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ABSTRACT 

The innate host response to virus infection is largely dominated by the production 

of type I interferons (IFNs). Fibroblasts, considered nonprofessional immune cells, 

respond to virus infection after recognition of viral components such as double-stranded 

(ds)RNA. The constitutively expressed transcription factor IFN regulatory factor 3 

(IRF3) is rapidly activated and type I IFNs are produced. In the absence of IRF3, it was 

found that IFNs are still produced. This thesis identifies IRF9 as the transcription factor 

responsible for IFN production in the absence of IRF3 based on its ability to bind the 

murine (m)IFNβ promoter determined via oligonucleotide pull-down assays.  

In the absence of both IRF3 and IRF9, primary fibroblasts are deficient for IFN 

signalling. Surprisingly, significant inhibition of virus replication following dsRNA 

treatment of cells deficient for IRF3 and IFN signalling was recently observed with the 

large DNA virus herpes simplex virus type 1 (HSV-1) being more susceptible to 

inhibition than the small RNA virus vesicular stomatitis virus (VSV). As nitric oxide is 

known for its nonspecific antiviral effects against DNA viruses, involvement of this 

molecule in the antiviral response to HSV-1 in the absence of IRF3 and type I IFN 

induction and signalling was investigated. Here it is shown that in the absence of IRF3 

and IFN, nitric oxide constitutes a major component of the innate response against HSV-

1 in response to dsRNA in primary fibroblasts. In these cells, nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) and IRF1 regulate inducible nitric oxide 

synthase (iNOS) expression, subsequently producing nitric oxide. As most viruses encode 

strategies to render their environment IRF3 and/or IFN deficient, it appears that IRF9 and 
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nitric oxide serve as secondary responses to protect the host against viral infection. These 

data emphasize the importance and requirement of the host to employ multiple strategies 

to overcome infection.  
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CHAPTER 1. INTRODUCTION 

 

1.1 Viruses and the Host Immune System 

Microorganisms that infect a vertebrate host are initially detected by the innate 

immune system. It is well recognized that immune detection of pathogens focuses on 

highly conserved molecular patterns that are distinct from the host (Janeway, 1989). 

Germline encoded pathogen recognition receptors (PRRs) have evolved to recognize 

components specific to pathogens, such as bacteria and viruses, as the initial stage of host 

defense. PRRs recognize conserved microbial components known as pathogen-associated 

molecular patterns (PAMPs) that are essential to the survival of the microorganism and 

hence, difficult for the pathogen to alter over time. In terms of viral infection, host PRRs 

have evolved to recognize viral nucleic acids or viral replication components such as 

double-stranded (ds)RNA (Stetson & Medzhitov, 2006). They may also recognize viral 

envelope glycoproteins (Trinchieri & Sher, 2007). Different PRRs detect specific 

PAMPs, show distinct patterns of expression, and activate specific signalling pathways 

that lead to distinct responses against the invading pathogen. 
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1.2 Recognition of dsRNA by TLRs and RLRs 

dsRNA is a common PAMP and is produced from many viruses as a replication 

intermediate (Alexopoulou et al., 2001). This nucleic acid is recognized by PRRs such as 

toll-like receptor (TLR)-3 and the retinoic acid inducible gene I (RIG-I)-like receptors 

(RLRs) which include RIG-I and melanoma-differentiation-associated gene 5 (MDA-5). 

Mammalian TLRs are a family of transmembrane proteins. Thus far, 10 and 12 

functional TLRs have been identified in humans and mice, respectively; TLR-1 through 

TLR-9 are conserved in both species. TLRs were originally discovered in vertebrates 

based on their homology with Toll, a molecule known to play a critical antimicrobial role 

in Drosophila melanogaster (Medzhitov et al., 1997). Members of the TLR family of 

receptors recognize PAMPs through the leucine rich repeats in their luminal domains and 

signal through the cytoplasmic toll/interleukin (IL) 1 receptor (TIR) domain (Kawai and 

Akira, 2006).  

TLR-3 was originally identified based on its ability to recognize polyriboinosinic: 

polyribocytidylic acid (poly I:C; Alexopoulou et al., 2001), a synthetic analog of dsRNA 

that mimics viral infection and induces antiviral immune responses by promoting the 

production of both type I interferons (IFNs) and inflammatory cytokines (Field et al., 

1967, Matsumoto & Seya, 2008). TLR-3 localizes in the endoplasmic reticulum (Johnsen 

et al., 2006) and recognizes natural, synthetic, and in vitro transcribed dsRNA 

(Alexopoulou et al., 2001; Kawai & Akira, 2006). Class A scavenger receptors, which are 

localized on the cell surface, are projected to deliver extracellular dsRNA to the 

endosome (DeWitte-Orr et al., 2010). TLR-3 subsequently moves to the dsRNA-
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containing endosome where ligand recognition occurs (Johnsen et al., 2006). The TIR 

domain of TLR-3 enables recruitment of the adaptor TIR-domain-containing adaptor-

inducing IFNβ (TRIF), which signals to one of tumour necrosis factor (TNF) receptor-

associated factor (TRAF)-6, receptor interacting protein (RIP)-1, or tank-binding kinase 

(TBK)1/IkB Kinase i (IKKi). Signalling leads to activation of the transcription factors 

activating transcription factor (ATF)-2/cJun, nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) and IFN regulatory factors (IRFs) downstream (Fitzgerald et 

al., 2003; Yamamoto et al., 2003, Kawai and Akira, 2006), as shown in figure 1. 

Alternatively, RIG-I and MDA-5 are receptors for cytoplasmic dsRNA 

(Yoneyama et al., 2004). The cytosolic RLRs distinguish dsRNA based on its length and 

origin. RIG-I recognizes RNA from a variety of viruses, while MDA-5 preferentially 

binds RNA from picornaviruses and the synthetic dsRNA, poly I:C (Kato et al., 2006). 

Furthermore, RIG-I preferentially binds short dsRNA, whereas MDA-5 binds longer 

lengths of dsRNA (Kato et al., 2008).  

Regardless of the PRR that recognizes dsRNA, stimulation of either pathway 

leads to activation of IRFs, which contribute to early defense against viral infection by 

induction of type I IFNs (Yoneyama et al., 2004). The induction of type I IFNs, 

specifically IFNβ, in fibroblasts has been the subject of much research in virology. 

Overall, the IRF family of transcription factors contains very important players in host 

protection as they regulate IFN expression.  
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1.3 IRF Family 

Understanding how an infection elicits an immune response via PRRs has 

progressed significantly in the last decade. It is widely recognized that IRFs are important 

in regulating the immune response to viral pathogens by mediating type I IFN expression 

(Honda & Taniguchi, 2006, Kawai & Akira, 2006). IRFs regulate expression of IFNβ by 

binding to the IFNβ promoter, depicted in figure 2, to either prevent or promote 

transcription of IFNβ (Miyamoto et al., 1988, Sato et al., 2000, Yanai et al., 2005). Some 

IRFs are constitutively expressed, while the expression of others is inducible (Miyamoto 

et al., 1988, Sato et al., 2000, Yanai et al., 2005, Honda & Taniguchi, 2006). There is 

variation within the IRF family and the genes they target. Ultimately, however, all 

characterized IRFs work to protect the host in the response to pathogens. Each member of 

the IRF family shares extensive homology in the N-terminal DNA binding domain, 

characterized by five tryptophan repeat elements located within the first 150 amino acids 

of the protein. The DNA binding domain of IRFs mediates binding to GAAANN and 

AANNNGAA sequences, termed the ISRE in ISGs (Hiscott, 2007). In addition to their 

role in immune regulation, IRFs are also involved regulation of the cell cycle, apoptosis, 

and tumor suppression (Honda and Taniguchi, 2006). These functions are described in 

table I. 
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Table I. Summary of known IRFs, their expression, target genes and function.  
Circled IRFs are known to positively regulate the production of type I IFNs. ND, not 
yet determined. Modified from Honda & Taniguchi, 2006.  

 

 

 

 

IRF  Expression  Target genes  Function of target gene  

IRF1  Constitutive and inducible 
by IFNγ  

iNOS, GBP1  Promotes antibacterial & 
antiviral innate immunity  

  IL12  Promotes Th1 cell 
responses  

  CDKN1A  Controls cell cycle  

IRF2  Constitutive  IFNβ  Attenuates type I IFN 
responses  

IRF3  Constitutive  IFNα, IFNβ, 
IFIT1, CXCL10  

Promotes antibacterial & 
antiviral innate immunity  

IRF4  Constitutive and inducible 
by TLR ligation  

IL4, GATA3 Controls T cell function 

IRF5  Constitutive and inducible 
by type I IFNs and by TLR 

ligation  

IL6, IL12, TNFα, 
CXCL2  

Promotes inflammation  

IRF6  ND  ND  ND 

IRF7  Constitutive and inducible 
by type I IFNs  

IFNα, IFNβ Promotes antiviral innate 
immunity  

IRF8  Constitutive and inducible 
by IFNγ 

IL8,  IL12 Promotes Th1 cell 
responses  

IRF9  Constitutive  ISGs  Mediates type I IFN 
responses  
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1.3.1 IRF1 

IRF1 was discovered in 1988 (Miyamoto et al., 1988). It is located in the 

cytoplasm and can translocate into the nucleus by TLR signalling (Miyamoto et al., 1988, 

Honda & Taniguchi, 2006). IRF1 expression is constitutive and IFN-inducible in most 

cell types (Honda & Taniguchi, 2006). It was originally found to induce an antiviral state 

by upregulating IFNβ (Miyamoto et al., 1988, Kimura et al., 1996); it also upregulates, 

albeit at lower levels, IFNα in hematopoetic cells (Miyamoto et al., 1988). However, 

studies in IRF1-/- MEFs demonstrated induction of IFNβ in a normal manner, implying 

that it is not essential to type I IFN induction (Matsuyama et al., 1993).  

IRF1 has become better known for its role in cell growth and oncogenesis. It 

suppresses oncogene induced transformation and is required for DNA damage-induced 

growth arrest (Tanaka et al., 1994, Tamura et al., 2008).  

 

1.3.2 IRF3 and IRF7 

IRF3 and IRF7, which are highly homologous, have gained much attention as 

crucial mediators of type I IFN gene expression elicited by viruses. Discovered in late 

1995, IRF3 is constitutively expressed (Au et al., 1995). In contrast, IRF7, which was 

discovered in 1997 based on its association with Epstein-Barr Virus latency, is expressed 

in small amounts and strongly induced by type I IFN-mediated signalling (Honda & 

Taniguchi, 2006). Following viral infection, serine residues in the C-terminal region of 

IRF3 are phosphorylated, thereby activating IRF3. IRF3 resides in the cytosol in latent 

form and undergoes nuclear translocation following viral infection and phosphorylation 
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(Lin et al., 1998, Tamura et al., 2008). Phosphorylated IRF3 forms either a homodimer or 

a heterodimer with IRF7, enabling the IRF to interact with the co-activators CBP (cyclic-

AMP-responsive-element-binding protein (CREB)-binding protein) or p300 to form a 

holocomplex in the nucleus which then binds type I IFN gene promoters. Consequently, 

efficient transcription of target genes is initiated (Sato et al., 1998, Hoshino et al., 2006, 

Honda & Taniguchi, 2006).  

Secreted IFNs induce a secondary arm of IFN-mediated signalling, discussed in 

subsequent sections, including increased IRF7 transcription (Decker et al., 1991, 

Goodbourn et al., 2000). Similar to IRF3, IRF7 resides in the cytosol and undergoes 

phosphorylation of its C-terminal region following viral infection. After forming either a 

homodimer or a heterodimer with IRF3, it translocates to the nucleus (Honda & 

Taniguchi, 2006).  

IRF3 is a potent activator of the IFNβ gene, and the IFNβ-inducible IRF7 

efficiently enhances transcription of IFNβ in fibroblasts following initial IRF3-mediated 

signalling (Au et al., 1998, Sato et al., 2000). These findings led to a model in which 

IRF3 initiates a two-step induction of type I IFN genes by a positive-feedback loop 

whereby induction of IRF7 enhances the antiviral response by allowing the efficient 

production of type I IFNs during viral infection. However, subsequent generation of 

IRF7–/– mice demonstrated that the induction of type I IFN genes by ssRNA viruses is 

severely impaired (Honda et al., 2005a), indicating that IRF7 is a key component of the 

cytosolic pathway of type I IFN gene induction by these viruses. As such, a model was 

proposed in which IRF7, although expressed in small amounts, seems to be crucial for 
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initial induction of type I IFNs. Thus, the homodimer of IRF7 or the heterodimer of IRF7 

and IRF3, rather than the homodimer of IRF3, might be more important for type I IFN 

gene induction by viruses. The IRF3 homodimer was subsequently deemed important for 

the induction of other genes, such as the gene that encodes IFN-inducible protein (IP) 10 

(Nakaya et al., 2001). However, pivotal work by Sato et al. (2000) found that in the 

absence of IRF3, mice are more susceptible to virus infection due to reduced type I IFN 

expression. Furthermore, the authors generated mice deficient for IRF3 and IRF7 and 

found they were poorly protected against infection with Newcastle Disease virus (NDV; 

Sato et al., 2000). This study showed that, as hypothesized earlier, IRF3 functions mainly 

for IFNβ production in the early phase and subsequently cooperates with IRF7 in later 

phases of IFN production for positive feedback; ultimately, IRF3 and IRF7 perform non-

redundant roles. The importance of IRF3 is particularly emphasized based on the fact that 

IRF7 is undetectable in most non-hematopoietic cells prior to initial induction of IFNβ. 

Thus, in cells such as fibroblasts, initial IFNβ production is likely the result of IRF3 

activity (Escalante et al., 2007). 
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1.3.3 IRF9 

 IRF9, also referred to as ISGF3γ or p48, was discovered between 1988 and 1990. 

It was originally identified as part of the ISGF3 complex, which was considered one 

protein until 1990 when a subunit of the ISGF3 complex responding to IFNγ was 

identified (Levy et al., 1988, Levy et al., 1990). Localization of IRF9 is constitutive in the 

cytoplasm and upon activation, translocates to the nucleus. This protein may also be 

induced by type I IFNs in various cell types (Tamura et al., 2008). It associates with 

signal transducers and activators of transcription  (STAT)-1 and STAT2 to form the 

heterotrimer ISGF3 (Fu et al., 1990). This heterotrimer stimulates type I IFN inducible 

genes such as 2',5'-oligoadenylate synthetase (OAS), IP10, ISG56 (Honda & Taniguchi, 

2006) and IRF7 (figure 1; Lu et al., 2000). IRF9, although known as part of the ISGF3 

complex, also binds to the IFNβ promoter to allow for IFNβ transcription (Kawakami et 

al., 1995, Harada et al., 1996). 

 

1.4 Induction of type I IFNs and Establishment of an Antiviral State 

First discovered in 1957, IFNs belong to a family of structurally related cytokines 

and are found only in vertebrates (Isaacs & Lindemann, 1957, Takaoka & Yanai, 2006). 

