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ABSTRACT OF THE DISSERTATION 

 

Towards a Quantitative Understanding of NF-kappaB and Interferon Signaling 
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Acting quickly and transiently, the innate immune system is the first line 

of defense against incoming pathogens. An effective innate immune response 
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by macrophages and other immune cells is critical to produce type I interferon 

beta (IFNβ), other cytokines, and chemokines necessary to eliminate 

pathogens.  

The innate immune response activates complex signaling pathways 

that result in the activation of the nuclear factor -κB (NFκB) and interferon 

response factor (IRF) families of transcription factors. These factors 

coordinately bind to the IFNβ promoter to initiate transcription. Following 

activation, IFNβ is secreted and binds to the type I interferon receptor (IFNAR) 

to activate the interferon stimulated gene factor -3 (ISGF3), which stimulates 

hundreds of interferon-stimulated genes (ISGs). The positive physiological 

responses of IFNβ signaling are anti-viral, immunomodulatory, and anti-

tumorigenic but inappropriate IFN responses can have detrimental effects on 

the cell. Therefore IFN activation and downstream signaling is tightly regulated 

in response to pathogens.  

  This dissertation describes our studies to provide a quantitative and 

predictive understanding of ISGF3 activation as well as NFκB and IRF control 

of IFNβ production. Chapter 1 provides an overview of the signaling pathways 

involved in the IFN response including receptor recognition of pathogens, 

transcription of IFNβ, and ISGF3 activation by IFNβ. Chapter 2 describes a 

mathematical model of ISGF3 activation that is able to recapitulate IFNβ dose 

responses in multiple cell types. Chapter 3 presents genome-wide studies of 

physical interactions and genetic requirement to determine the contribution of 
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IRF3 and ISGF3 in the gene expression response to double-stranded RNA 

(dsRNA). Chapter 4 reports our studies of the role of NFκB in IFNβ expression 

following toll-like receptor (TLR) and RIG-I-like receptor (RLR) stimulation. 

Finally, chapter 5 summarizes our findings and provides insight for future 

work.  
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Chapter 1: General Introduction 
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Innate Immunity 

	   Pathogen invasion triggers a series of immune responses through 

interactions of pathogen virulence factors and host immune surveillance 

mechanisms (Kumar et al., 2011). Generally, the host recognizes conserved 

molecular structures known as pathogen-associated molecular patterns 

(PAMPs) such as viral nucleic acids or components of the bacterial cell wall 

(Janeway and Medzhitov, 2002; Kawai and Akira, 2008). These PAMPs are 

sensed within or on the surface of immune cells by pattern recognition 

receptors (PRRs). Once PRRs are engaged by an incoming pathogen, many 

complex signaling pathways are initiated that ultimately lead to cytokine and 

chemokine production to eliminate the pathogen (Kawai and Akira, 2006, 

2010; Kumar et al., 2011). Cell types that comprise the innate immune 

repertoire include macrophages, dendritic cells, and natural killer cells (Kawai 

and Akira, 2006). In addition to cytokine production, the innate immune system 

is also responsible for presenting pathogen-specific antigens to cells within the 

adaptive immune system. B and T lymphocytes are the adaptive immune cells 

that produce antibodies that are critical to programming long-term immune 

memory (Iwasaki and Medzhitov, 2010). 

The innate immune system is the first line of defense to incoming 

pathogens and acts very quickly but transiently. In contrast, adaptive 

responses are long-lasting and require effective initiation of the innate immune 

system (Hoebe et al., 2004; Iwasaki and Medzhitov, 2010).  There are several 
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classes of PRRs including toll-like receptors (TLRs), RIG-I-like receptors 

(RLRs), NOD-like receptors (NLRs), and cytosolic DNA sensors (Kumar et al., 

2011). This dissertation will primarily focus on macrophage responses and 

gene expression patterns following TLR and RLR engagement.  
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Toll-like receptors and RIG-I-like receptors 

