial 

components and proinflammatory cytokines, and the induction of miR-146a was found to be 

NK-κB-dependent.  miR-146a/b can bind the 3’UTRs of TNF receptor-associated factor 6 

(TRAF6) and IL-1 receptor-associated kinase 1 (IRAK1) genes, which are required genes 

for downstream TLR signaling.  The result of this is a negative feedback regulation loop. 

(Taganov et al., 2006). 

 The regulation of mRNA by their 3’UTR is not exclusive to the canonical miRNA 

pathway.  AU-rich elements (AREs) located in the 3’UTR are targeted binding sites for 

posttranscriptional regulator ARE-binding proteins, which can alter mRNA stability to 

either increase or decrease translation.  Interestingly, when ARE-binding proteins bind the 

3’UTR of mRNA, they can localize to p-bodies similarly to miRISC-bound mRNA.  To 

again use TNF-α is an example, ARE binding proteins that target the TNF-α 3’UTR include 

HuR, the tristetraprolin (TTP) family of proteins, and fragile –X-mental-retardation-related 

protein 1 (FXR1).  (Vasudevan and Steitz, 2007) 

 Interactions among ARE-binding proteins and their role in regulation are not well 

characterized.  It was found that FXR1 interacts with AGO2 in the RISC complex.  miR-16-

1 can regulate the level of TNF-α through TTP, which also interacts with RISC via AGO2. 

FXR1 and AGO2 associated with the TNF-α ARE in THP-1 monocytic cells can enhance 

TNF-α translation upon serum starvation.  This demonstrates the activation role of 2 

proteins thought to only be capable of downregulating translation.  (Vasudevan and Steitz, 

2007).  This may also explain how miR-155 causes TNF-α induction in B cells, as the 

putative miR-155 binding site is localized near the ARE-binding site (Thai et al., 2007). 
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 In summary, the roles of miRNA and their associated proteins are constantly being 

redefined.  The involvement of miRNA in developmental regulation and immune regulation 

is clear.  The use of anti-inflammatory miRNA or the inhibition of pro-inflammatory 

miRNA are potential therapeutic targets for alleviating the symptoms of inflammatory 

diseases or for attempting to scale back fatal inflammation reactions, such as septic shock 

and DHF/DSS.  miRNAs are useful biomarkers for the indication of cancer, and  potentially 

as biomarkers to predict the severity of disease or indicate appropriate treatments.  Before 

miRNA can be used therapeutically or as biomarkers, it is necessary to characterize their 

individual roles in regulation. 

 

1.2.4.  RNAi as a Tool for Manipulation of Gene Expression 

 One of the most exciting aspects of RNAi is its relative ease of use in genetic 

screening.  A major advantage of RNAi screening is that sequences of all identified genes 

are immediately known.  Disadvantages are variability and incompleteness of knockdowns, 

and a greater chance for off-target effects.  Weak phenotypes can be caused by either a 

partial knockdown of a powerful gene, or a strong knockdown of a weak gene.  Synthetic 

siRNAs, vector-expressed shRNA, and endoribonuclease-derived siRNAs can be used to 

screen for RNAi in human cells.  Since dsRNA can activate the interferon response, to avoid 

apoptosis, siRNAs of 21-23 nt must be used. To introduce siRNAs into human cells, vector-

based shRNA libraries can be transfected into cells or packaged as viruses and transduced 

into cells that are difficult to transfect.  Retrovirus and lentiviruses are stably integrated.  

(Boutrous and Ahringer, 2008). 
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 An important factor that must be taken into consideration when designing gene 

expression analyses using RNAi is that dsRNA is a common viral signature, to which 

human cells have evolved complex antiviral emergency shut-off mechanisms, such as 

interferon, protein kinase r (PKR) and 2’-5’ oligoadenylate synthetase (OAS), which 

upregulate IFN-stimulated genes, impede translation machinery and destroy cellular 

transcripts, respectively.  OAS activates RNaseL, which will destroy all RNA it encounters, 

including ribosomal RNA.  dsRNA longer than 25 nt also can induce DNA methylation in 

targets.  It is important that siRNA designs are an appropriate size.  Host dsRNA typically 

does not exceed 21-24 nt, so it is important to design siRNA to fall within this size range.  

In addition, off-target effects can occur when there is even a 2 bp mismatch between an 

siRNA and an unintended target. (Karpala et al., 2005).  The induction of the dsRNA 

response would most likely result in a nonfunctional RNAi experiment.  Off-target effects 

could be unnoticeably mild to severe, resulting in the downregulation of cellular transcripts 

that may compromise survivability.  Proper analysis of potential binding sites in the genome 

prior to introducing dsRNA and proper shRNA or siRNA design to avoid the dsRNA 

response are necessary when conducting RNAi experiments. 

 In addition to using RNAi for knockdown analysis, RNAi can be used to study the 

function of miRNAs.  The function of several miRNAs in certain cell types are 

characterized, but the function(s) of most miRNAs in most cell types is left to be 

discovered.  Computational methods have been developed to predict mRNAs targeted by 

miRNAs.  miRNA targets can be predicted by identifying mRNAs with conserved 

complementarity to the seed of the miRNA and an overrepresentation of conserved 

adenosines flanking the seed complementary sites.  miRNA targets have been identified in 
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more than 5300 human genes, representing 30% of our gene set.  Using web-based 

algorithms is useful for prediction of miRNA target sites on mRNA.  One could then test for 

the target regulators among that set by transfection of synthetic miRNA mimics or 

complementary inhibitors and subsequent analysis.  (Lewis, Burge, and Bartel, 2005).  

Additionally, the cellular manipulation of miRNAs, which are evolutionarily designed to 

effectively regulate genetic expression, may potentiate the effectiveness of RNAi 

knockdown analysis.  Once miRNA targets are characterized, manipulation of their 

expression can be performed by transfection of the miRNA mimics or inhibitors, with 

subsequent phenotypic analysis. 

 Using RNAi to target the inappropriate host cytokine response is an attractive 

prospect for DHF/DSS.  siRNAs designed against virus sequences and delivered by 

lentiviral vectors have been shown to be useful therapeutic agents against certain virus 

infections.  (Morris and Rossi, 2006).  However, targeting viral proteins is problematic 

because of the high mutation rate of RNA viruses.  Interfering RNA directed against 

aberrantly expressed host immunopathogenesis mediators, like TNF-α, are not likely to be 

met with mutational avoidance.  Another potential difficulty of RNAi therapy is specific 

delivery of small RNA to the cell types infected.  One study successfully targeted siRNAs 

designed to bind TNF-α mRNA to dendritic cells in mice by siRNA fusion with a 12-mer 

peptide identified through a phage display library to target dendritic cells.  This 12-mer 

peptide-fused siRNA was also fused with nona-D-arginine (9dR), which helps deliver 

targeted siRNAs into cells.  Mice given intravenous injections of the siTNF-α complex and 

intraperitoneal injection of poly(I:C) showed reduction of poly(I:C)-induced-TNF-α 

production. (Subramanya et al., 2010).  This study gives hope that TNF-α RNA interference 
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(RNAi) may one day be a viable therapeutic option for DHF/DSS and inflammatory 

diseases. 

 

1.2.4.1.  Direct Introduction of Chemically Synthesized siRNA 

For target or knockdown analysis using miRNA or self-designed siRNA, 

respectively, chemically synthesized siRNA can be directly transfected into cells.  These 

synthetic siRNA are available commercially as chemically modified dsRNA.  Chemically 

modified RNA is used for RNAi because the 2’-OH groups of natural RNA promote 

hydrolysis under pH changes, and natural RNA are sensitive to nucleases.  The siRNAs are 

designed so that the 5’ end has a free hydroxyl or phosphate group.  The 3’ ends can be 

modified with dye or a molecular probe, or in vivo targeted delivery reagents.  To inhibit 

passenger strands from incorporation into RISC, their 5’ end can be capped with a chain-

blocking reagent or modified with dye or probes.  Certain other chemical modifications are 

possible as well. (Rana, 2007).  Once inside the cell they are processed by host cell 

machinery and incorporated into RISC for targeted degradation of complementary mRNA.   

 

1.2.4.2.  Viral-Based RNAi 

Instead of relying on transfections for delivery of siRNA, which may not be suitable 

in all applications due to the difficulty to transfect certain cell types, lentiviral or retroviral 

vectors can be utilized.  These viral vectors are designed to stably integrate the shRNA 

sequence into the host cell genome.  Lentiviral vectors are typically used more often than 

retroviral vectors due to their ability to infect non-dividing cells.   There are biosafety issues 

regarding lentiviral vectors, as they are built on an HIV-1 backbone.  To increase biosafety, 
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the genes required for lentiviral replication are split across three to four plasmids.  One of 

the plasmids, the transfer plasmid, is designed to contain the shRNA sequence.  Transfer 

plasmids contain a strong promoter followed by a polylinkered site for shRNA cloning and 

often include a GFP reporter gene.  The plasmid system is transfected into cells, and genes 

from the plasmids combine in such a way to produce infectious virus containing only the 

sequences from the transfer plasmid and enzymes necessary for integration.  This virus is 

not able to replicate as it lacks genetic sequences and machinery required for this.  The virus 

is designed to integrate the transfer plasmid sequence containing the promoter and shRNA 

with reporter into the host cell’s genome.  (Naldinin et al., 1996).   

The infectious virus is released from the plasmid system-transfected cells into the 

supernatant, and that supernatant is used for infecting cells with the viral construct (Naldinin 

et al., 1996).  When the virus infects a cell, the packaged enzymes necessary for integration 

will integrate the transfer sequence into the host cell genome.  When this occurs, that cell is 

said to be transduced, because the integration is permanent and all daughter cells will 

contain the integrated sequence.  Following integration into the host cell, host transcription 

machinery transcribes the shRNA sequence, and host miRNA machinery cleaves it into a 

shRNA and exports it into the cytoplasm.  From there, the shRNA is processed by host 

siRNA machinery to create siRISC, where it can direct post-transcriptional regulation 

(Figure 1.3).    
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Figure 1.3.  Overview of lentiviral transduction and shRNA-mediated mRNA knockdown in 
target cells (Image from Cojocari, 2009). 

 

Lentiviral vectors have been developed since 1996 (Naldini et al., 1996), and 

consequently there are several generations of lentiviral vector available today.  First 

generation lentiviral vectors had HIV-1 core proteins, enzymes, and accessory genes split 

across two plasmids, with a third plasmid containing a gene to pseudotype the virus with the 

envelope protein of a virus that has more ubiquitous receptors than HIV-1.  Typically the G 
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protein of vesicular stomatitis virus (VSV-G) is used to pseudotype lentiviral vectors.  First 

generation lentiviral vectors have the disadvantage of poor biosafety.  Viral particles 

generated from transfections resulted in HIV-1 core proteins, enzymes and accessory 

proteins being integrated into the host genome.  The more HIV-1 proteins that become 

incorporated into the host genome, the more likely it becomes replication-competent 

recombinants may be created.  (Dull et al., 1998). 

Biosafety was increased in second generation lentiviral vectors by reducing the 

number of HIV-1 genes used for viral packaging.  Gag, pol, tat and rev are used.  The vector 

still contained the HIV-derived 5’LTR and 3’LTR, and required Tat and Rev to generate 

unspliced genomic RNA.  In third generation lentiviral vectors, the trans-acting function of 

Tat is deleted by replacing part of the LTR in the transfer vector with constitutively active 

promoter sequences.  The rev is on a separate plasmid from the other packaging 

components.  The four-plasmid delivery system contains only three of the nine genes from 

HIV-1 and is spread across four separate transcriptional units.  (Dull et al., 1998). 

 

1.3.  Hypotheses and Specific Aims 

 It is clear that TNF-α has an important role in the endothelial cell activating 

pathophysiology of severe DENV infection.  Monocytic cells are a primary cell type 

infected by DENV in vivo, and are known to secrete TNF-α when infected with DENV.  

Clinical trials using general anti-inflammatory therapies in DHF/DSS patients to attempt 

TNF-α knockdown or to reduce the exaggerated inflammatory response have proven 

unsuccessful.  Studies have shown that anti-TNF-α antibody neutralization of DENV-

infected monocyte supernatants results in decreased endothelial activation, but to our 
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knowledge the effect of targeted and specific TNF-α knockdown in DENV-infected 

monocytes has not been characterized.  The hypothesis is that if TNF-α is knocked-down in 

DENV-infected monocytes, then endothelial cells treated with supernatants from these 

monocytes will show decreased activation.   

 The first aim of this study involves TNF-α knockdown by lentiviral delivered 

shRNA in DENV-infected monocytic cells and analysis of the effect on endothelial 

activation caused by the supernatants from these cells.  Incubation of the monocytic 

supernatants on a VCAM-1 luciferase reporter-transfected endothelial cell line was used to 

measure endothelial activation.  It was determined that the monocytes expressing the 

shRNA targeting TNF-α had reduced TNF-α levels during DENV infection.  Supernatants 

of these cells resulted in decreased endothelial cell activation when compared to controls.  

 Results of this study provide insight into the role of TNF-α induction in the 

inflammatory response of DENV-infected monocytes.  Here it is demonstrated, by using a 

monocytic cell line deficient in TNF-α production, that knockdown of TNF-α during DENV 

infection is sufficient for reducing endothelial activation that characterizes DHF/DSS.  

Additionally, this siRNA design effective for downregulating TNF-α could be valuable in 

clinical studies of siRNA-mediated RNAi knockdown of TNF-α.  Abrogating TNF-α 

overproduction in vivo by transient expression of an effective siRNA could reduce 

morbidity and mortality associated with septic shock, DF, DHF and DSS, as well as other 

inflammatory mediated disorders. 

 The second aim of this study is to determine miRNAs capable of directly regulating 

TNF-α during DENV infection and to analyze the effect of their overexpression on TNF-α 

production and downstream endothelial activation.  In silico analysis using web-based 
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algorithms was utilized to determine miRNAs that potentially bind the TNF-α 3’UTR.  To 

determine differential miRNA expression in DENV-infected monocytes, RT-PCR was 

performed.  A temporal expression pattern was observed, and many of the miRNA analyzed 

were up- or downregulated more than twofold on at least one time point.  Two miRNAs that 

were strongly downregulated during DENV-infection, miR-320a and miR-592, were chosen 

for further analysis as miRNAs likely to be capable of directly downregulating TNF-α.  To 

confirm this theory, a TNF-α 3’UTR luciferase reporter system was co-transfected with 

miR-320a and miR-592 mimics into HEK293T cells.  Specific downregulation of luciferase 

demonstrated the direct targeting of these miRNAs to TNF-α.  To analyze their role in TNF-

α production in monocytes, the miRNA mimics were transfected into U937 monocytic cells, 

which were subsequently infected with DENV and analyzed for TNF-α regulation.  It was 

confirmed that TNF-α was reduced by these miRNA, both in DENV- and mock-infected 

cells, and this TNF-α reduction exhibited properties of miRNA dose-dependence.  In 

experiments involving LPS treatment of mimic-transfected monocytes, or with monocytes 

transfected during an ongoing DENV infection, TNF-α regulation differences were not 

significantly detectable. 

   Analysis of the ability of supernatants from the miRNA mimic-transfected 

monocytes to cause endothelial cell activation is of interest, as off-target effects could alter 

downstream endothelial activation.  When supernatants from the miRNA transfected, 

DENV-infected monocytes were used to treat VCAM-1 luciferase reporter transfected 

endothelial cells, it was found that miR-320a was able to strongly reduce downstream 

endothelial activation in DENV-infected cells.  Intriguingly, in miR-320a mock-infected 

cells, endothelial activation was strongly increased.  miR-592 mock-infected cells also 
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showed a slight increase in downstream endothelial activation.  The combination of miR-

320a and miR-592 did not seem to have a synergistic endothelial activating effect in DENV-

infected cells, but in mock-infected cells the effect was overall much less activation than 

with miR-320a or miR-592 alone, perhaps indicating a dose-response effect.  Results of this 

study characterize the expression of potential TNF-α regulatory miRNA during DENV 

infection of monocytes, demonstrating temporal regulation and the strong regulation of quite 

a few of the miRNAs analyzed.  Furthermore, the anti-inflammatory role of miR-320a and 

miR-592 by direct downregulation of TNF-α was characterized for the first time.   

 Determining miRNAs responsible for downregulating TNF-α can be of clinical 

value.  Potentially, miRNA mimics or inhibitors could be used in treatment, as similarly 

described for siRNAs.  The risk of off-target effects when administering miRNAs is higher 

than with siRNAs because the effect(s) of a miRNA may not be the same in all cell types.  

Gross characterization of miR-320a and miR-592 targets across cell types would need to be 

accomplished before they could be used to combat TNF-α in vivo.  In addition to their 

potential therapeutic use, there is a lack of reliable biomarkers available for DHF/DSS and 

for septic shock in general.  A simple study of the plasma levels of miRNAs responsible for 

direct downregulation of TNF-α (miR-320a and miR-592), or of the miRNAs found to be 

strongly up- or downregulated at various times post infection, in patients with varying 

severity of DF will determine if they could be useful indicators of risk of or protection from 

DHF/DSS.  Identifying at-risk patients and beginning early fluid replenishment therapy to 

combat shock may save hundreds to thousands of lives a year. 
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CHAPTER 2.  Materials & Methods 

 

 

2.1.  Plasmids 

The 3rd generation lentiviral vector system pLentiLox3.7 (pLL3.7) was used.  The pLL3.7 

system is four plasmids that, when expressed together, generate infectious replication-

deficient viral particles that integrate a transfer sequence into the host genome.  The four 

plasmids used are named pLentiLox3.7, pMDLg/pRRE, pRSV-Rev, and pCMV-VSV-G.  

pCMV-VSV-G was donated generously by Dr. Yuanan Lu’s lab.  

Luciferase reporter vectors pGL3-Control and pGL4.75[hRlucCP] (Promega) were 

used for dual luciferase assays.  pGL3-Control expresses firefly luciferase and was used for 

normalization control.  The experimental plasmid, pGL4.75[hRlucCP], expresses Renilla 

luciferase attached to a CL1-PEST (CP) degradation sequence for rapid response.  Images of 

plasmids were generated with Vector NTI® software (Invitrogen). 

 

Ligation 

Ligation reactions were performed with T4 DNA ligase (Roche) and 10x ligation buffer 

(Roche) following standard procedure (Sambrook and Russell, 2001).  For oligonucleotides 

ordered from Integrated DNA Technologies (IDT), polynucleotide kinase (PNK) treatment 

was performed prior to ligation.  PNK treatment used T4 polynucleotide kinase (Roche) 

with T4 DNA ligase 10x buffer (New England Biolabs) and following the manufacturer’s 

instructions. After PNK treatment, reactions were purified by phenol:chloroform extraction 

following standard procedure (Sambrook and Russell, 2001).  Restriction digested plasmids 
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were treated with alkaline phosphatase (AP) following the manufacturer’s (Roche) 

instructions.  Purified, PNK-treated insert and AP-treated plasmid were then ligated using 

T4 DNA ligase as described. 

 To clone purified cDNA products into plasmids, both the plasmid and the product 

were restriction digested.  Restriction digested plasmids were AP treated, as described.  

Restriction digested inserts were agarose gel purified. Purified inserts and AP-treated 

plasmid were then ligated using T4 DNA ligase as described. 

 

Transformation 

For transformation, Escherichia coli (E. coli) strain DH5α was induced to competency with 

calcium chloride and stored at -80°C.  Transformation was accomplished by 42°C heat 

shock.  Both procedures followed standard protocols (Sambrook and Russell, 2001). As all 

plasmids used in these experiments encoded for β-lactamase, transformation reactions were 

incubated on Luria broth (LB) agar plates containing 100 µg/mL ampicillin for selection.  

Colonies hosting positive clones were identified by colony PCR using gene and vector-

specific primers.  

 

Plasmid Isolation and Purification 

Transformed E. coli was cultured for 12-16 hours in LB with 100 µg/mL ampicillin in a 

37°C shake incubator.  Plasmids were purified from LB broth culture via standard alkaline 

lysis miniprep (Sambrook and Russell, 2001).  Recipes for miniprep solutions are given in 

Table 2.1. For transfection application in sensitive mammalian cell lines, plasmids were 

purified by PureYield Plasmid MiniPrep (Promega) following the manufacturer’s 
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instructions.  DNA was resuspended in sterile Millipore Synergy® ultrapure water (ddH2O) 

and concentration was determined by spectrophotometric measurement with an Eppendorf 

Biophotometer.  Plasmid quality was assessed by 1% agarose gel electrophoresis with 

ethidium bromide staining.  Plasmids were stored at -20°C.  Broth cultures of transformed 

E. coli were mixed with an equal volume of sterile 80% glycerol and stored at -80°C for 

long-term storage.  To use the stock, cultures were thawed, centrifuged at 7600 rpm for 3 

minutes to remove the glycerol-containing supernatant, and resuspended in LB with 100 

µg/mL ampicillin for amplification. 

 

Plasmid Sequencing 

DNA sequencing services were provided by BiotechCore and Advanced Studies in 

Genomics, Proteomics and Bioinformatics (ASGPB), University of Hawai`i at Mānoa.  

Sequencing reactions consisted of 0.3 – 1 µg plasmid, 2 µL forward primer, and 4 µL 

nuclease-free ddH2O.  

 

2.2.  Cell Culture  

All cell lines were grown in a 37°C humidified incubator supplemented with 5% CO2.  

Adherent cells were passaged at 1/6th their density before reaching 95% confluence.  

Suspension cell lines were passaged to about 1 x 104 cells/mL when reaching the density of 

about 5 x 105 cell/mL.  In general, cells were passaged every 2 to 3 days. 

To passage adherent cells, medium was removed and cells were first washed with 1-

2 mL of 0.25% trypsin-EDTA solution (Gibco #25200).  Cells were then incubated with 1-2 

mL of 0.25% trypsin-EDTA until they appeared rounded when inspected by inversion 
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microscopy.  Cells were blasted off the dish with fresh complete medium and centrifuged at 

220 g for 3 minutes.  Pellets were resuspended at the appropriate density in fresh complete 

medium.  To passage suspension cells, cells were centrifuged at 220 g for 3 minutes.  The 

pellets were resuspended at the appropriate density in fresh complete medium. 

For long-term storage, cells were resuspended in complete medium supplemented 

with 10% dimethyl sulfoxide (DMSO) and placed in a napkin-packed Styrofoam box.  This 

box was put into a -80°C freezer.  The following day, cell stocks were removed from the 

Styrofoam box and put into liquid nitrogen for long-term storage or kept in the -80°C 

freezer for short-term storage.  To thaw stocks, cells were quickly warmed up to room 

temperature, mixed with an adequate volume of complete medium, centrifuged to remove 

DMSO, then plated and incubated at 37°C with 5% CO2. 

 

U937 MX/DC-SIGN 

U937 MX/DC-SIGN (hereafter referred to simply as U937) is a human monocyte cell line 

derived from histiocytic lymphoma which are stably transfected to express the surface 

marker DC-SIGN, a ligand which facilitates dengue virus entry  (Sundstrom and Nilsson, 

1976).  U937 cells were grown in RPMI-1640 medium supplemented to contain 10% fetal 

bovine serum (FBS), 100 Units/mL penicillin, 100 µg/mL streptomycin, and 10 mM L-

glutamine.  This medium composition will be referred to as complete RPMI-1640. 
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THP-1 

THP-1 is a human monocyte cell line from a patient with acute monocytic leukemia 

(Tsuchiya et al., 1980).  THP-1 is grown in complete RPMI-1640 supplemented with β-

mercaptoethanol at a final concentration of 0.05 mM. 

 

HEK293T and AD293 

293T and AD293 are cell lines each derived from HEK293 cells, which are human 

embryonic kidney cells that have been transformed with adenovirus DNA fragments 

(Graham et al., 1977).  293T have been modified to express simian virus 40 (SV40) large T 

antigen, which is useful in expression when using certain shuttle vector systems expressing 

the SV40 origin of replication (DuBridge et al., 1987) but which generally has been found 

to be highly transfectable.  AD293 cells were derived by Stratagene Company from 

HEK293 to improve cell adherence and plaque formation and were found to be less 

susceptible to apoptosis (Zhang et al., 2006).  They were grown in high glucose DMEM 

supplemented to contain 10% FBS, 10 mM L-glutamine, 100 Units/mL penicillin and 100 

µg/mL streptomycin, referred to as complete DMEM. 

 

HMEC-1 

HMEC-1 are human microvascular endothelial cells immortalized with SV40 large T 

antigen (Ades et al., 1992), and used in this study to assess downstream endothelial 

activation.  They were grown in MCDB-131 medium (Gibco #10372) supplemented to 

contain 10% FBS, 100 Units/mL penicillin, 100 µg/mL streptomycin, 10 mM L-glutamine, 1 
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µg/mL hydrocortisone, and 10 ng/mL endothelial growth factor (EGF), referred to as 

complete MCDB-131. 

 

2.3.  Dengue Virus  

Dengue virus type 2 New Guinea C strain (DENV2-NGC) virus was used for all infections, 

unless otherwise noted.  Dengue virus type 2 Dakota strain was used in one experiment. 

 

Preparation of Viral Stocks and Titration 

Virus was propagated in either Aedes albopictus (A. albopictus) C6/36 cells or African 

green monkey Vero cells.  Supernatants were collected from infected cells at 8 days post 

infection (d.p.i.), centrifuged to remove cellular debris, aliquoted and then stored at -80°C.  