The family of IFNs is subdivided into type I, type II, and type III IFNs; they are 

differentiated by their signalling through distinct receptors. Type I IFNs are best known 

for inducing an antiviral, or a protective, state in virus-infected and neighbouring cells 

(Isaacs & Lindemann, 1957). They also regulate the subsequent cellular immune 

response (Honda et al., 2005b). Type I IFNs consist of 14 IFNα subtypes in mice (13 in 
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humans) and a single IFNβ subtype in both species (Honda & Taniguchi, 2006). While 

IFNα can be induced from lymphoid cells upon viral infection, IFNβ is inducible in most 

cell types (Stark et al., 1998). Type II IFN consists of the cytokine IFNγ, which is 

induced by T-cells, natural killer (NK) cells, and neutrophils; IFNγ is primarily 

associated with the adaptive immune response (Farrar & Schreiber, 1993). Type III IFN, 

also known as IFNλ, or IL28/29, has a similar biological function to type I IFNs, but is 

primarily involved in host defense at the epithelial surface (Ank & Paludan, 2009). Once 

induced, all members of the IFN family interact with a type-specific receptor complex 

consisting of a pair of heterologous subunits (Takaoka & Yanai, 2006). 

Type I IFNs, which will be the focus of this thesis, bind the type I IFN α/β 

receptor (IFNR), which is composed of two subunits, IFNR1 and IFNR2 (Jaks et al., 

2007). Via the Jak-STAT signalling pathway, the ligand-receptor interaction of type I 

IFNs and IFNR activates ISGF3 (Decker et al., 1991, Rani & Ransohoff, 2005), which, as 

discussed, is a transcriptional complex consisting of STAT1, STAT2, and IRF9 (Pestka, 

1997). IFNs act in an autocrine and paracrine fashion for the purpose of stimulating their 

cognate receptor on the infected cell as well as the IFNR of cells in close proximity (Reis 

et al., 1989, Yoneyama et al., 1996, Honda et al., 2005b). This leads to the expression of 

ISGs which are important for antiviral responses, including increased antigen 

presentation via upregulation of major histocompatibility complex (MHC) class I 

molecules, cell death to prevent viral replication, messenger (m)RNA degradation, and 

translational arrest (Goodbourn et al., 2000). The antiviral response serves to either block 

or impair viral replication and spread.  
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In mouse embryo fibroblasts (MEFs), IFNβ is made shortly after virus infection in 

most cases. IFNα subspecies are not made (DeWitte-Orr et al., 2009). IFNβ transcription 

is important for protection against many different types of viruses. One of the best 

understood and most studied example of a virus-inducible transcription unit is the IFNβ 

promoter, or the virus response element (VRE). The mIFNβ promoter, located -92 to -50 

relative to the transcription start site, corresponds with the minimal DNA sequence 

necessary for virus-induced transcription of IFNβ. The VRE, conserved between mice 

and humans, is composed of four regulatory domains, PRDI-IV. Transcription of this 

gene would not be possible without binding of three families of transcription factors to 

the PRDs of IFNβ promoter, which has binding sites for ATF-2/cJUN, IRFs, such as 

IRF3, and the p50 and p65 subunits of NF-κB (Bonnefoy et al., 1999, Weill et al., 2003, 

Honda et al., 2005b; figure 2). Binding of an architectural protein, high mobility group I 

(HMGI), located near PRDII and PRDIV, with the transcription factors forms an 

enhanceosome (Du & Manistis, 1994, Bonnefoy et al., 1999). The enhanceosome 

modifies and repositions a nucleosome that blocks the formation of a transcriptional pre-

initiation complex on the IFNβ promoter (Bonnefoy et al., 1999, Hiscott et al., 2007). 
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1.5 Viral Modulation of the Host Immune Response and Non-Prototypic Antiviral 
Counter Mechanisms 

  Early activation of IRF3 and IFNs has been greatly emphasized in combating 

infection. However, infection of MEFs deficient for IRF3 with NDV induced a number of 

IRF3-independent direct response genes, including several p200 family proteins 

(Andersen et al., 2008). Furthermore, we recently published that in response to long 

dsRNA molecules, an IRF3-independent antiviral response including IFN and ISG 

production is observed (DeWitte-Orr et al., 2009). Alternatively, ISG induction and 

antiviral protection can be independent of IFNs due to IRF3 binding directly to the 

promoter of a subset of ISGs (Grandvaux et al., 2002).  

Viruses such as the highly successful human HSV-1 inactivate IRF3 (Melroe et 

al., 2004, Lin et al., 2004, Melroe et al., 2007, Paladino et al., 2010) and subvert the type 

I IFN response (Paladino & Mossman, 2009). In fact, over 200 anti-IRF3 and anti-IFN 

mechanisms encoded by diverse viruses have been identified (Schröder & Bowie, 2005, 

Noyce et al., 2008, Versteeg & Garcίa-Sastre, 2010). Given the importance of IRF3 and 

type I IFNs in protection against virus infection, it is likely that all viruses encode 

mechanisms to disable these proteins. Accordingly, there are compensatory mechanisms 

to protect the host in the event that either of these crucial proteins is compromised. While 

there have been numerous studies examining either the IRF3-independent or the IFN-

independent antiviral response, until recently, it was unknown if the host could be 

protected if both IRF3 and IFN were absent.  

We recently observed a protective response against both DNA and RNA viruses 

in the absence of IRF3 and IRF9 in primary MEFs (DeWitte-Orr et al., 2009). In response 
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to dsRNA, MEFs deficient for IRF3 and IRF9 fail to induce IRFs, IFNs or ISGs, 

suggesting that the antiviral response is independent of the type I IFN system (DeWitte-

Orr et al., 2009). In the absence of IFNs and ISGs, there is approximately 60-90% 

inhibition of vesicular stomatitis virus (VSV) and herpes simplex virus type 1 (HSV-1) 

replication following poly I:C stimulation. Interestingly, the earlier and more potent 

response occurs against HSV-1 (DeWitte-Orr et al., 2009). HSV-1 is a large DNA virus 

well known for its ability to manipulate and evade the host response (Taylor et al., 2002) 

in comparison to VSV, which a small RNA virus that is highly susceptible to the effects 

of type I IFNs (Maheshwari et al., 1980, Banks & Rouse, 1992, Davis-Poynter & Farrell, 

1996).  

 

1.6 Nitric Oxide  

Small oxygen species such as reactive oxygen species and nitric oxide have 

increasingly been gaining awareness for their role in antiviral protection. In particular, 

endogenous nitric oxide plays a role in many physiological functions. 

 Nitric oxide acts as a vasodilator in response to chemical and physical stimuli 

such as stress in vascular endothelial cells, and is important for regulation of blood flow 

and pressure (Moncada et al., 1989, Vanhoutte, 1989, Furchgott, 1990, Ignarro, 1990, 

Vane et al., 1990, Luscher, 1991). Nitric oxide produced by endothelial cells or platelets 

serves to inhibit platelet aggregation and adhesion, modulates proliferation of smooth 

muscle cells and inhibits leukocyte adhesion (Moncada & Higgs, 1993). Nitric oxide is 

also produced by the neurons of the central nervous system. Here, this small molecule 
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helps with memory formation, pain modulation, and coordination between neuronal 

activity and blood flow (Garthwaite, 1991, Snyder & Bredt, 1992). Nitric oxide also 

exerts its effects in the peripheral nervous system. It acts as a mediator released by a 

widespread network of nerves to regulate neurogenic vasodilation. It also functions in 

modulation of certain gastrointestinal and respiratory functions (Gillespie et al., 1990). 

The mechanisms of these physiological actions of nitric oxide are mediated by the 

activation of soluble guanylate cyclase and subsequent increase of cyclic guanosine 

monophosphate in target cells (Murad et al., 1990, Ignarro, 1991). This molecule also 

plays an important antimicrobial role against numerous pathogens (Umezawa et al., 1997, 

Alam et al., 2002, Charville et al., 2008). Nitric oxide is generated in large quantities 

during host defense and immunological reactions (Nathan & Hibbs, 1991, Nussler & 

Billiar, 1993). In this role, generation of nitric oxide was originally observed in activated 

macrophages where it contributes to their cytotoxicity against tumour cells, bacteria, 

viruses and other microorganisms (Hibbs et al., 1988, Marletta et al., 1988, Stuehr et al., 

1989).   
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1.7 Antiviral Actions of Nitric Oxide  

The antimicrobial effects of nitric oxide have mostly revolved around its 

antibacterial effects. However, nitric oxide is also effective in clearance of viruses, 

particularly DNA viruses (Croen, 1993, Bi & Reis, 1995, Zaki et al., 2005). This may 

help explain the earlier and more potent antiviral effect that we observed against HSV-1 

in comparison to VSV (DeWitte-Orr et al., 2009). Nitric oxide exerts direct antiviral 

effects that contribute to host resistance to viruses such as HSV-1 (Croen, 1993) and 

certain RNA viruses such as coxsackievirus (Zaragoza et al., 1999) and dengue virus type 

II (Takhampunya et al., 2006). Direct cytostatic and cytotoxic actions result from 

inhibitory actions of nitric oxide on key enzymes in the respiratory chain and synthesis of 

DNA in target cells (Hibbs et al., 1990, Nguyen et al., 1992). This molecule may also 

lead to release of other toxic substances such as peroxynitrite by interacting with oxygen-

derived radicals (Hibbs, 1992). Nitric oxide may additionally induce oxidative stress. 

Cytotoxicity resulting from nitric oxide-induced oxidative stress may not only cause 

immunosuppression and immunopathology, but also cellular and organ dysfunctions 

(Akaike & Maeda, 2000). 

Antiviral effects of nitric oxide can be independent of IFNs and ISGs (Akaike & 

Maeda, 2000). However, nitric oxide may be produced indirectly by IFNγ activation of 

nitric oxide synthases (NOSs). 
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 In response to virus infection, it is typically iNOS that is induced (figure 3; 

Nussler & Billiar, 1993, Akaike & Maeda, 2000, Majano et al., 2001, Lee et al., 2009, 

Mishra et al., 2009). Alternatively, in many virus infections, iNOS expression can be 

indirectly regulated by induction of IFNγ, resulting in overproduction of nitric oxide. 

Regardless of whether iNOS is activated directly or indirectly, its induction depends on 

different transcription factors. While there are differences in which transcription factors 

activate iNOS between species, NF-κB and IRF1 seem to be consistent central targets for 

activators of iNOS expression. Lipopolysaccharide (LPS), IL-1β, TNFα, as well as 

oxidative stress have been shown to activate NF-κB in different cells types for iNOS 

induction. IRF1 has also been shown to directly interact with the iNOS promoter in 

murine systems (Pautz et al., 2010). For example, in response to dsRNA, IRF1 has been 

shown to be important for iNOS transcription in murine macrophages. However, it has 

also been shown to be dispensable for iNOS expression and nitric oxide production by 

mouse islet cells (Blair et al., 2002).  
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1.9 Study Objectives & Hypotheses 

Overall, the goal of this thesis was to better characterize the antiviral response to 

dsRNA in MEFs. MEFs were employed for numerous reasons. Importantly, MEFs are a 

primary culture; they are valuable in that they can be readily harvested from mice 

deficient for key regulators, such as various IRFs and PRRs. Additionally, immortalized 

cell lines may produce more or less IFN than non-immortalized cells (Nunez et al., 1999, 

Wang et al., 2009); it was important for the chosen cell line to mimic a normal state. 

Finally, immortalized cells often have mutations in their type I IFN signalling pathways 

(Lehman et al., 1993, Fridman & Tainsky, 2008).  As such, primary MEF cultures were 

employed in these studies. 

Our previous publication led to two new lines of investigation. The first was to 

identify the mechanism by which IFNβ is made in the absence of IRF3. The second was 

to determine the type of antiviral response generated in the absence of IRF3 and IRF9, 

and hence the type I IFN system. Thus, there are two main hypotheses explored in this 

thesis. First, I hypothesized that in the absence of IRF3, IRF9 compensates in the 

production of IFNβ and subsequent antiviral protection. Second, in MEFs devoid of 

IRF3 and IRF9, I hypothesized that nitric oxide is responsible for the early protection 

observed against HSV-1. Thus, this thesis will present two aims of the research 

conducted: 

1. To determine if IRF9 binds to the IRF binding site of the IFNβ promoter in 
the absence of IRF3; 

2. To determine if nitric oxide is involved in the IRF3- and IFN-independent 
antiviral response. 
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1.10 Implications of the Study 

The immediate and non-specific immune response is important for effective 

clearance of infection. Type I IFNs have a significant impact on host defense 

mechanisms; viruses have thus evolved numerous evasion strategies to overcome its 

effects, as discussed. By studying virus and host interactions, and elucidating archetypical 

as well as atypical antiviral pathways, it is possible to further current understanding of 

both viral pathogenesis and host immunology. This project is important in that it may 

provide researchers with data that can advance the characterization of virus-host 

interactions. This is essential to further understanding of not only host innate immunity, 

but also of viruses. This work may lead to further research on viruses that may have 

therapeutic potential. 
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CHAPTER 2. MATERIALS AND METHODS 

 

2.1 Cells and Viruses 

With the exception of IRF3-/-9-/- MEFs, all MEF cultures were derived by Derek 

Cummings; IRF3-/-9-/- MEFs were a generous gift from Dr. Tadatsugu Taniguchi 

(University of Tokyo). Each culture was propagated in α-MEM (alpha minimal essential 

medium). The α-MEM was supplemented with 15% fetal bovine serum (FBS; 

Invitrogen), 100 U•ml-1 penicillin, 100µg•ml-1 streptomycin and 2mM L-glutamine, and 

will herein be referred to collectively as complete MEF media. Each culture was 

incubated at 37°C in a 5% CO2 humidified incubator. 

VSV expressing green fluorescent protein (GFP), provided by Dr. Brian Lichty, 

(McMaster University) was used in antiviral assays. HSV-1 (KOS strain) expressing GFP 

(HSV-1gfp) was also used and propagated on Vero cells (Minaker et al., 2005). Vero 

cells (American Type Culture Collection) were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 5% FBS. For viral infections, cells were split and 

seeded into dishes 24 hours prior to infection. Infections with both VSVgfp and HSV-

1gfp utilized a multiplicity of infection (MOI) of 0.1 particle forming units (PFU) per cell 

and occurred in serum-free α-MEM for 1 hour. This amount of virus was the maximal 

dose for which signal saturation in untreated cells did not occur. Following 1 hour of 

infection, the viral inoculum was removed and replaced with DMEM containing 1% 

methylcellulose. GFP fluorescence intensity was measured on a Typhoon Trio (GE 

Healthcare) 24 hours later and quantified using ImageQuant TL software.  
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2.2 Synthesis of dsRNA 

Different lengths of dsRNA were transcribed in vitro from West Nile virus (WNv) 

genome fragments using a Megascript RNAi kit (Ambion). One microgram of PCR 

fragments amplified from portions of the cloned WNv genome were used as a template 

for dsRNA synthesis (table II). The length of the dsRNA is denoted in the name; that is, 

E200, E1000, and NS3000 were transcribed with lengths of 200bp, 1000bp, and 3000bp, 

respectively. The lengths of 200 and 1000bp were derived from the E protein sequence 

and the 3000bp length was derived from the NS3-NS4B sequence.  