 To date there are 12 known TLRs in mice that each recognize various 

bacterial and viral PAMPs.  TLRs are type I transmembrane proteins with 

ectodomains that contain leucine-rich repeats that mediate the recognition of 

PAMPs; and intracellular toll-interleukin-1 (IL-1) receptor (TIR) domains 

required for downstream signal transduction. The recognition of PAMPs by 

TLRs happens in various cellular compartments including the plasma 

membrane and endosomes (Kumar et al., 2011). TLR1, 2, 4, 5 and 6 are 

primarily expressed on the cell surface and recognize PAMPs derived from 

bacteria, fungi and protozoa, whereas TLR3, 7, 8 and 9 are exclusively 

expressed within endocytic compartments and primarily recognize nucleic acid 

PAMPs derived from various viruses and bacteria (Kawai and Akira, 2010; 

Takeuchi and Akira, 2010). More specifically, TLR4 recognizes 

lipopolysaccharide (LPS) a cell wall component of gram-negative bacteria 

while TLR3 recognizes endocytic synthetic dsRNA known as poly (I:C) (Kawai 

and Akira, 2006).  

 Following TLR engagement, specific adaptor proteins are recruited to 

the receptor to initiate downstream signaling cascades. MyD88 is an adaptor 

for all TLRs except TLR3, which only signals through the TRIF adaptor (Kawai 

and Akira, 2010; Kumar et al., 2011; Takeuchi and Akira, 2010). Interestingly, 

TLR4 is the only TLR that recruits both MyD88 and TRIF (Figure 1.1). MyD88-

dependent signaling is carried out via the IRAK family of signaling proteins, the 
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E3 ubiquitin ligase TRAF6, and the kinase TAK1 (Kawai and Akira, 2010; 

Kumar et al., 2011; Takeuchi and Akira, 2010). This signaling cascade 

ultimately leads to the activation of the NEMO-containing IKK complex, which 

activates the transcription factor NFκB (Figure 1.1). Once activated NFκB 

translocates to the nucleus and binds specific κB-sites within the genome to 

initiate the transcription of inflammatory cytokine genes such as tumor 

necrosis factor (TNF) (O’Dea and Hoffmann, 2009). On the other hand, 

signaling through the TRIF adaptor recruits the signaling proteins RIP1 and 

TRAF6. Downstream of TRIF, TRAF6 activates the IKK complex through 

TAK1 to activate NFκB similar to MyD88-dependent signaling. However, TRIF 

also recruits non-canonical IKKs known as TBK1 and IKKε via TRAF3 to 

activate the IRF3 transcription factor. Once phosphorylated and dimerized, 

IRF3 translocates to the nucleus where it binds specific interferon response 

elements (IREs) to initiate the transcription of type I interferons (IFN-I) and 

other genes (Figure 1.1) (Kawai and Akira, 2010; Kumar et al., 2011; Takeuchi 

and Akira, 2010).  

 The RLR family of receptors consists of three members, RIG-I, MDA5, 

and LGP2. Structurally, RIG-I and MDA5 contain N-terminal tandem caspase 

activation and recruitment domains (CARDs) that are essential for 

downstream signaling and a DExD/H-box RNA helicase domain, which is 

required for ligand recognition or binding (Yoneyama and Fujita, 2008). RLRs 

are strictly cytoplasmic viral RNA sensors and can also recognize intracellular 
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synthetic dsRNA known as poly (I:C) (Yoneyama and Fujita, 2008, 2009). 

Following recognition of viral RNA, RIG-I/MDA5 recruits the adaptor protein 

known as IPS-1. IPS-1 then activates the IKK-related kinases, TBK1 and IKKε, 

which activates IRF3 and the subsequent transcription of type I interferons via 

TRAF3. IPS-1 also activates NF-κB through activation of the IKK complex via 

other specific signaling molecules (Figure1.1) (Kawai et al., 2005; Seth et al., 

2005).   