Viral titers were determined to be around 2 x 105 PFU/mL, as titered on Vero cells by 

plaque assay.  Briefly, Vero cells were infected with dengue virus, as described below, in 6-

well plates.  Immediately following infection, 3 mL/well of a mixture of 10 mL of 2x M199 

medium and 10 mL of 2% agarose was overlain onto the cells.  Five to six days later, 

3mL/well of a second overlay was added, consisting of 10 mL of 2% agarose, 10 mL of 2x 

DPBS (prepared from 10x DPBS, Mediatech #20-030-CV), and 400 µL of Neutral Red from 

a 3.3 g/L stock solution.  24 hours after the second overlay plaques were counted and viral 

titers were determined. 

 

Dengue Virus Infection 

To perform dengue virus infections, mammalian cells to be infected were pelleted at 220 g, 

supernatants were removed, and cells were resuspended in pre-warmed DENV2-NGC 



 
51 

supernatant.  Infections were carried out at a multiplicity of infection (MOI) of ≥ 2.  For 

mock infection, cells were resuspended in pre-warmed complete DMEM or S2 medium, 

depending on from which the virus was harvested (Vero or C6/36, respectively).  The cells 

were incubated for 2 hours at 37°C in 5% CO2, and mixed by gentle agitation every 15 

minutes.  After the 2 hours, cells were again pelleted at 220 g, supernatants were removed, 

and cells were resuspended in the appropriate complete medium.  Cells were then incubated 

at 37°C in 5% CO2 until harvesting or further treatment. 

 

2.4.  Transfections  

Cells were transfected either by Lipofectamine2000 (Invitrogen), Lipofectamine LTX/Plus 

(Invitrogen), calcium phosphate precipitation, or Neon™ capillary tip electroporation 

(Invitrogen), as indicated. 

 

2.4.1.  Lipofectamine2000 and Lipofectamine LTX/Plus Transfections 

Cells were passaged 1 day prior to transfection at a density to be 50-80% confluent at the 

time of transfection.  About 4 hours prior to performing the transfection, cell medium was 

replaced with antibiotic-free medium.  For transfection of plasmids harboring a green 

fluorescent protein (GFP) gene, cells were assessed for transfection efficiency 48 hours post 

transfection (h.p.t.) by counting cells expressing GFP relative to total cell numbers using a 

fluorescent inverted microscope (Olympus IX71).  Pictures were taken and color was added 

using Infinity Analyze software.  Percent transfection was calculated as the number of cells 

expressing GFP divided by the total number of cells.   
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Lipofectamine LTX/Plus Transfection 

To transfect cells in one well of a 6-well plate, 3.75 µg of plasmid DNA was diluted in 500 

µL Opti-MEM I reduced serum medium.  7.5 µL Plus reagent was added and mixed, then 

incubated for 5 minutes.  22.5 µL Lipofectamine LTX reagent was added and the solution 

was mixed thoroughly.  The DNA:lipid reaction mixture was incubated for 20 minutes at 

room temperature.  Then the DNA:lipid complexes were added dropwise to cells, scattering 

drops evenly.  The plate was gently rocked to mix then incubated at 37°C in 5% CO2.  

Medium was replaced 6-12 h.p.t. with complete medium. 

 

Lipofectamine2000 Transfection 

To transfect cells in one well of a 6-well plate, 3.75 µg plasmid DNA was diluted in 500 µL 

Opti-MEM I reduced serum medium and mixed thoroughly.  The manufacturer’s 

instructions were followed in terms of both the protocol and the recommended 

Lipofectamine2000:DNA ratio.  For sensitive cell lines, medium was replaced 6 h.p.t. with 

complete medium and cells were returned to incubation.  For robust cell lines, medium was 

replaced 6-12 h.p.t. 

 

2.4.2.  Calcium Phosphate Transfection 

One day before transfection, cells were passaged to 1 - 2 x 105 cells per well in a 6-well 

plate so that cells would be about 70% confluent and growing exponentially at the time of 

transfection.  The following parameters are for transfection in one well of a 6-well plate. 

 Medium was replaced with 1.5 mL antibiotic-free medium 4 hours before 

transfection.  4 µg of DNA (depending on toxicity of plasmids and recipe used) was mixed 
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with ddH2O to bring the volume up to 62.6 µL.  8.8 µL of 2.0 M CaCl2 (recipes are given in 

Table 2.1) was mixed with the DNA solution and incubated on ice for 5 minutes.  Polybrene 

to a final concentration of 8 µg/mL was added into the DNA solution and mixed well.  Then 

71.5 µL of 2x HBS was added one drop at a time while simultaneously mixing the solution 

by vigorous agitation (pipetting up and down, bubbling, or vortexing the DNA mixture).  

After the solution was well mixed it was incubated on ice for 20 minutes.  The precipitate 

mix was then added to the cell culture dropwise by evenly scattering drops. The plate was 

mixed gently by rocking, then incubated at 37°C in 5% CO2 for 8-16 hours.  The 

transfection medium was then replaced with fresh complete medium after gently shaking the 

plate to suspend and remove settled transfection particles.  48 h.p.t. the transfection was 

assessed for efficiency.  (Wu and Lu, 2007).   

 

 Table 2.1.  Solutions prepared for calcium phosphate transfection. 
2x HBS 2.0 M CaCl2 1% Polybrene 

1.0 g Hepes 

1.6 g NaCl 

0.0248 g Na2HPO4 

1 mL 1.0M KCl 

0.6 g Dextran-2000 

 
Dissolve in 100 mL ddH2O 

 
pH to 7.12 with NaOH 

 
Filter 0.2 µm  

Store 4°C  

29.404g CaCl22H2O 

 
Dissolve in 100 mL ddH2O 

 
Autoclave   

Store 4°C  

100 mg Hexadimethrine 
bromide (Sigma H9268) 

 
Dissolve in 100 mL ddH2O  

 
Autoclave   

Store 4°C  
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2.4.3.  Neon™ Capillary Tip Electroporation Transfection 

Notoriously hard-to-transfect cell types HMEC-1 and U937 were transfected via 

electroporation using the Neon™ transfection system (Invitrogen), which utilizes 

electroporation in a capillary pipette tip.  This method of electroporation enhances viability 

and transfection rate as compared to electroporation in a cuvette due to the small surface 

area of the electrode.  The smaller surface area has a higher electrical resistance, resulting in 

a lower current, which in turn does not induce as many harmful chemical reactions or 

damaging bubbles.  (Kim et al., 2008).   

The manufacturer’s general instructions were followed.  The parameters found to 

produce the best transfections for the lab’s cell lines, characterized by the highest percent 

transfection achieved with acceptable cell viability, are given in Table 2.2.  Only plasmids 

purified by PureYield Plasmid MiniPrep kit (Promega) performing the optional endotoxin 

removal step and having an A260/280 ≥1.8 were used for electroporation.  Plasmids used were 

of sufficiently high concentration that their volume did not exceed ten percent of the total 

electroporation reaction.   

Two capillary tip volumes were available, 10 µL and 100 µL.  The same cell density 

and resuspension buffer (buffer R) were used for each tip.  Only the amount of plasmid 

DNA changed.  0.5 µg DNA per reaction was used for the 10 µL tips and 5 µg DNA per 

reaction was used for the 100 µL tips.  Immediately following electroporation, cells were 

plated into pre-warmed antibiotic-free medium and were incubated at 37°C with 5% CO2 for 

24 hours before changing the medium to complete medium. 
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Table 2.2.  Neon™ transfection parameters used for HMEC-1 and U937 cell lines.  Cell 
density refers to the concentration of cells resuspended in buffer R.   

 HMEC-1 U937 

Voltage 1400 V 1400 V 

Pulse width 20 ms 10 ms 

Number of pulses 2 3 

Cell density 1 x 107 cells/mL 5 x 107 cells/mL 

 

 

2.5.  Lentiviral RNAi vector 

Pseudotyped pLL3.7 virus was created by transfection of all four plasmids in the pLL3.7 

system into AD293 or 293T cells.  Starting at 48 h.p.t., viral vector-containing supernatants 

were collected from transfected cells.  Supernatants could continue to be collected every 24 

hours as long as cells were in good condition and expressing GFP.  Supernatants were 

pooled and ultracentrifuged to concentrate vector (Section 2.5.1).  Vector was used to 

transduce cells (Section 2.5.2) and/or was titered (Section 2.5.3.). 

 

2.5.1.  Ultracentrifugation of Vector-Containing Supernatants 

To ultracentrifuge pLL3.7 vector virus, supernatants were first centrifuged at 4,000 rpm for 

30 minutes to pellet cellular debris, and in some cases passed through a 0.45 µm filter to 

further remove debris.  SW-28 rotor ultracentrifuge tubes (Ultra-Clear Centrifuge Tubes, 

Beckman #344058) were loaded with 35 mL supernatant each, and a 1 mL cushion of 20% 

sucrose was pipetted into the bottom.  Tubes were centrifuged in a Beckman L7-65 

Ultracentrifuge at 25,000 rpm for 2 to 4 hours at 4°C.  Supernatants were poured off, and 

tubes were left upside-down for about 10 minutes to remove all media.  To resuspend the 
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vector pellet, 200 µL of serum-free DMEM was added to each tube.  Tubes were then sealed 

with Parafilm and incubated at 4°C overnight.  The next day, the contents of each tube was 

pipetted up and down repeatedly to wash any remaining vector from the walls of the tube, 

and resuspended virus was transferred to an Eppendorf tube and frozen at -80°C or used 

immediately.   

 

2.5.2.  Transducing Cells With pLentiLox3.7 Virus 

To infect suspension cell lines, cells were passaged one day previously so they would be 

growing exponentially at the time of infection. 5 x 104 cells were centrifuged at 220 g for 3 

minutes, supernatants removed, and cells resuspended in 100-200 µL concentrated vector in 

serum-free medium.  Polybrene was added to a final concentration of 8 µg/mL.  Cells were 

mixed every 15 minutes for 2 hours.  Then cells were centrifuged at 220 g, supernatants 

removed, and cells resuspended in 500 µL complete medium.  At 48 h.p.i. the cells were 

analyzed for percent transduction by counting GFP positive cells with a fluorescent 

microscope. 

 To infect adherent cell lines, cells were passaged at 1 x 104 cells per well in a 24-

well plate.  The following day, supernatants were removed via aspiration and 100-200 µL of 

concentrated vector in serum-free DMEM was added.  The plate was mixed by gentle 

rocking every 15 minutes for 2 hours.  Vector-containing supernatants were then removed 

by aspiration and 1 mL of complete medium was added.  As with suspension cells, 48 h.p.i., 

the cells were analyzed for percent transduction.   
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2.5.3.  Titration of Lentiviral Vector 

293T cells were infected with pLL3.7 vector in a 24-well plate.  Supernatants before and 

after ultracentrifugation were used after a three series two-fold serial dilution of each.  The 

titer was determined 36-48 h.p.t. by fluorescent microscopy.  GFP positive cells were 

counted, and the titer was calculated as the number of GFP positive cells over the total 

number of cells in each well, correcting for dilution. 

 

2.6.  RNA Extraction  

RNA was extracted from cells either by TRIzol® (Invitrogen) or by miRNeasy Mini kit 

(Qiagen), as indicated.  The miRNeasy Mini kit extracts total RNA, including small RNA.  

When this kit was used, manufacturer’s instructions were followed including the optional 

steps for DNase digestion. 

 

2.6.1.  TRIzol® RNA Extraction 

To extract RNA via TRIzol®, a 1000 µL pipette was used to blast cells off the 

bottom of a 12-well plate.  Cells were transferred to an Eppendorf and centrifuged at 220 g 

for 3 minutes.  Supernatants were removed and, in some cases, stored at -80°C with 20% 

FBS.  Cell pellets were washed with 1 mL PBS then pelleted again and the supernatants 

discarded.  1000 µL of TRIzol® reagent was added to each tube, and the pellets were 

resuspended by shaking vigorously for a few seconds.  Tubes were incubated for 5 minutes 

at room temperature.  200 µL of chloroform was then added, and tubes were vortexed for 2-

3 minutes each, then allowed to settle for 3 minutes before centrifuging 4,800 rpm for 15 

minutes at 4°C.  Following centrifugation, the upper aqueous phase (about 550 µL) was 
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transferred to a new tube.  An equal volume of isopropanol was added to each tube, then 

tubes were mixed by inversion and incubated at room temperature for 10 minutes.  

Following incubation, cells were centrifuged at 14,000 rpm for 20 minutes at 4°C.  

Supernatants were poured off, the RNA pellets washed with 1000 µL 80% ethanol, then 

centrifuged at 7,500 g for 5 minutes at 4°C.  The supernatants were removed and the tubes 

left open to air-dry.  Once dried, the pellets were rehydrated in 30-50 µL nuclease-free 

ddH2O.  If the pellets did not immediately resuspend, they were incubated for 10 minutes at 

55-60°C.   

The concentration of RNA was determined using an Eppendorf Biophotometer 

spectrophotometer and quality was determined by 1% agarose gel electrophoresis.  RNA 

was either used immediately or stored at -80°C.  

 

2.6.2.  Preparation of cDNA from Total RNA for Ligation 

RNA was harvested from the appropriate cells using TRIzol® reagent, as described.  Total 

RNA was reverse transcribed using Transcriptor Reverse Transcriptase (Roche) following 

the manufacturer’s instructions and using oligo(dT)15 primer.  The cDNA product was then 

amplified by PCR using specific primers designed to add the appropriate restriction enzyme 

cleavage sites for ligation.  PCR products were electrophoresed on a 1% agarose gel with 

ethidium bromide, to both visualize product and to purify product from the PCR reaction.   

 Purification from agarose gel was performed by either Wizard SV Gel & PCR 

Clean-Up (Promega) following the manufacturer’s instructions, or by glass milk extraction 

following standard protocol (Sambrook and Russell, 2001).  PCR was repeated to further 
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amplify the product, followed again by gel purification.  Ligation of the cDNA product into 

vectors was performed as previously described. 

 

2.7.  Real-Time PCR  

RNA was analyzed by real-time PCR for either mRNA or miRNA, the major difference 

being the procedure for first strand cDNA synthesis. 

 

2.7.1.  Real-Time PCR for mRNA 

RNA was extracted via TRIzol®.  First strand cDNA was synthesized using either 

Transcriptor Reverse Transcriptase (Roche), M-MuLV Reverse Transcriptase (New England 

Biolabs), ImProm-II Reverse Transcriptase (Promega), or Quantitect Reverse Transcriptase 

(Qiagen), following the manufacturer’s instructions.  1 - 2 µg of template RNA was used to 

synthesize cDNA, and 25 ng/µL to 50 ng/µL was then used per RT-PCR reaction.  Each 

time cDNA synthesis was performed one reverse transcription reaction was run with ddH2O 

instead of template as a no-template control for the subsequent real-time PCR. 

 After cDNA was synthesized, reactions were set up in an Eppendorf clearwell plate 

on ice.  KAPA SYBR FAST qPCR Mastermix or RT2 SYBR green ROX qPCR Mastermix 

(Qiagen) were used according to manufacturer’s instructions.  cDNA was added directly to 

wells and primer-specific mastermixes were added to the appropriate wells afterwards.  

Primers sequences used are given in Table 2.3.  An equal amount of the extracted RNA was 

used as a DNA contamination control, ddH2O was used as a no reaction template control, 

and the reverse transcriptase reaction control made using ddH2O as template was used as a 

reverse transcription (RT) reaction control.  Each reaction was run in triplicate.  Plates were 
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sealed with Masterclear real-time PCR film and centrifuged at 500 rpm for 1 minute.  Plates 

were loaded into the thermocycler (Eppendorf realplex4 Mastercycler epgradient S).  

Mastercycler ep RealPlex software version 2.2 was used to monitor the PCR.  PCR was 

programmed with the parameters of 95°C denaturation for 10 minutes, 40 cycles of 95°C 

denaturation for 15 seconds, 60°C annealing for 35 seconds, 72°C extension for 30 seconds, 

then a final 95°C denaturation for 15 seconds following by 60°C annealing/final extension 

increasing uniformly to 95°C for 15 minutes. 

 

Table 2.3.  Real-Time PCR primers used to determine TNF-α mRNA relative expression.  Primers 
are shown in 5’ to 3’ orientation. 
GENE FORWARD REVERSE 

GAPDH CGCTCTCTGCTCCTCCTGTT CCATGGTGTCTGAGCGATGT 
TNF AGGACGAACATCCAACCTTCCCAA TTTGAGCCAGAAGAGGTTGAGGGT 

 

 

2.7.2.  Real-Time PCR for miRNA  

 RNA was extracted via TRIzol® or MiRNeasy Mini Kit.  First strand cDNA was 

synthesized using the miRScript RT2 miRNA First Strand Kit (Qiagen #331401), following 

the manufacturer’s instructions and using 1-2 µg of RNA per reaction.  25 ng/µL to 50 

ng/µL of RNA was used per real time PCR reaction.  One reverse transcription reaction was 

run with ddH2O instead of template as a no-template control. 

 After cDNA was synthesized, reactions were set up in an Eppendorf clearwell plate 

on ice.  KAPA SYBR FAST qPCR Mastermix or RT2 SYBR green ROX qPCR Mastermix 

(Qiagen) were used according to manufacturer’s instructions.  miRNA-specific primers 

were added directly to wells and cDNA-containing mastermix was added afterwards.  RNA 
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was used as a DNA contamination control, ddH2O was as a no reaction template control, 

and the template-free reverse transcriptase reaction as a reverse transcription reaction 

control.  Each reaction was run in triplicate.  Plates were sealed with Masterclear real-time 

PCR film and centrifuged at 500 rpm for 1 minute.  Real-time PCR was run with the same 

parameters used for mRNA real-time PCR. 

 

2.8.  Immune Fluorescence Assay  

Cells were suspended, transferred to an Eppendorf tube, and centrifuged at 220 g for 3 

minutes.  The supernatant was removed and cells were resuspended in a volume of 1x PBS, 

typically 500 µL, to obtain an appropriate density of cells in 20 µL.  Cells were transferred 

to 12-well TEFLON printed slide (Electron Microscopy Sciences), 20 µL per well, and air 

dried.  As soon as cells were dry, 40 µL of 4% paraformaldehyde solution in PBS was added 

to each well, and cells were fixed for 30 minutes at room temperature.  The slide was then 

washed three times, 5 minutes each, with 1x PBS.  10 µL of primary antibody, diluted 1:500 

in 1x PBS, was added to each well.  The slide was placed in a humidified chamber and 

allowed to incubate for 60 minutes at 37°C.  It was then washed three times with PBS, for a 

total of 15 minutes.  10 µL of secondary (FITC- or Texas Red-labeled) antibody solution, 

diluted 1:100, was added to each well and incubated for 60 minutes at 37°C in a humidified 

chamber.  The slide was then washed as described.  10 µL of 4',6-diamidino-2-phenylindole 

(DAPI), diluted 1:5000 in 1x PBS, was added to each well and incubated for 1 minute at 

room temperature.  The slide was then washed as described, followed by a brief rinse in 

ddH2O.  5 µL of antifade solution (Vectashield® Mounting Medium) was added to each 
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well and a coverslip was adhered using clear nail polish.  The slide was then observed for 

fluorescence. 

 For DENV detection, mouse α-DENV2 antibody (Millipore MAB 870) was used as 

the primary antibody, and goat α-mouse IgG (H+L)-FITC conjugated antibody (Millipore 

AP308F) as the secondary antibody.  For cells expressing GFP, the secondary antibody used 

was goat α-mouse IgG-Texas Red conjugated antibody (Jackson #115-075-003). 

 

2.9.  ELISA 

ELISAs were either as a homemade indirect capture ELISA or a human TNF-α ELISA kit 

from Thermo Scientific (product #EH3TNFA), as indicated.  Manufacturer’s instructions 

were followed when using the kit.  The specifications for the homemade ELISA are as 

follows: 

 Falcon Pro-Bind assay plates were used, with sample and reagent volumes at 100 µL 

per well unless otherwise indicated.  Each ELISA contained a standard curve of serially 

diluted recombinant human TNF-α (rhTNF-α), (Biosource #PHC3016).  Capture antibody 

and primary were not matched pairs, and displayed a background level of cross reactivity.  

The background level of cross reactivity was subtracted from samples when analyzing data.  

This was preferable to an indirect ELISA, in which the small amounts of TNF-α present in a 

sample of supernatant could not compete with the large amount of other serum proteins for 

binding sites on the plate.  Results from the indirect ELISA showed a poor sensitivity for 

TNF-α and a high variability between replicates.   

 Two α-TNF-α antibodies were available for use.  These were rabbit α-TNF-α 

polyclonal antibody (Thermo Scientific product #P300A) and mouse α-TNF-α monoclonal 
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antibody (Thermo Scientific clone #2TNF-H33, product #M302).  A lower background and 

thus higher sensitivity was achieved when using the rabbit α-TNF-α polyclonal antibody as 

the capture antibody and the mouse α-TNF-α monoclonal antibody as the primary detection 

antibody.   

Rabbit α-TNF-α capture antibody was diluted 5 µg/mL in 50 mM 

bicarbonate/carbonate buffer (recipes Table 2.4), then immediately dispensed into an ELISA 

plate.  The plate was sealed tightly with Parafilm, then incubated 4°C overnight.  The next 

morning, the plate was removed from 4°C and allowed to warm up to room temperature for 

an hour.  The plate was then flipped to remove the capture antibody solution and patted 

upside-down on a clean paper towel to remove residual liquid, then washed three times.  For 

each wash, wells were each filled with 300 µL wash solution and incubated at ambient 

temperature for five minutes.  After each wash, the plate was flipped to remove wash 

solution then patted upside-down onto a clean paper towel.  Remaining binding sites in the 

wells were blocked with the addition of 300 µL/well blocking solution and incubation at 

room temperature for 2 hours.  Wells were washed two more times, as described, and then 

samples and standards were added.  The plate was sealed tightly with Parafilm and 

incubated overnight at 4°C.   

Following 4°C incubation, the plate was brought to room temperature and incubated 

for ≥4 hours on an orbital shaker at 80 rpm.  Samples and standards were then removed 

from the plate and the plate was washed three times as described.  Primary detection 

antibody, mouse α-TNF-α monoclonal antibody diluted to 5 µg /mL in 1x PBS, was added.  

The plate was sealed tightly with Parafilm and incubated room temperature on an orbital 

shaker at 80 rpm for ≥3 hours.  The antibody solution was removed, and the plate washed 
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four times, as described.  Secondary detection antibody, horseradish peroxidase (HRP)-

labeled goat α-mouse IgG (Sigma product #A9169), was diluted to 0.2 µg /mL in TPBS + 

1% blotto and added to the plate.  The plate was sealed with Parafilm and allowed to 

incubate at room temperature for two hours on an orbital shaker at 50 rpm.  The plate was 

then washed eight times with wash solution, followed by an addition two washes with 

TPBS.   o-Phenylenediamine dihydrochloride (OPD) substrate solution was prepared by 

warming substrate tablets (Acros Organics brand OPD EASY-tablets, each containing 

substrate plus citrate buffer) to room temperature, then diluting each tablet in 2.5 mL 

ddH2O.  Substrate was activated by adding 2.5 µL of 30% H2O2 per tablet. OPD solution 

was added to the plate and incubated for 30 minutes in the dark at room temperature.  The 

plate was then read in an ELISA reader (BioTek Epoch) at 492 nm and analyzed with 

BioTek Gen5 version 1.11 software. 

 

Table 2.4.  ELISA recipes. 

1x PBS 50 mM bicarbonate/ 
carbonate buffer TPBS Wash 

Solution 
Blocking 
Solution 

8 g NaCl 

0.2 g KCl 

1.44 g Na2HPO4 

0.24 g KH2PO4 

1 L ddH2O 

 

Adjust pH to 7.4 

0.7575 g Na2CO3 

1.5 g NaHCO3 

250 mL ddH2O 

 
Adjust pH to 9.6 

500 mL 1x PBS 

250 µL Tween20 

 

500 mL TPBS 

0.5 g blotto  

30 mL TPBS 

0.9 g blotto 
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2.10.  Western Blot  

2.10.1.  Protein Collection, Determination and SDS-PAGE 

Protein samples tested were either cell supernatants or cell lysates.  Cell supernatants were 

mixed with an equal volume of 2x sample buffer (recipes given in Table 2.5).  2x sample 

buffer contained β-mercaptoethanol to reduce TNF-α’s disulfide bonds unless otherwise 

indicated.  To make cell lysates, cells were pelleted, washed in 1x PBS, pelleted again and 

30-100 µL of 2x sample buffer was added directly to the cell pellet and mixed well.  For a 

positive control, 200-400 ng of rhTNF-α was diluted in a small volume of ddH2O and mixed 

with an equal volume of 2x sample buffer.  All samples were then heat denatured at 95°C 

for 5 minutes and then stored on ice or frozen at -20°C until use.   

Before running the SDS-PAGE, protein concentration was determined via Quick 

Start Bradford Protein Determination Assay (BioRad).  The manufacturer’s instructions for 

protein determination in a 96-well plate were followed.  A standard curve was created by 

serially diluting bovine serum albumin (BSA) in 2x sample buffer.  Absorbances at 595 nm 

were read in an ELISA plate reader. 

 12% SDS-PAGE mini gels were used to separate proteins.  The separating gel was 

mixed, poured, a layer of isopropanol added on top, and allowed to set for 30 minutes.  The 

isopropanol layer was rinsed off with ddH2O and the stacking gel was poured on top and a 

comb was added.  This was allowed to set for 30 minutes, then the comb removed and the 

gel sandwich clipped into a mini vertical electrophoresis chamber (C.B.S. Biosciences 

#MGV-202). 1x SDS Laemmli running buffer was added to the chamber, and wells were 

rinsed three times each using an 18 gauge needle with 30 mL syringe.  The protein samples 

were pipetted into the wells using the Bradford-determined volumes for equal loading.  For 
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each gel, 7 µL of EZ-run pre-stained rec protein ladder (Fisher) was also added.  The 

electrophoresis chamber was then plugged into the power supply and run at 80 Volts until 

the dye-front reached the bottom of the gel, about 3.5 hours.  The apparatus was then 

disassembled and cassettes were popped open and gels carefully removed and submerged in 

ddH2O for a few minutes.  