 

Table II. Primers used for the production of dsRNA. This table is modified from 
DeWitte-Orr et al. (2009). 

dsRNA Source 
Gene 

Length 
(bp) 

Primers

E200 WNv E 200 Sense: TCCTCCAACTGCGAGAAACGTG
Antisense: AAAGGAGCGCAGAGACTAGCCG

E1000 WNv E 1000 Sense: TCCTCCAACTGCGAGAAACGTG
Antisense: ACACATGCGCCAAATTTGCC 

NS3000 NS3-
NS4B 

3000 Sense: CATGACAACCAACCCCCACGCATGATG
Antisense: GCGGGCGTGATGGTTGAAGGTGT 

 

These studies also used poly I:C (GE Healthcare); it is a synthetic dsRNA and its average 

length was determined to be approximately 4500bp by marker size comparison using 

agarose gel electrophoresis and a 1-kb Plus DNA ladder (Fermentas). 
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2.3 Treatment with dsRNA 

Cells were treated with dsRNA diluted in OptiMEM® Reduced Serum Medium 

(OM; Life Technologies) in the presence of 50µg/ml diethylaminoethyl-dextran (DEAE-

dextran; Pharmacia) for 1 hour; this combination will herein be referred to as OM/DEAE. 

Following one hour of treatment, cells were washed twice in complete MEF media. After 

the second wash, cells were incubated in complete MEF media for additional indicated 

amounts of time to allow for production of antiviral factors unless otherwise noted. Equal 

molar amounts of dsRNA were used to ensure an equal number of molecules per dsRNA 

length. DEAE-dextran was used in dsRNA-untreated controls in all experiments to ensure 

that the polymer alone was not influencing subsequent cellular responses. 

 

2.4 Preparation of Whole-Cell Extracts and Western Blot Analysis 

For preparation of whole-cell extracts, cells grown to 90% confluency were 

mock- or poly I:C-treated for 3 hours, except where indicated. Cells were subsequently 

washed twice and harvested in 1x phosphate-buffered saline (PBS). A centrifugation step 

followed at 200 x g for 3 minutes at 4°C. Pellets were resuspended in whole-cell extract 

buffer consisting of 20mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

at a pH of 7.4, 100mM NaCl, 10mM β-glycerophosphate, 0.2% Triton-X 100, 5mM NaF, 

1mM sodium orthovanadate, 1mM phenylmethylsulfonyl fluoride, 2mM dithiothreitol, 

and 1x protease inhibitor cocktail (Sigma). The cell suspension was lysed on ice for 15 

minutes and centrifuged again for 10 minutes at 13000 x g at a temperature of 4°C. 

Extract concentrations were determined using a Bradford assay kit (Bio-Rad) and 40µg 
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of denatured extract were run on 10% polyacrylamide gels, transferred to polyvinylidene 

difluoride (PVDF) membrane and probed with the specified IRF antibodies (table III). 

 

Table III. Details of IRF antibodies used in Western blot and immunofluorescence 
analysis. HRP = horse radish peroxidase 

IRF 
Antibody 

Source Dilution 
for 

Western 
Blot 

Secondary 
Antibody 

for 
Western 

Blot 

Dilution for 
Immuno-

fluorescence 

Secondary 
Antibody 

for 
Immuno-

fluorescence 

IRF1 Santa Cruz 
Biotechnology, 
Inc. 

1:200 Anti-rabbit  
HRP 
1:1500 

1:50 Anti-rabbit 
IgG 
Alexafluor 
488 1:1000 

IRF3 Lab of Dr. 
Takashi Fujita 
(Japan) 

1:1000 Anti-rabbit  
HRP 
1:3000 

N/A N/A 

IRF7 Santa Cruz 
Biotechnology, 
Inc. 

1:200 Anti-rabbit 
HRP 
1:1500 

1:50 Anti-rabbit 
IgG 
Alexafluor 
488 1:1000 

IRF9 Santa Cruz 
Biotechnology, 
Inc. 

1:200 Anti-rabbit  
HRP 
1:1500 

1:100 Anti-rabbit 
IgG 
Alexafluor 
488 1:1000 
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2.5 Antiviral Assays 

For antiviral assays, cells were treated with dsRNA diluted in 50µg/ml 

OM/DEAE or with OM/DEAE alone as a mock treatment. The concentration of dsRNA 

used in antiviral assays ranged from 8.0x10-5nM to 3.0nM.  

Following either 6 hours or 24 hours of dsRNA pretreatment, cells were 

challenged with VSVgfp or HSV-1gfp as described above for antiviral assays. HSV-1gfp 

was used as the challenge virus for all work completed with IRF3-/-9-/- MEFs and with 

some antiviral assays performed with IRF9-/- MEFs. After 24 hours of infection at the 

specified parameters, plates were scanned on the Typhoon Trio. Using the analysis 

toolbox mode of the ImageQuant TL program, fluorescence in each of the wells was 

quantified; a higher amount of fluorescence corresponded with increased virus 

replication. Baseline values of the mock-treated cells were subtracted from each of the 

other treatment groups and infection as a percentage of the untreated control was 

determined. The percent of infection was plotted against dsRNA concentration as the 

mean ± standard error of the mean (SEM; equation 1), and the half-maximal effective 

concentration (EC50) was determined for each dsRNA length using GraphPad Prism 5.0. 

 

Equation 1: 

SEM = √[(Σ (X – M)2)/N-1] / √N 

where X is the value of the sample, M is the mean, and N is the number of samples. 
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2.6 Quantitative Real Time-PCR (qRT-PCR) 

RNA was isolated from cells using TRIzol reagent (Invitrogen). A random 6-mer 

primer (0.2ng) and 50U of Superscript II (Invitrogen) were used to reverse transcribe 

300ng of DNase-treated RNA (DNA-free kit, Ambion) in a total reaction volume of 20µl. 

Subsequently, qRT-PCR was performed in triplicate using Universal PCR Master Mix 

and gene-specific TaqMan primers (Applied Biosystems) in a total volume of 25µl. Data 

were analyzed via the ΔΔ cycle threshold (Ct) method. Gene expression was normalized 

to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the housekeeping gene, and 

expressed as fold change over the mock-treated group (cells treated with OM/DEAE). 

TaqMan specific primers used in this study are listed in table IV.  

 

Table IV. Primer information for genes of interest used in qRT-PCR. The assay 
identification for the gene from Applied Biosystems is provided. Also listed are the 
transcripts detected and the length of the amplicon for each gene. 

Common Name Assay Detected 
Transcript 

Amplicon Length 

iNOS Mm00440502_m1 NM_010927.3  66bp 

eNOS Mm00435217_m1 NM_008713.4  71bp 

IRF1 Mm00515191_m1 NM_008390.1 71bp 

IRF7 Mm00516788_m1 NM_016850.2  67bp 

ISG56 Mm00515153_m1 NM_008331.3 80bp 

IP10 Mm99999072_m1 NM_021274.1 62bp 

IFNβ Mm00439552_s1 NM_010510.1 69bp 

GAPDH Mm99999915_g1 NM_008084.2 107bp 
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2.7 NF-κB Inhibitor Preparation 

The NF-κB inhibitor Bay 11-7082 (EMD) was prepared in 1% dimethylsulfoxide 

(DMSO), and used at concentrations ranging from 1-10µM. Cells were incubated with 

this compound for 0.5 hours prior to mock and poly I:C treatments. DMSO was included 

in mock- and poly I:C-treatments. 

 

2.8 Immunofluorescence Microscopy 

Cells seeded to 60% confluency on cover slips overnight were either mock- or 

poly I:C-treated for 3 hours as described previously for IRF nuclear translocation 

experiments. To determine the efficacy of Bay 11-7082 in inhibition of NF-κB in IRF3-/-

9-/- MEFs, cells were either mock- or poly I:C-treated with or without Bay 11-7082 for 5 

hours. Following treatment, cells were fixed with 10% formalin and permeabilized with 

0.1% Triton X-100 diluted in 1xPBS for 10 minutes each. An overnight blocking step at 

4°C followed in 1xPBS with 2% goat serum. IRF antibodies were added to the coverslips 

for 1 hour at room temperature; antibody details are found in table III. For Bay 11-7082 

efficacy experiments, a 1:200 dilution of NF-κB p65 antibody (Santa Cruz 

Biotechnology, Inc) was added to coverslips for 1 hour at room temperature. A secondary 

anti-rabbit IgG Alexafluor 488 antibody diluted 1:1000 (Molecular probes) was 

hybridized for 1 hour at room temperature. Nuclei were stained with Hoescht dye diluted 

1:10000 for 10 minutes. All antibody and Hoescht dilutions were performed in 1xPBS 

with 2% goat serum. Images were taken and analyzed using a Leica DM IRE2 inverted 

microscope with Openlab software (Improvision). Nuclear translocation of cells that 
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received poly I:C or poly I:C and Bay 11-7082 was plotted as a percent of mock-treated 

cells. 

 

2.9 Cytoplasmic and Nuclear Extract Preparation  

 For preparation of cytoplasmic and nuclear extracts, cells grown to 90% 

confluency were mock-treated or treated with poly I:C for 3 hours. Cells were 

subsequently washed twice in 1x PBS and once in 0.2xPBS. After thorough washing, 

cells were harvested in hypotonic buffer (10mM HEPES, pH 7.4, 10mM KCl, 1.5mM 

MgCl2, 50mM NaF, 0.5mM dithiothreitol, 1mM phenylmethylsulfonyl fluoride, 1x 

protease inhibitor cocktail and 1mM Na3VO4). A centrifugation step followed at 12000 x 

g for 3 minutes at 4°C. The supernatant was collected as the cytoplasmic extract and 

pellets were resuspended in a high-salt buffer consisting of 20mM HEPES at a pH of 7.4, 

25% glycerol, 420mM NaCl, 1.5mM MgCl2, 0.2mM ethylenediaminetetraacetic acid 

(EDTA), pH 8.0, 50mM dithiothreitol, 1mM sodium orthovanadate, 1mM 

phenylmethylsulfonyl fluoride, and 1x protease inhibitor cocktail. The cell suspension 

was lysed on ice for 30 minutes and centrifuged again for 15 minutes at 13000 x g at 4°C. 

Extract concentrations were determined using a Bradford assay kit (Bio-Rad). 
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2.10 Oligonucleotide Pull-Down Assay 

Double-stranded oligomers corresponding to the mIFNβ virus response element 

(VRE), also referred to as the mIFNβ promoter, incorporating only the IRF binding site 

were designed. These oligomers will be referred to as the short VRE due to the fact that 

they did not incorporate the NF-κB or ATF-2/cJUN binding sites. The short VRE sense 

oligomer (5’-GAGGAAAACTGAAAGGGAGAACTGAAAGTGG-3’) and the antisense 

oligomer that was biotin-labeled on the 5’ end (5’-CCACTTTCAGTTCTCC 

CTTTCAGTTTTCCTC-3’) were annealed. A total of 2µg of the double-stranded 

oligomers were incubated with 200μl streptavidin magnetic beads (Dynal Inc.) for 1 hour 

in TEN buffer (20mM tris(hydroxymethyl)aminomethane, pH 8.0, 1mM EDTA, and 

0.1M NaCl) and the unbound DNA was removed by extensive washing with the same 

buffer. Cytoplasmic and nuclear extracts were pooled in a 1:1 ratio for a total of 350µg of 

protein. IRFs from pooled nuclear and cytoplasmic extracts were bound to DNA on 

magnetic beads overnight. Beads were then washed with binding buffer (10% glycerol, 

12mM HEPES, pH 7.4, 5mM MgCl2, 60mM KCl, 0.1mM dithiothreitol and 0.1mM 

phenylmethylsulfonyl fluoride) and the bound proteins were analyzed by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE). A total of 40µg unbound 

protein extract was loaded and served as a positive control. IRFs were identified by 

Western blot with the respective antibodies as described in table III. 
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2.11 Supernatant Transfer 

 Supernatants from mock-treated cells and cells treated with 8.5nM poly I:C for 5 

hours were transferred to naïve IRF3-/-9-/- MEFs for another 5 hours. Cells were 

challenged with HSV-1gfp to determine if a soluble factor confers resistance to infection 

in the absence of both IRF3 and IRF9. Viral replication was quantified as assessed by 

GFP fluorescence. To ensure no residual poly I:C in the transferred supernatants was 

conferring resistance to HSV-1 replication, absorbance of the supernatants was measured. 

In complete MEF media, poly I:C was serially diluted 1:5 with concentrations ranging 

from 2.2x10-5-8.5nM. This concentration range corresponds with that used in antiviral 

assays described previously (DeWitte-Orr et al., 2009). A spectrophotometer was used to 

determine the absorbance of each concentration to derive a linear curve. To compare, 

absorbance of the supernatants at the time of transfer was also measured. 

 

2.12 Measurement of Nitric Oxide Production 

MEFs were seeded in 96-well plates to approximately 70% confluency. After 24 

hours, the cells were incubated with poly I:C for 5 hours. Following treatment with poly 

I:C, the concentration of nitric oxide in the supernatants of MEF cultures was assessed by 

measurement of NO2
-, an oxidized metabolite of nitric oxide. For this, a Griess reaction 

was performed as previously described (Nazli et al., 2010). Standards were prepared with 

known concentrations of NaNO2 (BDH) ranging from 0-20µM prepared in α-MEM. 

Griess reagent (Sigma, USA) was prepared according to the manufacturer’s instructions 

and subsequently added to standards and samples. The absorbance of the supernatants in 
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the plates was read at 550nm after 10 minutes of incubation at room temperature with 

Griess reagent.  

 

2.13 Nitrite Release 

WT and IRF3-/-9-/- MEFs were seeded at a confluency of ~80% overnight prior to 

treatments in 12-well plates for antiviral assays, and in 96-well plates to assess nitrite 

release via Griess assay. The cells were treated with 0-200µM 

diethylenetriamineNONOate (DETA-NO; Sigma-Alrdich) or with 0-200µM of the 

control NONOate, DETA (diethylenetriamine; Sigma-Aldrich) diluted in complete MEF 

medium for 5 hours. Following treatment, cells were challenged with HSV-1gfp in an 

antiviral assay and viral replication was quantified as assessed by GFP fluorescence. 

Fresh DETA or DETA-NO was added after each medium change. 

 

2.14 Inhibition of iNOS 

The iNOS inhibitors aminoguanidine hydrochloride (AMG) and N6-(1-

iminoethyl)-L-lysine, dihydrochloride (L-NIL) (Sigma, USA), were diluted in complete 

medium to a final in-well concentration of 10µM. To investigate the efficacy of the iNOS 

inhibitors, cells were pretreated for 2 hours with iNOS inhibitors prior to a 5 hour 

treatment with poly I:C. RNA was then collected using TRIzol and prepared for qRT-

PCR. Expression of iNOS transcript levels both with and without inhibitor were 

compared using TaqMan specific primers to determine efficacy of each of the iNOS 

inhibitors used.  
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To investigate the role of iNOS in the antiviral response, cells seeded the previous 

day in 12-well plates to 80% confluency were treated as described above. Cells were 

subsequently challenged with HSV-1gfp as indicated previously. 

 

2.15 IRF1 Short Interfering (si)RNA 

An oligonucleotide specific for IRF1, (5’-CAGACATCGAGGAAGTGAAGGA 

TCA-3’) and a scrambled sequence (scr; 5’-CAGTAGCGAAGGAGTAAGGACATCA-

3’) were designed (Thermo Scientific). The scrambled sequence was used to account for 

nonspecific knockdown of IRF1. The selected target sequences were tested so as not to 

match any known murine gene (other than murine IRF1) sequences by using NCBI 

nucleotide BLAST at http://www.ncbi.nlm.nih.gov/BLAST/. Transfection was performed 

according to the manufacturer’s protocol. IRF1 siRNA and scrambled siRNA were used 

at a concentration of 50µM. IRF1 gene expression following knockdown was quantified 

by qRT-PCR. 