 In summary, both TLR4 and RLR signaling cascades activate the IRF 

and NFκB families of transcription factors. These transcription factors can act 

cooperatively to produce IFN-I or independently to produce proinflammatory 

cytokines critical for fighting infection (Figure 1.1).  
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Figure 1.1 TLR4 and RLR activation of NFκB and IRFs. 
Activation of TLR4 by LPS recruits the adaptor proteins MyD88 and TRIF, 
which can activate the IKK and TBK1/IKKε kinase complexes, respectively. 
TRIF can also activate IKK. Activation of IKK results in the nuclear 
translocation of NFκB and the activation of TBK1/IKKε results in the nuclear 
translocation of IRF dimers. Similarly, RIG-I and MDA5 recognize dsRNA and 
signal through the adapter protein IPS to activate IKK and TBK1/IKKε. Once in 
the nucleus NFκB binds to consensus κB-sites while IRFs bind to IRE-sites. 
NFκB and IRF can both bind to the IFNβ promoter. 
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The NFκB family of transcription factors 

The NFκB family of transcription factors is comprised of five members: 

p50/p105 (NFκB1), p52/p100 (NFκB2), RelA (p65), RelB and cRel. These five 

homologous proteins can form homo- or heterodimers, which are capable of 

binding DNA (Figure 1.2). All five NFκB monomers have a Rel homology 

domain (RHD) that allows for DNA-binding and dimerization. Only RelA, RelB 

and cRel contain a transcriptional activation domain. Thus of the 15 possible 

dimers only 9 can activate transcription, the most common is the RelA:p50 

heterodimer. Three other dimers can bind DNA but cannot activate 

transcription, including the p50:p50 homodimer, and three more dimers are not 

known to bind DNA at all (Hoffmann et al., 2006; O’Dea and Hoffmann, 2009).  

 In resting cells NFκB dimers are held latent in the cytoplasm by their 

inhibitor proteins, IκBs. Upon TLR or RLR stimulation (as well as many 

others), IκBs are phosphorylated by the NEMO-containing IKK complex and 

are subsequently ubiquitinated and targeted for degradation. This frees NFκB 

to translocate to the nucleus where it binds consensus κB sites in the genome 

to initiate the transcription of many proinflammatory, antiapoptotic, and 

proproliferative genes (Hoffmann and Baltimore, 2006; O’Dea and Hoffmann, 

2009). In addition, NFκB is often upregulated in human cancers and 

uncontrolled NFκB activity can lead to inflammatory diseases such as 

rheumatoid arthritis, Crohn's disease, and ulcerative colitis (Karin, 2006; 

Yamamoto and Gaynor, 2001). 
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Figure 1.2 Fifteen possible NFκB dimers   
There are 15 possible NFκB dimers that can be formed from p50/p105 (NF-
κB1), p52/p100 (NF-κB2), RelA (p65), RelB and cRel. Nine dimers can bind 
DNA and activate transcription. p50:p50, p50:p52, and p52:p52 dimers can 
bind DNA but cannot activate transcription. RelA:RelB, cRel:RelB, and 
RelB:RelB dimers are not known to bind DNA.  
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The IRF family of transcription factors 

There are nine members of the interferon regulatory factor (IRF) family 

of transcription factors, IRF1 to IRF9. Each IRF has a distinct role in the innate 

immune response (Takaoka et al., 2008). IRF1 has crucial functions in the 

development and activation of various immune cells. IRF5 is involved in TLR-

mediated induction of proinflammatory cytokines such as IL-6, TNF-α, and IL-

12, rather than IFN-I induction. IRF2 and IRF4 play inhibitory roles of IFN-I 

production and IRF5-mediated gene expression respectively (Taniguchi et al., 

2001). Most importantly in the context of pathogen invasion, IRF3 and IRF7 

are the key IRFs that mediate IFN-I activation (Sato et al., 2000).  