 

Table 2.5.  SDS-PAGE recipes.  

2x SDS sample buffer 12% stacking gel 12% separating gel 
10x SDS Laemmli 

running buffer 

6.25 mL 1 M Tris-HCl 
(pH 6.8) 

 
10 mL 100% glycerol 
 
25 mg bromophenol 

blue 
 
10 mL 20% SDS 
 
1.2 mL β-
mercaptoethanol 98% 
stock (optional) 

 
22.55 mL ddH2O 

200 µL 40% 
Acrylamide: Bis (29:1) 
 
312.5 µL 1 M Tris-HCl 

(pH 6.8) 
 
12.5 µL 20% SDS (pH 

7.2) 
 
25 µL 10% Aps 
 
2.5 µL TEMED 
 
1.962 mL ddH2O 

1.8 mL 40% 
Acrylamide: Bis (29:1) 

 
1.5 mL 1.5 M Tris-HCl 

(pH 8.8) 
 
30 µL 20% SDS (pH 

7.2) 
 
60 µL 10% Aps 
 
3 µL TEMED 
 
2.574 mL ddH2O 

30.285 g Tris 
 
144.134 g Glycine 
 
10 g SDS 
 
pH to 8.3 
 
ddH2O up to 1 L 
 
For 1x working stock, 
dilute 1:10 in ddH2O 

 

 

2.10.2.  Semi-Dry Transfer and Gel Staining 

Following electrophoresis, ddH2O was poured off the submerged SDS-PAGE gels and 

Bjerrum Schafer-Nielsen buffer (aka polyblot buffer) was added (recipes given in Table 

2.6).  Gels were equilibrated in polyblot buffer for ≥15 minutes.  Meanwhile, 

Polyvinylidene fluoride (PVDF) membranes were activated by soaking in sequencing grade 
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methanol for 10 minutes.  After the 10 minute soak, PVDF were moved into polyblot buffer 

along with chromatography-grade blotting filter paper, six pieces of filter paper for every 

membrane.  These were equilibrated for 5 minutes.  When all components had finished 

equilibrating, transfer stacks were set up in a BioRad Transblot SD semi-dry transfer 

apparatus.  Three pieces of blotting paper were layered on the bottom, followed by the 

PVDF membrane, followed by the gel, followed by three more pieces of blotting paper.  

Bubbles were rolled out using a serological pipette, and each stack was steeped in polyblot 

buffer.  Transfers were run at about 4.5 mA/cm2 (equating to 0.29 Amps) for 17 minutes for 

single stacks, or about 3 mA/cm2 (equating to 0.34 Amps) for 29 minutes for two stacks.   

 After the transfer was complete, the PVDF membrane was put into TBST for the 

Western blot.  The SDS-PAGE gel was submerged in Coomassie stain for ≥4 hours at room 

temperature.  After the Coomassie stain incubation was complete, the stain was poured off 

and the gel was rinsed in ddH2O for several minutes to remove residual stain.  Then the 

ddH2O was replaced with Coomassie destaining solution, which was poured off whenever it 

reached a dark blue coloration and replaced for several minutes with ddH2O.  This was 

continued until the protein bands were clearly distinguishable from the background of the 

gel.  Then the gels were placed in a plastic transparent sheet and scanned using an Epson 

scanner. 
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Table 2.6.  Semi-dry transfer and gel staining recipes. 
Polyblot Buffer Coomassie Stain Coomassie Destain 

2.9 g Glycine (to 39 mM) 
 
5.8 g Tris base (to 48 mM) 
 
3.7 mL 10% SDS in ddH2O 

(to 0.037%) 
 
200 mL Methanol 
 
ddH2O up to 1 L 
 
pH 9.2 

450 mL Methanol 
 
100 mL Glacial Acetic Acid 
 
1 g Coomassie Brilliant Blue 

R-250 
 
450 mL ddH2O 

400 mL Methanol 
 
100 mL Glacial Acetic Acid 
 
500 mL ddH2O 

 

 

2.10.3.  Western Blot  

Following semi-dry transfer, PVDF membranes were placed in a plastic container and 

washed three times for 10 minutes each in TBST (recipes given in Table 2.7) on a shaking 

platform.  During this time, blocking solution was prepared.  After the TBST washes, the 

membranes were incubated in blocking solution for 3 hours at room temperature on the 

shaking platform.  Then the membranes were washed three more times in TBST, 10 minutes 

each, before the primary antibody solution was applied.   

Of the two primary antibodies available, rabbit α-TNF-α polyclonal antibody 

(Thermo Scientific product #P300A) and mouse α-TNF-α monoclonal antibody (Thermo 

Scientific clone #2TNF-H33), Western blots performed using the rabbit α-TNF-α polyclonal 

antibody were found to have the best sensitivity and consequently this was used for most 

Western blots.  It was found that the primary antibody needed to be diluted to the high 

concentration of 1:500 or else TNF-α was undetectable in samples.  To conserve antibody, 

only 10 mL of blocking solution was used to dilute the primary antibody.  Membranes were 
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incubated for ≥5 hours (but not greater than 7 hours) in the primary antibody solution at 

room temperature with gentle rocking.  The quality of the Western blot was also found to be 

sensitive to the time requirement of ≥5 hours at room temperature.  If membranes were 

incubated for less time or were incubated overnight at 4°C, the sensitivity was decreased to 

a level that made it very difficult to detect TNF-α in the samples.  Following the primary 

antibody incubation, membranes were washed 4 times with TBST, 10 minutes each wash. 

Secondary antibody was added, 5 µL diluted into 15 mL blocking solution.  If the 

primary antibody used was rabbit α –TNF-α , the secondary antibody used was goat α – 

rabbit IgG peroxidase conjugate (Sigma #A9169).  If the primary antibody used was mouse 

α – TNF-α , the secondary antibody used was goat α – mouse IgG HRP conjugate (either 

Upstate #12-349 or Millipore #12-349).  The membrane was incubated in secondary 

antibody solution for 2.5 to 3 hours, room temperature, with gentle rocking.  After 

secondary antibody incubation was complete, membranes were washed 7 times in TBST, 5 

minutes for first few washes and 10 minutes for last few washes.   

The membrane was then removed from solution and put on top of a plastic sheet 

protector.  Pierce® ECL Western Blotting Substrate was prepared according to the 

manufacturer’s instructions and immediately added in an even layer across the membrane.  

Following one minute incubation, the membrane was picked up and excess reagent dripped 

off, then the membrane was put inside of a clean plastic sheet protector and bubbles were 

pressed out.  Imaging was performed using a GeneGnomeXP imager and GeneSnap 

software version 7.04.05, generously shared by Dr. Callahan’s lab.  Images were analyzed 

for band size and density using the accompanying SynGene GeneTools software, version 

4.0.  To generate the images used as figures, GeneGnome images were exported to “.tif” 
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files and Photoshop was used to adjust contrast, invert images, and overlay the image 

containing the pre-stained protein ladder onto the inverted image of the TNF-α bands. 

 

Table 2.7.  Western blotting recipes.   

10x TBST Blocking solution 
12.11 g Tris 
 
87.66 g NaCl 
 
5 mL Tween20 
 
ddH2O up to 1 L 
 
pH 7.5 

Make fresh:  
 
20 mL 1x TBST 
 
0.2 g blotto 

 

 

2.10.4.  Western Blot Stripping and Re-Probing 

Following imaging of the Western blot, membranes were removed from the plastic sheet 

protectors and washed two times for 10 minutes each with TBST to remove residual ECL 

reagent.  Membranes were stripped but submersing into using Restore Western Blot 

Stripping Buffer (Thermo Scientific, #21059) for 15 minutes.  Following incubation, 

membranes were washed with large volumes of TBST three times for 5 minutes each, then 

moved to a clean plastic container and washed two more times with TBST, 10 minutes each.  

Membranes were then blocked in blocking buffer containing 2% blotto at room temperature 

for 1.5 hours with gentle rocking.  At this point often membranes were put into 4°C 

incubation overnight.   

 Membranes were then re-probed for actin, using a primary antibody mouse α –pan 

actin (Pierce® #MA5-11869).  Primary antibody was diluted 1:1000 in blocking solution, 

and incubated for ≥3 hours at room temperature with gentle rocking.  Membranes were then 



 
71 

washed, incubated with the goat α – mouse IgG HRP-labeled secondary antibody, rewashed 

and developed as previously described.   

 

2.11.  Dual-Luciferase Assay 

Dual-Luciferase Reporter Assay (Promega #TM040), or Dual-Glo Luciferase Assay System 

(Promega #E2920) were used, as indicated.   For both assays, 20 µL of each lysis reaction 

was plated in replicates in a Costar® white polystyrene assay plate (catalog #3917).  

Luminescence was read immediately after the addition of each sample to reagent, one at a 

time.  Luminescence was read in a BioTek Synergy 2 luminescence microplate reader.  

Averages and standard deviations were recorded and analyzed with BioTek Gen5 software 

version 1.11.  Relative Light Units (RLU) was calculated by dividing the Renilla 

luminescence by firefly luminescence of each sample.  Relative percent luciferase 

expression (Induction) values were determined by dividing each sample’s RLU by the RLU 

from the mock (or control) sample of the same set of plasmids. (Schagat et al., 2007). 

 

Dual-Luciferase Reporter Assay (Promega) 

Cells grown in 24-well plates were washed with PBS then lysed in 100 µL of lysis buffer, 

according to the manufacturer’s instructions.  Adherent cells were lysed by passive lysis, by 

which the plate was placed on an orbital shaker at 80 rpm for 15 minutes.  Suspension cells 

were lysed by active lysis, by which cells were pipetted up and down in lysis buffer, then 

rested at room temperature for 15 minutes.  After the 15 minute incubation, lysates were 

kept on ice until mixing with luciferase assay reagent in the Costar® white assay plate and 

measuring luminescence. 
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Dual-Glo Luciferase Assay (Promega) 

Cells were collected then centrifuged to pellet.  Supernatants were removed and cells were 

resuspended in 225 µL RPMI-1640 medium without serum or antibiotics.  Resuspensions 

were added in triplicate (75 µL of each) to a Costar® white assay plate.  Manufacturer’s 

instructions were then followed, adding equal volumes of assay reagent to each well.  

Luminescence was read and analyzed as described. 

 

2.12.  Endothelial Cell Activation Assay 

The promoter sequence for VCAM-1 was ligated onto the sequence for Renilla luciferase 

and cloned into the pLL3.7 transfer plasmid.  This plasmid is referred to as pLL3.7/VCAM-

1.  HMEC-1 cells were transfected in 10 cm tissue culture dishes with pLL3/VCAM-1 by 

Neon™ capillary tip electroporation or Lipofectamine2000.  1-2 days post transfection the 

cells were plated into 24-well tissue culture treated plates to achieve the same percent 

transfection and same cell density per well.    

When HMEC-1 transfected cells reached about 80% confluence, MCDB-131 

complete medium was removed and 1 mL of supernatants from U937 cells (mixed well then 

centrifuged at 300 g for 3 min to remove cellular debris) was added per well.  To each well, 

500 µL of complete MCDB-131 (or serum-free MCDB-131, as indicated) was also added, in 

order to obtain a more even pH between samples.  For a negative control, one well was 

treated with 1 mL of complete RPMI-1640 medium and 500 µL of complete MCDB-131.  

For a positive control, one well contained the 2:1 RPMI-1640:MCDB-131 mixture with 20 

ng/mL rhTNF-α.  In some instances, a second positive control of 1 µg/mL LPS was used.  
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Cells were incubated 37°C in 5% CO2 for 20 hours.  Following incubation, Renilla 

Luciferase Assay System (Promega #E2810) was used to determine promoter regulation, 

following the manufacturer’s instructions.  Each cell sample was lysed in 100 µL of the 

provided lysis buffer.  Then the Renilla luciferase assay was performed and results read and 

recorded immediately after each sample’s addition to the reaction buffer. 

Following the Renilla luciferase assay, each lysate was centrifuged at 13,200 rpm for 

30 second to pellet cell debris, and 5 µL volumes of each sample were run in triplicate in a 

Bradford assay (BioRad), as previously described for Western blots.  For the BSA standard, 

ddH2O was used for the serial dilution (as the Renilla assay reagent was a limiting factor).  

Data was then analyzed to express average luminescence normalized to total protein (to 

account for cell death that occurs when HMEC-1 are strongly activated, or for minor 

variations in cell seeding density).  Normalized luminescence was determined by dividing 

average luminescence by average total protein content for each sample. 
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CHAPTER 3.  Analysis of TNF-α Knockdown by Small Interfering RNA In 

Dengue Virus Infected Human Monocytic Cells 

 

 

3.1.  Development of a Lentiviral Vector Expressing an shRNA Targeting TNF-α  

For RNAi-mediated TNF-α knockdown analysis in DENV-infected monocytic cells, 

third generation lentiviral vector system pLentiLox3.7 (pLL3.7) was utilized.   pLL3.7 is 

composed of four plasmids:  pLentiLox3.7, pMDLg/pRRE, pRSV-Rev, and PMD2.G 

(Figure 3.1).  The transfer plasmid, pLentiLox3.7, contains a polylinkered site for cloning 

shRNA sequences with a nearby GFP reporter sequence, and this region is part of the 

transfer sequence that will integrate into a host genome.  pRSV-Rev encodes for Rev cDNA 

under the control of a Rous Sarcoma Virus (RSV) U3 promoter that allows for expression of 

the full viral RNA.  pMDLg/pRRE produces Gag and Pol, responsible for structural proteins 

and retrovirus-specific enzymes.  pMDLg/pRRE also encodes the Rev response element 

(RRE), the binding site for Rev.  pMD2.G is the pseudotyping plasmid, encoding the 

envelope gene for VSV-G which increases the range of susceptible cells.  (Dull et al., 1998).   

Upon transfection of the system into host cells, the four plasmids together serve to 

replicate infectious pLL3.7 viral vector, which can be harvested in supernatants starting 48 

hours post transfection (h.p.t.).  This virus can be used to infect other cells, permanently 

transducing them but no longer allowing for viral replication, as all four plasmids are 

needed for this.  Transduced cells constitutively express the shRNA and a GFP reporter.  

(Dillon, 2006).  The integrated shRNA sequence is under control of a strong U6 promoter 

for constitutive expression.  Transcribed shRNAs are cleaved and processed by host cell 

machinery into siRISC, which will bind to and degrade antisense sequences.  
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In the pLL3.7 system used by our lab, pMD2.G was replaced with the plasmid 

pCMV-VSV-G, generously donated by Dr. Yuanan Lu’s lab.  pCMV-VSV-G expresses 

VSV-G using a strong cytomegalovirus (CMV) promoter, and is essentially the same as 

pMD2.G.  

               

 

Figure 3.1.  The pLentiLox 3.7 system used.  Clockwise from top left:  pLentiLox3.7, 
pMDLg/pRRE, pRSV-Rev, and pCMV-VSV-G. 
 

To study the effects of TNF-α knockdown in DENV-infected human monocytic 

cells, an shRNA sequence targeting TNF-α was cloned into pLL3.7.  The target sequence of 

the shRNA was chosen by scanning the TNF-α mRNA sequence and identifying an 18 nt 
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consensus sequence, flanked as AAG(N18)TT, with about fifty percent guanine-cytosine 

content and no terminators of greater than four adenines or thymidines.  To reduce the 

possibility of off-target effects due to homology to other genes, Basic Local Alignment 

Search Tool (BLAST) analysis was performed on the consensus sequence with alignment to 

the human genome.  Vector NTI oligoduplex analysis ensured that the 18 nt sequence would 

not have unintended loops.  Sequences for restriction sites and a hairpin loop were added 

onto the end of the AAG(N18)TT sequence.  The sense strand sequence for the shRNA, 

which is also the mRNA target sequence, (5’-GAGCACTGAAAGCATGATC-3’) was chosen 

from ThermoScientific’s Dharmacon siDESIGN Center using TNF’s accession number 

(NM_000594).  It targets from position 172-190 on TNF-α’s open reading frame.  The 

following are the oligonucleotides designed for the shRNA vector construction, with the 

mRNA target sequence underlined and in blue, and the hairpin loop sequences in italics: 

 
5’-TGAGCACTGAAAGCATGATCTTCAAGAGAGATCATGCTTTCAGTGCTCTTTTTTC-3’ 

3’-ACTCGTGACTTTCGTACTAGAAGTTCTCTCTAGTACGAAAGTCACGAGAAAAAAGAGCT-5 

 

Oligonucleotides for both strands of the hairpin structure were ordered from IDT and 

then annealed and treated with PNK.  To open up the pLL3.7 polylinkered site, the pLL3.7 

transfer plasmid was digested with XhoI and HpaI and treated with AP.  The oligonucleotide 

product was then ligated to the vector and transformed into E. coli DH5α cells.  Colony 

PCR was run on all resultant colonies using primers designed around the polylinkered site of 

pLL3.7 vector.  A longer PCR product from a transformed colony (425 bp compared to 388 

bp for the empty vector) indicates the presence of a ligated shRNA construct.   
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Figure 3.2.  Colony PCR of pLL3.7/shTNF-α.  (+) is a positive control of a construct containing an 
shRNA sequence, (-) is the empty vector, and shTNF-α is the vector with designed shRNA insert 
targeting TNF-α.   
 
 
 When the colony PCR was positive (Figure 3.2), the isolated plasmid was sequenced 

at ASGPB and the correct insertion of the shRNA targeting TNF-α was confirmed.  The 

pLL3.7 vector containing the shRNA targeting TNF-α was named pLL3.7/shTNF-α.  The 

control empty vector pLL3.7 containing no shRNA will be referred to as pLL3.7/control.  

 

3.2.  Preparation and Purification of Lentiviral Particles 

3.2.1.  Transfection of pLL3.7 Vector System 

Transfection of the pLL3.7 system is complicated by the fact that the system is split 

across four plasmids.  Four-plasmid, 3rd generation lentiviral vectors are designed for 

increased biosafety.  The theory is that by removing genes necessary for replication onto 

more plasmids, the chance of the viral progeny reverting to replication-capable particles is 

greatly reduced (Dull et al., 1998).  However, the more plasmids the lentiviral vector is split 

across, the more difficult it becomes to achieve transfection in a single cell with all 

plasmids.  In theory one could simply perform transfections with greater amounts of each 

plasmid, increasing the odds that every plasmid would make it into every cell.  However, the 

(+)   (-)   shTNF-! 

500 
 
253 bp  
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VSV-G gene product is toxic to cells in high amounts.  This not only reduces the number of 

vector-producing transfected cells, it also increases the amount of toxic factors released 

from dying cells into the supernatant.  This in turn reduces the transducability of the vector-

containing supernatants.  (Wu and Lu, 2010).  When performing transfections with pLL3.7, 

proper ratios of plasmids to one another and plasmids to cells must be maintained. 

An easier system to use would have been a 2nd generation lentiviral vector.  These 

have the required gene components split across only 3 plasmids: one packaging plasmid that 

contains gag, pol, rev, and tat, one pseudotyping plasmid and one transfer plasmid.  The 

reduced number of plasmids required for construction of infectious virus results in 

transfections producing larger quantities of viral vector.  3rd generation lentiviral vectors 

have eliminated the Tat protein, and the Rev protein is expressed on a separate plasmid.  

Also, the 5’LTR of the transfer plasmid includes a more conventional promoter and has a 

large portion deleted from the 3’LTR.  All of these changes combine to greatly increase the 

predicted biosafety of the system, as the opportunity for recombination to infectious 

lentivirus is nearly completely eliminated.  (Dull et al., 1998).   

To begin the difficult task of four plasmid transfections, an appropriate cell line was 

chosen.  Human embryonic kidney cell line 293T was used, which is relatively easy to 

transfect and which supports high-level expression of foreign proteins.  To produce high 

titer vector, transfections in 293T cells needed to be optimized.  The first series of 

transfections in 293T cells were using Lipofectamine2000 and near-equal amounts of each 

plasmid.  These had abysmally low transfection efficiencies.  Percent transfection was 

determined by counting the number of cells expressing GFP relative to the total number of 

cells present, as the pLL3.7 transfer plasmid encodes for GFP.  Initial results showed only 
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five to ten percent transfection.  It must be assumed that the number of cells containing all 

four plasmids is lower than the number of cells expressing GFP.  Five percent transfection 

was not suitable for producing lentiviral particles, even when combined with an 

ultracentrifugation step to concentrate vector.   

 Chengxiang Wu of Dr. Yuanan Lu’s lab generously shared his calcium phosphate 

precipitation transfection protocol (Wu and Lu, 2007) and recipes.  Equally important, they 

shared a low passage number stock of 293T cells.  Higher passage numbers often result in a 

reduction in the transfectability of 293T cells.  Using the younger 293T stock and the 

calcium phosphate precipitation transfection protocol, percent transfection was greatly 

improved, to near seventy-five percent  (Figure 3.3).  During later experiments, 

Lipofectamine™ transfections performed with this cell stock had similar efficiencies.  
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Figure 3.3.  Transfection of 293T human embryonic kidney cells with the pLL3.7 system. 
Fluorescence (top panel) and brightfield (bottom panel) microscopy images of 293T cells transfected 
with pLL3.7 system containing (A) pLL3.7/shTNF-α, and (B) pLL3.7/control.  Images were taken at 
different magnifications. 
 

3.2.2.  Titration of Lentiviral Particles 

Since pLentiLox3.7 transfer vector contains a GFP gene, titration of lentiviral 

particles could be achieved by counting the number of GFP-positive cells in a batch of 

infected 293T cells.  293T cells were the ideal cell line for the titration of lentiviral particles.  

They can be easily transduced by simply overlaying viral-containing supernatants onto the 

cells, and percent transduction can be counted easily since 293T are adherent and tend to 

produce GFP at high levels.  In addition, 293T is not a sensitive cell line.  Their high 

survivability reduces titer inaccuracies that may be caused by cell death.  

A B  
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The initial series of Lipofectamine2000 transfections in 293T cells produced very 

few viral particles.  The number of viral particles was ineffective at transducing U937 cells, 

but titers could be counted in 293T cells.  After Lipofectamine2000 transfection was 

optimized in the original 293T stock, titers were around 1 x 10-1 transducing units/mL.  This 

was not enough vector for transducing U937 cells, but enough that 293T cells could be 

FACS sorted for preliminary study (Section 3.3.1.). 

Calcium phosphate precipitation transfections in the new stock of 293T cells yielded 

titers of about 1 x 101 transducing units/mL.  Despite being 100 times the titer achieved in 

prior transfections, it was still not good enough to transduce U937 cells.  

Due to the highly stable VSV-G envelope of the lentiviral particles, 

ultracentrifugation can be used to concentrate viral particles (Naldini, 1996).  Transfections 

were scaled up to 10 cm tissue culture dishes, yielding about 10 mL of virus-containing 

supernatant each harvest, with dishes being harvested every day that GFP was expressed and 

cells were in good condition.  Supernatants were pooled and ultracentrifuged in 200 mL 

batches, and resuspending to a final volume of 200 µL each.  Using ultracentrifugation, 

titers of about 4 x 102 transducing units/mL were achieved.   

One possible reason for the low titer even after ultracentrifugation was that alkaline 

lysis plasmid miniprep does not have an efficient endotoxin removal step.  This decreases 

cellular viability and overall percent transfection, which further complicates a four-plasmid 

transfection system.  However, due to the rate at which plasmid was being used, financially 

it was not possible to use the Promega purification kit to isolate these plasmids.  In an effort 

to inexpensively remove endotoxin, polyethylene glycol (PEG) precipitation was attempted. 

However, plasmid recovery was poor and the A260/280 was not much different (protocol: 



 
82 

Amaxa, 2007).  Due to the time-consuming nature of PEG precipitation and the only 

marginal improvement observed, this method was abandoned.  Plasmid minipreps were 

carried out by alkaline lysis, taking particular care to avoid cellular debris in the purified 

plasmids. 

 

3.3.  Transduction of Lentiviral Vector into Human Cell Lines 

3.3.1.  Transduction of Embryonic Kidney Cell Line 293T 

 An advantage of 293T cells, besides their transfectability, is that their growth is not 

density dependent.  This quality makes 293T relatively easy to transduce as they can be 

plated at a low density, creating a greater MOI.  This is not possible with U937 monocytic 

cells, as their growth is density dependent.  293T cells were therefore used to confirm that 

the shTNF-α construct was effective.  For this preliminary data, 293T cells were chosen 

from a transduction in which there was about 0.1% GFP (Figure 3.4). 
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Figure 3.4.  pLL3.7-transduced 293T cells expressing GFP.  Fluorescence (top panel) and 
brightfield (bottom panel) microscopy images of 293T cells transduced with lentiviral vector (A) 
pLL3.7/shTNF-α and (B) pLL3.7/control. 
 

 These 293T cells were fluorescence-activated cell sorting (FACS) sorted to obtain a 

population with greater percent transduction.  Since the initial percent transduction of the 

293T cells was low, the FACS parameters had to be set generously to allow for capture of 

all GFP positive cells.  These parameters also allowed for the capture of a greater number of 

autofluorescent cells.  The resulting culture displayed about 50% GFP.   

293T is a human embryonic kidney cell line not known for its ability to produce 

TNF-α.  With this in mind, it was decided that a pure population of transduced cells should 

be obtained for preliminary data.  This way, shRNA-mediated TNF-α downregulation would 

be more apparent.  Using more stringent parameters, the 293T cells were FACS sorted a 

second time.  The resulting population was found to be nearly 100% transduced (Figure 

3.5).  