 

2.16 Statistical Analyses 

A 1-way analysis of variance (ANOVA) with a Tukey post-test was used to 

compare the means of 4 concentrations of Bay 11-7082 in inhibition of NF-κB nuclear 

translocation. A Student’s t-test was used to compare the means of two groups where 

indicated. All analyses were performed using GraphPad Prism 5.0 software.  
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CHAPTER 3. IRF9 COMPENSATES IN THE ABSENCE OF IRF3 FOR IFNβ 
PRODUCTION 
 

3.1 Characterization of Endogenous and Induced IRFs in Response to DsRNA 

To identify the transcription factor involved in the antiviral response in the 

absence of IRF3, several IRFs that positively regulate type I IFNs were characterized. 

First, endogenous and induced levels of IRF1, IRF3, IRF7 and IRF9 were determined by 

Western blot analysis (figure 5). Simultaneously, IRF-deficient MEFs were characterized 

to confirm the genotype of each knockout. Levels of IRF1 protein were not altered in 

response to poly I:C treatment in WT, IRF3-/- and IRF3-/-7-/- MEFs. IRF1 protein was not 

detected in IRF1-/- MEFs (figure 5a). Levels of IRF3 in WT MEFs also did not change 

upon treatment with poly I:C for 3 hours. IRF3, as expected, was not present in IRF3-/- 

and IRF3-/-7-/- MEFs (figure 5b). IRF7 was induced upon poly I:C treatment in WT and 

IRF3-/- MEFs, and was not detected in IRF3-/-7-/- MEFs (figure 5c). Unlike the other IRFs 

investigated, IRF9 was found to increase in response to 3 hours of poly I:C treatment in 

WT, IRF3-/- and IRF3-/-7-/- MEFs. A band corresponding with IRF9 was not found to be 

present in IRF9-/- MEFs (figure 5d). Deficiency of IRF7 in IRF7-/- MEFs and IRF3 and 

IRF9 in IRF3-/-9-/- MEFs was also evaluated by genotyping performed by Derek 

Cummings (data not shown). 
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lab as an undergraduate student. We found that rather than diminish ISG production, 

IRF1 knockdown in IRF3-deficient MEFs dramatically increased ISG production (data 

not shown). This observation suggests that IRF1 negatively regulates ISG production in 

the absence of IRF3. To confirm this unexpected result, we are in the process of creating 

mice deficient for both IRF1 and IRF3. 

Based on what is known of IRF7, it was another potential transcription factor 

worth investigating for involvement in IFNβ production in the absence of IRF3. The 

ability of IRF7 to compensate for IRF3 was investigated in an antiviral assay in which 

IRF3-/-7-/- MEFs were pretreated with dsRNA and subsequently challenged with VSV. 

Antiviral protection data for dsRNA-treated WT (figure 6a) and IRF3-/- MEFs (figure 6b) 

were included for comparison purposes. Cells deficient for both IRF3 and IRF7 displayed 

no antiviral protection against VSV after treatment with a 200bp or 3000bp length of 

dsRNA. With higher concentrations of poly I:C, which averaged 4500bp in length, 

approximately 50% of pretreated cells were protected against VSV within 6 hours (figure 

6c). When IRF3-/-7-/- MEFs were pretreated with dsRNA for 24 hours, a length-dependent 

protective trend was observed; however, full protection was not observed regardless of 

the length of dsRNA used or the amount of time cells were pretreated with it (figure 6d). 
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As antiviral protection was observed in MEFs deficient of IRF3 and IRF7, it was 

unknown whether this response was due to IFNβ-mediated production of ISGs. A qRT-

PCR assay was performed to determine if IRF3-/-7-/- MEFs make IFNβ and ISGs in 

response to poly I:C treatment. As shown in figure 7, in the absence of IRF3 and IRF7, 

poly I:C treatment increased ISG56, IP10 and IFNβ mRNA accumulation within 6 hours.  

Collectively, these data suggest that neither IRF1 nor IRF7 play a dominant role in 

compensating for the absence IRF3 in the production of IFNβ or ISGs.  
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Figure 7. ISG and IFNβ production in IRF3-/-7-/- MEF lines. ISG mRNAs were 
measured by qRT-PCR following 6 hours of poly I:C treatment. Fold changes in 
transcript levels were compared relative to the housekeeping gene, GAPDH. Data 
represent the mean ± SEM; n=3. 
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3.3 Evaluation of the ability of IRF9 to compensate for IFNβ and ISG production in 
the absence of IRF3 

 Interestingly, we previously observed partial antiviral protection in MEFs 

deficient for IRF3 and IRF9. However, these MEFs do not produce detectable levels of 

IFNs or ISGs in response to poly I:C (DeWitte-Orr et al., 2009). The simplest 

interpretation of these data is that IRF9 plays an essential role in compensating for IRF3 

in IFN and ISG induction.  Although IRF9 is known for its role as a component of the 

ISGF3 complex, it was previously shown to bind to the promoter of the IFNβ gene 

(Kawakami et al., 1995, Harada et al., 1996).  

 Consistent with the antiviral assays, it was determined by immunofluorescence 

microscopy that IRF1 and IRF7 do not significantly translocate to the nuclei of WT, 

IRF3-/- or IRF3-/-7-/- MEFs after 3 hours of 3.0nM poly I:C treatment. However, IRF9 

nuclear translocation appears to increase in IRF3-/- and IRF3-/-7-/- MEFs in comparison to 

WT MEFs; the increased nuclear translocation in IRF3-/- was found to be significant 

(figure 8). 
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Figure 8. Nuclear translocation of the proteins IRF1, IRF7, and IRF9 in WT, IRF3-/- 
and IRF3-/-7-/- MEFs following a 3.0nM poly I:C treatment for 3 hours. Nuclear 
translocation was assessed by immunofluorescence microscopy and is graphed as a 
percent of mock-treated cells. Data represent the mean of 3 individual replicates ± 
SEM. *, p<0.05. 
 
 

As IFNs and ISGs were not detected in the absence of IRF3 and IRF9 (DeWitte-

Orr et al., 2009) and increased nuclear translocation of IRF9 was observed in IRF3-/- and 

IRF3-/-7-/- MEFs, IRF9 was investigated for its ability to compensate for IRF3 in IFNβ 

production. Oligonucleotide pull down assays were performed in WT, IRF3-/- and IRF3-/-

7-/- MEFs to investigate a panel of IRFs that positively regulate IFNβ production.  

IRF3 bound to the short VRE of the mIFNβ promoter in WT MEFs served as a 

control for this experiment (figure 9a). As a positive control for the antibodies used, 

unbound protein extracts were loaded and probed for IRF1, IRF3, IRF7, and IRF9. In 

poly I:C-stimulated WT MEFs, binding of IRF1, IRF7, or IRF9 to the promoter was not 

observed (figure 9b-d). In the absence of IRF3, faint amounts of IRF1 and IRF7 were 

bound to the promoter in both mock-treated and poly I:C-treated extracts (figure 9b, c). In 
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contrast, IRF9 was very strongly bound to the VRE in poly I:C-treated IRF3-/- and IRF3-/-

7-/- MEFs (figure d). Taken together, these data suggest that IRF9 is an important 

mediator of the antiviral response in the absence of IRF3. 
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CHAPTER 4. NITRIC OXIDE CONTRIBUTES TO ANTIVIRAL PROTECTION 
IN THE ABSENCE OF IRF3 AND IFNs 

 

The data presented in this chapter were submitted on July 21, 2011 to PLoS ONE 

as a full-length paper entitled “Nitric Oxide Provides Potent Innate Antiviral Protection in 

Primary Fibroblasts in the Absence of a Type I Interferon System”. 

 

4.1 Poly I:C Induces Production of a Soluble Factor, Nitric Oxide, in the Absence of 
IRF3 and IRF9 

Previous work showed that IRF3-/-9-/-MEFs, which fail to make or respond to type 

I IFNs, induce an antiviral response against HSV-1 and VSV following treatment with 

poly I:C. The antiviral response against HSV-1 in these cells was found to occur earlier 

and was more potent than the response against VSV (DeWitte-Orr et al., 2009). To 

determine whether this protection is conferred by a soluble factor, supernatants from poly 

I:C-treated monolayers were transferred to naïve monolayers. The transferred 

supernatants were able to significantly protect naïve monolayers from subsequent HSV-1 

challenge (figure 10a). To confirm that residual poly I:C was not responsible for the 

protective effects, levels of poly I:C in the supernatants were measured relative to a 

standard curve of poly I:C in medium (figure 10b). The absorbance of poly I:C-treated 

supernatants was only slightly higher than poly I:C-deficient (mock) supernatants (figure 

10c); moreover, poly I:C concentrations within this low range do not to confer resistance 

to HSV-1 infection in IRF3-/-9-/-MEFs (DeWitte-Orr et al., 2009). Thus, the soluble factor 

present within the supernatants was not residual poly I:C.  
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As nitric oxide is a soluble factor and an important modulator of protection 

against DNA viruses such as HSV-1, we sought to determine if this molecule is involved 

in the antiviral response in the absence of IRF3 and IRF9. Following exposure to dsRNA 

for 2 hours to 7.5 hours, it was determined by Griess assay that both WT and IRF3-/-9-/- 

MEFs made peak levels of nitric oxide, as assessed by nitrite concentration, within 5 

hours of dsRNA treatment (figure 11a).  

Varying concentrations of nitric oxide were added to untreated cells to confirm 

that nitric oxide production in IRF3-/-9-/- MEFs inhibited replication of HSV-1. Nitric 

oxide was added with the use of the nitric oxide donor, DETA-NO, which is has a 27 

hour half-life (Tanner et al., 2000). DETA-NO and the control vector, DETA, were added 

to cells at concentrations ranging from 0-200µM. DETA-NO used between 50-100µM 

was found by Griess assay to release nitric oxide to levels similar to those observed in 

MEFs after treatment with 8.5nM poly I:C for 5 hours (figure 11b). A concentration-

dependent effect on HSV-1 replication in these cells was observed in both WT (figure 

11c) and IRF3-/-9-/- (figure 11d) MEFs. In both cell types, 0-25µM DETA-NO was unable 

to significantly protect cells from HSV-1 infection and replication. However, DETA-NO 

used at concentrations ranging between 50-200µM was able to limit HSV-1 replication in 

WT and IRF3-/-9-/- MEFs. At the higher concentrations, a greater effect of DETA-NO was 

observed in IRF3-/-9-/-MEFs. The control reagent DETA did not significantly contribute 

to nitric oxide production or protection. 
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qRT-PCR, in WT and IRF3-/-9-/- MEFs treated with poly I:C (e). Fold changes in 
transcript levels were compared relative to the housekeeping gene, GAPDH. Data 
are plotted as mean ± SEM, n=3; *, p<0.05, **, p<0.01, ***, p<0.0001.  
4.2 Role of iNOS in the Antiviral Response in IRF3-/-9-/- MEFs  

Depending on the stimulus and the cell type, nitric oxide can be made by eNOS, 

nNOS, or iNOS. In response to viruses and viral components however, synthesis has 

generally been shown to be a result of iNOS induction (Akaike & Maeda, 2000). To 

measure the levels of eNOS and iNOS in WT and IRF3-/-9-/- MEFs, qRT-PCR was 

employed. The levels of nNOS transcript were not measured, as this gene is relatively 

restricted to neuronal cells (Akaike & Maeda, 2000). Although eNOS was not detected in 

either cell type, iNOS was basally detected in untreated cells to levels of approximately 

0.3-fold in comparison to the housekeeping gene, GAPDH. Levels of iNOS transcript 

increased in both WT and IRF3-/-9-/-MEFs (figure 11e) upon treatment with poly I:C 

within 2 hours. Induction further increased after 5 hours of poly I:C treatment, coincident 

with the timeframe in which protection against HSV-1 was observed. Levels of iNOS 

transcript were measured after 7.5 hours of poly I:C treatment as well and were found to 

have been reduced to baseline measurements (data not shown).  

AMG and L-NIL are inhibitors of iNOS; these compounds were used to further 

investigate and confirm the involvement of iNOS in the antiviral response observed 

against HSV-1 in IRF3-/-9-/-MEFs. Efficacy of AMG and L-NIL as inhibitors of iNOS in 

WT and IRF3-/-9-/-MEFs are displayed in WT (figure 12a) and IRF3-/-9-/-MEFs (figure 

12b). Both were found to be equally effective; there was an average reduction in iNOS 

induction upon treatment with poly I:C and either of the inhibitors ranging from 80-82% 
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Consistent with our previous observations (DeWitte-Orr et al., 2009), a strong and 

effective antiviral response against HSV-1 was observed after treatment with poly I:C for 

5-6 hours in both WT and IRF3-/-9-/-MEFs. Upon addition of AMG and L-NIL, HSV-1 

was able to replicate to greater amounts in WT MEFs; however, these cells were still 

capable of partial protection against infection with HSV-1 (figure 12c), consistent with 

their ability to elicit IFN and ISG induction (DeWitte-Orr et al., 2009). In comparison, 

inhibition of iNOS in IRF3-/-9-/-MEFs almost fully restored replication of HSV-1 despite 

poly I:C treatment (figure 12d).  

 

4.3 Protection Against HSV-1 by iNOS Induction Mediated by NF-κB and IRF1  

Although the transcription factors NF-κB and IRF1 bind to the iNOS promoter to 

induce its transcription, these factors can signal independently of one another (Pautz et al. 

2010). To confirm the role of NF-κB in the antiviral response observed in the absence of 

IRF3 and IFNs, NF-κB was blocked using the inhibitor Bay 11-7082, which targets the 

phosphorylation of IκBα. Bay 11-7082 was tested at a concentration ranging from 0µM-

10µM to determine the optimal concentration to inhibit the nuclear translocation of the 

p65 subunit of NF-κB following treatment of MEFs with poly I:C. A concentration of 

5µM was determined to be the optimal concentration (figure 13a). Inhibition of NF-κB 

significantly decreased the fold change in iNOS transcript expression as determined by 

qRT-PCR in WT (figure 13b) and IRF3-/-9-/- MEFs (figure 13c). In an antiviral assay, 

inhibition of NF-κB with Bay 11-7082 in poly I:C-treated WT (figure 13d) and IRF3-/-9-/- 
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MEFs (figure 13e) resulted in increased HSV-1 replication; the increase in virus 

replication was found to be significant in IRF3-/-9-/- MEFs.  

To evaluate the importance of IRF1 in iNOS induction and the antiviral response 

in the absence of IRF3 and IFNs, an IRF1-targeting siRNA was generated. The control 

siRNA was a scrambled sequence of the IRF1 siRNA used to account for nonspecific 

effects. The efficacy of siRNA on IRF1 transcript levels was assessed by qRT-PCR 

(figure 14a). IRF1 transcript was significantly reduced in IRF3-/-9-/- MEFs treated with 

IRF1-specific siRNA compared with cells treated with transfection reagent DharmaFECT 

(DF) alone. Although treatment with poly I:C increased levels of IRF1, these levels were 

significantly decreased upon addition of IRF1-targeting siRNA.  