IRF3 is constitutively expressed and resides primarily in the cytoplasm 

of uninfected cells.(Kumar et al., 2000) Upon phosphorylation by TANK-

binding kinase (TBK1) or inhibitor of NFκB kinase-ε (IKKε), IRF3 dimerizes 

and translocates to the nucleus where it binds consensus interferon response 

elements (IREs) to stimulate gene expression (Fitzgerald et al., 2003; Fujii et 

al., 1999; Lin et al., 1998; Sharma et al., 2003). The most well studied IRF3 

response gene is type I interferon-beta (IFNβ). Type I interferons, such as 

IFNβ, are a specialized group of cytokines whose activity is critical to ensure a 

productive antiviral state (Stetson and Medzhitov, 2006). IFNβ is secreted 

from infected cells and binds to the type I interferon receptor (IFNAR) on the 

same cell or neighboring cells (Stetson and Medzhitov, 2006). After binding to 

IFNAR, receptor associated tyrosine kinases phosphorylate the signal 
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transducer and activator of transcription-1 (STAT1) and STAT2 which combine 

together with IRF9 to form the transcription factor known as IFN-stimulated 

gene factor-3 (ISGF3) (Darnell et al., 1994; O’Shea et al., 2002; Qureshi et al., 

1995). ISGF3 then translocates to the nucleus where it binds to interferon 

stimulated response elements (ISRE) and stimulates the production of many 

interferon-stimulated genes (ISGs) (Darnell et al., 1994; Nakaya et al., 2001).  

IRF7 is highly homologous to IRF3, but unlike IRF3, IRF7 is expressed 

at a low levels in most cells and is IFN-inducible in an ISGF3-dependent 

manner (Sato et al., 1998). Similarly to IRF3, IRF7 is activated after 

phosphorylation by TBK1/IKKε and undergoes nuclear translocation for IFN-I 

induction. IRF3 and IRF7 can form a homodimeric or a heterodimeric complex 

with each other and act differentially on the type I IFN gene family members. It 

has been shown that IRF3 potently activates the IFN-β gene, whereas IRF7 

preferentially activates the IFNα genes (Marié et al., 1998; Sato et al., 2000).  

The IRF family of transcription factors has overlapping consensus DNA-

binding motifs: NNGAAANNGAAA (Escalante et al., 1998, 2007; Fujii et al., 

1999; Tanaka et al., 1993). In vitro, IRF3 binding has been shown to be highly 

dependent on both 5’ GAAA and 3’ GAAA core sequences whereas IRF7 can 

tolerate some flexibility in these sequences (Lin et al., 2000; Morin et al., 2002; 

Schmid et al., 2010) These sequences overlap with the ISGF3 (IRF9) 

consensus motif: GAAANNGAAACT (Kessler et al., 1988; Reich et al., 1987; 

Rutherford et al., 1988). There is no crystal structure for ISGF3 so the exact 
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DNA contacts and stoichiometry are still unknown; however, it is proposed that 

subunits STAT1 and IRF9 make contacts on either side of the GAAA 

sequence. Interestingly, ISGF3 is not predicted to contact the conserved CT 

motif following the GAAA core repeats (Seeman et al., 1976; Tenoever et al., 

2007).  
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The IFNβ Enhanceosome 

	   A single IFNβ gene and a tandem cluster of IFNα genes comprise the 

IFN-I cytokine family (Pestka et al., 2004). Specifically, the IFNβ gene is 

activated by the coordinated binding of three transcription factors: interferon 

regulatory factor-3 (IRF3), nuclear factor κB (NFκB), and activated protein-1 

(AP1) (Agalioti et al., 2000; Ford and Thanos, 2010; Panne et al., 2004). 