 

A  B  
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Figure 3.5.  FACS of pLL3.7-transduced 293T cells.  293T transduced with (A) pLL3.7/control, 
and (B) pLL3.7/shTNF-α.  (C) Fluorescence microscopy (top panel) and brightfield (bottom panel) 
images of 293T/control cells.  Results are from the second FACS. 

 

The double FACS sorted 293T cell lines were named 293T/shTNF-α and 

293T/control, for cells transfected with pLL3.7/shTNF-α and pLL3.7/control, respectively.  

These cell lines were used for preliminary data to determine shTNF-α mediated TNF-α 

downregulation during DENV infection. 

 

3.3.2.  Transduction of Monocytic Cell Line U937 

 Transduction of the pLL3.7 vector into U937 cells was complicated by the 

aforementioned fact that this cell line is difficult to transduce and by the low vector titers.  

To bypass these obstacles, the same set of U937 cells were used for multiple transductions.  

These cell sets were transduced one to two times a week, with new transductions occurring 
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only if cells were visibly healthy, as determined by microscopy and the ability of the culture 

to double over the course of 24 hours.   

In-between transductions, the cell sets were sorted via the limiting dilution method.  

It was determined that at a density of less than 100 cells per well in a 96-well plate, U937 

would not multiply (Preliminary observational data).  This decreased the effectiveness of the 

limiting dilution method but still allowed for a marginal amount of selection.  About 100 

cells per well were plated in 96-well plates, and wells expressing the highest percent GFP 

were used for the next set of transductions.  Gradually these cells built up GFP expression 

until the proportion of transduced cells was near one percent (Figure 3.6). 

 

 
Figure 3.6.  pLL3.7 transduction of U937 human monocytic cells.  U937 cells transduced with 
(A) pLL3.7/control, and (B) pLL3.7/shTNF-α.  Top panels are fluorescent microscopy images.  
Bottom panels are brightfield images. 
 



 
86 

Due to the low vector titers it would not have been feasible to achieve high percent 

transductions in the U937 line via infection and limiting dilution alone.  U937 could be 

FACS sorted to obtain a much higher percent of transduction.  Since growth of U937 is 

density dependent, they needed to be sorted at a large enough number that they would still 

be able to multiply, namely at least 100 viable cells per well in a 96-well plate.  Cells run 

the risk of being killed during and after FACS due to mechanical stress, toxic amounts of 

sheath fluid, and the risk of contamination.  Therefore FACS was not attempted until the 

U937 cells were about one percent transduced, as determined by counting GFP positive 

cells.   

When U937 reached the percent transduction shown in Figure 3.6, they were FACS 

sorted.  Each sorting of U937 pLL3.7 transductants resulted in about 150 cells.  These cells 

were plated in a 96-well plate, and split into several wells once they reached about 600 cells. 

The wells displaying the greatest percent of transduced cells were then selected to become 

the experimental cell lines (Figure 3.7).   
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Figure 3.7.  FACS of pLL3.7-transduced U937 cells.  FACS of (A) Non-transduced U937 cells, 
(B) U937/control cells, and (C) U937/shTNF-α cells.  Resultant transduced cells following limiting 
dilution method for (D) U937/control cells, and (E) U937/shTNF-α cells.  Top panels are fluorescent 
microscopy images, bottom panels are brightfield images. 
 

The transduced U937 cell lines were dubbed U937/control and U937/shTNF-α, for 

pLL3.7/control and pLL3.7/shTNF-α transduced cells, respectively.  U937/control was 

about 50% transduced and U937/shTNF-α about 70% transduced, as determined by 

counting GFP positive cells.  These cell lines were used for all subsequent experiments to 
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establish shRNA-mediated TNF-α downregulation during DENV infection and to analyze 

the downstream effects on endothelial cell activation. 

 

3.4.  Establishment of shRNA-Mediated Regulation of TNF-α in Transduced Cell Lines 

3.4.1.  TNF-α Expression in Transduced Embryonic Kidney Cell Line 293T 

 The transduced and FACS-sorted 293T/control and 293T/shTNF-α cell lines were 

used to obtain preliminary data on whether or not the pLL3.7/shTNF-α construct was 

effective at downregulating TNF-α.  To remain consistent with the experimental model, 

DENV infection was used to upregulate TNF-α.  Preliminary data had shown that, despite 

not being a primary target cell type for dengue infection in vivo, 293T can be infected by 

dengue virus in vitro.   

 To perform DENV2 infections, 293T/shTNF-α and 293T/control were plated 6 wells 

each in a 12-well plate.  24 hours later one half of each was infected with DENV2 (produced 

in C6/36 cells) and the other half were mock-infected using complete S2 media.  2 days post 

infection (d.p.i.) one well of each was harvested for RNA via TRIzol® extraction, one well 

each was lysed with 200 µL of 2x sample buffer for a Western blot, supernatants were 

stored at -20°C for subsequent ELISA and Western blot, and one well each was saved for an 

IFA at 3 to 5 d.p.i.  This procedure was performed on 3 separate dates, with RNA being 

collected 48 h.p.i. and IFA being performed at 3 or 5 d.p.i.  This procedure beginning with a 

new infection was repeated several times. 
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Figure 3.8.  IFA of infected pLL3.7-transduced 293T cells for DENV2 antigen.  DENV2 antigen 
was detected with mouse monoclonal antibody and α-mouse IgG antibody conjugated to Texas Red.  
(A) DENV2-infected 293T/control cells, (B) Mock-infected 293T/control cells, and (C) DENV2-
infected 293T/shTNF-α cells.  Top panels are fluorescence microscopy images, and bottom panels 
are brightfield images. 
 

 

 Percent infections of the transduced 293T cells were typically about 80% (Figure 

3.8).  Despite the high percent of DENV2 infection achieved, analysis of TNF-α production 

was complicated by the fact that 293T, and embryonic kidney cells in general, are not 

known for TNF-α production.  Protein data obtained via Western blot using both cell lysates 

(Figure 3.9) and supernatants (Figure 3.10 A) and data obtained from quantitative indirect 

ELISA using cell supernatants (Figure 3.10 B) did not produce measurable levels of TNF-α.  

The detection limit of the Western blots and ELISAs were 7 ng and 10 ng/mL of TNF-α, 

respectively.   
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Figure 3.9.  Undetectable TNF-α in DENV2-infected transduced 293T cell lysates.  TNF(+) 
positive control is 7 ng rhTNF-α.  M refers to mock-infected cells and D refers to DENV2-infected 
cells.  Mouse anti-TNF-α mAb was used to probe for TNF-α.  Cell lysates are from 3 d.p.i. and 5 
d.p.i.  The Coomassie stain is given as loading control. 
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Figure 3.10.  Undetectable TNF-α in DENV2-infected transduced 293T cell supernatants.  (A) 
Western blot for TNF-α.  TNF(+) positive control is 7 ng rhTNF-α.  M refers to supernatants from 
mock-infected cells and D refers to supernatants from DENV2-infected cells.  The Coomassie stain 
is given as loading control.  Mouse anti-TNF-α mAb was used to probe for TNF-α.  Results are from 
supernatants harvested at 3 d.p.i. and 5 d.p.i.  (B) Indirect ELISA for TNF-α in supernatants of 
DENV2-infected 293T cells collected at 48 h.p.i.  Bars represent standard deviation.  
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 Protein data for TNF-α expression by 293T was inconclusive, as any TNF-α that 

may have been present was below the limit of detection.  RT-PCR was performed to 

determine if TNF-α mRNA was detectable and regulated.  This proved successful, both in 

terms of detection and also in terms of demonstrating down-regulation of TNF-α in the 

293T/shTNF-α cell line (Figure 3.11).  For reference on the amount of TNF-α induction in 

DENV-infected 293T cells, TNF-α was upregulated in 293T/control cells by about 1.2 fold 

relative to mock-infection (data not shown). 

 
Figure 3.11.  Reduced TNF-α mRNA expression in 293T/shTNF-α cells.  TNF-α mRNA 
regulation in 293T/shTNF-α cells is relative to 293T/control cells.  Expression is normalized to 
GAPDH. 
 

 The real-time PCR data demonstrated that during DENV2-infection and mock-

infection, TNF-α is being downregulated in 293T/shTNF-α compared to 293T/control.  

TNF-α mRNA is greatly reduced compared to 293T/control cells in mock-infected 

293T/shTNF-α as well.  This verified the ability of pLL3.7/shTNF-α to knockdown TNF-α 

mRNA.  Since the close specific binding of siRISC to complementary mRNA causes AGO2 
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to cleave the mRNA transcript, the TNF-α mRNA downregulation observed here indicates 

that there would also be concurrent downregulation of TNF-α protein expression. 

 

3.4.2.  TNF-α Expression in Transduced Monocytic Cell Line U937 

 After U937/shTNF-α and U937/control cell lines were established, work was 

conducted to demonstrate downregulation of TNF-α during DENV2 infection of 

U937/shTNF-α.  If the shRNA targeting TNF-α is capable of TNF-α knockdown, this effect 

should be detected at both the mRNA level and the protein level.   

 DENV2 infections were performed at an MOI of ≥2.  A total of three separate 

infections were performed on different dates.  Infections confirmed by IFA for DENV 

antigen typically found 50-70% of cells were infected (Figure 3.12).  Cells from each 

infection were harvested at multiple time points by collecting supernatants, lysing cells with 

2x sample buffer containing SDS and β-mercaptoethanol, and extracting RNA using 

TRIzol® reagent.  RNA, cell lysates and supernatants were stored at -20°C or in some cases 

used immediately. 
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Figure 3.12.  IFA for DENV antigen in infected pLL3.7-transduced U937 cells.  (A) DENV2-
infected U937/shTNF-α cells, and (B) Mock-infected U937/shTNF-α cells.  Fluorescence 
microscopy images are filtered for FITC (top panels), and DAPI (bottom panels).  The same 
exposure was used for both FITC images.  Empirically, GFP produced by transduced U937 cells was 
found to be negligible compared to the brightness of FITC at the exposure used.    
 

 To detect TNF-α, ELISA and Western blot were employed.  Preliminary data had 

shown that TNF-α present in supernatants from DENV2-infected U937, using 15 µL 

supernatant per well, was below the detection limit for Western blot (data not shown).  

Therefore, ELISA was utilized to detect TNF-α in the supernatants of transduced U937 

cells, using 200 µL of supernatant per well (Figure 3.13).  From the ELISA data, mock-

infected U937 supernatants did not have significantly different TNF-α levels, and levels 

were near the detection limit of the assay.  However, DENV2-infected U937/shTNF-α had 

only half as much TNF-α present in the cell supernatants compared to U937/control (20 
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ng/mL compared to over 40 ng/mL).  This demonstrates that TNF-α production is attenuated 

in DENV2-infected U937/shTNF-α cells.  This demonstration, however, does not indicate 

what amount of TNF-α present in these supernatants is biologically active.   

 

 

 
Figure 3.13.  Reduced TNF-α in the supernatants of DENV-infected U937/shTNF-α cells.  
Indirect ELISA was performed.  Mock-infection supernatants were collected at 8 d.p.i. and stored 
4°C for 2 days before the assay.  DENV2-infection supernatants were collected at 10 d.p.i. and used 
immediately.  Samples were run in duplicate.  Error bars represent standard deviation.    
 

 

 Of interest from the ELISA data is that supernatants harvested from 2 separate 

infections had nearly the same TNF-α concentration in DENV-infected as to mock-infected 

cells of the same line (data not shown).  U937/shTNF-α cells still demonstrated TNF-α 

downregulation compared to U937/control cells, but neither cell line demonstrated increased 

TNF-α levels in DENV infection.  The reason for the upregulated TNF-α in mock-infection 

is thought to be due to the fact that the mock-infected cells tended to double at nearly twice 
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the rate as their DENV2-infected counterparts.  Therefore the medium of the mock-infected 

cells was often more acidic (observably more yellow) than the medium of the DENV2-

infected cells.  This observation is supported by a study in which human monocytes infected 

by DENV showed increased rates of apoptosis (Torrentes-Carvalho et al., 2009).   

 In this study, a proportional correlation was observed between cell density at time of 

harvest and TNF-α detected by ELISA.  The mock-infection supernatants used for the 

indirect ELISA shown in Figure 3.13 were kept at low density and passaged the day 

previously so that they would not produce TNF-α as a result of overpopulation.  This 

however makes the data in Figure 3.13 of the DENV2-infection supernatants not 

comparable to the mock-infection supernatants, and furthermore makes all further data of 

DENV2-infected compared to mock-infected U937 cells questionable as populations 

growing at different rates and therefore being at different density in media at time of harvest 

are not readily comparable.  Comparing data related to inflammation between these two 

populations could easily lead to false negative or inaccurately low differences. 

In addition to ELISA analysis of cell supernatants, TNF-α regulation was also 

confirmed using Western blot of cell lysates.  Interpretation of the Western blots was a 

challenge, as nearly 10 bands showed up of all different sizes in each sample (Figure 3.14).  

TNF-α Western blots can be difficult to interpret because TNF-α can exist as a 17 kDa 

mature secreted form, 26 kDa membrane-bound pro-TNF-α (which is cleaved to produce the 

17 kDa mature secreted form), or as dimers or trimers of each (which corresponds to 34 and 

51 kDa for soluble TNF-α and 52 and 78 kDa for pro-TNF-α).  In addition, bands seen at 43 

kDa are thought to be due to cross-linking between the 17 kDa TNF-α monomer and the 26 

kDa pro-TNF-α monomer.  The 78 kDa trimer and 26 kDa monomer of pro-TNF-α and the 
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17 kDa soluble-TNF-α monomer are the only bands not so close to bands of multimers or 

combinations of the other form as to run the risk of erroneously being considered 

membrane-bound TNF-α or soluble TNF-α.  (Tang et al., 1996).  It is not known whether 

the high molecular weight bands seen could be due to TNF-α bound to TNFR, pre-processed 

TNF-α protein, or non-specific interaction, so bands heavier than 78 kDa was disregarded. 

Once it was determine what all the different band sizes were from, interpretation was 

not made much easier because the band densities of the 26 kDa pro-TNF-α monomer were 

of roughly equal distribution in almost all samples, so long as protein was loaded equally, 

but some of the other bands were seen to fluctuate in density between samples.  The most 

common band seen to change density was the 78 kDa pro-TNF-α trimer.  A literature search 

was done to determine what band(s) was appropriate to use for analysis of TNF-α 

regulation.  One study pointed out that the many isoforms of TNF-α that are resolved with 

SDS-PAGE can be involved in different biological roles.  Specifically, an 18.5 kDa species 

has been identified as the result of cleavage of pro-TNF-α at an alternative site which 

renders the protein biologically inactive.  (Watts, 1997).  Therefore not all TNF-α specific 

bands on a Western blot are equally as informative about inflammation-inducing TNF-α in a 

sample.  In another study, it was found that 78 kDa pro-TNF-α trimers are formed rapidly 

after translation, before the even reaching the plasma membrane.  78 kDa pro-TNF-α trimers 

have even been detected as early as 30 minutes before 17 kDa mature TNF-α in activated 

human monocytic cell lines.  The pro-TNF-α trimers have also been determined to be 

requisite for subsequent TNF-α biological activity.  (Tang et al., 1996).  Therefore, 

whenever possible the differences in band densities at 78 kDa were analyzed to more 

accurately determine potential inflammation-inducing TNF-α induction. 
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Figure 3.14.  Reduced TNF-α in the cell lysates of U937/shTNF-α cells.  (A) Western blot of cell 
lysates.  D and M refer to DENV2- or mock-infection.  U937 refers to the infection of non-
transduced U937 cells.  TNF(+) is 200 ng of rhTNF-α.  Cells were lysed at 4.5 d.p.i.   (B) 
Densitometry of the 78 kDa pro-TNF-α trimer.  (C) Densitometry of the remaining dominant bands. 
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 From the 78 kDa band density analysis (Figure 3.14 B), differential induction of 

TNF-α is apparent, with U937/shTNF-α cells exhibiting decreased amounts of biologically 

active pro-TNF-α trimer at 4.5 d.p.i. in both DENV2- and mock-infected cell lysates.  The 

26 kDa pro-TNF-α monomer band density showed a very slight decrease in the 

U937/shTNF-α cell lysates.  A band at roughly 43 kDa demonstrated a stronger 

downregulation in the U937/shTNF-α cell line.  This band could be TNF-α monomer bound 

to pro-TNF-α monomer (43 kDa), soluble TNF-α dimer (34 kDa), or pro-TNF-α dimer (52 

kDa).  The reason for the wide range of possibilities for this band is due to the potential for 

different isoforms, which is readily apparent when observing the TNF-α positive control 

lane’s TNF-α dimer double-band at both 34 kDa and 40 kDa.  Another observable pattern 

was the tendency of bands to lie slightly above their expected molecular weight.  This can 

be seen in the positive control 34 kDa band and the dominant 26 kDa pro-TNF-α monomer 

of all samples, which appears approximately 28 kDa in size when compared to the ladder 

(Figure 3.14 A). 

 In a Western blot of cell lysates from cells harvested at 3 d.p.i. from a separate 

infection, the 26 kDa pro-TNF-α monomer showed the strongest downregulation for the 

U937/shTNF-α sample (Figure 3.15).  Although the 26 kDa band is not the most 

biologically active form of TNF-α, it does indicate that TNF-α is being strongly 

downregulated in U937/shTNF-α cells, with less than half the density as that of 

U937/control cells. 
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.        
Figure 3.15.  Reduced 26 kDa pro-TNF-α monomer in DENV2-infected U937/shTNF-α cell 
lysates.  Left: Western blot showing the 26 kDa pro-TNF-α monomer with actin as loading control.  
Right: Densitometry of the pro-TNF-α monomer normalized to actin.  Cells lysates were harvested 3 
d.p.i. 
 

 In addition to TNF-α upregulation as a result of DENV infection, the cell lines were 

treated with LPS to demonstrate the effectiveness of the shRNA construct with a bacterial 

TNF-α inducing agent.  LPS activates monocytic cells by TLR4 binding.  Cells that had 

been previously passaged at different times were counted so that 5 x 105 cells of each were 

treated by the addition of 1 µg/mL LPS, or mock-treated with 1 µg/mL ddH2O, in culture 

medium for four hours.  Following incubation, cells of each treatment were lysed for  

Western blot and RNA was extracted via TRIzol® for  real-time PCR. 

 For analysis of the LPS-treated lysates’ Western blot results (Figure 3.16), the pro-

TNF-α trimer 78 kDa band was the focus.  The LPS treatment was short at only four hours, 

as previous studies have shown that immediately after induction TNF-α is produced in the 

78 kDa membrane-bound trimer form (Tang et al., 1996).  This was supported by the results 

obtained.  In both U937/control and non-transduced U937 cells, the pro-TNF-α trimer is 

upregulated in LPS treatment compared to mock treatment.  pro-TNF-α trimer induced in 

LPS-treated U937/shTNF-α did not appear to be different than mock-treated cells.  The 
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different mock treatment baseline levels of 78 kDa trimer between the cell lines is most 

likely due to the fact that before the cells were LPS-treated they had been passaged at 

different times.  The non-transduced U937 and the U937/shTNF-α cells had been passaged 

less than one day previously, and the U937/control cell line had been passaged about one 

day before that. U937/control cells were noticeably at a slightly higher density prior to 

treatment.  Nevertheless, TNF-α upregulation can be observed in all LPS-treated samples 

except for U937/shTNF-α, as expected if the shTNF-α construct is causing TNF-α 

knockdown. 

 The TNF-α mRNA expression data in LPS treated cells showed that U937/shTNF-α, 

when normalized to U937/control, displayed decreased levels of TNF-α mRNA.  This effect 

was not strong, with only a 30% decrease in the LPS-treated sample (Figure 3.16).  This 

may be due to the fact that TNF-α mRNA was not very strongly upregulated in the 

U937/control LPS-treated cells compared to U937/control mock-treated cells, at only 1.2-

fold induction (data not shown).  Perhaps strongly induced TNF-α upregulation by LPS 

treatment would more clearly demonstrate the ability of the shRNA construct to down-

regulate TNF-α.   
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Figure 3.16.  Reduced TNF-α expression from LPS-treated U937/shTNF-α cells.  Cells were 
treated with LPS for 4 hours prior to harvesting.  (A) Western blot of cell lysates, (B) Densitometry 
of the 78 kDa pro-TNF-α trimer, normalized to actin.  (C) Relative percent change of TNF-α mRNA 
in U937/shTNF-α cells relative to U937/control cells. 
 

 Of all the data accrued to demonstrate shRNA-mediated TNF-α knockdown in the 

U937/shTNF-α cell line, none were as straightforwardly convincing as the RT-PCR data 

(Figure 3.17).  RT-PCR was performed on total RNA extracted at various time points, 

totaling five separate RNA harvests from two separate infections.    
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Figure 3.17.  Reduced expression of TNF-α mRNA in DENV2-infected U937/shTNF-α cells.  
(A) Relative percent change of TNF-α mRNA in DENV2-infected U937/shTNF-α cells (solid bars) 
relative to DENV2-infected U937/control cells (striped bars). All samples are normalized to 
GAPDH, and all p values are <0.01.  (B) Relative fold TNF-α mRNA regulation in DENV2-infected 
cells relative to mock-infected cells.  The solid line represents U937/shTNF-α cells, the dashed line 
represents U937/control cells.  Results shown are all combined data from 2 separate infections. 
 

 Of note is that at 2, 2.5, and 3 d.p.i., TNF-α mRNA of each DENV-infected cell line 

compared to mock-infection was not yet much different.  However, at 4.5 and 5 d.p.i., TNF-

α mRNA levels were significantly increased in DENV-infected cell lines (Figure 3.17 B).  

This further demonstrates the shRNA’s ability to knockdown the TNF-α response, even 

during an infection when naturally there is a strong drive for TNF-α production.  When 

analyzing relative percent change of TNF-α mRNA of U937/shTNF-α compared to 

U937/control (Figure 3.17 A), at a few time points only 20% downregulation occurs.  

However, at the previously noted 5 d.p.i. time point, approximately 95% downregulation 

0% 

10% 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

90% 

100% 

2	   2.5	   3	   4.5	   5	  

R
el
at
iv
e	  
P
er
ce
n
t	  
Ch
an
ge
	  

d.p.i.	  

-10 

10 

30 

50 

70 

90 

110 

130 

150 

170 

2 2.5 3 4.5 5 
T

N
F-
α 

Fo
ld

 R
eg

ul
at

io
n 

d.p.i. 

A B 



 
104 

occurred.  Together this data indicate that DENV2-infected U937/shTNF-α cells produce 

less TNF-α than do U937/control cells.  

 From the above data there is strong evidence of TNF-α knockdown in U937/shTNF-

α cells, which were shown to have less TNF-α mRNA, less intracellular TNF-α, and to 

secrete less soluble TNF-α when compared to U937/control cells.  Once this effectiveness of 

the shRNA construct targeting TNF-α was established, the downstream effect of TNF-α 

knockdown in DENV-infected monocytes could be studied.   The hypothesis is that if TNF-

α is downregulated in DENV-infected monocytes, factors secreted from these cells will 

activate endothelial cells to a lesser degree than will factors secreted from monocytes 

undergoing a normal course of DENV-infection. 

 

3.5.  Endothelial Activation by Supernatants from Dengue Virus Infected Transduced 

U937 Monocytic Cell Line 

It was expected that the shRNA targeting TNF-α would cause vascular permeability 

to decrease following DENV2-infection of monocytes, as TNF-α is a key inducer of the 

immunopathogenesis of DENV infection.  Additionally, as an inducer of many other 

proinflammatory cytokines, a reduction in TNF-α is expected to cause an overall reduction 

in the proinflammatory response.  However, the downregulation of a major proinflammatory 

cytokine during infection potentially could cause other proinflammatory cytokines to 

compensate by becoming more strongly upregulated.  Measuring the downstream 

endothelial cell activation effect of TNF-α knockdown during DENV2-infection of 

monocytes can answer this.   
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A VCAM-1 Renilla luciferase reporter was used to determine endothelial cell 

activation in HMEC-1 human microvascular endothelial cells.  The promoter sequence for 

VCAM-1 was cloned onto Renilla luciferase (similar to plasmid previously described: 

Minami and Aird, 2001), and this was ligated into the pLL3.7 transfer vector (Figure 3.18 

A).  This plasmid is named pLL3.7/VCAM-1, and was used to transfect HMEC-1 human 

endothelial cells.  Any changes in the cells that would activate VCAM-1 should also 

activate the expression of Renilla luciferase.  Thus an increase in luciferase correlates to 

endothelial cell activation.  Luciferase is an ideal reporter for this assay as its short half-life 

confers the ability to show the inducible effects of monocyte supernatants.  Also, the 

sensitivity of luciferase assays are in the subattomole range.  (Schenborn and Groskreutz, 

1999).  Therefore even small changes in Renilla luciferase expression should be detected. 

Despite the sound theory behind the Renilla luciferase reporter assay, it was 

complicated by the fact that transfection of HMEC-1 cells is notoriously a difficult 

endeavor.  Typical transfection efficiencies for HMEC-1 cells using plasmid vectors are as 

low as 2% for calcium phosphate transfection and as high as 40% for some electroporation 

methods.  One group achieved 65% to 85% efficiencies using electroporation in cuvettes, 

and found that cellular adherence was not affected 24 hours post transfection.  (Hernandez 

et al., 2004).  Initial transfections by Lipofectamine2000 or Lipofectamine LTX/Plus 

generated poor transfection efficiencies, typically with low survival rates and only about 5-

25% of cells transfected.  Electroporation was used to garner better transfection efficiencies. 

(Ear et al., 2001).  