Quantitative RT-PCR analysis indicated that siRNA inhibition of IRF1 

significantly reduced iNOS transcript accumulation in comparison to control siRNA 

(figure 14b). Coincident with these observations, HSV-1 replication was significantly 

increased in poly I:C-treated IRF3-/-9-/- MEFs in which IRF1 levels were decreased 

following siRNA treatment (figure 14c). Taken together, these data suggest that both NF-

B and IRF1 contribute to iNOS induction and subsequent NO production in poly I:C-

treated IRF3-/-9-/-MEFs. 
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accumulation was measured by qRT-PCR in poly I:C treated WT (b) and IRF3-/-9-/-  
(c). HSV-1 replication in WT (d) and IRF3-/-9-/- (e) MEFs following poly I:C 
treatment in the presence or absence of Bay 11-7082. A 1-way ANOVA with a 
Tukey post-test was performed to compare efficacy of a range of NF-κB inhibitor 
concentrations. A Student’s t-test was performed to compare the antiviral response 
in cells that received poly I:C treatment with and without Bay 11-7082. Data are 
plotted as mean ± SEM, n=3; *, p<0.05, **, p<0.01, ***, p<0.0001. 
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CHAPTER 5.  DISCUSSION 

 

5.1 Cellular Protection in Response to dsRNA 

Considered nonprofessional immune cells, fibroblasts are amongst the first cell 

types involved in the line of defense against numerous pathogens. Fibroblasts are widely 

distributed in organisms (Pinkerton et al., 1982) and play an important role in the 

transition from innate to adaptive immunity (Lo et al., 1999, Buckley et al. 2001). This 

role is largely a result of cytokine production (Smith et al., 1997, Schilte et al., 2010), 

including IFNβ, which was originally termed fibroblast IFN. As such, fibroblasts are 

important effectors of the early innate immune response.  

It is well established that early production of type I IFNs following virus infection 

is critical for defense against most viruses, as IFNs limit virus replication and spread 

(Kumar et al., 2011). Various structural components of a virus can trigger production of 

type I IFNs. Robust IFN production is largely associated with dsRNA, particularly in 

fibroblasts.  

In MEFs, at least four cellular proteins recognize dsRNA and mediate production 

of type I IFNs: TLR-3, double-stranded RNA-dependent protein kinase (PKR), RIG-I, 

and MDA-5. These proteins preferentially bind dsRNA on the basis of its localization 

within the cell, viral origin, and/or length. Regardless of which protein binds dsRNA, the 

outcome of ligand recognition is signalling through the adaptors TRIF (TLR-3) or IFN 

promoter stimulator-1 (PKR, RIG-I, and MDA-5) to activate IRF3. Upon activation, 

IRF3 can directly induce ISGs in the absence of IFN production or collaborate with NF-
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κB, ATF-2/cJUN, IRF7 and other transcription factors to mediate type I IFN production 

(Grandvaux et al., 2002).  

 

5.2 IRF1 and IRF7 do not mediate the IRF3-Independent and IFN-Dependent 
Response to dsRNA 

We previously showed that IRF3 plays a critical role in the antiviral response to 

recognition of short dsRNA molecules (DeWitte-Orr et al., 2009). However, long dsRNA 

molecules (3000bp and poly I:C) were capable of preventing virus replication in the 

presence and absence of IRF3. Furthermore, long dsRNA molecules were found to 

induce similar levels of ISGs and IFNs in WT and IRF3-/- MEFs (DeWitte-Orr et al., 

2009). As IRF3 is not essential for a protective response induced by long dsRNA 

molecules, for objective 1 of this thesis, I investigated the IRF3-independent, IFN-

dependent antiviral response. Our data suggested the existence of either a novel 

transcription factor with similar activity to IRF3 or involvement of another member of 

the IRF family in compensating for the loss of IRF3. Characterization of the IFNβ 

promoter over the last two decades has shown that IRF binding is critical for a functional 

IFNβ enhanceosome and ultimately, IFNβ transcription (Hiscott, 2007, Panne et al., 

2007, Paun & Pitha, 2007).  

IRF1 and IRF7 have been implicated in type I IFN production. However, I failed 

to detect differences in endogenous and induced expression of IRF1 and IRF7 protein 

following 3 hours of poly I:C treatment. Furthermore, nuclear translocation of IRF1 and 

IRF7 in various MEFs did not occur in response to dsRNA treatment. Consistent with 

these observations, IRF1 fails to restore induction of type I IFNs in the absence of IRF3 
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(Sato et al., 2000) and IRF7 expression in fibroblasts is largely dependent on IFNβ 

signalling (Sato et al., 2000, DeWitte-Orr et al., 2009).  

Although IRF1-/-3-/- mice were not available in time for this thesis, IRF3-/-7-/- mice 

were available and thus, MEFs were made. While MEFs showed only partial protection 

in the absence of IRF3 and IRF7, IFNβ and ISGs were transcribed in response to dsRNA, 

albeit at lower levels than in WT and IRF3-/- MEFs. Thus, the diminished protective 

capabilities in these MEFs likely result from an impaired positive feedback loop of IFN 

production normally involving IRF7. This observation is especially apparent in the 

response to shorter dsRNA molecules.  

 

5.3 IRF9 Compensates for IRF3 in Production of IFNβ 

Particularly interesting was the inability of MEFs deficient for IRF3 and IRF9 to 

produce IFNs and ISGs (Sato et al., 2000, DeWitte-Orr et al., 2009). Thus, IRF9 was 

investigated for its ability to compensate for IFNβ production in the absence of IRF3. In 

comparison to other IRFs examined, IRF9 showed high levels of translocation to the 

nucleus in all cell types analyzed. A significant increase in nuclear translocation was 

observed in MEFs deficient for IRF3 in comparison to WT MEFs. While not significant, 

an increase in translocation was observed in MEFs deficient for both IRF3 and IRF7 as 

well. It is unclear at this time whether IRF9 translocation resulted directly from dsRNA 

treatment or indirectly from subsequent IFN-mediated signalling as a component of the 

ISGF3 complex (Honda & Taniguchi, 2006, Kawai & Akira, 2010). Thus, to distinguish 

between these two possible reasons IRF9 was shown to translocate to the nucleus, 
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cycloheximide should have been used, as it is a molecule well known to inhibit de novo 

protein synthesis. Nuclear translocation of IRF9 following inhibition of de novo protein 

synthesis would provide evidence that the translocation observed is a result of direct 

dsRNA-mediated signalling.  

IRF9, but not IRF1 and IRF7, was found to bind to the IRF-containing portion of 

the mIFNβ promoter in IRF3-/- and IRF3-/-7-/- MEFs. Of note, IRF9 did not bind to the 

short VRE of the mIFNβ promoter in WT MEFs, perhaps as a result of preferential or 

competitive binding of IRF3. Two reports in the mid-1990s showed that IRF9 is capable 

of binding to the mIFNβ promoter following NDV infection via a biochemical approach 

(Kawakami et al., 1995, Harada et al., 1996). However, upon the discovery of IRF3 and 

IRF7, the role of IRF9 has been studied exclusively in the context of type I IFN signal 

transduction. These data, however, collectively suggest that IRF9 becomes important in 

the absence of IRF3.  

Although the findings presented in this thesis are consistent with those published 

(Kawakami et al., 1995, Harada et al., 1996), there are caveats associated with 

oligonucleotide pull down assays. In these experiments, I prepared cytoplasmic and 

nuclear extracts and pooled the protein extracts together. These pooled extracts were then 

incubated with the oligonucleotide. Thus, proteins that do not normally interact with the 

IFNβ promoter, due to their localization in the cytoplasm, were exposed to the DNA and 

may have bound nonspecifically (Melchjorsen et al., 2005). To confirm these results, a 

chromatin immunoprecipitation assay should be performed.  
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Given that viruses such as the highly successful human HSV-1 inactivate IRF3 

(Melroe et al., 2004, Lin et al., 2004, Melroe et al., 2007, Paladino et al., 2010), it is not 

surprising that there are compensatory mechanisms to ensure viral clearance. For 

example, it was recently shown that IRF7 can function in place of the ISGF3 complex for 

ISG induction (Schmid et al., 2010). Taken together with our data, it appears that 

redundancy in regulators of the antiviral response, particularly in transcription factors 

modulating IFN production, evolved to ensure effective induction of the antiviral state. 

 

5.4 Nitric Oxide and the IRF3- and IFN-Independent Antiviral Response 

While macrophages are primary producers of nitric oxide in response to 

pathogens, nitric oxide production by dermal skin fibroblasts and rat embryo fibroblasts 

has previously been shown to play a role in wound healing and host defense in response 

to bacterial PAMPs and inflammatory cytokines (Lavnikova et al., 1995, Witte et al., 

2000). With regards to the viral PAMP dsRNA, studies have shown induction of iNOS in 

human astroglia and bronchial epithelial cells (Uetani et al., 2001, Auch et al., 2004).  

It is now appreciated that IFNs can be made in the absence of IRF3 and that ISGs 

can be produced in the absence of IFNs (Grandvaux, 2002, Noyce et al., 2006, DeWitte-

Orr et al., 2009). However, it is unclear what innate antiviral response exists in the 

absence of IRF3, IFN and ISGs. Viruses encode multiple strategies to evade host innate 

responses, thus it is not surprising that most viruses are able to inactivate or degrade IRF3 

and disable the IFN signal transduction cascade. Thus, I set out to study the mechanism 

by which an antiviral response against HSV-1 occurred in the absence of IRF3, IFNs and 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

61 
 

ISGs, particularly since this response was earlier and more robust than the cellular 

response against VSV, a small RNA virus that is exquisitely sensitive to the host IFN 

response (DeWitte-Orr et al., 2009). I first determined that the antiviral factor responsible 

for controlling HSV-1 replication was a soluble factor. Coincidentally, nitric oxide acts as 

a soluble antiviral factor that is more potent against DNA viruses in comparison to RNA 

viruses. I then found that nitric oxide is rapidly produced by MEFs in response to the 

dsRNA mimetic poly I:C and serves to inhibit HSV-1 replication. The antiviral activity of 

poly I:C-induced nitric oxide was confirmed by the addition of nitric oxide to MEFs 

using DETA-NO. Of interest, in WT fibroblasts, nitric oxide is a minor contributor to the 

antiviral response, likely due to IRF3 and IFN activity. However, in IRF3-/-9-/- MEFs, the 

nitric oxide pathway appears to be the dominant antiviral pathway. These data suggest 

that nitric oxide is an important antiviral molecule in the absence of IFN, ISGs and other 

cytokines.  

Previous studies have shown that HSV-1 is susceptible to the effects of nitric 

oxide in vivo in mice and rats (Croen, 1993, Bi & Reis, 1995, Zaki et al., 2005). Although 

nitric oxide is synthesized during the host response to pathogen invasion, its precise role 

remains unclear. Despite its antiviral activity, nitric oxide is not always beneficial, as it 

can promote the pathogenesis of HSV-1 by damaging cells in host tissues, thus aiding 

infection (Fujii et al., 1999, Akaike & Maeda, 2000). It is unknown at this time whether 

the antiviral protection provided by nitric oxide in vivo is exerted in the form of 

cytotoxicity as a result of nitrative stress or by an alternative mechanism. In vitro, 

treatment of primary fibroblasts with dsRNA or DETA-NO did not elicit noticeable 
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cytotoxic effects, suggesting that the level of nitric oxide production that is sufficient to 

block virus replication is not linked to cytotoxicity.   

 

5.5 Role of NF-κB and IRF1 in Mediating the Anti-HSV-1 Response in the Absence 
of IRF3 and IFNs 

It was found in this thesis the importance of iNOS as the enzyme by which nitric 

oxide is synthesized. This is not surprising, as iNOS induction in response to virus 

infection, as well as viral components, is well known (MacLean et al., 1998, Zaragoza et 

al., 1999, Lee et al., 2009). During viral infection, nitric oxide production by iNOS is 

induced by cytokines such as IFNγ; however, virus infection can upregulate iNOS 

independently of such cytokines (Akaike & Maeda, 2000). While MEFs can respond to 

IFNγ, they do not make it in response to poly I:C, suggesting that in fibroblasts, iNOS is 

induced independent of IFN.  

The iNOS gene locus has low homology between human, rat and mouse 

sequences. As a result, the transcription factors involved in iNOS induction are species 

and cell type dependent (Chu et al., 1998, Pautz et al., 2010). For example, regulation of 

nitric oxide production by iNOS in humans has been shown to be dependent on activator 

protein 1 (AP-1), but a binding site for this transcription factor is not present on the 

mouse iNOS promoter (Chu et al., 1998). NF-κB and IRF1 are most commonly published 

as regulators of iNOS expression in various species (LePage et al., 1996, Spitsin et al., 

1997, Farlik et al., 2010). Furthermore, virus infection leads to the activation of NF-κB 

and IRF1 (Kamijo et al., 1994, Honda & Taniguchi, 2006). Here I found that regulation 

of iNOS expression is largely dependent on both NF-κB and IRF1. These data are 
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consistent with other reports indicating that both transcription factors are important for 

iNOS expression in mice in response to dsRNA (Blair et al., 2002, Pautz et al., 2010). 

 

5.6 Caveats Associated with the use of Poly I:C 

 These studies utilized poly I:C to investigate type I IFN responses to dsRNA. Poly 

I:C has been used extensively for over half a century to study dsRNA-induced signalling 

pathways (DeWitte-Orr & Mossman, 2010), and although valuable information has been 

uncovered, it is not a perfect substitute for viral dsRNA or virus infection and may 

introduce bias into evaluation of the antiviral pathway (Gantier & Williams, 2007, Milev-

Milovanovic et al., 2009, DeWitte-Orr & Mossman, 2010). Poly I:C is composed of 

stretches of complementary homopolymers of inosine and cytidine forming dsRNA-like 

motifs. Because it is composed of stretched of ribonucleotides annealed together and 

forms dsRNA motifs of varied size, and because it relies on inosine, a relatively rare 

ribonucleotide, poly I:C is not a perfect substitute for viral dsRNA. Despite this caveat, 

poly I:C was chosen for these studies, as it is a well-defined ligand that triggers IFN 

production in a wide variety of cells. Use of poly I:C also avoids inconsistent responses 

due to variation between infections (Milev-Milovanovic et al., 2009). However, dsRNA-

mediated antiviral responses will more accurately be understood once native viral dsRNA 

is investigated within the context of a live viral infection.   



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

64 
 

CHAPTER 6. CONCLUSIONS 

Overall, these data show that IRF9 serves as an alternative antiviral factor in the 

absence of IRF3 and nitric oxide serves as an alternative antiviral factor in the absence of 

the IRF3- and IFN-mediated signalling pathway. In terms of the IRF3-independent 

antiviral response, it can be concluded that IRF9 binding to the IRF binding site of the 

mIFNβ promoter leads to induction of IFNβ, which subsequently initiates a secondary 

arm of signalling mediated by IFNβ leading to antiviral immunity as a result of ISG 

production. I have also shown that inhibition of iNOS, and thus, nitric oxide, in the 

absence of both IRF3 and IFNs leads to a significant increase in HSV-1 replication that is 

comparable to the untreated, infected control. While it can be said that the nitric oxide 

pathway is important, involvement of other pathways or factors cannot be ruled out. 