These three factors comprise one of the most well-studied models of 

mammalian gene regulation known as the “enhanceosome” (Munshi et al., 

1999). The enhanceosome is a region of DNA upstream of the IFNβ 

transcriptional start site (TSS) that includes four adjacent positive regulatory 

domains (PRD) I-IV (Panne et al., 2007; Thanos and Maniatis, 1995a). The 

PRD-II binds NFκB, PRD-I and PRD-III bind IRF3/7, and PRD-IV binds AP1; 

all of which combine together with other chromatin remodeling factors to drive 

robust IFNβ expression following viral infection (Agalioti et al., 2000; Panne et 

al., 2004, 2007). Inherent in this model of coordinated and recruited 

transcription factor binding is the idea that all three factors are required for the 

activation and thus the antiviral signaling properties of IFNβ. This is true of 

IRF3 and IRF7, which have been confirmed to be required for virus-induced 

IFNβ expression in genetically deficient dendritic cells (DCs) (Honda et al., 

2005; Sato et al., 2000).  

 Surprisingly, recent studies have shown NFκB to be dispensable for 

IFN-I expression in genetically deficient mouse embryonic fibroblasts (MEFs) 
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following infection with Sendai and Newcastle viruses (Wang et al., 2007). 

MEFs lacking RelA, p50, RelA/p50, and cRel/p50 all induce normal levels of 

IFN-I (Wang et al., 2007). While over the course of infection there is no 

requirement for certain NFκB subunits, there is evidence that RelA controls the 

basal expression of some interferon-stimulated genes (ISGs) through reduced 

basal IFNβ expression (Basagoudanavar et al., 2011; Wang et al., 2010). 

There are no studies to date that address the possibility that other NFκB 

subunits can compensate for the loss of RelA, which may be causing this 

seemingly contradictory result that NFκB is not required for IFNβ expression. 
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The type I interferon (JAK-STAT) signaling pathway 

IFN-I are secreted from virally infected cells following TLR or RLR 

recognition and binds to the type I interferon receptor (IFNAR) on the same 

cell or neighboring cells (Stetson and Medzhitov, 2006) (Figure 1.3). The type I 

interferon receptor consists of two subunits IFNAR1 and IFNAR2.  Following 

interferon binding, IFNAR1 and IFNAR2 combine and crossactivate their 

associated tyrosine kinases, Tyk2 and JAK1 respectively (Stetson and 

Medzhitov, 2006; Takaoka and Yanai, 2006). These kinases phosphorylate 

the signal transducer and activator of transcription-1 (STAT1) and STAT2 

which combine together with IRF9 to form the transcription factor known as 

IFN-stimulated gene factor-3 (ISGF3) (Darnell et al., 1994; O’Shea et al., 

2002; Qureshi et al., 1995) (Figure 1.3). ISGF3 then translocates to the 

nucleus where it binds to interferon stimulated response elements (ISRE) and 

stimulates the production of many interferon-stimulated genes (ISGs) (Darnell 

et al., 1994). This process is critical to creating an antiviral state capable of 

fighting infection (Stetson and Medzhitov, 2006). 

The positive physiological responses of IFNβ signaling are anti-viral, 

immunomodulatory, and anti-tumorigenic but IFNβ can also exert negative 

effects on cell growth and cell viability (Pestka et al., 2004; Platanias, 2005). 

Therefore IFN signaling is regulated at many levels to combat these negative 

effects. IFN-I responses are regulated by numerous mechanisms including 

tyrosine phosphatases, receptor internalization, proteasomal degradation of 
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signaling adaptor molecules, and specific inhibitors, including the protein 

inhibitor of activated STAT (PIAS) and suppressor of cytokine signaling 

(SOCS) proteins (Coccia et al., 2006). 
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Figure 1.3 Type I interferon signaling system 
After activation by TLR4 or RIG-I/MDA5 signaling, coordinated binding of both 
NF-κB and IRF3 on the IFN-β promoter leads to gene expression and 
secretion of the IFNβ protein. Once secreted, IFN-β can act in both an 
autocrine and paracrine manner, binding to the IFNAR receptor and initiating a 
signaling cascade, which activates the transcription factor ISGF3. ISGF3 can 
bind to ISRE-sites to initiate the production interferon stimulated genes (ISGs) 
including IRF7. 	  
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Autoimmune Disorders 

	   The role of interferons in fighting pathogen invasion has been well 

studied. Less understood, is the role of IFN-I in autoimmune disorders. 