Optimization of electroporation parameters utilizing the Neon™ system generated 

efficiencies as low as 5% to as much as 60% transfection. Once the parameters for the 60% 
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efficiency transfection was established, they were used for all subsequent HMEC-1 Neon™ 

transfections.  To prevent data variation due to differences in transfection efficiencies 

between samples, HMEC-1 cells were transfected in bulk, plated in 10 cm tissue culture 

dishes, and incubated for 24-48 hours to grow and recover.  Then they were lifted and mixed 

well, and re-plated in equal volumes into 24-well plates.  One day post seeding, cells were 

analyzed by fluorescent microscopy to assure the number of cells and the amount of GFP 

expressed per well appeared equal before U937 supernatants were applied. 

Another factor complicating the VCAM-1 luciferase reporter assay was that strongly 

activated endothelial cells lose adherence and die.  This was observable in the study of 

Cardier et al., 2005, in which sera from patients with DF were overlain onto HMEC-1 cells, 

which subsequently lost viability and died with correlation to the amount of TNF-α present 

in the sera.   If Renilla luciferase expression is used solely to determine endothelial cell 

activation, with more luciferase expression correlating to more activation, cell death caused 

by activation could result in falsely low activation results as dead cells cannot produce 

luciferase.  In later experiments this was evident when 1 µg/mL of LPS was used to activate 

HMEC-1 cells and luminescence from the LPS-treated HMEC-1 cells was then compared to 

luminescence from the untreated negative control well, it appeared that the LPS treatment 

caused a decrease in HMEC-1 activation.  Upon microscopic examination of this well, many 

of the cells seemed to have died. 

To normalize for cell death, total protein of each sample was determined by 

Bradford assay using lysates from the Renilla luciferase assay.  However, results were 

minimally changed after normalization, and the LPS-treated HMEC-1 cells still showed a 

decreased activation of VCAM-1 when compared to the untreated negative control cells.  
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This correlates with previous data showing that protein determination does little to 

normalize luciferase reporter assays to cell number (Schagat et al., 2007).  Total protein 

normalization did seem effective if cell numbers were similar.  Because of this, a second 

control was added by photographing cells just prior to harvesting for the luciferase assay.  

Using this subjective normalizer, only wells with similar numbers of cells were directly 

compared.  As it turns out, wells of the U937/DENV2 supernatants tended to have very 

similar numbers of cells, as did the wells of U937/Mock supernatants, but when comparing 

DENV2 to mock supernatant treatment, the mock-infected wells showed a greater number 

of cells per well.  

This fiasco could have been avoided by incorporation of a constitutively active 

internal control reporter, such as a plasmid encoding for firefly luciferase, or by flow 

cytometry for GFP fluorescence to give the transfection efficiency and number of cells per 

treatment (Sims et al., 2003).  To control for HMEC-1 cell death in the future, incubating 

wells with supernatants for a time period shorter than 20 hours might be effective, as toxic 

amounts of cytokines may inhibit cell growth in addition to killing cells, resulting in the 

decreased cell numbers in the affected wells. 
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Figure 3.18.  Decrease in activation of HMEC-1 cells treated with supernatants from DENV2-
infected U937/shTNF-α cells.  (A) Schematic of the pLL3.7/VCAM-1 Renilla luciferase reporter. 
(B) Supernatants from DENV2-infected U937/pLL3.7 cells and (C) mock-infected U937/pLL3.7 
cells were overlain onto HMEC-1 cells transfected with pLL3.7/VCAM-1 for 20 hours.  Results are 
from 5 d.p.i. U937 supernatants, and are normalized to total protein.   
 

 From Figure 3.18 it is apparent that endothelial activation is reduced in the 

U937/shTNF-α cell line.  This data indicates that TNF-α knockdown in monocytic cells 

infected by DENV ultimately results in a decrease in the endothelial cell activation which is 

the hallmark of DHF/DSS immunopathogenesis.  This demonstrates the potential usefulness 

of TNF-α knockdown in an in vitro DENV infection model.   
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3.6.  Discussion 

 The goal of performing this study was to determine the effect of siRNA-mediated 

TNF-α downregulation in monocytic cells during DENV infection.  The method of 

generating the siRNA from shRNA expressed by hairpins integrated into the genome of the 

cell by a lentiviral vector was successful.  The shRNA construct targeting TNF-α was shown 

to downregulate TNF-α mRNA, secreted TNF-α and intracellular TNF-α in the cell line 

U937/shTNF-α.   

 When endothelial cell activation effects were determined for supernatants of the 

U937 cell lines, it was discovered that U937/shTNF-α activated endothelial cells less than 

U937/control or non-transduced U937 both during DENV2-infection and during mock-

infection.  This demonstrates that the overall cytokine milieu secreted by U937/shTNF-α is 

less inflammatory than that secreted by normal U937.  This also indicates that during 

knockdown of TNF-α in DENV2-infection, other proinflammatory cytokines are not 

effectively compensating for the loss in TNF-α.  This data provides evidence supporting the 

correlation found between TNF-α low expression polymorphisms and protection from 

DHF/DSS.  The effectiveness of the siRNA designed in this study to downregulate TNF-α, 

resulting in ultimately decreased endothelial cell activation, gives hope siRNA targeted 

against TNF-α could be used as a treatment for shock and for those with DF who are at risk 

for DHF/DSS.   

 Since TNF-α is an autoinducer and is responsible for the upregulation of other pro-

inflammatory cytokines, the effect of its knockdown in DENV-infected monocytes could 

result in a compensatory effect of other proinflammatory cytokines, an overall reduction of 

all or some of the pro-inflammatory response, or a reversal toward the production of anti-
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inflammatory cytokines.  Measuring the amounts of pro- and anti-inflammatory cytokines 

secreted from these cells will answer this question. 

Further studies will determine what other cytokines, proinflammatory or anti-inflammatory, 

are differentially regulated when TNF-α is knocked down during DENV2 infection.  Once 

this is determined, it will be necessary to analyze what effect the changed cytokine milieu 

will have on the immune response and immune memory generated to DENV infection. 
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CHAPTER 4.  Direct Regulation of TNF-α  Expression by MicroRNAs in 

Dengue Virus Infected Monocytic Cells 

 

 

4.1.  Development of a Luciferase Reporter System for miRNAs that Target TNF-α  

 To determine which miRNAs regulate TNF-α expression during DENV infection, a 

luciferase reporter system was generated.  This was accomplished by cloning the TNF-α 

3’UTR onto the 3’ end of Renilla luciferase.  This method of cloning 3’UTRs onto a 

reporter has been previously validated for the indication of direct miRNA-mediated 

inhibition (Taganov et al., 2006).  If miRNAs are decreasing luciferase expression, then it 

can be inferred that they would be doing the same to TNF-α as well. 

Since interest lies in using the luciferase reporter to test for miRNA-mediated TNF-α 

regulation during DENV infection, but DENV-infected cells do not have the same 

generation time as un-infected cells, a control for cell density was necessary.  A two-

plasmid system, with one experimental plasmid and one constitutively active control 

plasmid, is ideal.  This system normalizes for cell density as well as transfection efficiency.  

When designing two-plasmid luciferase reporter assays, it is necessary to control for the 

effect of one plasmid on the other (Farr and Roman, 1991), as some plasmids can suppress 

the activity of others.  Due to this, Promega pGL plasmids were used, which were designed 

to be used in combination and have been tested to make these effects negligible.  The 

constitutively active normalization vector, pGL3-Control (expressing firefly luciferase), was 

co-transfected into cells with the experimental plasmid pGL4.75[hRlucCP] (expressing 
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Renilla luciferase) (Figure 4.1).  Normalizing the amount of Renilla luciferase to firefly 

luciferase allows for more precise measurement of TNF-α regulatory effects. 

The experimental plasmid, pGL4.75[hRlucCP], expresses Renilla luciferase attached 

to a CL1-PEST (CP) degradation sequence, digested from pGL4.78[hRlucCP/Hygro] vector 

and cloned into pGL4.75[hRlucCMV] vector for rapid response.  The resultant plasmid 

(pGL4.75[hRlucCP]) also has the CMV promoter/enhancer region of pGL4.75[hRlucCMV] 

for strong expression.  The CP degradation sequence is composed of hPEST and hCL1.  

hPEST is isolated from the C-terminal region of mouse ornithine decarboxylase, and hCL1 

is isolated from yeast.  The ‘h’ designates that they have been optimized for use in human 

cells by deletion of many transcription factor sites.  Both hCL1 and hPEST increase protein 

degradation, resulting in faster measurable response to stimuli and an increase in the overall 

magnitude of responses.  (Promega pGL4 Luciferase Reporter Vectors, 2006). 

Of note is that the pGL3-Control vector contains a greater number of transcription 

factor binding sites, including an NF-κB binding site, that do not exist in 

pGL4.75[hRlucCP].  This may result in increased firefly luciferase expression in DENV-

infected or LPS-activated cells.  (Promega pGL4 Luciferase Reporter Vectors, 2006).  

Therefore, data normalized to firefly luciferase in activated cells could result in falsely low 

RLU.  Thus, in all infections, RLU from the experimental plasmid system is compared to 

RLU from a control plasmid system.  The control plasmid system is exactly the same as the 

experimental plasmid system except that no 3’UTR was cloned into the vector 

pGL4.75[hRlucCP].  This is referred to as the control system with no 3’UTR.  The 

experimental plasmid system is referred to as the TNF-α 3’UTR system. 
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Figure 4.1.  The luciferase reporter system for miRNAs that target TNF-α.  (A) The TNF-α 
3’UTR was cloned after hRlucCP and before the poly(A) signal.  Plasmid maps of (B) 
pGL4.75[hRlucCP], with no 3’UTR cloned in, and (C) pGL3-Control. 
 

 

4.1.1.  Cloning the TNF-α 3’UTR onto a Luciferase Reporter  

To construct the TNF-α 3’UTR luciferase reporter, the TNF-α 3’UTR sequence was 

cloned directly onto the 3’ end of the hRlucCP gene of pGL4.75[hRlucCP], in order for host 

cells to generate luciferase mRNA with the TNF-α 3’UTR (Figure 4.1).  The mRNA 

sequence of TNF-α was found using GenBank (ID: X01394.1).  The TNF-α coding 

sequence was from bases 153-854.  Everything past the TGA stop codon at position 852 is 

the TNF-α 3’UTR.  Primers were designed to amplify the entire 797 base pair (bp) TNF-α 

3’UTR with the addition of the XbaI site TCTAGA onto each end.  XbaI would eventually 

be used to clone the TNF-α 3’UTR into the vector pGL4.75[hRlucCP].  The forward primer 
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design included 20 nucleotides of the 5’ end of the TNF-α 3’UTR, including the TGA stop 

codon.  The reverse primer design is reverse complementary to the 3’ end of the TNF-α 

3’UTR (Table 4.1). 

 

Table 4.1.  Primers designed for amplification of the TNF-α 3’UTR.  Primers are shown in 5’ to 
3’ orientation, with a 2-nucleotide cutting aid followed by the XbaI site in parentheses and finally 
the sequence complimentary to the TNF-α 3’UTR. 

Forward TA(TCTAGA) TGA GGA GGA CGA ACA TCC AAC CTT C 

Reverse TA(TCTAGA) AAG CAA ACT TTA TTT CTC GCC ACT G 

 

 Using an oligo(dT)15 primer, cDNA was synthesized from TRIzol®-extracted THP-1 

monocytic cell total RNA using Transcriptor Reverse Transcriptase (Roche).  The use of the 

oligo(dT)15 primer allowed reverse transcriptase to convert total mRNA into cDNA using 

their poly(A) tails.  Subsequently, two PCR reactions were performed on this cDNA 

product.  The first PCR used the forward TNF-α 3’UTR primer with the oligo(dT)15 reverse 

primer.  The second PCR amplified the product from the first PCR using the forward and 

reverse TNF-α 3’UTR primers.  The product from this second PCR, as run on agarose gel 

electrophoresis, is shown in Figure 4.2.  

 
Figure 4.2.  Amplification of the TNF-α 3’UTR following reverse transcriptase PCR.  The size 
of the TNF-α 3’UTR is 797 bp.   
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 The band harboring the TNF-α 3’UTR was purified from the agarose gel and 

digested by XbaI, as described in Section 2.6.2. (Preparation of cDNA from total RNA for 

ligation).  It was then ligated to XbaI-digested and AP-treated pGL4.75[hRlucCP] vector, 

and transformed into E. coli DH5-α.  Transformants were plated on selective medium, and 

colony PCR was run on all resulting colonies with a forward primer designed for a site on 

the pGL4.75[hRlucCP] plasmid and the same reverse primer used to isolate the TNF-α 

3’UTR.  This simultaneously tested for the presence of the TNF-α 3’UTR insert and for the 

correct orientation with respect to the luciferase reporter.  A PCR-positive clone was 

confirmed by sequencing at BiotechCore.  This plasmid was named 

pGL4.75[hRlucCP]/TNF-α 3’UTR.  The control plasmid containing no 3’UTR insert is 

pGL4.75[hRlucCP]. 

 

4.2.  Validation of Post-Transcriptional Regulation of the TNF-α miRNA Reporter in 

Monocytic Cell Line U937 

 After generation of the two-plasmid luciferase reporter system, it was necessary to 

validate its effectiveness in demonstrating TNF-α post-transcriptional regulation.  U937, the 

same cell line that will be used for analysis of miRNA expression, was used for testing 

TNF-α post-transcriptional regulation with the luciferase reporter system.  Results of the 

validation experiment are more relevant in monocytic cells, as other cell types may express 

different post-transcriptional regulators.  If the TNF-α 3’UTR reporter system can 

effectively report on TNF-α post-transcriptional regulation, the level of luciferase should 

change between normal and activated U937 cells. 
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 Validating the reporter system in U937 was complicated by the fact that U937 cells 

are a notoriously difficult to transfect cell line.  This is thought to be due to limited DNA 

trafficking, making it difficult for transfected DNA to reach the nucleus (Martinet et al., 

2003).  Generally, 30% is considered to be high transfection efficiency for human 

monocytes (Weir and Meltzer, 1993).  In general, when compared to calcium phosphate and 

lipid-based transfection methods, electroporation is well known to give the best transfection 

efficiencies (Wiese et al., 2010).  Because of this, and because previous experiments testing 

Lipofectamine2000 transfection on U937 cells yielded poor transfection efficiencies, U937 

cells were transfected using the Neon™ electroporation system. 

 Despite that Invitrogen states Neon™ can produce transfection efficiencies in U937 

cells as high as 80% (Neon cell protocols: U937), the highest efficiency achieved by our lab 

prior to optimization was less than 1%, which preliminary data demonstrated was not 

enough to produce sufficient quantities of Renilla luciferase for accurate detection.  

Electroporation transfection of our lab’s strain of U937 cells needed to be optimized.  This 

was performed by Neon™ transfection of the GFP-producing pLL3.7 transfer plasmid into 

U937 cells using a small variety of electroporation parameter settings (not the entire panel 

of Invitrogen-recommended optimization parameters) based on educated guess.  This was to 

conserve our supply of Neon™ capillary tips.  

 After optimizing the Neon™ transfection parameters, 10% transfections of U937 

were achieved.  This produced sufficient amounts of Renilla luciferase for accurate 

detection.  The optimized electroporation parameters are given in Table 2.2.  Since pGL3-

Control firefly luciferase expression was generally much higher than pGL4.75[hRlucCP] 

Renilla luciferase expression (preliminary data, not shown) a 1:5 ratio of pGL3 control to 
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pGL4.75[hRlucCP] DNA was used for this and all subsequent luciferase reporter system 

transfections in U937 cells.  

 The transfection procedure for the TNF-α miRNA reporter system validation assay 

was as follows.  The TNF-α 3’UTR experimental system was transfected into one group of 

U937 cells.  Into another group was transfected the control system with no 3’UTR.  Mock 

transfection was performed on a third group, using a comparable volume of TE buffer.  This 

group was to establish background levels of luciferase to assure that readings from the other 

two groups of cells were reliable.  Following electroporation, cells were incubated in 

antibiotic-free complete RPMI-1640 at 37°C in 5% CO2.  After 24 hours, cells from each 

transfection group were split four ways, with approximately 5 x 106 cells per sample.  LPS- 

and mock-treatments were performed using two samples of each group (Section 4.2.1.).  

DENV- and mock-infection were performed on the remaining two samples of each group 

(Section 4.2.2.).   

 

4.2.1.  Analysis of the TNF-α miRNA Reporter Following LPS Treatment 

 To analyze the TNF-α miRNA reporter for regulation following LPS treatment, cells 

were each plated in 2 mL of fresh complete RPMI-1640 in a 6-well plate, and allowed to 

rest for 7 hours in the 37°C, 5% CO2 incubator.  After 7 hours, 1 µg/mL LPS was added 

directly to culture medium for LPS-treated samples.  For mock treatment, an equal volume 

of ddH20 was added.  Cells were mixed by gently rocking the plate, and then incubated for 4 

hours at 37°C with 5% CO2, with gentle rocking of the plate to suspend the cells once every 

hour.  After the 4 hours, cells were centrifuged to remove culture supernatants.  The cells 

were then resuspended in 500 µL incomplete RPMI-1640 and the Dual-Glo Luciferase 
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Assay (Promega) was performed as described, with duplicates of 75 µL of each 

resuspension per reaction.  (Figure 4.3) 

 

 
Figure 4.3.  TNF-α 3’UTR downregulation in LPS-treated U937 cells.  Expressed results are 
RLU of the LPS-treated sample normalized to RLU of the mock-treated sample of the same plasmid 
set.  
 

 Results from the dual luciferase assay demonstrated approximately forty percent 

downregulation of the TNF-α miRNA reporter in LPS-treated relative to mock-treated U937 

cells.  Possibly due to the additional transcription factor sites in pGL3-Control or to the 

toxicity of LPS treatment, LPS-treatment of the control system with no 3’UTR resulted in 

RLU downregulation of twenty percent.   

 The predicted result of this experiment was that the TNF-α 3’UTR reporter would be 

upregulated in activated cells, indicating the enhanced translation of TNF-α mRNA by the 

release of 3’UTR-binding downregulatory factors.  A revised theory to account for the 

observed reporter downregulation could be that TNF-α 3’UTR destabilizing factors are 

induced simultaneously with TNF-α.  This mechanism could be used as a protective 
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measure to prevent TNF-α overexpression.  If this is the case, it may indicate that enough 

TNF-α transcription is induced during cellular activation that TNF-α mRNA destabilizers 

need to be co-induced to prevent inflammatory disorder.  The slight downregulation of the 

TNF-α 3’UTR reporter upon LPS treatment of U937 cells observed here has been 

previously reported (Joe et al., 2011).   

 A simple experiment could be done to compare the downregulation of TNF-α 

translation to TNF-α transcriptional upregulation.  The TNF-α promoter region could be 

cloned as the promoter region for a luciferase reporter either containing or not containing 

the TNF-α 3’UTR.  The amount of reporter expression in LPS-activated or mock-treated 

cells transfected with the plasmid containing the TNF-α promoter/TNF-α 3’UTR could be 

compared to cells transfected with the plasmid containing only the TNF-α promoter.  

Comparing the amount of TNF-α 3’UTR-containing construct to the TNF-α promoter-only 

construct could show what the amount of TNF-α translational downregulation is compared 

to TNF-α transcriptional upregulation.  This would provide the actual relative amount of 

TNF-α post-transcriptional downregulation.  Most likely the amount of TNF-α translation is 

much more than TNF-α post-transcriptional downregulation.  However, comparing the 

actual ratio of translation to post-transcriptional downregulation could provide insight into 

the magnitude of the response downregulating TNF-α after induction.   

 As previously discussed, miRNA are not the only known regulators of 3’UTR 

regions.  Another known regulator of the TNF-α 3’UTR is prototypic zinc finger protein 

tristetraprolin (TTP), which can mediate 3’UTR degradation by deadenylation.  There are 

also several proteins responsible for the stabilization of the 3’UTR.  (MacKenzie et al., 

2002).  In the absence of exogenously added miRNA, or a miRNA-free U937 control cell 
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line for comparison, the down-regulation of the TNF-α 3’UTR upon cellular activation 

cannot be attributed to miRNA-specific regulation.  The downregulation observed here 

could also have resulted from TTP deadenylation, or potentially other non-miRNA-

associated mediators of TNF-α post-transcriptional regulation.  This experiment was 

performed to validate that the TNF-α 3’UTR reporter system is functional, and the data 

gathered here indicates that the TNF-α 3’UTR luciferase reporter was indeed regulated, and 

hence regulatable, during LPS-treatment.    

 

4.2.2.  Analysis of the TNF-α miRNA Reporter in Dengue Virus Infected Cells 

 Since the focus of this study is TNF-α post-transcriptional regulation in DENV-

infected monocytes, it is important to analyze whether the TNF-α 3’UTR reporter can be 

regulated in DENV-infected cells.  The TNF-α miRNA reporter system transfected U937 

cells were divided into two groups for each set of plasmids.  One group was mock-infected 

and the other was DENV-infected.  Media was replaced every 48 hours, and at 5 d.p.i. the 

Dual-Glo Luciferase Assay (Promega) was run as described for the LPS-treated U937 cells. 
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Figure 4.4.  TNF-α 3’UTR downregulation in DENV2-infected U937 cells.  Cells were harvested 
at 5 d.p.i.  Samples were run in triplicate.  
 

 Results of this experiment demonstrated about 30% post-transcriptional reporter 

downregulation in DENV-infected U937 cells (Figure 4.4).  DENV-infected U937 cells 

transfected with the control system containing no 3’UTR showed about 3% RLU 

downregulation, potentially due to the additional transcription factor sites of pGL3-Control 

or to competition for host translational machinery with the virus.  The TNF-α miRNA 

reporter downregulation in DENV-infected cells suggests that monocytic cells infected with 

DENV post-transcriptionally downregulate TNF-α.  These results correspond with those of 

the LPS-activation effect on the TNF-α miRNA reporter.  Again, these results do not 

indicate the overall amount of TNF-α produced as they do not account for TNF-α 

transcriptional induction. 

 This data suggests that in cells in which TNF-α is being upregulated, cellular 

mediators simultaneously work to control the response by inhibiting translation.  Perhaps 

individuals deficient in these speculated control measures may be at higher risk for 

DHF/DSS and other inflammatory disorders.  Of note is that when RLU of the mock-
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infected TNF-α 3’UTR system transfected cell line is normalized to RLU of the mock-

infected cells transfected with the control system with no 3’UTR, the relative RLU is 

95.2%.  This could be due to transfection efficiency differences in the ratio of the two 

plasmid system, or it could indicate that under normal conditions the TNF-α 3’UTR is not 

being strongly downregulated.  Further studies would need to be performed to confirm this 

speculation.  Again, the only conclusion that can safely be drawn from this experiment is 

that the TNF-α miRNA reporter system is able to be regulated, and thus can be used to 

determine if exogenously added miRNA mimics directly regulate TNF-α expression.   

 

4.3.  Determination of miRNAs that Potentially Regulate TNF-α 

A search was performed in silico to determine miRNAs that potentially bind the 

TNF-α 3’UTR.  There is a variety of Internet databases constructed for this purpose, 

including Microcosm Targets, TargetScan.org, and MicroRNA.org. 

MicroCosm Targets is a web resource containing computationally predicted targets 

for microRNAs across many species using miRNA sequences obtained from the miRBase 

sequence database and most genomic sequences from EnsEMBL.  MicroCosm Targets was 

developed by the Enright Lab at the European Molecular Biology Laboratory (EMBL) 

European Bioinformatics Institute (EBI).  It scans all available miRNA sequences for a 

given genome against 3’UTR sequences of that genome.  (MicroCosm Targets Version 5).  

Using the TNF-α transcript number ENST00000376122, twenty-five miRNAs were 

identified that can potentially bind to the TNF-α 3’UTR.  These are given in Table 4.2.   

Alignment of these miRNAs to the TNF-α 3’UTR is shown in Figure 4.5, with a specific 

alignment shown in Figure 4.6 (Images from MicroCosm Targets Version 5).  Literature 
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was searched to determine if each of the miRNA had any previously determined direct link 

to TNF-α, what at the time they did not. 

 

 
Figure 4.5.  MicroCosm miRNA alignment view for the TNF-α 3’UTR.  Each short segment is 
one miRNA.  (Image from Microcosm Targets Version 5). 
 
 
 

 
Figure 4.6.  Example of MicroCosm alignment for an individual miRNA, miR-939 (Image from 
MicroCosm Targets Version 5). 
 
 

 In addition to the miRNAs found using MicroCosm Targets, TargetScan.org was 

searched (operated by Whitehead Institute for Biomedical Research).  TargetScan is another 

web-based algorithm that scans for miRNAs with sequence complementarity to 3’UTRs, 

with an emphasis on perfect base pairing in the seed region of the miRNA.  TargetScan also 

gives sequence conservation among vertebrate, mammalian, or poorly conserved miRNA 

families.  Using TargetScan, 39 miRNAs were identified in poorly conserved miRNA 

families, 6 in families conserved only among mammals, and 10 in families broadly 

conserved among vertebrates (Table 4.2).   

 MicroRNA.org is another online algorithm that predicts miRNA targets and target 

downregulation scores, run by the Memorial Sloan-Kettering Cancer Center.  In addition to 

miRNA targets and scores, it also has experimentally observed miRNA expression data for 
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certain cell types.  miRanda is used to find target sites, and scores are given using mirSVR.  

(Betel et al., 2008).  mirSVR ranks miRNA target sites by a down-regulation score 

calculated using an algorithm based on sequence and contextual features from miRanda-

predicted target sites (Betel, 2010).  miRanda uses an algorithm to predict target sites on the 

3’UTR of human gene transcripts for all currently known mammalian miRNAs (John et al., 

2004).  The twenty-seven miRNAs found from this search are also shown in Table 4.2. 
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Table 4.2.  miRNAs found in silico that potentially bind the TNF-α 3’UTR.  Each column 
displays miRNAs found from the indicated database.  miRNAs that were found in multiple databases 
are shown in bold. 