Furthermore, the factors involved in the antiviral response against VSV after 24 hours of 

poly I:C pretreatment (DeWitte-Orr et al., 2009) are still unknown. As levels of nitric 

oxide began to decline within 7.5 hours of treatment with poly I:C, it is unlikely that it is 

involved in the antiviral response observed against VSV within this timeframe. These 

data emphasize the intricacies of the host response to different pathogens and underscore 

the requirement of the host to have multiple strategies to counteract the immune evasion 

properties of viruses.  

 

  



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

65 
 

CHAPTER 7. REFERENCES 

Akaike, T. & Maeda, H. (2000). Nitric oxide and virus infection. Immunol 101, 300-8. 

Alam, M. S., Akaike, T., Okamoto, S., Kubota, T., Yoshitake, J., Sawa, T., Miyamoto, 
Y., Tamura, F. & Maeda, H. (2002). Role of nitric oxide in host defense in murine 
salmonellosis as a function of its antibacterial and antiapoptotic activities. Infect 
Immun 70, 3130-42. 

Alexopoulou, L., Holt, A. C., Medzhitov, R. & Flavell, R. A. (2001). Recognition of 
double-stranded RNA and activation of NF-kappaB by Toll-like receptor 3. 
Nature 413, 732–8. 

Andersen, J., VanScoy, S., Cheng, T. F., Gomez, D. & Reich. N. C. (2008). IRF-3 
dependent and augmented target genes during viral infection. Genes Immun 9, 
168-75.  

Ank, N. & Paludan S. R. (2009). Type III IFNs: New layers of complexity in innate 
antiviral immunity. Biofactors 35, 82-7. 

Au, A. C., Moore, P. A., LaFleur, D. W., Tombal, B. & Pitha, P. M. (1998). 
Characterization of the interferon regulatory factor-7 and its potential role in the 
transcription activation of interferon α genes. J Biol Chem 273, 29210–7. 

Au, A. C., Moore, P. A., Lowther, W., Juang, Y. T. & Pitha, P. M. (1995). Identification 
of a member of the interferon regulatory factor family that binds to the interferon-
stimulated response element and activates expression of interferon-induced genes. 
Proc Natl Acad Sci USA 92, 11657-61. 

Auch, C.J., Saha, R. N., Sheikh, F. G., Liu, X., Jacobs, B. L. & Pahan, K. (2004). Role of 
protein kinase R in double-stranded RNA-induced expression of nitric oxide 
synthase in human astroglia. FEBS Lett 563, 223-8. 

Banks, T. A. & Rouse, B. T. (1992). Herpesviruses-immune escape artists? Clin Infect 
Dis 14, 933-41.  

Bi, Z. & Reiss, C. S. (1995). Inhibition of vesicular stomatitis virus infection by nitric 
oxide. J Virol 69, 2208-13. 

Blair, L. A., Maggi, L. B. Jr., Scarim, A. L. & Corbett, J. A. (2002). Role of interferon 
regulatory factor 1 in double-stranded RNA-induced iNOS expression by mouse 
islets. J Biol Chem 277, 359-65. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

66 
 

Bonnefoy, E., Bandu, M. T. & Doly, J. (1999). Specific binding of high-mobility-group 1 
(HMGI) protein and histone H1 to the upstream AT-rich region of the murine beta 
interferon promoter: HMGI acts as a potential antirepressor of the promoter. Mol 
Cell Biol 19, 2803-16. 

Buckley, C. D., Pilling, D., Lord, J. M., Akbar, A. N., Scheel-Toellner, D. & Salmon, M. 
(2001). Fibroblasts regulate the switch from acute resolving to chronic persistent 
inflammation. Trends Immunol 22, 199-204. 

Charville, G. W., Hetrick, E. M., Geer, C. B. & Schoenfisch, M. H. (2008). Reduced 
bacterial adhesion to fibrinogen-coated substrates via nitric oxide release. 
Biomaterials 29, 4039-44. 

Chen-Feng, Q. I., Li, Z. Y., Raffield, M., Hongsheng, W., Kovalchuk, A. L. & Morse, H. 
C. (2009). Differential expression of IRF8 in subsets of macrophages and 
dendritic cells and effects of IRF8 deficiency on splenic B cell and macrophage 
compartments. Immunol Res 45, 62-74. 

Chu, S. C., Marks-Konczalik, J., Wu, H., Banks, T. C. & Moss, J. (1998). Analysis of the 
cytokine-stimulated human inducible nitric oxide synthase (iNOS) gene: 
Characterization of differences between human and mouse iNOS promoters. 
Biochem Biophys Res Comm 248, 871-8. 

Croen, K. D. (1993). Evidence for an antiviral effect of nitric oxide. J Clin Invest 91, 
2446-52. 

Davis-Poynter, N. J. & Farrell, H. E. (1996). Masters of deception: a review of 
herpesvirus immune evasion strategies. Immunol Cell Biol 74, 513-22. 

Decker, T., Lew, D. J. & Darnell, J. E. (1991). Two distinct alpha-interferon-dependent 
signal transduction pathways may contribute to activation of transcription of the 
guanylate-binding protein gene. J Mol Bio 11, 5147-53. 

DeWitte-Orr, S. D. & Mossman, K. L. (2010). DsRNA and the innate antiviral immune 
response. Future Virol 5, 325-41. 

DeWitte-Orr, S. J., Collins, S. E., Bauer, C. M. T., Bowdish, D. M. & Mossman, K. L. 
(2010). An accessory to the trinity: SR-As are essential pathogen sensors of 
extracellular dsRNA, mediating entry, and leading to subsequent type I IFN 
responses. PLoS Pathog 6, e1000829. 

DeWitte-Orr, S. J., Mehta, D. R., Collins, S. E, Suthar, M. S., Gale, M. Jr. & Mossman, 
K. L. (2009). Long double-stranded RNA induces an antiviral response 
independent of IFN regulatory factor 3, IFN-β promoter stimulator 1, and IFN. J 
Immunol 183, 6545-53. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

67 
 

Dinerman, J. L., Dawson, T. M., Schell, M. J., Snowman, A. & Snyder, S. H. (1994). 
Endothelial nitric oxide synthase localized to hippocampal pyramidal cells: 
implications for synaptic plasticity. Proc Natl Acad Sci USA 91, 4214-8. 

Du, W. & Maniatis, T. (1994). The high mobility group protein HMG I(Y) can stimulate 
or inhibit DNA binding of distinct transcription factor ATF-2 isoforms. Proc Natl 
Acad Sci USA 91, 11318-22. 

Escalante, C. R., Nistal-Villan, E., Shen, L., Garcia-Sastre, A. & Aggarwal, A. K. (2007). 
Structure of IRF-3 bound to the PRDIII-I regulatory element of the human 
interferon-beta enhancer. Mol Cell 26, 703-16. 

Farlik, M., Reutterer, B., Schindler, C., Greten, F., Vogi, C., Müller, M. & Decker, T. 
(2010). Nonconventional initiation complex assembly by STAT and NF-κB 
transcription factors regulates nitric oxide synthase expression. Immunity 33, 25-
34. 

Farrar, M. A. & Schreiber, R. D. (1993). The molecular cell biology of interferon-gamma 
and its receptor. Annu Rev Immunol 11, 571–611. 

Field, A. K., Tytell, A. A., Lampson, G. P. & Hilleman, M. R. (1967). Inducers of 
interferon and host resistance, II. Multistranded synthetic polynucleotide 
complexes. Biochem. 58, 1004-10. 

Fitzgerald, K. A., McWhirter, S. M., Faia, K. L., Rowe, D. C., Latz, E., Golenbock, D.T., 
Coyle, A.J., Liao, S.M. & Maniatis, T. (2003). IKKε and TBK1 are essential 
components of the IRF3 signalling pathway. Nat Immunol 4, 491-6. 

Fridman, A. L. & Tainsky, M. A. (2008). Critical pathways in cellular senescence and 
immortalization revealed by gene expression profiling. Oncogene 27, 5975-87. 

Fu, X.Y., Kessler, D. S., Veals, S. A., Levy, D. E. & Darnell, J. E. (1990). ISGF3, the 
transcriptional activator induced by interferon alpha, consists of multiple 
interacting polypeptide chains. Proc Natl Acad Sci USA 87, 8555-9. 

Fujii, S., Akaike, T. & Maeda, H. (1999). Role of nitric oxide in pathogenesis of herpes 
simplex virus encephalitis in rats. Virololgy 256, 203-12. 

Furchgott, R. F. (1990). Studies on endothelium-dependent vasodilation and the 
endothelium-derived relaxing factor. Acta Physiol Scand 139, 257-70. 

Gantier, M. P. & Williams, B. R. G. (2007). The response of mammalian cells to double-
stranded RNA. Cytokine & Growth Factor Reviews 18, 363-71. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

68 
 

Garthwaite, J. (1991). Glutamate, nitric oxide and cell-cell signalling in the nervous 
system. Trends Neurosci 14, 60-7, 1991. 

Goodbourn, S., Didcock, L. & Randall, R. E. (2000). Interferons: cell signalling, immune 
modulation, antiviral response and virus countermeasures. J Gen Virol 81, 2341-
64. 

Grandvaux, N., Servant, M. J., tenOever, B., Sen, G. C., Balachandran, S., Barber, G. N., 
Lin, R. & Hiscott, J. (2002). Transcriptional profiling of interferon regulatory 
factor 3 target genes: direct involvement in the regulation of interferon-stimulated 
genes. J Virol 76, 5532-9. 

Harada, H., Matsumoto, M., Sato, M., Kashiwazaki, Y., Kimura, T., Kitagawa, M., 
Yokochi, T., Tan, R. S., Tomohiro, T., Kadokawa, Y., Schindler, C., Schreiber, R. 
D., Noguchi, S. & Taniguchi, T. (1996). Regulation of IFN-alpha/beta genes: 
evidence for dual function of the transcription factor complex ISGF3 in the 
production and action of IFN-alpha/beta. Genes Cells 1, 995-1005. 

Hibbs, J. B. Jr. (1992). Overview of cytotoxic mechanisms and defence of the 
intracellular environment against microbes. In The Biology of Nitric Oxide: 
Enzymology, Biochemistry and Immunology. 2nd ed. London: Portland Press. 

Hibbs, J. B. Jr., Taintor, R. R., Vavrin, Z. & Rachlin, E. M. (1988). Nitric oxide: a 
cytotoxic activated macrophage effector molecule. Biochem Biophys Res 
Commun 157, 87-94. 

Hibbs, J. B. Jr., Taintor, R. R., Vavrin, Z., Granger, D. L., Drapier, J. C., Amber, I. J. & 
Lancaster, J. R. Jr. (1990). Synthesis of nitric oxide from a terminal guanidino 
nitrogen atom of L-arginine: a molecular mechanism regulating cellular 
proliferation that targets intracellular iron. In Nitric Oxide from L-Arginine: A 
Bioregulatory System, Amsterdam: Elsevier. 

Hiscott, J. (2007). Triggering the innate antiviral response through IRF-3 activation. J 
Biol Chem 282, 15325-9.  

Honda, K. & Taniguchi, T. (2006). IRFs: Master regulators of signalling by Toll-like 
receptors and cytosolic pattern-recognition receptors. Nat Rev Immun 9, 644-58. 

Honda, K., Yanai, H., Negishi, H., Asagiri, M., Sato, M., Mizutani, T., Shimada, N., 
Ohba, Y., Takaoka, A., Yoshida, N. & Taniguchi, T. (2005a). IRF-7 is the master 
regulator of type-I interferon-dependent immune responses. Nature 434, 772-7. 

Honda, K., Yanai, H., Takaoka, A. & Taniguchi, T. (2005b) Regulation of the type I IFN 
induction: a current view. Int Immunol 17, 1367-78. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

69 
 

Hoshino, K., Sugiyama, T., Matsumoto, M., Tanaka T., Saito, M., Hemmi, H., Ohara, O., 
Akira, S. & Kaisho, T. (2006). IĸB kinase α is critical for interferon α production 
by Toll like receptors 7 and 9. Nature 440, 949-53. 

Ignarro, L. J. (1990). Biosynthesis and metabolism of endothelium-derived nitric oxide. 
Ann Rev Pharmacol Toxicol 30, 535-60. 

Ignarro, L. J. (1991). Heme-dependent activation of guanylate cyclase by nitric oxide: a 
novel signal transduction mechanism. Blood Vessels 28, 67-73. 

Iordanov, M. S., Wong, J., Bell, J. C. & Magun, B. E. (2001). Activation of NF-κB by 
double-stranded RNA (dsRNA) in the absence of protein kinase R and RNase L 
demonstrates the existence of two separate dsRNA-triggered antiviral programs. 
Mol Cell Biol 21, 67-72. 

Isaacs, A. & Lindemann, J. (1957). Virus interference. I. The interferon. Proc R Sco Lond 
(Biol) 147, 258-67. 

Jaks, E., Gavutis, M., Uzé, G, Martal, J. & Piehler, J. (2007). Differential receptor 
subunit affinities of type I interferons govern differential signal activation. J Mol 
Biol 366, 525-39. 

Janeway, C. A. (1989). Approaching the asymptote? Evolution and revolution in 
immunology.  Cold Spring Harb Symp Quant Biol 54, 1-13. 

Johnsen, I. B., Nguyen, T. T., Ringdal, M., Tryggestad, A. M., Bakke, O., Lien, E., 
Espevik, T. & Anthonsen, M. W. Toll-like receptor 3 associates with c-Src 
tyrosine kinase on endosomes to initiate antiviral signalling. EMBO J 25, 3335-
46. 

Kamijo, R., Harada, H., Matsuyama, T., Bosland, M., Gerecitano, J., Shapiro, D., Le, J., 
Koh, S. I., Kimura, T., Green, S. J., Mak, T. W., Taniguchi, T. & Vilcek, J. 
(1994). Requirement for transcription factor IRF-1 in NO synthase induction in 
macrophages. Science 263, 1612-5. 

Kato, H., Takeuchi, O., Mikamo-Satoh, E., Hirai, R., Kawai, T., Matsushita, K., Hiiragi, 
A., Dermody, T. S., Fujita, T. & Akira, S. (2008). Length-dependent recognition 
of double-stranded ribonucleic acids by retinoic acid-inducible gene-I and 
melanoma differentiation-associated gene 5. J Exp Med 205, 1601-10. 

Kato, H., Takeuchi, O., Sato, S., Yoneyama, M., Yamamoto, M., Matsui, K., Uematsu, S. 
Jung, A., Kawai, T., Ishii, K. J., Yamaguchi, O., Otsu, K., Tsujimura, T., Koh, C., 
de Sousa, C. R., Matsuura, Y., Fujita, T. & Akira, S. (2006). Differential roles of 
MDA5 and RIG-I helicases in the recognition of RNA viruses. Nature 441, 101-5. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

70 
 

Kawai, T. & Akira, S. (2006). Innate immune recognition of viral infection. Nat Immunol 
7, 131-7. 

Kawakami, T., Matsumoto, M., Sato, M., Harada, H., Taniguchi, T. & Kitagawa, M. 
(1995). Possible involvement of the transcription factor ISGF3γ in virus-induced 
expression of the IFNβ gene. FEBS Letters 358, 225-9. 

Kimura, T., Kadokawa, Y., Harada, H., Matsumoto, M., Sato, M., Kashiwazaki, Y., 
Tarutani, T., Tan, R. S., Takasugi, T., Matsuyama, T., Mak, T. W., Noguchi, S. & 
Taniguchi, T. (1996). Essential and nonredundant roles of p48 (ISGF3 gamma) 
and IRF 1 in both type I and type II interferon responses, as revealed by gene 
targeting studies. Genes Cells 1, 115-24. 