MicroCosm 
Targets 

TargetScan 
Conserved 

Among Mammals 

TargetScan 
Conserved 

Among 
Vertebrates 

TargetScan 
Poorly Conserved 
miRNA Families 

MicroRNA.org 

hsa-miR-10b* hsa-miR-149 hsa-miR-19 hsa-miR-323-5p hsa-miR-19a/19b 
hsa-miR-19a hsa-miR-185/882  hsa-miR-24 hsa-miR-330-3p hsa-miR-24 
hsa-miR-125b hsa-miR-320abcd hsa-miR-103/107 hsa-miR-331/331-3p hsa-miR-103   
hsa-miR-130a hsa-miR-494 hsa-miR-124/506 hsa-miR-34b hsa-miR-107   
hsa-miR-130b hsa-miR-542/542-3p hsa-miR-130/301 hsa-miR-361-3p hsa-miR-124   
hsa-miR-148a* hsa-miR-592/599 hsa-miR-140/140-

5p/876-3p 
hsa-miR-486-3p hsa-miR-130a   

hsa-miR-149  hsa-miR-150 hsa-miR-513b/513c hsa-miR-130b   
hsa-miR-187  hsa-miR-181 hsa-miR-516b hsa-miR-140-5p 
hsa-miR-296-3p  hsa-miR-187 hsa-miR-520a-5p/525-5p hsa-miR-149 
hsa-miR-337-3p  hsa-miR-221/222 hsa-miR-532-3p hsa-miR-150   
hsa-miR-409-5p   hsa-miR-545 hsa-miR-181abcd 
hsa-miR-454   hsa-miR-549 hsa-miR-185   
hsa-miR-516a-5p   hsa-miR-561 hsa-miR-301a/301b 
hsa-miR-516b   hsa-miR-570 hsa-miR-302abcde 
hsa-miR-519b-3p   hsa-miR-576-5p hsa-miR-320abcd 
hsa-miR-542-3p   hsa-miR-577 hsa-miR-372 
hsa-miR-581   hsa-miR-581/669d hsa-miR-373 
hsa-miR-592   hsa-miR-592 hsa-miR-454   
hsa-miR-599   hsa-miR-597 hsa-miR-494 
hsa-miR-615-3p   hsa-miR-650 hsa-miR-506   
hsa-miR-654-3p   hsa-miR-654-3p hsa-miR-520a-3p 
hsa-miR-770-5p   hsa-miR-766 hsa-miR-520b 
hsa-miR-875-3p   hsa-miR-875-3p hsa-miR-520c-3p 
hsa-miR-875-5p   hsa-miR-876-3p hsa-miR-520d-3p 
hsa-miR-939   hsa-miR-920 hsa-miR-520e 

   hsa-miR-939 hsa-miR-542-3p 
   hsa-miR-942 hsa-miR-599   
   hsa-miR-291b-

3p/519a/519b-3p/519c-
3p 
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Each of the miRNAs found in silico was plugged into MicroRNA.org’s miRNA 

Expression to determine if they are expressed in human CD14+ monocytes.  The miRNA 

expression data was established in Landgraf et al., 2007, by small RNA library sequencing 

of 340 mature miRNAs.  Not all of the miRNAs that were identified by MicroCosm Targets 

or TargetScan were available in this expression data.  For the miRNAs found in CD14+ 

monocytes, data is given as the relative expression values normalized to a total miRNA 

count in the library of CD14+ monocytes of 1593.0.  Expression values with the specific 

database hits of each miRNA that potentially can bind the TNF-α 3’UTR are shown in Table 

4.3. 

  

Table 4.3.  Relative expression values for miRNAs that can potentially bind the TNF-α 
3’UTR.  Found in CD14+ expression data from MicroRNA.org miRNA Expression. 

miRNA 
Relative 

Expression 
Value 

Targeting Database 

miR-103 0.006 microRNA.org & TargetScan (conserved in vertebrates) 
miR-130a 0.002 microRNA.org & MicroCosm 
miR-140-5p 0.011 microRNA.org 
miR-181a 0.009 microRNA.org & TargetScan (conserved in vertebrates) 
miR-181b 0.002 microRNA.org 
miR-185 0.002 microRNA.org & TargetScan (conserved in mammals) 
miR-19a 0.005 microRNA.org & MicroCosm 
miR-19b 0.005 microRNA.org 
miR-24 0.032 microRNA.org & TargetScan (conserved in vertebrates) 
miR-320 0.002 microRNA.org & TargetScan (conserved in mammals) 
miR-454 0.001 microRNA.org & MicroCosm 

 

 

Before small RNA library sequencing, the CD14+ human monocytic cells were 

sorted from peripheral blood of donors that were stimulated with G-CSF using magnetic 

DynaBeads (Landgraf et al., 2007).  GM-CSF is known to stimulate TNF-α production in 
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monocytes (Herbein and O’Brien, 2000).  Although the concentration and length of 

exposure to G-CSF was not given in the Landgraf et al. paper, perhaps simply its presence 

and/or the physical manipulation associated with the magnetic bead sorting was enough to 

activate the monocytes to produce TNF-α.  Perhaps then the miRNAs responsible for TNF-α 

downregulation could have been upregulated in an attempt by the cell to downregulate an 

exaggerated TNF-α response, or alternatively, downregulated to allow for TNF-α 

upregulation.  Simply the fact that these miRNAs have any expression at all in monocytes 

makes them good candidates for analysis, as not all miRNAs are expressed in all tissues. 

 After compiling the list of potential TNF-α targeting miRNAs, thirty-three of these 

were chosen for expression analysis in DENV-infected monocytes.  All miRNAs found to 

have CD14+ expression values from microRNA.org were chosen.  In addition, the twenty-

five miRNAs from MicroCosm and the six miRNAs that were found by TargetScan to be in 

families conserved among mammals were chosen.  A complete list of the thirty-three 

miRNAs that were chosen for expression analysis can be found in Table 4.4.  

 

4.4.  Analysis of miRNA Expression in Dengue Virus Infected Human Monocytic Cells 

4.4.1.  Real-Time PCR Analysis Design 

To determine which miRNAs are regulating TNF-α during DENV infection, it is 

necessary to compare miRNA expression in DENV-infected cells to mock-infected cells.  

Real-time PCR was used to measure differential expression of the thirty-three chosen 

miRNAs (Table 4.4.).  Primers were designed for each miRNA using the miRBase 

consensus sequence in correlation with the algorithm-predicted binding site on the TNF-α 

3’UTR.  This ensured that primers were designed for the correct strand of miRNA, as not all 
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miRNAs are characterized to predict which strand will be used for regulation, and evidence 

exists that some miRNA can use both guide and passenger strands for regulation (Biasiolo et 

al., 2011).  The miRNA forward primers were designed as the extrapolated miRNA 

sequence because all miRNAs will be reverse transcribed with an adaptor sequence added 

onto the 3’ end to which a reverse complementary universal reverse primer will be used.  A 

complete list of all miRNA primers and sequences ordered are given in Table 4.4.   

Once primers were designed, DNA primers were ordered from Integrated DNA 

Technologies (IDT).  Typically, locked nucleic acid (LNA) primers are used to determine 

real-time PCR miRNA expression.  LNA primers have a 2’-O, 4’-C methylene bridge in the 

ribose moiety of the nucleotides, which locks the conformation of the sequence.  LNA 

makes highly specific primers due to its restricted conformation.  (Singh et al., 1998).  In 

addition to their locked position, LNA primers have increased thermostability.  However, 

the use of LNA primers would not have been feasible given the large number of miRNAs to 

analyze and the high cost of LNA primers.  Using DNA instead of LNA primers can result 

in non-specific binding to closely sequenced miRNAs.  This is because primer designs for 

sequences with low melting temperatures cannot be avoided.  For DNA primers with 

melting temperatures in the range of about 55°C to 65°C, nonspecific binding is not usually 

a problem.  (Benes and Castoldi, 2010).  Predicted melting temperatures of each of the 

primers designed are given in Appendix B.  It is assumed here that all data obtained using 

primers with melting temperatures between 55°C and 65°C is specific, and data obtained 

using primers with melting temperatures outside of this range may also include expression 

of closely related miRNAs. 
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miRNA control primers were ordered from Qiagen.  These primers target small 

nucleolar RNAs (snoRNAs) and small nuclear RNAs (snRNAs).  snoRNAs and snRNAs are 

small non-coding RNAs that have a similar size as miRNAs and exhibit a constant 

expression level.  The miRNA control primers were made of LNA.  The reverse primer for 

all miRNAs was Universal Reverse (Qiagen), which is complementary to an adaptor 

sequence that is added onto the end of all RNA during the reverse transcription reaction 

using miRScript RT2 miRNA First Strand Kit (Qiagen). 
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Table 4.4.  miRNA-specific primers for Real-Time PCR.  Primer sequences are given in the 
5’ to 3’ orientation.  Primers from Qiagen are LNA, all others are DNA. 
 SPECIFICITY SEQUENCE 

REVERSE miScript Universal Reverse (Qiagen) Not Available 

CONTROLS 
miScript Hs_RNU6B_2 (Qiagen) Not Available 
miScript Hs_SNORD_25 (Qiagen) Not Available 
miScript Hs_RNU5A_1 (Qiagen) Not Available 

SELF- 
DESIGNED 

 

hsa-miR-19a-3p TGT GCA AAT CTA TGC AAA ACT GA 
hsa-miR-19b-3p TGT GCA AAT CCA TGC AAA ACT GA 
hsa-miR-24 TGG CTC AGT TCA GCA GGA ACA G 
hsa-miR-103a-3p AGC AGC ATT GTA CAG GGC TAT GA 
hsa-miR-124-3p TAA GGC ACG CGG TGA ATG CC 
hsa-miR-130a-3p CAG TGC AAT GTT AAA AGG GCA T 
hsa-miR-130b-3p CAG TGC AAT GAT GAA AGG GCA T 
hsa-miR-140-5p CAG TGG TTT TAC CCT ATG GTA G 
hsa-miR-149-5p TCT GGC TCC GTG TCT TCA CTC CC 
hsa-miR-150-5p TCT CCC AAC CCT TGT ACC AGT G 
hsa-miR-181a AAC ATT CAA CGC TGT CGG TGA GT 
hsa-miR-181b-5p AAC ATT CAT TGC TGT CGG TGG GT 
hsa-miR-185-5p TGG AGA GAA AGG CAG TTC CTG A 
hsa-miR-187-3p TCG TGT CTT GTG TTG CAG CCG G 
hsa-miR-296-3p GAG GGT TGG GTG GAG GCT CTC C 
hsa-miR-320a AAA AGC TGG GTT GAG AGG GCG A 
hsa-miR-337-3p CTC CTA TAT GAT GCC TTT CTT C 
hsa-miR-409-5p AGG TTA CCC GAG CAA CTT TGC AT 
hsa-miR-454-3p TAG TGC AAT ATT GCT TAT AGG GT 
hsa-miR-494 TGA AAC ATA CAC GGG AAA CCT C 
hsa-miR-506-3p TAA GGC ACC CTT CTG AGT AGA 
hsa-miR-516a-5p TTC TCG AGG AAA GAA GCA CTT TC 
hsa-miR-516b-5p ATC TGG AGG TAA GAA GCA CTT T 
hsa-miR-519b-3p AAA GTG CAT CCT TTT AGA GGT T 
hsa-miR-542-3p TGT GAC AGA TTG ATA ACT GAA A 
hsa-miR-581 TCT TGT GTT CTC TAG ATC AGT 
hsa-miR-592 TTG TGT CAA TAT GCG ATG ATG T 
hsa-miR-599 GTT GTG TCA GTT TAT CAA AC 
hsa-miR-615-3p TCC GAG CCT GGG TCT CCC TCT T 
hsa-miR-654-3p TAT GTC TGC TGA CCA TCA CCT T 
hsa-miR-770-5p TCC AGT ACC ACG TGT CAG GGC CA 
hsa-miR-875-3p CCT GGA AAC ACT GAG GTT GTG 
hsa-miR-939 TGG GGA GCT GAG GCT CTG GGG GTG 
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4.4.2.  Analysis of Temporal miRNA Expression Patterns 

The appropriate time to harvest RNA for capturing the differential expression of 

miRNAs that regulate TNF-α in DENV-infected cells first needed to be determined before 

testing the entire panel of thirty-three miRNAs.  Several time points were chosen, and four 

miRNAs were selected.  The expression of miR-181a, miR-140-5p, miR-185 and miR-24 

were chosen for preliminary data because they had the highest expression values obtained in 

CD14+ monocytes on MicroRNA.org miRNA Expression.  miR-185 was chosen instead of 

miR-103, which had a slightly higher expression value, because miR-185 was also listed by 

TargetScan as being in a family conserved among mammals.  TNF-α is a common 

mammalian cytokine, so potentially the miRNAs that regulate it are conserved among 

mammals as well.   

An early time point chosen was initially chosen for preliminary data, based on data 

that showed TNF-α is upregulated in monocytic cells as soon as 4 - 6 h.p.i. due to 

interaction with DENV antigens (Hober et al., 1996), (Chen et al., 2008).  This initial TNF-

α upregulation is due to CLEC5A activation by DAP12 phosphorylation, which occurs for 

about 12 h.p.i., even in cells incubated with UV-inactivated DENV.  After 12 h.p.i., DAP12 

phosphorylation, and hence TNF-α upregulation, is most likely due to DENV replication.  

(Chen et al., 2008).  Similarly to TNF-α upregulation, miRNA induction has been found to 

occur as soon as 4 to 8 hours after activation of cells.  (Ziu et al., 2011).  Therefore, the first 

time point chosen was 16 h.p.i., to capture a time early in TNF-α induction that is most 

likely due to DENV replication but not to receptor activation, and is also most likely to be 

the early miRNA response to infection.   
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Since residual mammalian cytokines present in virus stock grown in Vero cells 

might induce cytokines in U937 cells, virus stock grown in C6/36 insect cells was used.   

 

 

Figure 4.7.  Increased expression of select miRNAs at 16 h.p.i. in DENV2-infected U937 cells.  
(A) Relative fold regulation, relative to mock-infected U937 cells.  Data is normalized to SNORD25 
and RNU5A1 controls.  RNA was extracted with TRIzol®.  (B) 3 d.p.i. IFA of DENV2-infected 
U937 cells, and (C) 3 d.p.i. IFA of mock-infected U937 cells.  Top panels are fluorescence 
microscopy images showing Texas Red, and bottom panels are brightfield images. 
 

 At 16 h.p.i., the miRNAs tested were each upregulated in DENV-infected U937 cells 

(Figure 4.7 A), perhaps suggesting that they are under control of a general transcription 

factor that is upregulated upon cellular activation, most likely to downregulate TNF-α 

translation and control inflammation.  At 3 d.p.i., it was determined that only about eight 

percent of cells were infected (Figure 4.7 B).  U937 were infected with virus grown in 

C6/36 (A. albopictus) cells to ensure that miRNA up-regulation was due to DENV antigens 

or infection, not because of cytokines that may have been present in virus grown in Vero 

(African green monkey) cells.   A major pitfall of this method was that titers achieved from 

C6/36 infections were much lower than those from Vero infections.  Nonetheless, miR-
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181a, miR-140-5p, and miR-24 were all upregulated greater than 2.5-fold soon after DENV 

infection. 

 

 

Figure 4.8.  Decreased expression of select miRNAs at 1 and 5 d.p.i. in DENV2-infected U937 
cells.  Relative fold regulation is relative to mock-infected U937 cells and normalized to SNORD25 
and RNU5A1.  RNA was extracted using TRIzol®.   Picture on the right is a representative IFA of 
DENV2-infected U937 cells. Top panel is fluorescence microscopy image, bottom panel is the 
brightfield image. 
 
 

 To determine if the four miRNAs tested at 16 h.p.i. exhibited similar expression at 

later time points during well-established DENV replication and release, U937 cells were 

harvested at one and five days post infection.  The reason for the 5 d.p.i. time point is 

because in regenerating rat livers, some miRNAs were differentially regulated even at 5 

days after surgical liver damage (Raschzok et al., 2011).  In human monocytes and 

macrophages, The peak of DENV replication occurs at about 2 d.p.i., with less virus release 

at 5 d.p.i. when the infection is typically resolving.  TNF-α release follows a similar pattern, 

with the greatest amount of TNF-α release occurring when the virus is at peak release.  
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(Chen and Wang, 2002).  By measuring miRNAs expression at 1 d.p.i., the hope was to 

capture differential expression of miRNAs when DENV replication and TNF-α levels were 

still increasing, and at 5 d.p.i. the hope was to capture differential expression of miRNAs 

when DENV replication and TNF-α levels were decreasing.  It was thought that perhaps 

miRNAs capable of downregulating TNF-α will be downregulated at the earlier time point, 

when TNF-α is upregulated, and returning to normal expression levels or becoming 

upregulated at 5 d.p.i., when TNF-α expression is decreasing.   

 For this second infection, U937 cells were infected with DENV grown in Vero cells 

to achieve a higher percent infection.  It was assumed that at 1 d.p.i. any effect caused by 

residual monkey cytokines would have dissipated due to the short half-life of cytokines, and 

TNF-α would be upregulated based only on DENV infection-related factors.  An IFA at 3 

d.p.i. showed that approximately forty percent of cells were infected.   

 Intriguingly, the miRNAs upregulated at 16 h.p.i. were all downregulated at both 1 

and 5 d.p.i.  (Figure 4.8).  At 16 h.p.i., the general response in newly infected or activated 

cells would mostly likely be to upregulate TNF-α expression in a controlled manner.  

Perhaps factors would be induced immediately when TNF-α is induced to ensure that the 

TNF-α response did not go unchecked.  This is assumed because TNF-α is a strong 

autoregulator and monocytes both create and have receptors for TNF-α.  One study 

demonstrates that proteins involved in TNF-α mRNA degradation are upregulated 

immediately upon TNF-α induction, possibly as an early control measure taken by cells to 

ensure that the TNF-α response can be controlled (MacKenzie et al., 2002).  Perhaps at later 

time points during an established DENV infection, TNF-α translation is not controlled as 

strongly.  This may explain the downregulation of these miRNA, which, if they are directly 
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controlling TNF-α, are most likely downregulating it.  However, this is mere speculation, as 

there is no proof of this regulation from the expression analysis alone. 

Another possible explanation for the seemingly contradictory results at 16 h.p.i. 

compared to 1 and 5 d.p.i. could be due to uncontrolled-for differences caused by the 

different infection methods.  Further experiments using only virus derived from C6/36 cells 

and cells from the same infection at all time points could determine if this reversal of 

regulation is from temporal regulation during DENV infection or from factors relating to 

insect versus mammalian DENV supernatants.  RNA was harvested from the C6/36 

infection at 4 hour time points, starting at 4 h.p.i. and continuing through 16 h.p.i., but only 

the 16 h.p.i. time point was analyzed due to the cost of the miScript first strand synthesis kit.  

Perhaps analysis of miRNA expression at the 4, 8, and 12 h.p.i. time points would reveal a 

more complete picture regarding the regulation of these miRNAs at early time points 

immediately following DENV infection. 

 

4.4.3.  Expression Analysis of the miRNA Panel 

 Another infection was performed on U937 cells, with RNA being harvested at 1, 2, 

3, and 5 d.p.i.  These time points were chosen so that Vero cell-derived virus stock could be 

utilized to obtain a high percent infection.  In addition, DENV replication has previously 

been reported to peak at about 2 d.p.i. in monocytes (Chen and Wang, 2002), so these time 

points were chosen to fall before, during, and after the peak of viral replication.  The 5 d.p.i. 

time point represents miRNA differential expression at a time when infection is resolving.   

 DENV infection was performed at an MOI of 3 using virus stock from Vero cells.  

The resulting infection, as determined by IFA, was about 75% (Figure 4.9).  This was a 
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much higher percent infection than previously attained for the 16 h.p.i. or 1 and 5 d.p.i. data.  

For these samples, RNA was harvested using miRNeasy Mini Kit (Qiagen) and DNase 

digested to remove residual genomic DNA. 

 

 

Figure 4.9.  IFA of DENV2 antigen in U937 cells for miRNA expression analysis.  IFA 
performed at 3 d.p.i. of (A) DENV2-infected U937 cells and (B) Mock-infected U937 cells.  Top 
panels are fluorescent microscopy images and bottom panels are brightfield images. 
  

 

 RNA harvested from U937 cells at 1, 2, 3 and 5 d.p.i. were used in RT-PCR 

reactions encompassing the entire collection of PCR primers designed for miRNAs that 

potentially directly regulate TNF-α.  Expression data from the full panel of miRNAs is 

given in Appendix A.  Of all thirty-three miRNAs tested at each of the four time points,  
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only those showing at least one significant (greater than 1.5 fold regulation with p value 

<0.02) fold regulation on at least one time point were graphed in Figure 4.10.   

 At 1 d.p.i., the overall miRNA downregulation seemed to be strongest.  This 

suggests that miRNAs capable of directly repressing TNF-α expression are downregulated 

before DENV replication and the TNF-α response have reached their peak.  The relieving of 

miRNA post-transcriptional repressors at 1 d.p.i. theoretically would lead to an increase in 

TNF-α expression during this time period.  This supports the observation of others that 

TNF-α production continues to rise at 1 d.p.i. 

 Interestingly, many of the miRNAs had a positive fold induction or almost no 

differential expression at 2 d.p.i.  Most of the positive fold inductions at 2 d.p.i., although 

very small, had p values <0.05.  One possible explanation for this could be that when TNF-α 

is reaching high expression, a checkpoint is passed that results in activation of the miRNAs 

capable of repressing TNF-α.  A mechanism like this could be used by cells to prevent TNF-

α from reaching toxic concentrations.  This would account for the 12.5-fold change in 

induction observed for miR-542-3p, the 10-fold change in induction of miR-592, the 7-fold 

change in induction of miR-103a-3p, and the 6-fold change in induction of miR-320a, to 

name a few.   

 It was expected that the miRNAs with the strongest downregulation during initial 

infection would eventually return to normal levels when the increased TNF-α response has 

subsided.  What is unexpected about the change at 2 dpi is that some of the miRNAs were 

induced several fold more than mock-infected samples.  Perhaps if these miRNAs are 

strongly induced whenever cellular mechanisms to control TNF-α are operating at peak 

performance, their prolonged expression could be used as biomarkers to determine at-risk 
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patients with DF for developing DHF or DSS, or as more generalized biomarkers indication 

of septic shock.   

 A second explanation for the loss of differential regulation of many of the miRNAs 

at 2 d.p.i., and the strong upregulation of a few others, could be due to immune modulation 

by DENV.  The previously discussed study of TNF-α stimulated DENV infected monocyte-

derived macrophages (Wati et al., 2007) showed that about half of the cells exhibited no 

NF-κB nuclear translocation upon TNF-α stimulation at 2 d.p.i., a time corresponding to 

very little DENV-induced cellular apoptosis.  It was theorized that the lack of NF-κB 

translocation was indirectly mediated by a DENV product that inhibits TNF-α 

responsiveness.  At 2 d.p.i., this occurred during peak viral replication.  A product like this, 

if upregulated at 2 d.p.i., may help explain the differential miRNA regulation observed here.   

 In a follow-up study, Wati et al., 2011, using a model of HEK293 cells, showed that 

IκB-α degradation is reduced, in addition to NF-κB activation, in DENV2 infected cells.  In 

addition, they found that the DENV2 capsid protein, in conjunction with NS5, somehow 

inhibit TNF-α stimulated NF-κB activation, but that this alone could not explain all the 

differential cell survival signals induced in DENV-infected cells. Perhaps the capsid protein 

and NS5, or other DENV components, by modulating components of the immune system 

controlling the proinflammatory response, cause the differential miRNA expression seen at 

2 d.p.i.  An interesting study would be to determine if the miRNAs that were upregulated at 

2 d.p.i. could themselves cause an inhibition of TNF-α responsiveness or NF-κB nuclear 

translocation. 

 Another possible explanation of the upregulation of several miRNAs at 2 d.p.i., with 

the loss of differential expression of many of the other miRNAs, could be due to an antiviral 
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response during the peak of DENV replication.  Interestingly, upon a literature search it was 

discovered that miR-103a is associated with an antiviral response against murine 

cytomegalovirus, human cytomegalovirus, herpes simplex virus 1, and murine gamma 

herpesvirus 68.  Transfection of cell lines with miR-103a mimics results in a decrease in 

viral replication of these viruses at 3 d.p.i.  (Santhakumar et al., 2010).  The exact target or 

viral mediator of this miRNA is not known.  In this study, miR-103a-3p was upregulated 6-

fold at 2 d.p.i.  If DENV infection is similar to the virus infections studied by Santhakumar 

et al., then the upregulation of miR-103a-3p could indicate a host miRNA-mediated 

antiviral response that occurs at approximately the same time that DENV is near its peak 

replication, and at approximately the same time that the miRNAs presumed to be involved 

in TNF-α downregulation are the least downregulated.  The 1.6-fold miR-103a 

downregulation at 3 d.p.i. could be associated with a pro-viral response, as miR-103a 

inhibitors in the Santhakumar et al. study resulted in an increase in virus replication.   