Kobzik, L., Bredt, D. S., Lowenstein, C. J., Drazen, J., Gaston, B., Sugarbaker, D. & 
Stamler, J. S. (1993). Nitric oxide synthase in human and rat lung: 
immunocytochemical and histochemical localization. Am J Respir Cell Mol Biol 
9, 371-7. 

Kobzik, L., Reid, M. B., Bredt, D. S. & Stamler, J. S. (1994). Nitric oxide in skeletal 
muscle. Nature 372, 546-8. 

Kumar, H., Kawai, T. & Akira, S. (2011). Pattern recognition by the innate immune 
system. Int Rev Immunol 30, 16-34. 

Kurt-Jones, E. A., Popova, L., Kwinn, L., Haynes, L. M., Jones, L. P., Tripp, R. A., 
Walsh, E. E., Freeman, M. W., Golenbock, D. T., Anderson L. J. & Finberg, R. 
W. (2000). Pattern recognition receptors TLR4 and CD14 mediate response to 
respiratory syncytial virus, Nat Immunol 1, 398-401. 

Lavnikova N. & Laskin, D. L. (1995). Unique patterns of regulation of nitric oxide 
production in fibroblasts. J Leukoc Biol 58, 451-8. 

Lee, C. S., Won, C., Yoo, H., Yi, E. H., Cho, Y., Maeng, J. W., Sung, S. H., Ye, S. K. & 
Chung, M. H. (2009). Inhibition of double-stranded RNA-induced inducible nitric 
oxide synthase expression by fraxinellone and sauchinone in murine microglia. 
Biol Pharm Bull 32, 1870-4. 

Lehman, T. A., Boukamp, P., Stanek, J., Bennett, W. P., Welsh, J. A., Metcalf, R. A., 
Stampfer, M. R., Fusenig, N., Rogan, E. M. & Harris, C. C. (1993). p53 
Mutations in human immortalized epithelial cell lines. Carcinogensis 14, 833-9. 

LePage, C., Sanceau, J., Drapier, J. C. & Wietzerbin, J. (1996). Differential expression of 
inducible NO synthase in two murine macrophage cell lines. Immunology 89, 
274-80. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

71 
 

Levy, D. E., Kessler, D. S., Pine, R, Reich, N. & Darnell, J. E. Jr. (1988). Interferon-
induced nuclear factors that bind a shared promoter element correlate with 
positive and negative transcriptional control. Genes Dev 2, 383-93. 

Levy, D. E., Lew, D. J., Decker, T., Kessler, D. S. & Darnell, J. E. Jr. (1990). Synergistic 
interaction between interferon-alpha and interferon-gamma through induced 
synthesis of one subunit of the transcription factor ISGF3. EMBO J 9,1105-11. 

Lin, R., Heylbroeck, C., Pitha, P. M. & Hiscott, J. (1998). Virus-dependent 
phosphorylation of IRF3 transcription factor regulates nuclear translocation, 
transactivation potential, and proteasome-mediated degradation. Mol Cell Biol 18, 
2986-96. 

Lin, R., Noyce, R. S., Collins, S. E., Everett, R. D. & Mossman. K. L. (2004). The herpes 
simplex virus ICP0 RING finger domain inhibits IRF3- and IRF7-mediated 
activation of interferon-stimulated genes. J Virol 78, 1675-84. 

Lo, D., Feng, L., Li, L., Carson, M. J., Crowley, M., Pauza, M., Nguyen, A., Reilly, C. R. 
(1999). Integrating innate and adaptive immunity in the whole animal. Immunol 
Rev 169, 225-239. 

Lu, R., Au, W. C., Yeow, W. S., Hageman, N. & Pitha, P. M. (2000). Regulation of the 
promoter activity of interferon regulatory factor-7 gene. Activation by interferon 
and silencing by hypermethylation. J Biol Chem 275, 31805-12. 

Luscher, T. F. (1991). Endothelium-derived nitric oxide: the endogenous nitrovasodilator 
in the human cardiovascular system. Eur Heart J 12, E2–E11. 

MacLean, A., Wei, X. Q., Huang, F. P., Al-Alem, U. A. H., Chan, W. L. & Liew, F. Y. 
(1998). Mice lacking inducible nitric oxide synthase are more susceptible to 
herpes simplex virus infection despite enhanced Th1 cell responses. J Gen Virol 
79, 825-30. 

Maheshwari, R. K., Demsey, A. E., Mohanty, S. B. & Friedman, R. M. (1980). 
Interferon-treated cells release vesicular stomatitis virus particles lacking 
glycoprotein spikes: correlation with biochemical data. Proc Natl Acad Sci USA 
77, 2284-7.  

Majano, P., Pezzi, E. L., Lopez-Cabrera, M., Apolinario, A., Moreno-Otero, R. & Garcia 
Monzon, C. (2001). Hepatitis B virus X protein transactivates inducible nitric 
oxide synthase gene promoter through the proximal nuclear factor kB binding 
site: evidence that cytoplasmic location of X protein is essential for gene 
transactivation. Hepatology 34, 1218-24. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

72 
 

Marie, I., Durbin, J. E. & Levy, D. E. (1998). Differential viral induction of distinct 
interferon-alpha genes by positive feedback through interferon regulatory factor-
7. EMBO J 17, 6660-9. 

Marletta, M. A., Yoon, P. S., Iyengar, R., Leaf, C. D. & Wishnok, J. S. (1988). 
Macrophage oxidation of L-arginine to nitrite and nitrate: nitric oxide is an 
intermediate. Biochemistry 27, 8706-11. 

Matsumoto, M. & Seya, T. (2008). TLR3: Interferon induction by double-stranded RNA 
including poly(I:C). Adv Drug Deliv Rev 60, 805-12. 

Matsumoto, M., Funami, K., Tanabe, M., Oshiumi, H., Shingai, M., Seto, Y., Yamamoto, 
A. & Seya, T. (2003). Subcellular localization of Toll-like receptor 3 in human 
dendritic cells. J Immunol 171, 3154-62. 

Matsuyama, T., Kimura, T., Kitagawa, M., Pfeffer, K., Kawakami, T., Watanabe, N., 
Kundig, T. M., Amakawa, R., Kishihara, K., Wakeham, A., Potter, J., Furlonger, 
C. L., Narendran, A., Suzuki, H., Ohashi, P. S., Paige, C. J., Taniguchi, T. & Mak, 
T. W. (1993). Targeted disruption of IRF-1 or IRF-2 results in abnormal type I 
IFN gene induction and aberrant lymphocyte development. Cell 75, 83-97. 

Medzhitov, R., Preston-Hurlburt, P. & Janeway, C. A. Jr. (1997). A human homologue of 
the Drosophila Toll protein signals activation of adaptive immunity. Nature 388, 
394-7. 

Melchjorsen, J., Jensen, S. B., Malmgaard, L., Rasmussen, S. B., Weber, F., Bowie, A. 
G., Matikainen, S. & Paludan, S. R. (2005). Activation of innate defense against a 
paramyxovirus is mediated by RIG-I and TLR7 and TLR8 in a cell-type-specific 
manner. J Virol 79, 12944-51. 

Melroe, G. T., DeLuca, N. A. & Knipe, D. M. (2004). Herpes simplex virus 1 has 
multiple mechanisms for blocking virus-induced interferon production. J Virol 78, 
8411-20. 

Melroe, G. T., Silva, L., Schaffer, P. A. & Knipe, D. M. (2007). Recruitment of activated 
IRF-3 and CBP/p300 to herpes simplex virus ICP0 nuclear foci: Potential role in 
blocking IFN-β induction. Virol 360, 305-21. 

Milev-Milovanovic, I., Majji, S., Thodima, V., Deng, Y., Hanson, L., Arnizaut, A., 
Waldbieser, G. & Chinchar, V. G. (2009). Identification and expression analyses 
of poly [I:C]-stimulated genes in channel catfish (Ictalurus punctatus). Fish & 
Shellfish Immunol 26, 811-20. 

Minaker, R. L., Mossman, K. L. & Smiley, J. R. (2005). Functional inaccessibility of 
quiescent herpes simplex virus genomes. Virol J 2, 85. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

73 
 

 

Mishra, M. K., Dutta, K., Saheb, S. K. & Basu, A. (2009). Understanding the molecular 
mechanism of blood-brain barrier damage in an experimental model of Japanese 
encephalitis: correlation with minocycline administration as a therapeutic agent. 
Neurochem Int 55, 717-23. 

Miyamoto, M., Fujita, T., Kimura, Y., Maruyama, M., Harada, H., Sudo, Y., Miyata, T., 
& Taniguchi,T. (1988). Regulated expression of a gene encoding a nuclear factor, 
IRF-1, that specifically binds to IFN-ß gene regulatory elements. Cell 54, 903-13. 

Mohaupt, M. G., Elzie, J. L., Ahn, K. Y., Clapp, W. L., Wilcox, C. S. & Kone, B. C. 
(1994). Differential expression and induction of mRNAs encoding two inducible 
nitric oxide synthases in rat kidney. Kidney Int. 46, 653-65. 

Moncada, S. & Higgs, E. A. (1995). Molecular mechanisms and therapeutic strategies 
related to nitric oxide. FASEB J 9, 1319–30. 

Moncada, S., Palmer, R. M. & Higgs, E. A. (1989). Biosynthesis of nitric oxide from L-
arginine: a pathway for the regulation of cell function and communication. 
Biochem Pharmacol 38, 1709–15.  

Murad, F., Ishii, K., Forstermann, U., Gorsky, L., Kerwin, J. F. Jr., Pollock, J. & Heller, 
M. (1990). EDRF is an intracellular second messenger and autacoid to regulate 
cyclic GMP synthesis in many cells. Adv Second Messenger Phosphoprotein Res 
24, 441-8. 

Nakaya, T., Sato, M., Hata, N., Asagiri, M., Suemori, H., Noguchi, S., Tanaka, N. & 
Taniguchi, T. (2001). Gene induction pathways mediated by distinct IRFs during 
viral infection. Biochem Biophys Res Commun 283, 1150-6. 

Nathan, C. F. & Hibbs, J. B. Jr. (1991). Role of nitric oxide synthesis in macrophage 
antimicrobial activity. Curr Opin Immunol 3, 65-70. 

Nazli, A., Yao, X. D., Smieja, M., Rosenthal, K. L., Ashkar, A. A. & Kaushic, C. (2009). 
Differential induction of innate anti-viral responses by TLR ligands against herpes 
simplex virus, type 2, infection in primary genital epithelium of women. Antiviral 
Res 81, 103-12. 

Nguyen, T., Brunson, D., Crespi, C. L., Penman, B. W., Wishnok, J. S. & Tannenbaum, 
S. R. (1992). DNA damage and mutation in human cells exposed to nitric oxide in 
vitro. Proc Natl Acad Sci USA 89, 3030-4. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

74 
 

Noyce, R. S., Collins, S. E. & Mossman, K. L. (2006). Identification of a novel pathway 
essential for the immediate-early, interferon-independent antiviral response to 
enveloped virions. J Virol 80, 226-35. 

Noyce, R. S., Paladino, P. P. & Mossman, K. L. (2008). Interferon Regulatory Factor 3: 
A key regulator in the innate response to bacterial and viral pathogens. In New 
Research in Innate Immunity. Nova Science Publishers, Hauppauge, NY. 

Nunez, R., Grob, P., Baumann, M., Zuniga, A., Ackermann, M. & Suter, M. (1999). 
Immortalized cell lines derived from mice lacking both type I and type II IFN 
receptors unify some functions of immature and mature dendritic cells. Immunol 
Cell Bio 77, 153 163. 

Nussler, A. K. & Billiar, T. R. (1993). Inflammation, immunoregulation and inducible 
nitric oxide synthase. J Leukoc Biol 54, 171-8. 

Paladino, P. & Mossman, K. L. (2009). Mechanisms employed by herpes simplex virus 1 
to inhibit the interferon response. J Interferon Cytokine Res 29, 599-608. 

Paladino, P., Collins, S. E. & Mossman, K. L. (2010). Cellular localization of herpes 
simplex virus ICP0 protein dictates its ability to block IRF3-mediated innate 
immune responses. PLoS ONE. 5, e10428. 

Panne, D., Maniatis, T. & Harrison, S. C. (2007). An atomic model of the interferon-beta�
enhanceosome. Cell 129, 1111-23. 

Paun, A. & Pitha, P. M. (2007). The IRF family, revisited. Biochimie 89, 744-53. 

Pautz, A., Art, J., Hahn, S., Nowag, S., Voss, C. & Kleinert, H. (2010). Regulation of the 
expression of inducible nitric oxide synthase. Nitric Oxide 23, 75-93. 

Pestka, S. (1997). The interferon receptors. Semin Oncol 3, 19-40. 

Pinkerton, K. E., Barry, B. E., O’Neil, J. J., Raub, J. A., Pratt, P. C. & Crapo, J. D. 
(1982). Morphologic changes in the lung during the lifespan of Fischer 344 rats. 
Am J Anat 164, 155-74. 

Radomski, M. W., Palmer, R. M. J. & Moncada, S. (1990). An L-arginine/nitric oxide 
pathway present in human platelets regulates aggregation. Proc Natl Acad Sci 
USA 87, 5193-7. 

Rand, M. J. (1992). Nitrergic transmission: nitric oxide as a mediator of non-adrenergic, 
non-cholinergic neuro-effector transmission. Clin Exp Pharmacol Physiol 19, 
147-669. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

75 
 

Rani, M. R. & Ransohoff, R. M. (2005). Alternative and accessory pathways in the 
regulation of IFN-β-mediated gene expression. J Interferon Cytokine Res 25, 788-
98. 

Reis, L. F., Ho, L. T. & Vilcek, J. (1989). Tumor necrosis factor acts synergistically with 
autocrine interferon-beta and increases interferon-beta mRNA levels in human 
fibroblasts. J Biol Chem 264, 16351-4. 

Sato, M., Hata, N., Asagiri, M., Nakaya, T., Taniguchi, T. & Tanaka, N. (1998). Positive 
feedback regulation of type I IFN genes by the IFN-inducible transcription factor 
IRF-7. FEBS Lett 441, 106-10. 

Sato, M., Suemori, H., Hata, N., Asagiri, M., Ogsawara, K., Nakao, K., Nakaya, T., 
Katsuki, M., Noguchi, S. & Tanaka, N. (2000). Distinct and essential roles of 
transcription factors IRF-3 and IRF-7 in response to viruses for IFN-α/β Gene 
Induction. Immunity 13, 539-48. 

Schilte, C., Couderc, T., Chretien, F., Sourisseau, M., Gangneux, N., Guivel-Benhassine, 
F., Kraxner, A., Tschopp, J., Higgs, S., Michault, A., Arenzana-Seisdedos, F., 
Colonna, M., Peduto, L., Schwartz, O., Lecuit, M. & Albert, M. L. (2010). Type I 
IFN controls chikungunya virus via its action on nonhematopoietic cells. J Exp 
Med 15, 429-42. 

Schröder, M. & Bowie, A. G. (2005). TLR3 in antiviral immunity: key player or 
bystander?. Trends Immunol 26, 462-8. 