 When potential miR-103a targets were investigated using TargetScan, the mRNA 

with the highest predicted score was Dicer1.  Dicer1 can cause proviral or antiviral effects, 

depending on the virus involved.  In the case of HSV, MCMV, HCMV, and MHV68, if 

miR-103a indeed causes Dicer1 downregulation it could be assumed that a decrease in 

Dicer1 would cause an upregulation of viral replication (Santhakumar et al., 2010).  In the 

instance of DENV and miR-103a upregulation in this study, Dicer1 downregulation may be 

related to the lack of overall regulation observed at 2 d.p.i.  Vesicular stomatitis virus, a 

negative sense RNA virus, was shown to exhibit greatly increased viral replication in 

Dicer1-deficient mice due to impaired miR-24 and miR-93 expression.  miR-24 and miR-93 

were responsible for targeting viral genes and impairing VSV replication in wild type mice.  
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(Otsuka et al., 2007).  To discover if Dicer1 downregulation is caused by miR-103a-3p, a 

Dicer1 3’UTR reporter could be constructed and transfected into cells along with with miR-

103a-3p mimics to observe downregulation.  To then determine if miR-103a-3p is causing 

an antiviral response, DENV titers could be measured after transfection of U937 cells with 

miR-103a mimics and inhibitors.  It would be interesting to then see if host miRNA are 

controlling DENV replication by direct inhibition of the viral genome, as is the case of 

VSV. 

 From the miRNA real-time expression data at 3 and 5 d.p.i., it seems that almost all 

the miRNAs had returned to negative fold regulation, including miR-103a.  A few miRNAs 

were slightly more downregulated at 5 d.p.i. than 3 d.p.i.  It seems from the time points 

tested in Figure 4.10 that the most significant times to catch the miRNA regulating the 

proinflammatory response associated with DENV infection are at 1 and 2 d.p.i. 

 The projected accuracy of each of the three web-based algorithms used to determine 

miRNAs that potentially bind the TNF-α 3’UTR was assessed by comparing the percentage 

of miRNAs found from each database that had significantly regulated differential 

expression.  From all the miRNAs tested, 11 of the 33 miRNAs, or 33%, showed differential 

expression greater than 2-fold at any time point.  

 45%, or 5 of the 11 miRNAs that had expression values in MicroRNA.org’s miRNA 

Expression for CD14+ monocytic cells showed a significant regulation greater than 2-fold at 

any time point (Figure 4.11).  Intriguingly, 4 of those 5 miRNAs that were downregulated 

more than 2-fold (Figure 4.10) had the 4 lowest CD14+ expression values from 

MicroRNA.org, supporting the assumption that the sorting process may have upregulated 

TNF-α and thereby downregulated miRNAs that post-transcriptionally regulate TNF-α.  
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Overall, ensuring that the miRNAs of interest are expressed in the cell type under scrutiny 

before analyzing their regulation was justified. 

 

 

Figure 4.11.  Relative fold regulation of miRNAs that have expression in CD14+ monocytic cells 
on MicroRNA.org miRNA Expression.  
 

 Of the 7 miRNAs identified by TargetScan to be in families that are conserved 

among mammals, all but one (miR-494) were found to be significantly regulated in 

DENV2-infected samples more than two-fold in at least one time point.  This was an 

incredible 86% of the miRNAs found by TargetScan, covering more than 50% of all 

miRNAs tested that had greater than 2-fold regulation at any time point.  As most of the 

miRNAs found to be regulated more than 2-fold were identified by TargetScan, this is 

theoretically the most accurate predictor of miRNA binding (Figure 4.12).  However, further 

analysis needs to be done to determine if the miRNAs with greater than 2-fold differential 
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expression do indeed bind the TNF-α 3’UTR.  The strongly regulated miRNAs during 

activation of U937 monocytes are simply the most-likely candidates for this. 

 

 

Figure 4.12.  Relative fold regulation of miRNAs identified by TargetScan to be in miRNA 
families conserved among mammals. 
 
 

 Before ordering miRNA mimics, another real-time PCR was done on cDNA 

obtained from 3 d.p.i. U937 cells infected with DENV2 Dakota strain.  Only miRNAs that 

showed strong downregulation in the previous RT-PCRs were analyzed.  One miRNA, miR-

19a-3p, was included as a weakly regulated miRNA from the previous set of data, to 

determine if results were similar between infections.  (Figure 4.13) 
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Figure 4.13.  Downregulation of select miRNAs in 3 d.p.i. DENV2 strain Dakota-infected U937 
cells.  Values are relative to mock-infected U937 cells.  All p values are <0.015, except miR-19a-3p 
had p value < 0.03. 
 

 The miRNA expression results were very similar between DENV2 strain NGC and 

DENV2 strain Dakota.  All miRNAs analyzed were significantly downregulated at 3 d.p.i. 

in U937 cells infected with DENV2 strain Dakota, confirming their differential regulation 

during DENV2-infection.  The miRNAs with the greatest differential expression between 

DENV2- and mock-infected U937 cells are most likely to be capable of binding the TNF-α 

3’UTR and mediating post-transcriptional regulation of TNF-α. 

 

4.4.4.  miRNAs Chosen for Further Analysis 

 Two miRNAs were chosen to further study TNF-α regulation in U937 cells.  These 
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infection, and miR-320a, which exhibited negative regulation of 5.3-fold at 1 d.p.i., 2.5-fold 

at 3 d.p.i., and 1.9-fold at 5 d.p.i during DENV2 NGC strain infection and 3.4-fold negative 

regulation during DENV2 Dakota strain infection.  

 miR-542-3p was considered for further studies as it was the most negatively-

regulated miRNA in the NGC strain infection.  However, upon a literature search it was 

found to be associated with downregulating the pro-inflammatory enzyme cyclooxygenase 2 

(COX-2) (Yoon et al., 2011).  COX-2 expression is closely tied to TNF-α expression.  Due 

to the similarity of potential results to this publication, miR-542-3p was avoided and instead 

miR-592 and miR-320a were chosen for further studies.  After this decision was made, a 

paper was published (July, 2012) in which miR-542-3p (along with miR-130a, miR-103, 

miR-125b, and miR-454-3p) show a greater than 2-fold decrease or increase after 4 hour 

LPS treatment of CD14+ neonatal monocytes.  In the article, miR-542-3p is not further 

tested, but miR-125b mimics were shown to repress TNF-α production in neonatal 

monocytes.  (Huang et al., 2012).  Some of the miRNA expression data obtained by Huang 

et al. resembles expression data attained here.  Thorough literature searches to date have not 

shown a correlation of either miR-592 or miR-320a to TNF-α regulation. 

 

4.5.  Target Validation Utilizing miRNA Mimics and the TNF-α miRNA Reporter 

 Once the differential expression of miR-320a and miR-592 during DENV infection 

in U937 monocytes was established, their respective synthetic microRNA mimics were 

ordered from Qiagen (Table 4.5).  miR-320a and miR-592 mimics are referred to on figures 

as siR-320a and siR-592, to denote that they are synthetic miRNA mimics.  If they are 

mixed in the same transfection, it is referred to as siR-320a/592.  Each mimic is a 
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chemically synthesized double-stranded siRNA, the sequence of which is a copy of the 

mature miRNA sequence.  Technically they are siRNA, as they are small dsRNA containing 

a guide strand and a passenger strand.  Upon transfection into the cell, once they are loaded 

onto RISC they direct post-transcriptional regulation just like the endogenous miRNAs 

would.   

 As a control, AllStars Negative Control siRNA (Qiagen) was used.  The sequence 

for this siRNA is proprietary, but Qiagen states on their website that it has no homology to 

any known mammalian gene and has been thoroughly tested and validated to both enter 

RISC and to not cause sequence-specific knockdown.  The AllStars control can be used to 

determine toxic or nonspecific effects of siRNA transfection by comparison with 

untransfected cells.  To obtain reliable results, the amount of siRNA used should not be 

overly toxic to the cells.  Most importantly, AllStars can be utilized to determine specific 

target knockdown caused by miRNA mimics and those caused by the transfection of siRNA.  

In this regard it can be used to normalize results obtained from miRNA mimics to account 

for nonspecific toxic effects and cellular changes undergone by the transfection of 

exogenous siRNA. 

 

Table 4.5.  miScript miRNA mimics (Qiagen) used for analysis of TNF-α expression. 

SPECIFICITY SEQUENCE (5’→3’) 

Syn-hsa-miR-320a (siR-320a) AAAAGCUGGGUUGAGAGGGCGA 

Syn-hsa-miR-592 (siR-592) UUGUGUCAAUAUGCGAUGAUGU 

AllStars Negative Control siRNA Proprietary 
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 To determine whether or not these miRNA mimics were able to regulate TNF-α, the 

TNF-α miRNA luciferase reporter system was employed.  Cells were transfected with the 

luciferase reporter systems (either the system with the TNF-α 3’UTR or the control system 

with no 3’UTR) along with each miRNA mimic.  If the miRNA mimics are mediating post-

transcriptional regulation of TNF-α via the canonical downregulation pathway, a decrease in 

RLU should be observed in cells containing the TNF-α 3’UTR reporter system when 

compared to cells transfected with the control no 3’UTR system.  Furthermore, RLU should 

be decreased in the miRNA mimics transfected cells when normalized to the AllStars 

transfected cells.  Since transfection of U937 cells is difficult and since the interest of this 

experiment is between the miRNA mimics and the TNF-α 3’UTR reporter, 293T cells were 

used as the host cells in this system.  

 To perform the TNF-α 3’UTR target validation experiment, 293T cells were grown 

in a 24-well plate and then transfected with Lipofectamine2000 using 20 pmol of siRNA 

and 800 ng of each luciferase plasmid per reaction.  Each siRNA (siR-320a, siR-592 and 

AllStars) was transfected into two separate wells.  One well contained the luciferase reporter 

system with the TNF-α 3’UTR and the other well contained the control no 3’UTR system.  

Additional sets of plasmids were transfected for no-siRNA controls to determine RISC-

vehicle and/or siRNA toxic or off-target effects.  Three days post transfection the cells were 

harvested and luminescence was determined using the Dual-Luciferase Reporter Assay 

System (Promega).  This experiment was performed twice, the first time the cells were 

harvested 3 d.p.t., and the second time the cells were harvested 2.5 d.p.t. and included an 

additional experimental sample.  This sample had 10 pmol each of miR-320a and miR-592 

mixed together, to test for a synergistic effect of combining two miRNA that both could 
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target the TNF-α 3’UTR.  Results representative of both experiments but specifically from 

the second experiment are given in Figure 4.14. 

 

 
Figure 4.14.  TNF-α 3’UTR target validation of miR-320a and miR-592 mimics.  miRNA 
mimics were co-transfected with the TNF-α 3’UTR luciferase reporter system into 293T cells.  Data 
is expressed as percent RLU relative to AllStars transfection. 
  

 Co-transfection of each miRNA mimic with the TNF-α 3’UTR reporter system 

showed an approximate 80% decrease in RLU compared to the AllStars siRNA transfected 

cells.  This demonstrates a near-equal capability of miR-320a and miR-592 to regulate the 

TNF-α 3’UTR.  This result was also observed when the two siRNA mimics were added in 

combination, indicating that miR-320a and miR-592 do not act synergistically.  A degree of 

toxicity or off-target effect was detectable from the AllStars negative control, as the 

plasmid-only groups both have 115-120% luminescence when normalized to AllStars.    

One odd result was that the miR-320a mimic seemed to be downregulating the system 

containing no 3’UTR as well as the system with the TNF-α 3’UTR.  This result was also 
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detected, although to a slightly lesser degree, the first time this experiment was run, 

suggesting that miR-320a could be toxic or could be exerting off-target effects.  In this 

experiment, miR-320a mimic downregulated the system containing the TNF-α 3’UTR 

reporter a little over 5% more than it downregulated the system with no 3’UTR.  TNF-α 

direct regulation by miR-320a is suggested by this data, but would require further testing to 

confirm the effect.  Based on the results from the mixed miR-320a and miR-592 mimics 

sample, the toxic or off-target effect exerted by siRNA-320a seemed to be negated at lower 

concentrations.  Repetition of this experiment using less siRNA may decrease toxic effects 

that could have resulted in the decreased expression of both sets of plasmids. 

 Interestingly, in a study addressing the role of miRNA in directing transcriptional 

gene silencing, an antisense miR-320 binding site was found encoded in the promoter of the 

gene POLR3D, which controls cell cycle.  Further, it was shown that miR-320 can block 

transcription of POLR3D by recruiting Argonaute-1, Polycomb group component EZH2, 

and tri-methyl histone H3 lysine 27 to the promoter.  It seems that miR-320a silences 

POLR3D, which can block cell cycle progression, when cell cycle arrest occurs.  (Kim  et 

al., 2008).  A more recent study showed that miR-320a targets survivin, an anti-apoptotic 

protein.  By transfecting in miR-320a mimics, the rate of apoptosis was increased.  (Diakos, 

2010).  Perhaps the decreased RLU in the miR-320a samples is due to off-target effects of 

increased apoptosis or blocking cell cycle progression in these cells.  miR-320a could still 

be directly targeting TNF-α, but further tests would need to be done to confirm direct TNF-α 

regulation. 
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4.6.  Confirmation of TNF-α Regulation by miRNAs in Dengue-Infected U937 

Monocytic Cells 

4.6.1.  Experimental Design to Confirm miRNA-Mediated TNF-α Regulation 

To determine the effect miR-320a and miR-592 have on TNF-α expression in 

DENV2-infected monocytic cells, the miRNA mimics were directly transfected into U937 

cells.  Following transfection, the cells were infected with DENV and TNF-α levels were 

determined.  It is expected that since the miRNAs were downregulated following DENV 

infection, they are responsible under normal cellular conditions for post-transcriptionally 

downregulating TNF-α.  Since these miRNAs are downregulated during DENV infection at 

times when TNF-α is known to be upregulated, it is expected that the addition of miR-320a 

and miR-592 mimics will suppress TNF-α expression in DENV-infected monocytes.   

 Due to the difficulty of transfecting U937 cells, and since we did not have an siRNA 

that could report transfection efficiency, transfections were carried out two ways.  

Transfections were performed first utilizing Neon™ electroporation, and then with 

Lipofectamine RNAiMAX reagent.  The same set of samples and controls were used for 

each series of transfections.  The first control was U937 cells transfected with AllStars 

negative control siRNA.  The second control was mock transfection using a comparable 

amount of ddH2O.  When the mock transfection control is compared to the AllStars control, 

it can demonstrate if the presence and amount of siRNA caused toxic or off-target effects.  

The third control was non-transfected U937 cells, to control for toxic effects of the 

transfection method used.  As a final control, one half of each transfection group was mock-

infected, so that TNF-α baseline levels could be determined when trying to distinguish 

whether or not the miRNA mimics are effectively downregulating TNF-α levels during 
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DENV infection.  Aside from the controls, U937 cells were transfected with the miR-320a 

and miR-592 mimics, and in one sample miR-320 and miR-592 were mixed together to 

determine if a synergistic effect exists.  In the mixed-mimic transfection group, half the 

amount of each mimic was added so that the total siRNA concentration was the same among 

all samples.  

 

4.6.2.  TNF-α Regulation by miRNA Mimics Utilizing Electroporation Transfection 

Method 

U937 cells were transfected by Neon™ using the parameters of 1400 voltage, 10 ms 

width, 3 pulses and 1 x 106 cells per reaction in 100 µL capillary pipette tips, which had 

been determined empirically to achieve nearly ninety percent cell survival following 

transfection.  However, these were not the optimized delivery parameters, as optimization of 

the electroporation method was determined at a later date.  These parameters were observed 

to give roughly 1% transfection with a plasmid expressing GFP.   

2.5 x 103 cells/pmol siRNA was used, which equaled 40 pmol siRNA per 1 x 106 cell 

reaction.  Following electroporation, cells were plated in 2 mL antibiotic-free medium and 

incubated for 24 hours before performing infections.  To account for potential differences 

between transfections, cells of the same siRNA treatment were transfected and plated 

together, only to be split 24 h.p.t. for DENV or mock infection.  At 2 d.p.i., the cells were 

determined to be about 60% infected (Figure 4.15).  Percent infection was approximately 

equal between each of the U937 treatments.  
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Figure 4.15.  IFA for DENV2 antigen in infected U937 cells siRNA-transfected by 
electroporation.  (A) siRNA-320a, (B) siRNA-320a + siRNA-592, (C) siRNA-592, (D) AllStars 
siRNA, (E) Mock transfected, and (F) Non-transfected cells.  Top panels are fluorescent microscopy 
images for FITC, bottom panels are fluorescent microscopy images for DAPI.  Mock infection 
images not shown. 
 

 Cells from this infection were harvested at 2 d.p.i., corresponding to 3 d.p.t.  RNA 

harvested by TRIzol® was reverse transcribed using Quantitect Reverse Transcription kit 

(Qiagen) with DNase digestion to remove genomic DNA.  RT-PCR was run to determine 
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TNF-α mRNA expression between samples (Figure 4.16).  Cell lysates were harvested with 

2x SDS-sample buffer, and supernatants were stored at -20°C until use. 

Figure 4.16.  Variable regulation of TNF-α mRNA in U937 cells siRNA-transfected by 
electroporation.  Results are normalized to GAPDH. 
 

  RT-PCR data indicates that potentially the AllStars negative control siRNA has a 

toxic effect on cells or is causing off-target effects that result in a down-regulation of TNF-α 

mRNA, as all mock infected miRNA mimics show upregulated TNF-α when compared to 

AllStars.  Intriguingly, the levels TNF-α mRNA of almost all the DENV-infected miRNA 

mimics transfected samples increased compared to the AllStars control, with the exception 

of the miR-320a/592 mixed group.  This group also showed the most TNF-α mRNA 

downregulation relative to mock infected cells.  

  The levels of TNF-α mRNA observable by RT-PCR does not necessarily indicate 

that TNF-α protein expression has not changed.  In fact, previous studies have shown that 

TNF-α mRNA levels do not coincide with TNF-α protein expression in the case of miRNA-
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mediated post-transcriptional regulation.  Post-transcriptional regulation does not always 

result in a loss of transcripts, so sometimes changes are observable only at the protein level 

(MacKenzie et al., 2002).  In the case of miRNA-mediated regulation, this is most likely 

because mRNA:miRISC can sequester bound transcripts in cytoplasmic P bodies 

(Bhattacharyya et al., 2006).  One very interesting thing about the results of Figure 4.17 is 

that the mixed miRNA group actually did show TNF-α mRNA downregulation, indicating 

that for some reason the TNF-α mRNA in these cells was degraded, but not in the cells 

transfected with single miRNA mimics.  Perhaps this is due to the TNF-α mRNA being 

bound in more than one place by miRISC, resulting in transcript degradation.  More 

research would need to be done to confirm this. 

 To measure protein differences among samples, ELISA was run.  Human TNF-α 

ELISA kit (Thermo Scientific) was used, which has a sensitivity of <2 pg/mL.  Supernatants 

were run in duplicate wells following the manufacturer’s instructions.  TNF-α results for 

either miR-320a or miR-592 mimic alone were inconclusive, as standard deviation among 

replicates was very high.  Mock-infected samples did not have detectable TNF-α.  The only 

DENV-infected sample that clearly had less TNF-α than the AllStars siRNA-control was the 

U937 sample transfected with the combination miR-320a/592 mimics.  (Figure 4.17).  This 

demonstrates the ability of the miRNAs to downregulate TNF-α production.   
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Figure 4.17.  Reduced TNF-α in the supernatant of miR-320a/miR-592 mimic-transfected U937 
cells.  50 µL of each supernatant was run in duplicate using Thermo Scientific Human TNF-α 
ELISA kit.  Error bars represent standard deviation.  
 

  

 TNF-α induction was also analyzed in cell lysates from the different treatments.  

(Figure 4.18).  It is evident without analyzing band densities that there is reduced 78 kDa 

pro-TNF-α trimer, 52 kDa pro-TNF-α dimer, and 26 kDa pro-TNF-α monomer in cells 

transfected with miR-320a and miR-592 mimics.  The amount of pro-TNF-α trimer is 

reduced in the samples treated with the combination of miR-320a/592 mimics, but not as 

strongly as either one of the siRNA alone.  The great reduction in 78 kDa pro-TNF-α trimer 

in cell lysates indicates a reduction in the biologically active TNF-α trimer in the 

supernatants from these cells. 
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Figure 4.18.  Reduction of TNF-α in U937 cell lysates of electroporation transfected miR-320a 
and miR-592 mimics.  Top:  Western blot probing for TNF-α, showing actin as loading control.  
Bottom:  Densitometry of 78 kDa pro-TNF-α trimer and 26 kDa pro-TNF-α monomer, normalized to 
actin. 
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 The Western blot data shows a clear correlation between both miR-320a and miR-

592 mimics and reduced TNF-α expression (Figure 4.18).  It can be concluded that these 

miRNA are post-transcriptional regulators of TNF-α expression. 

 

4.6.3.  TNF-α Regulation by miRNA Mimics Utilizing RNAiMAX Transfection Method 

A different transfection method was used in an attempt to circumvent the problems 

of low transfection efficiency that had been previously achieved using electroporation.  

Lipofectamine RNAiMAX reagent (Invitrogen) was used, which is designed specifically for 

siRNA transfections.  For each transfection, 1 x 106 U937 cells were resuspended in 2.5 mL 

antibiotic-free medium.  35 pmol of siRNA mimic was combined with 6.25 µL of 

RNAiMAX reagent for each treatment.  Manufacturer’s instructions were followed for 

transfection procedure.  Cells were incubated with the lipofectamine:siRNA complexes for 6 

hours, then medium was replaced with DENV-infection supernatants or controls.  Infections 

were carried out as usual.  Cells were harvested at 2 d.p.i. for real-time PCR of TNF-α 

mRNA, and at 3 d.p.i. for analysis of protein expression. 

 Also included in the Lipofectamine RNAiMAX transfection were cells that were 

already infected with DENV2.  These cells were 4 d.p.i. at the time of transfection.  The 

purpose of this was to determine the effectiveness of siRNA treatment in cells that were 

already infected with DENV2, as any medical application of this study would be in patients 

who already have DENV infection.   

In addition, a group of cells was transfected for LPS treatment.  Cells were harvested 

at the same time points as the other treatment groups, except 4 hours prior to harvesting, 1 

µg/mL LPS was added to culture supernatants.  The addition of LPS will help determine if 
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these miRNA are effective combaters of TNF-α over-regulation with more general inducers 

of shock than DENV infection.  If so, this would indicate their potential use in the treatment 

of sepsis as well as DHF/DSS. 

 

 

Figure 4.19.  IFA for DENV2 antigen in U937 cells siRNA-transfected with RNAiMAX when 4 
d.p.i.  Cells transfected with (A) siRNA-320a, (B) siRNA-592, (C) siRNA-320a + siRNA-592, (D) 
AllStars siRNA, (E) mock-transfected, and (F) non-transfected.  IFA performed 6.5 d.p.i., 2.5 d.p.t.  
Top panels are fluorescence microscopy images for FITC.  Bottom panels are fluorescence 
microscopy images for DAPI. 
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Cells that were DENV-infected 4 days prior to transfection were determined at 2 

d.p.t. to be approximately ten percent infected (Figure 4.19).  As each sample to be 

transfected was taken from the same population of 4 d.p.i. U937, it was expected and 

observed that all samples had approximately the same percent infection.  Cells that were 

infected with DENV 1 day after RNAiMAX transfection were approximately sixty percent 

infected at 2 d.p.i. (Figure 4.20). 
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Figure 4.20.  IFA for DENV2 antigen in U937 cells siRNA-transfected with RNAiMAX prior to 
infection. Cells transfected with (A) siRNA-320a, (B) siRNA-592, (C) siRNA-320a + siRNA-592, 
(D) AllStars siRNA, (E) mock-transfected, and (F) non-transfected. IFA was performed 2 d.p.i., 2.5 
d.p.t.  Top panels are fluorescence microscopy images for FITC.  Bottom panels are fluorescence 
microscopy images for DAPI. 
 

 RT-PCR was performed on RNA harvested from the 2 d.p.i. cells, as the 

concentration of siRNA in these samples would be higher than in the 3 d.p.i. cells.  This 

way, hopefully TNF-α mRNA differences caused by the miRNA mimics might be easier to 

detect than they were in the electroporation-transfected cells harvested at 3 d.p.i. (Figure 
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4.21).  The RT-PCR data shows that DENV-infected U937 cells transfected with miRNA-

320a and miRNA-592 mimics had greater than 2-fold downregulation of TNF-α mRNA 

compared to U937 cells transfected with the AllStars control.  The combined miR-320a/592 

mimic sample had slight downregulation, demonstrating a dose-response effect.  (Figure 

4.21).  When comparing mock-transfected cells relative to non-transfected cells, it is evident 

that RNAiMAX transfection may have slightly decreased TNF-α expression.  This is 

evident in all treatments except for mock-infected cells (data not shown).  AllStars did not 

cause TNF-α expression downregulation when compared to mock-transfected cells of any 

treatment, except for a slight downregulation in the 4 d.p.i. DENV2-infected cells, in which 

it had in a nearly 2-fold downregulation (data not shown).  

In cells that were 4 d.p.i. at the time of siRNA transfection, it appears that the 

addition of miRNA mimics did not have a significant effect.  Of interest is that the miRNA-

320a mimic seemed to slightly upregulate TNF-α mRNA, whereas the miRNA-592 mimic 

seemed to very slightly downregulate TNF-α mRNA.  The combination miR-320a/592 

mimics actually resulted in a nearly 2-fold TNF-α mRNA upregulation.  Interestingly, at 2 

d.p.i., the combination miR-320a/592 mimics resulted in a down-regulation of TNF-α 

mRNA that was less than either miRNA-320a or miRNA-592 mimics alone.  This possibly 

suggests that the miRNA are only effective at mediating mRNA destruction at a certain 

concentration, and this possibly corresponds to the findings of others that the destruction of 

mRNA in P bodies is correlated with cellular stress (Bhattacharyya et al., 2006).  Perhaps 

the cells newly infected at a higher percent infection had more stress, and hence more 

mRNA:miRISC-mediated degradation than did the 6 d.p.i. cells that were only at about ten 

percent infection.   
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Figure 4.21.  Variable regulation of TNF-α mRNA in RNAiMAX siRNA-transfected U937 
cells.  U937 cells were treated with LPS (LPS), mock-infected at 0.5 d.p.t. (Mock), infected with 
DENV2 at 0.5 d.p.t. (DENV), or infected with DENV2 4 days before transfection (4dpi DENV).  
Total RNA was harvested by TRIzol® at 2.5 d.p.t for all treatments.  LPS treatment was performed 
4 hours prior to RNA harvest.  Relative fold regulation is shown both relative to mock-infected cells 
of the same transfection and relative to AllStars-transfected cells of the same treatment. 
  