Sessa, W. C., Pritchard, K., Seyedi, N., Wang, J. & Hintze, T. H. (1994). Chronic 
exercise in dogs increases coronary vascular nitric oxide production and 
endothelial cell nitric oxide synthase gene expression. Circ Res 74, 349-53. 

Schmid, S., Mordstein, M., Kochs, G., Garcίa-Sastra, A. & tenOever, B. R. (2010). 
Transcription factor redundancy ensures induction of the antiviral state. J Biol 
Chem 285, 42013-22. 

Smith, R. S., Smith, T. J., Blieden, T. M. & Phipps, R. P. (1997). Fibroblasts as sentinel 
cells. Synthesis of chemokines and regulation of inflammation. Am J Pathol 151, 
317-22. 

Snyder, S. H. & Bredt, D. S. (1992). Biological roles of nitric oxide. Sci Am 266, 68-71. 

Spitsin, S. V., Farber, J. L., Bertovich, M., Moehren, G., Koprowski, H. & Michaels, F. 
H. (1997). Human- and mouse-inducible nitric oxide synthase promoters require 
activation of phosphatidylcholine-specific phospholipase C and NF-κB. Mol Med 
3, 315-26. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

76 
 

Stark, G. R., Kerr, I. M., Williams, B. R., Silverman, R. H. & Schreiber, R. D. (1998). 
How cells respond to interferons. Annu Rev Biochem 67, 227-64. 

Stetson, D. B. & Medzhitov, R. (2006). Type I interferon in host defense. Immunity 25, 
373-81. 

Steinberg, C., Eisenacher, K., Gross, O., Reindl, W., Schmitz, F., Ruland, J. & Krug, A. 
(2009). The IFN regulatory factor 7-dependent type I IFN response is not 
essential for early resistance against murine cytomegalovirus infection. Eur J 
Immunol 39,  1007-18. 

Stuehr, D., Gross, S., Sakuma, I., Levi, R. & Nathan, C. (1989). Activated murine 
macrophages secrete a metabolite of arginine with the bioactivity of endothelium- 
derived relaxing factor and the chemical reactivity of nitric oxide. J Exp Med 169, 
1011-20. 

Takaoka, A. & Yanai, H. (2006). Interferon signalling network in innate defence. Cell 
Microbiol 8, 907-22. 

Takhampunya, R., Padmanabhan, R. & Ubol, S. (2006). Antiviral action of nitric oxide 
on dengue virus type 2 replication. J Gen Virol 87, 3003-11. 

Tamura, T., Yanai, H., Savitsky, D. & Taniguchi, T. (2008). The IRF family of 
transcription factors in immunity and oncogenesis. Annu Rev Immun 26, 535-84. 

Tanaka, N., Ishihara, M., Kitagawa, M., Harada, H., Kimura, T., Matsuyama, T., 
Lamphier, M. S., Aizawa, S., Mak, T. W. & Taniguchi, T. (1994). Cellular 
commitment to oncogene-induced transformation or apoptosis is dependent on the 
transcription factor IRF-1. Cell 77, 829-39. 

Tanner, F. C., Meier, P., Greutert, H., Champion, C., Nabel, E. G. & Luscher, T. F. 
(2000). Nitric oxide modulates expression of cell cycle regulatory proteins: A 
cytostatic strategy for inhibition of human vascular smooth muscle cell 
proliferation. Circulation 101, 1982-9. 

Taylor, T. J., Brockman, M. A., McNamee, E. E. & Knipe, D. M. (2002). Herpes simplex 
virus. Front Biosci 7, 752-64. 

Trinchieri, G. & Sher, A. (2007). Cooperation of Toll-like receptor signals in innate 
immune defence. Nat Rev Immunol 7, 179-90. 

Uetani, K., Arroliga, M. E. & Erzurum, S. C.. 2001. Double-stranded RNA dependence 
of nitric oxide synthase 2 expression in human bronchial epithelial cell lines BET-
1A and BEAS-2B. Am J Respir Cell Mol Biol 24, 720-6. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

77 
 

Umezawa, K., Akaike, T., Fujii, S., Suga, M., Setoguchi, K., Ozawa, A. & Maeda, H. 
(1997). Induction of nitric oxide synthesis and xanthine oxidase and their roles in 
the antimicrobial mechanism against Salmonella typhimurium infection in mice. 
Infect Immun 65, 2932-40. 

Vane, J. R., Anggard, E. E. & Botting, R. M. (1990). Regulatory functions of the vascular 
endothelium. N Engl J Med 323, 27-36. 

Vanhoutte, P. M. (1989). Endothelium and control of vascular function. Hypertension 13, 
658-67. 

Versteeg, G. A. & Garcίa-Sastre, A. (2010). Viral tricks to grid-lock the type I interferon 
system. Curr Opin Microbiol 13, 508-16. 

Wang, F., Barett, J. W., Ma, Y., Dekaban, G. A. & McFadden, G. (2009). Induction of 
alpha/beta interferon by myxoma virus is selectively abrogated when primary 
mouse embryo fibroblasts become immortalized. J Virol 83, 5928-32. 

Weill, L., Shestakova, E. & Bonnefoy, E. (2003). Transcription factor YY1 binds to the 
murine beta interferon promoter and regulates its transcriptional capacity with a 
dual activator/repressor role. J Virol 77, 2903-14. 

Weiner, C. P., Lizasoain, I., Baylis, S. A., Knowles, R. G., Charles, I. G. & Moncada, S. 
(1994). Induction of calcium-dependent nitric oxide synthases by sex hormones. 
Proc Natl Acad Sci USA 91, 5212-6. 

Witte, M. B., Thornton, F. J., Efron, D. F. & Barbul. A. (2000). Enhancement of 
fibroblast collagen synthesis by nitric oxide. Nitric oxide 4, 572-82. 

Yamamoto, M., Sato, S., Hemmi, H., Hoshino, K., Kaisho, T., Sanjo, H., Takeuchi, O., 
Sugiyama, M., Okabe, M., Takeda, K. & Akira, S. (2003). Role of adaptor TRIF 
in the MyD88-independent Toll-like receptor signalling pathway. Science 301, 
640-3. 

Yanai, H., Chen, H. M., Inuzuka, T., Kondo, S., Mak, T. W., Takaoka, A., Honda, K. & 
Taniguchi, T. (2007). Role of IFN regulatory factor 5 transcription factor in 
antiviral immunity and tumor suppression. Proc Natl Acad Sci USA 104, 3402-7. 

Yoneyama, M., Kikuchi, M., Natsukawa, T., Shinobu, N., Imaizumi, T., Miyagishi, M., 
Taira, K., Akira, S. & Fujita, T. (2004). The RNA helicase RIG-I has an essential 
function in double-stranded RNA-induced innate antiviral responses. Nat 
Immunol 5, 730-7. 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

78 
 

Yoneyama, M., Suhara, W., Fukuhara, Y., Sato, M., Ozato, K. & Fujita, T. (1996). 
Autocrine amplification of type I interferon gene expression mediated by 
interferon stimulated gene factor 3 (ISGF3). J Biochem 120, 160-9. 

Zaki, M. H., Akuta, T. & Akaike, T. (2005). Nitric oxide-induced nitrative stress 
involved in microbial pathogenesis. J Pharmacol Sci 98, 117-29. 

Zaragoza, C., Ocampo, C. J., Saura, M., Bao, C., Leppo, M., Lafond-Walker, A., 
Thiemann, D. R., Hruban, R. & Lowenstein, C. J. (1999). Inducible nitric oxide 
synthase protection against coxsackievirus pancreatitis. J Immunol 163, 5497-504.



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

79 
 

CHAPTER 8. APPENDIX I 

 

8.1 Antiviral Protection in MEFs Deficient for IRF1, IRF7 or IRF9 

Several antiviral assays were performed with various knockout MEF cultures to 

assess the relative importance of IRF1, IRF7, and IRF9, all of which positively regulate 

IFNβ production, to antiviral protection. Cells deficient for IRF1, IRF7 or IRF9 were 

treated with dsRNA for either 6 or 24 hours and subsequently challenged with VSVgfp or 

HSV-1gfp to determine if these cells were protected against infection. These antiviral 

assays were meant to supplement those performed previously and to serve as a control for 

double knockout MEFs discussed in our previous publication (DeWitte-Orr et al., 2009) 

as well as in this thesis (Chapter 3).  

Protection was observed within 6 hours in IRF1-/- MEFs pretreated with poly I:C 

(figure A-1a). In IRF7-/- MEFs treated with E200, E1000, or with poly I:C for 6 hours, a 

robust antiviral response was observed when the cells were challenged with VSVgfp 

(figure A-1b); full protection was observed in one experiment after 24 hours of treatment 

(figure A-1c). As IRF3 is present, full protection was expected in both these cultures; 

furthermore, complete protection in cells deficient for either IRF1 or IRF7 has been 

reported previously (Matsuyama et al., 1993, Steinberg et al., 2009).  



MSc. Thesiss · Devangi R. Mehta · McMaaster University

80 
 

 

ty · Medical Scciences – Infecttion & Immuniity 

 

 



MSc. Thesiss · Devangi R. Mehta · McMaaster University

81 
 

ty · Medical Scciences – Infecttion & Immuniity 

 



MSc. Thesis · Devangi R. Mehta · McMaster University · Medical Sciences – Infection & Immunity 

82 
 

 
Figure A-1. Antiviral protection in MEFs deficient for IRF1, IRF7, or IRF9. 
Antiviral protection in IRF1-/- following 6 hours of poly I:C treatment was 
quantified (a). Protection in IRF7-/- MEFs after 6 hours (b) and 24 hours (c) of 
dsRNA treatment was quantified as well following a VSVgfp challenge at a MOI of 
0.1. MEFs deficient for IRF9 were also treated with dsRNA for either 6 hours (d) or 
24 hours (e) and subsequently challenged with VSVgfp. When no protection was 
observed in these cells, IRF9-deficient MEFs were treated with poly I:C for either 6 
hour or 24 hours and challenged with HSV-1gfp at an MOI of 0.1 (f). Fluorescence 
from mock-treated cells was subtracted from all treatment groups and was 
compared to the untreated, infected cells taken as a percent of virus replication. 
Data are expressed as the mean ± SEM; n=3.  
 

No protection was observed against VSV in MEFs deficient for IRF9 regardless 

of dsRNA length or pretreatment time (figure A-1d and A-1e). These observations were 

unexpected given that an antiviral response was observed previously in IRF3-/-9-/- MEFs 

(DeWitte-Orr et al., 2009), however, abolished ISG induction and a lack of subsequent 

protection has previously been observed in MEFs deficient for IRF9 in response to VSV 

and encephalomyocarditis virus (Kimura et al., 1996, Sato et al., 1998, Marie et al., 

1998). It was hypothesized that a response against HSV-1 may be observed, as the 

response observed against HSV-1 in IRF3-/-9-/- MEFs was much more robust and 

occurred at an earlier time than the response against VSV (DeWitte-Orr et al., 2009). 

However, no protection was observed against HSV-1 (figure A-1f). 

The EC50 of curves generated after 6 hours or 24 hours of treatment was 

calculated using GraphPad Prism 5.0 (table A-I). As there was limited or no protection in 

most of the treatment groups, EC50 could not be determined. However in several of the 

cultures treated with poly I:C, EC50 could be determined and was found to be quite 

similar in IRF1-/-, IRF7-/- and IRF3-/-7-/- MEFs. It was therefore more prudent to compare 
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the length of time it took for an antiviral response to occur. As in the absence of IRF3 

(figure 6b; DeWitte-Orr et al., 2009), a potent antiviral response after pretreatment with 

poly I:C occurred within 6 hours in the absence of IRF1 or IRF7 (figure  A-Ia, b). This 

took 24 hours to occur to similar levels in the absence of both IRF3 and IRF7 (figure 6d), 

reinforcing the importance of the presence of both of these IRFs together for effective 

control of virus replication.  

 

Table A-I. EC50 values based on the antiviral curves presented in figure 6. Values 
were determined for each dsRNA treatment in IRF1-/-, IRF7-/-, IRF3-/-7-/- and IRF9-/- 
MEFs using GraphPad Prism 5.0 and are presented as the mean of three replicates. 
Groups for which EC50 could not be determined are indicated as “ND”, whereas a 
dash (--) indicated an antiviral assay was not performed using the specified length of 
dsRNA. 

IRF E200 E1000 NS3000 Poly I:C 

IRF1-/- ND ND -- 0.77nM 

IRF7-/- 
(6 hours) 

1.23nM 1.27nM -- 0.79nM 

IRF3-/-7-/-  
(24 hours) 

ND -- ND 0.65nM 

IRF9-/- 
(6 hours) 

ND ND -- ND 

 
 

To confirm IFNβ production in MEFs deficient for IRF1, IRF7 or IRF9, ISG 

induction was measured by qRT-PCR (figure A-2). As the transcription factors required 

for IFNβ production on the basis of the prototypic antiviral response were present in these 

cells, ISG induction was a good indication that type I IFNs were made in MEFs deficient 

for IRF1 or IRF7. However, ISG induction in MEFs deficient for IRF9 was limited. It is 
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likely that as all components classically important for IFNβ production are present in 

IRF9-/- MEFs, IFNβ is upregulated. However, due to the absence of IRF9, an essential 

component of the ISGF3 complex (Honda & Taniguchi, 2006, Kawai & Akira, 2010), 

IFNβ-mediated ISG induction could not occur. Thus, viral clearance was impaired as a 

result. 
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Figure A-2. ISG production in knockout MEF cultures. ISGs were measured by 
qRT-PCR in IRF1-/-, IRF7-/- and IRF9-/- MEFs following 6 hours of 3.0nM poly I:C 
treatment. Data represent the mean ± SEM; n=3. 

 

Despite the likely impairment of IFNβ signalling in IRF9-/- MEFs, IRF3 is capable 

of directly stimulating the production of several ISGs for viral clearance independently of 

IFNβ (Grandvaux et al., 2002). IRF3 can directly regulate ISG56 (Grandvaux et al., 

2002) and IP10 (Nakaya et al., 2001), however, ISG56 was minimally produced and IP10 

induction was not enough to protect from VSV or HSV-1 infection and replication (figure 

A-2). It may be that all endogenous IRF3 is being used to produce IFNs, and thus, does 
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not make ISGs. It may also be that in MEFs, IRF3 only regulates ISG expression directly 

upon impairment of IFNβ production. 

 

8.2 IRF9 and Nitric Oxide Production  

Apart from IRF3-mediated induction of ISGs, in this thesis, I have shown that 

nitric oxide becomes an important antiviral mechanism in the absence of IRF3 and IRF9 

production. Thus, the lack of protection observed in IRF9-deficient MEFs was 

particularly interesting, as nitric oxide production was expected to be a mechanism used 

to protect MEFs from virus infection, particularly HSV-1. The fold change in nitric oxide 

production and iNOS induction in IRF9-/- MEFs was comparable to that detected in WT 

MEFs (figure A-3), in which nitric oxide was not necessary for antiviral protection. Thus, 

it may be that nitric oxide is only engaged as a viable antiviral mechanism in the absence 

of IFNβ and perhaps ISGs. Further investigation is necessary beginning with 

measurement of iNOS and nitric oxide in WT, IRF9-/- and IRF3-/-9-/- MEFs following a 

range of poly I:C doses. Subsequently, iNOS and nitric oxide should be measured after 

addition IFNβ or nitric oxide to the system.  
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