In the 2 d.p.i. DENV-infected samples, TNF-α mRNA was not strongly upregulated 

in any of the samples compared to their mock-infected samples.  In fact, when comparing 

the siRNA-treated cells, both miR-592 and miR-320a/592 mimics combination treated cells 

had slightly less TNF-α mRNA in their 2 d.p.i. DENV-infected cells compared to mock-

infected cells. 

-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

si
R

-3
20

a 
D

EN
V

 

si
R

-5
92

 D
EN

V
 

si
R

-3
20

a 
+ 

si
R

-5
92

 D
EN

V
 

A
llS

ta
rs

 D
EN

V
 

M
oc

k 
Tr

an
s D

EN
V

 

si
R

-3
20

a 
LP

S 

si
R

-5
92

 L
PS

 

si
R

-3
20

a+
 si

R
-5

92
 L

PS
 

A
llS

ta
rs

 L
PS

 

M
oc

k 
Tr

an
s L

PS
 

si
R

-3
20

a 
M

oc
k 

si
R

-5
92

 M
oc

k 

si
R

-3
20

a 
+ 

si
R

-5
92

 M
oc

k 

si
R

-3
20

a 
4d

pi
 D

EN
V

 

si
R

-5
92

 4
dp

i D
EN

V
 

si
R

-3
20

a 
+ 

si
R

-5
92

 4
dp

i D
EN

V
 

A
llS

ta
rs

 4
dp

i D
EN

V
 

M
oc

k 
tra

ns
 4

dp
i D

EN
V

 

R
el

at
iv

e 
Fo

ld
 R

eg
ul

at
io

n Rel. to Mock 
Infection 

Rel. to AllStars 



 
163 

Despite the strong TNF-α mRNA induction in all LPS-treated cells when compared 

to their mock-infected counterparts, miRNA-320a and miRNA-592 mimics both had minor 

TNF-α mRNA down-regulation when compared to the AllStars control.  The combination 

miR-320a/592 mimics transfected cells showed almost no change in expression compared to 

AllStars.  One possible reason for this could be that the 4 hour LPS treatment prior to 

harvesting was enough time for the miRISC complexes to bind the TNF-α 3’UTR but not 

enough time to degrade the mRNA enough that it would not be detected by PCR.  Protein 

expression data will determine whether or not TNF-α expression is decreased in these cell 

lines.   

 To determine if TNF-α protein was downregulated, Western blots were performed 

using cell lysates from each of the transfection and treatment samples.  (Figure 4.22).  

Results from the LPS-treated, DENV- and mock-infected cell lysates were not as easy to 

interpret as the Western blot done on the electroporation transfection lysates (Figure 4.18).  

Upon band density analysis, the 78 kDa pro-TNF-α levels in miR-320a mimic transfected 

cells was less than half that seen in AllStars-transfected cells.  Curiously, miR-592 mimic 

transfected cells had slightly more pro-TNF-α trimer than the AllStars transfected control.  

If the miR-592 mimic was causing an upregulation of TNF-α, this could explain why the 

combined miR-320a/592 mimics transfected cells had a band of intermediate intensity to 

miR-320a and miR-592.  Another explanation of this could simply be due to dose response.   
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Figure 4.22.  TNF-α present in DENV2-infected and LPS-treated cell lysates of U937 cells 
siRNA-transfected by RNAiMAX.  Cell lysates were harvested at 3.5 d.p.t.   U937 cells were 
DENV2-infected or mock-infected at 0.5 d.p.t., or LPS-treated 4 hours prior to harvest at 3.5 d.p.t.  
Above:  Western blot.  D refers to DENV2-infected cells, L refers to LPS-treated cells, and M refers 
to mock-infected cells.  Coomassie stain is given as loading control.  Below:  Densitometry of 26 
kDa pro-TNF-α monomer, 52 kDa pro-TNF-α dimer, and 78 kDa pro-TNF-α trimer.  
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 Another Western blot was performed to analyze TNF-α present in cell lysates from 

the U937 cells that were miRNA mimic transfected four days into an established DENV 

infection (Figure 4.23). 

 

  
Figure 4.23.  Lack of TNF-α downregulation in U937 cell lysates harvested 3.5 d.p.t. from 
RNAiMAX siRNA-transfection of 4 d.p.i. DENV2-infected cells.  TNF-α present in cell lysates 
from RNAiMAX transfected 4 d.p.i. DENV2-infected U937 cells.  Cell lysates were harvested 7.5 
d.p.i., 3.5 d.p.t.  (A) Western blot, showing actin for loading control, and (B) Densitometry of 26, 52, 
and 78 kDa pro-TNF-α. 
 

From TNF-α present in the 4 d.p.i. lysates, it is evident that the 78 kDa biologically 

active pro-TNF-α trimer is perhaps slightly reduced in the miR-320a and miR-592  

transfected cell lines relative to AllStars-transfected cells.  There was a slight reduction as 

well in the 26 kDa pro-TNF-α monomer in the miR-592 mimic transfected cells, although in 

the miR-320a mimic and the combined miR-320a/592 mimics transfected cells this 

reduction was not apparent.  Perhaps if these cells were harvested within a day or two after 

transfection with the mimics the reduction of TNF-α would have been more apparent.  The 
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reduction in biologically active pro-TNF-α trimer in cells that were transfected with the 

miRNA mimics after a well-established DENV-infection gives hope that miRNA-320a and 

miRNA-592 treatment could be used to treat DHF/DSS patients.  Further studies would 

need to be performed to determine potential off-target effects of miR-320a and miR-592 in 

vitro before this would be a viable option. 

   

4.7.  Downstream Endothelial Activation Effect of miRNAs in Dengue Infected U937 

Monocytic Cells   

 From the previous section it was established that miR-320a and miR-592 were able 

to downregulate the expression of TNF-α in DENV-infected or LPS-treated cells, depending 

on the concentration of siRNA added and the mode of delivery.  To determine the 

downstream endothelial activation effect this TNF-α downregulation caused, and any other 

off-target or toxic effects caused by the introduction of siRNA into U937 cells, supernatants 

harvested 3.5 d.p.t. from the RNAiMAX transfection were overlain onto HMEC-1 

endothelial cells transfected with the pLL3.7/VCAM-1 reporter plasmid.  Determining the 

effect of TNF-α knockdown by overexpressed miRNAs on endothelial cell permeability 

may be of value clinically.   

Endothelial cell transfections were initially optimized using Lipofectamine2000 

transfection.  Cells were transfected in bulk in 10 cm tissue culture dishes, and 6 hours after 

adding DNA:Lipofectamine complexes the medium was changed.  48 h.p.t. the cells were 

seeded into 24-well plates.  Transfection efficiency was determined to be about ten percent 

(Figure 4.24).  Supernatants from the RNAiMAX U937 cell transfections were overlain onto 

the endothelial cells for 20 hours.   
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Figure 4.24.  Decrease in HMEC-1 activation after incubation with supernatants harvested 3.5 
d.p.t. from DENV2-infected miRNA mimic RNAiMAX transfected U937 cells.  Supernatants 
were incubated on HMEC-1/VCAM-1 cells for 20 hours.  Error bars represent standard deviation 
among duplicate samples.  Data normalized to total protein had the same distribution.  Inset picture 
is for representative percent transfection of HMEC-1 cells at time of luciferase assay.  Top panel is 
fluorescent microscopy image for GFP, and bottom panel is brightfield image. 
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 Results of the HMEC-1/VCAM-1 endothelial activation assay indicate that the 

downstream effect of miRNA-mediated TNF-α downregulation in 3 d.p.i. DENV-infected 

U937 cells is less endothelial activation.  Curiously, using supernatants from DENV-

infected miR-320a mimic transfected cells at 3 d.p.i., endothelial cell activation was reduced 

more than half of that seen in the AllStars control, but was increased more than twice as 

much as the AllStars control for mock-infected cell supernatants.  In supernatants from the 

previously-infected U937 cells that were then transfected with miR-320a mimic, VCAM-1 

activation was not significantly different from the AllStars control.  This suggests that 

administration of miR-320a mimics to a healthy person could result in septic shock, but 

administration of the same miRNA mimics to a person infected with DENV could result in a 

greatly decreased chance of developing DHF/DSS.  The role of miR-320a in the 

inflammatory response warrants further analysis.  The data gathered in this study seems to 

indicate that at certain concentrations (because supernatants from miR-320a/592 

combination mimics showed decreased endothelial activation compared to all other samples 

in both mock-infected U937 and 7.5 d.p.i. DENV-infected U937, compared to the miR-320a 

drastic results in the mock-infected and DENV-infected samples) and in healthy cells miR-

320a greatly increases TNF-α and related endothelial cell activation, whereas in DENV-

infected cells it greatly reduces TNF-α and related endothelial cell activation.  Perhaps TNF-

α is not the only inflammatory mediator under post-translational control by miR-320a.   

Another possible cause of this seemingly contradictory result could be experimental 

error.  Perhaps supernatants from activated endothelial cells should be diluted more prior to 

addition to HMEC-1 cells.  1 mL of supernatant was mixed with 100 µL of complete 

MCDB-131.  Twenty hours after adding the supernatants it was noted that in this assay the 
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medium showed variation in the pH of replicates, with some wells much more yellowish 

than others, indicating the pH of those wells was low and perhaps this alone caused 

activation of HMEC-1 cells.  The wells that were most prone to a lowered pH were the 

mock-infection supernatant samples.  This is explained by DENV inhibiting monocyte 

replication, thus the supernatants from these samples had greater number of cells at 3 d.p.i., 

and consequently greater number of cell-secreted cytokines present.  Therefore, it is best if 

the mock-infection data is not directly compared to the DENV-infected data. 

As discussed previously, miR-320 transcriptional regulation binding silences 

POLR3D, which can block cell cycle progression (Kim  et al., 2008), and miR-320a targets 

the anti-apoptotic protein survivin, thereby increasing apoptosis (Diakos, 2010).  The 

increased endothelial activation of supernatants from U937 transfected with miR-320a could 

be due to increased apoptosis.  Maybe in DENV-infected cells, which have been shown by 

Wati et al., 2007 & 2011, to be resistant to TNF-α triggered apoptosis at certain times post 

infection, the addition of miR-320a mimic, which can target TNF-α as well as induce 

apoptosis, acts as a double-edged sword by allowing dysregulated cells to commit apoptosis, 

and by reducing the overall amount of TNF-α produced by them.  In a healthy cell, maybe 

the presence of miR-320a targeting survivin and other cell cycle controls sets off a cellular 

alarm that causes the strong release of proinflammatory factors.  A mechanism like this 

would potentially prevent precancerous cells from becoming established.  Obviously more 

research would need to be done to say for sure if the results here are caused but either of 

these things. 

 Despite seemingly conflicting endothelial cell activation results, this study was 

successful in that miR-320a and miR-592 were found to be regulators of TNF-α in U937 
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monocytic cells, and were able to reduce the endothelial activating effects of DENV-

infected U937 monocytic cells. 

 

4.8.  Discussion 

 Eight of the thirty-three miRNAs found in silico as potential TNF-α 3’UTR binders 

were downregulated greater than two-fold in DENV2-infected U937 monocytes.  These 

miRNAs were miR-103a-3p, miR-149-5p, miR-185-5p, miR-320a, miR-454-3p, miR-542-

3p, miR-592 and miR-599.  miR-320a and miR-592 were chosen for downstream analysis, 

but the other six miRNAs remain untested.  These potentially bind the TNF-α 3’UTR, 

resulting in TNF-α downregulation.  Determining whether these miRNAs can bind the TNF-

α 3’UTR and what effect this has in monocytes is the next step in the analysis of miRNA-

mediated TNF-α regulation during DENV infection.  These results potentially apply to 

septic shock or other instances of severe TNF-α overregulation as well as DHF/DSS. 

 Interestingly, miR-103a-3p, miR-494, miR-519b-3p, and miR-592 were upregulated 

two-fold or greater on at least one time point post infection.  It was also observed that at 16 

h.p.i., several of the miRNAs were upregulated that at later time points were all 

downregulated.  Most likely TNF-α post-transcriptional regulation involves several different 

checkpoints for miRNA expression activation or deactivation, and for other mediators of 

TNF-α post-transcriptional control.  It would appear from the seemingly contradictory 

results of the miRNA expression data that the mediators controlling TNF-α are more 

dynamic than originally thought.  Determining what causes this temporal expression pattern 

is of great interest, and may elucidate the cellular mediators of TNF-α expression that cause 

the extreme TNF-α upregulation characteristic of DENV infection and other inflammatory 
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disorders.  Also of interest regarding the miRNAs with upregulated expression data is 

whether or not these are some of the rare miRNAs that are responsible for stabilizing the 

3’UTR, which can actually cause an increase in TNF-α translation. 

 The miRNAs analyzed in this study were found based on the requirement that they 

might bind the TNF-α 3’UTR.  There are certainly miRNAs responsible for indirect TNF-α 

regulation or for changes in the proinflammatory response during times of TNF-α 

upregulation.  These miRNAs could control regulation of TNFR expression, regulation of 

enzymes that cleave the pro-TNF-α proteins into soluble proteins or that cleave TNFR to 

generate sTNFR, regulation of transcription factors that activate the TNF-α-related genes, or 

regulation of other pro- or anti-inflammatory cytokines, to name a few.  There could even be 

miRNAs that control the expression of the miRNAs that control the expression of TNF-α!  It 

is uncertain at this point if the miRNAs capable of directly downregulating TNF-α 

expression by way of the TNF-α 3’UTR are as effective at controlling TNF-α-mediated 

inflammation as miRNAs that indirectly control the TNF-α proinflammatory response. 

 It was determined in this study that miR-320a and miR-592 are responsible for TNF-

α downregulation in U937 monocytic cells.  It was further determined that upregulation of 

miR-320a and miR-592 has the effect of causing a decrease in endothelial cell activating 

factors secreted from DENV2-infected U937 monocytes.  This gives hope that miR-320a 

and miR-592 mimics may be acceptable candidates for anti-TNF-α therapy.  Before 

considering the therapeutic administration of miR-320a and miR-592 mimics to reduce 

TNF-α in DENV infection, or during sepsis in general, further work needs to be done to 

determine what other cellular factors these miRNA are regulating, both in monocytes and in 

other cell types.  Characterizing all their targets would help prevent off-target effects.   
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 As discussed, previous studies have shown that miR-320a silences POLR3D, which 

can block cell cycle progression (Kim  et al., 2008).  A more recent study showed that miR-

320a targets survivin, an anti-apoptotic protein.  Transfection of miR-320a mimics resulted 

in an increased rate of apoptosis.  (Diakos, 2010).  Another study showed that miR-320a 

modulates aquaporins 1 and 4 on astrocytoma cells.  Aquaporins 1 and 4 are transmembrane 

proteins involved in water and ion transport that are found on nearly every cell type of the 

body and are involved in the regulation of edema.  Treating rats with intracerebroventricular 

injections of precursor-miR-320a in a model of cerebral edema caused an increase in infarct 

volume, exacerbating the condition.  (Sepramaniam et al., 2010).  Due to the potential for 

devastating side effects that may cause edema, cell cycle arrest, or apoptosis, miR-320a 

mimics might not be a viable option for treatment of those with DHF/DSS.   

 On the other hand, miR-320a has also been shown to directly target β-catenin, a 

molecule that promotes colon cancer proliferation.  A potential future miRNA-therapy for 

colon cancer might be miR-320a mimic treatment.  (Sun et al., 2012).  Additionally, miR-

320a has been found to bind directly to neuropilin, a co-receptor for vascular epithelial 

growth factor, and the downregulation of miR-320a in colorectal cancer is associated with 

tumor invasion of the liver (Zhang et al., 2012).  Targeting the miRNAs to the correct 

tissues types, such as was described by Subramanya et al., 2010, when they successfully 

targeted TNF-α downregulating siRNA in vivo to dendritic cells in mice, could be used to 

safely and effectively deliver miR-320a to the correct tissue. 

 Aside from therapeutic use, miR-320a and miR-592 could potentially be used as 

biomarkers to determine patients who are at risk or protected from DHF/DSS.  miR-320a 

has been previously identified as an indicator of systolic heart failure (Goren et al., 2012), 
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and its absence has been identified with colorectal cancer (Zhang et al., 2012) (Sun et al., 

2012).  miR-592 has also been linked with colon cancer, as being one of only four miRNAs 

significantly upregulated in polyps and proficient DNA mismatch repair tumors but not 

defective DNA mismatch repair tumors, associating it with the progression of colon cells to 

cancer (Oberg et al., 2011).  miR-592 was also associated with downregulation in 

hepatocellular carcinoma (Wang et al., 2012).  These miRNA have already been found as 

hallmarks of certain conditions, perhaps they are differentially regulated in DHF/DSS as 

well.  To determine this, the next step would involve determination of their expression 

patterns in plasma of patients with DF versus DHF/DSS.  Perhaps if these miRNA are 

upregulated in those with DHF/DSS as compared to DF, it could indicate that the body is 

trying but failing to control TNF-α expression.  If this is the case, finding elevated plasma 

levels of these miRNAs in patients with DF could be an early warning for shock, in which 

case IV fluids can be administered early to attempt to avoid the fatal and rapid shock 

induced during DSS.  Alternatively, if plasma levels of these miRNAs are seen more often 

in those with DF but not in those with DHF/DSS, it could indicate that the immune response 

is effectively controlling TNF-α and that the patient is less likely to progress to shock.  

During DENV epidemics, determining those who are less likely to develop DHF/DSS could 

help direct medical attention and save the lives of those who are at higher risk of developing 

shock.  This same system could be used to determine if these miRNAs are biomarkers for 

septic shock in general. 

 Overall the results of this study raise more questions than they answer, with the 

identification of a variety of miRNAs that are regulated differentially during DENV 

infection, and the identification of two miRNA that directly regulate TNF-α, but are 
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involved in the regulation of several other cellular processes, some of which have yet to be 

defined.  The presence of miR-320a, for example, could indicate a higher risk for edema-

associated disorder or for the likelihood that colon cancer is not going to metastasize.  miR-

592, on the other hand, is loosely linked to colon cancer but is otherwise not well 

characterized and requires further research to determine the magnitude of its effects.  The 

novel identification of miR-320a and miR-592 as direct regulators of TNF-α, and their 

temporal expression pattern during DENV infection, can be used to continue to study the 

role of TNF-α in DHF/DSS, and may potentially be useful for developing miRNA-based 

therapies or for identifying biomarkers for the treatment of those with DHF/DSS.  
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APPENDIX A:  Full panel of miRNA Relative Fold Regulation Values 

 
 1 d.p.i. 2 d.p.i. 3 d.p.i. 5 d.p.i. 

hsa-miR-103a-3p -1.09 6.14 -1.66 -1.23 
hsa-miR-124-3p 1.02 1.41 1.17 1.00 
hsa-miR-130a-3p -5.11 1.87 -2.00 -1.91 
hsa-miR-130b-3p -1.04 1.15 -1.31 -1.52 
hsa-miR-140-5p 1.00 -1.15 -1.55 -1.20 
hsa-miR-149-5p -3.77 1.24 -1.43 -1.88 
hsa-miR-150-5p -1.07 1.65 -1.03 1.25 
hsa-miR-181a -1.34 1.11 1.22 -1.46 
hsa-miR-181b-5p -1.08 1.18 -1.30 -1.48 
hsa-miR-185 -1.10 -1.18 -1.68 -1.15 
hsa-miR-185-5p -3.54 1.24 -1.65 -1.67 
hsa-miR-187-3p -1.16 1.68 1.17 -1.18 
hsa-miR-19a-3p -1.16 1.17 -1.04 -1.40 
hsa-miR-19b-3p -1.08 1.21 -1.15 -1.29 
hsa-miR-24 1.06 1.04 -1.43 -1.25 
hsa-miR-296-3p -1.04 1.72 1.33 -1.30 
hsa-miR-320a -5.27 1.11 -2.47 -1.91 
hsa-miR-337-3p -1.09 1.33 -1.61 -1.29 
hsa-miR-409-5p -1.03 1.76 1.07 -1.37 
hsa-miR-454-3p -1.00 -1.48 -2.17 -1.15 
hsa-miR-494 -1.06 1.09 1.96 -1.35 
hsa-miR-506-3p -1.03 1.54 -1.07 -1.04 
hsa-miR-516a-5p -1.28 1.60 -1.47 -1.41 
hsa-miR-516b-5p 1.00 1.67 1.08 -1.38 
hsa-miR-519b-3p 1.19 4.32 1.28 -1.92 
hsa-miR-542-3p -13.61 -1.06 -3.50 -3.09 
hsa-miR-581 1.01 1.69 1.35 -1.34 
hsa-miR-592 -7.44 2.91 -1.31 -1.45 
hsa-miR-599 -4.91 1.41 -1.90 -2.34 
hsa-miR-615-3p -1.04 1.04 -1.74 -1.74 
hsa-miR-654-3p 1.15 1.52 1.05 -1.92 
hsa-miR-770-5p 1.07 1.24 1.08 -1.71 
hsa-miR-875-3p -1.14 1.22 1.20 -1.59 
hsa-miR-939 -1.07 1.53 1.13 1.00 

Relative Fold Expression of each miRNA is given at the time points indicated.  Values are the 
expression in DENV2-infected relative to mock-infected U937 cells.  Relative fold expression 
values with p values < 0.05 are in bold.  p values are calculated based on a Student’s t-test of the 
replicate values for each miRNA.  
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APPENDIX B:  Melting Temperatures of Self-Designed Real-Time PCR 
Primers  

 

SPECIFICITY SEQUENCE Tm 
hsa-miR-19a-3p TGT GCA AAT CTA TGC AAA ACT GA 53.4 °C 
hsa-miR-19b-3p TGT GCA AAT CCA TGC AAA ACT GA 56.1 °C 
hsa-miR-24 TGG CTC AGT TCA GCA GGA ACA G 59.5 °C 
hsa-miR-103a-3p AGC AGC ATT GTA CAG GGC TAT GA 58.4 °C 
hsa-miR-124-3p TAA GGC ACG CGG TGA ATG CC 60.9 °C 
hsa-miR-130a-3p CAG TGC AAT GTT AAA AGG GCA T 54.3 °C 
hsa-miR-130b-3p CAG TGC AAT GAT GAA AGG GCA T 56.2 °C 
hsa-miR-140-5p CAG TGG TTT TAC CCT ATG GTA G 52.6 °C 
hsa-miR-149-5p TCT GGC TCC GTG TCT TCA CTC CC 62.7 °C 
hsa-miR-150-5p TCT CCC AAC CCT TGT ACC AGT G 58.6 °C 
hsa-miR-181a AAC ATT CAA CGC TGT CGG TGA GT 59.2 °C 
hsa-miR-181b-5p AAC ATT CAT TGC TGT CGG TGG GT 59.5 °C 
hsa-miR-185-5p TGG AGA GAA AGG CAG TTC CTG A 57.9 °C 
hsa-miR-187-3p TCG TGT CTT GTG TTG CAG CCG G 62.5 °C 
hsa-miR-296-3p GAG GGT TGG GTG GAG GCT CTC C 63.8 °C 
hsa-miR-320a AAA AGC TGG GTT GAG AGG GCG A 61.3 °C 
hsa-miR-337-3p CTC CTA TAT GAT GCC TTT CTT C 50.4 °C 
hsa-miR-409-5p AGG TTA CCC GAG CAA CTT TGC AT 59.2 °C 
hsa-miR-454-3p TAG TGC AAT ATT GCT TAT AGG GT 51.6 °C 
hsa-miR-494 TGA AAC ATA CAC GGG AAA CCT C 55.0 °C 
hsa-miR-506-3p TAA GGC ACC CTT CTG AGT AGA 54.7 °C 
hsa-miR-516a-5p TTC TCG AGG AAA GAA GCA CTT TC 55.0 °C 
hsa-miR-516b-5p ATC TGG AGG TAA GAA GCA CTT T 53.7 °C 
hsa-miR-519b-3p AAA GTG CAT CCT TTT AGA GGT T 52.3 °C 
hsa-miR-542-3p TGT GAC AGA TTG ATA ACT GAA A 49.7 °C 
hsa-miR-581 TCT TGT GTT CTC TAG ATC AGT 50.2 °C 
hsa-miR-592 TTG TGT CAA TAT GCG ATG ATG T 52.6 °C 
hsa-miR-599 GTT GTG TCA GTT TAT CAA AC 47.1 °C 
hsa-miR-615-3p TCC GAG CCT GGG TCT CCC TCT T 64.1 °C 
hsa-miR-654-3p TAT GTC TGC TGA CCA TCA CCT T 55.9 °C 
hsa-miR-770-5p TCC AGT ACC ACG TGT CAG GGC CA 64.3 °C 
hsa-miR-875-3p CCT GGA AAC ACT GAG GTT GTG 56.0 °C 
hsa-miR-939 TGG GGA GCT GAG GCT CTG GGG GTG 68.7 °C 

Melting temperatures determined using OligoAnalyzer 3.1 (IDTDNA.com), using melting 
temperature settings for DNA targets of 0.25 µM oligo concentration, 50 mM Na+ 
concentration, and 0 mM Mg++ concentration.  Actual salt concentration in MasterMix used 
is not indicated.  
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