Aberrant IFN activity has been implicated in several systemic autoimmune 

disorders including systemic sclerosis, rheumatoid arthritis, systemic lupus 

erythematosus (SLE). It is known that IFN immunotherapy can induce 

autoimmunity and many patients with these diseases have increased IFN-

induced gene expression signatures. Increased levels of type I IFN are known 

to up-regulate expression of TLRs and other cytosolic nucleic acids sensors, 

extend the activated T-cell response, enhance humoral immunity, and promote 

antigen presentation by antigen presenting cells. When misregulated, these 

responses can be pathological. Therefore, systemic autoimmune diseases are 

likely to result from persistent inflammatory responses that initiate a feedback 

amplification loop of autoreactive responses (Choubey and Moudgil, 2011). 

 Interestingly, the activity IFN-I has also been shown to be anti-

inflammatory. It has been shown that IFN-I can inhibit interleukin-1β (IL-1β) 

production and inflammasome activation (Guarda et al., 2011). In fact, IFNβ is 

used as a treatment for multiple sclerosis (MS) however 30-50% of MS 

patients do not respond to IFN treatments (Verweij and Vosslamber, 2013).  

Taken together, it is of great interest from a clinical perspective to 

quantitatively study the activation and production of IFN-I to be able to develop 

a predictive understanding of immunomodulatory outcomes.  
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Objectives of the Dissertation 

The positive physiological responses of IFNβ signaling are anti-viral 

anti-tumorigenic, and anti-inflammatory but IFNβ can also exert negative 

effects on cell growth and cell viability. In addition, uncontrolled IFN responses 

can lead to autoimmune disorders. Therefore IFNβ signaling must be 

regulated at many levels to ensure specific and appropriate immune 

responses to pathogens. This dissertation examines  the control of IFNβ 

responses and the complexity IFNβ activation using a variety of biochemical, 

bioinformatic, and mathematical approaches.  	  

  In the introduction we discussed a clinical need for a predictive 

understanding of IFN responses. Chapter 1 of the dissertation will focus on 

mathematically modeling the type I interferon pathway from IFNAR 

engagement to ISGF3 activation. We use biochemical experiments to inform 

our model and in turn use the model to make predictions about molecular 

mechanisms that may be important for prolonged IFN responses.  

 From our review of the IRF family of transcription factors we learned 

that there is a great deal of overlap in DNA-binding sequences and responses 

primarily between IRF3 and ISGF3 (IRF9). How these factors maintain 

specificity to limit the production of interferons and other cytokines is not 

completely understood. Chapter 2 of the dissertation will examine the 

specificity of IRF3 and ISGF3 activities in the innate immune response to 

intracellular dsRNA.  
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 Lastly, one of the most well studied models of mammalian gene 

regulation is the IFNβ enhanceosome. Recent work has challenged this 20-

year old paradigm by determining RelA to be dispensable for IFNβ activation 

in response to viral infection. In chapter 4 we attempt to clear up this 

contradictory result. We examine a panel of mouse embryonic fibroblasts 

lacking combinations of NFκB subunits to determine which are critical or 

dispensable for RLR and TLR-induced IFNβ activation.  
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Chapter 2: Modeling the Type I Interferon Signaling Pathway 
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Introduction 

Type I interferons, including IFNβ, are a specialized group of cytokines 

whose activity is critical to ensure a productive antiviral state. IFNβ is secreted 

from virally infected cells following TLR or RLR recognition and binds to the 

type I interferon receptor (IFNAR) on the same cell or neighboring cells . After 

binding to IFNAR, receptor associated tyrosine kinases JAK1 and Tyk2 

phosphorylate the signal transducer and activator of transcription-1 (STAT1) 

and STAT2 which combine together with IRF9 to form the transcription factor 

IFN-stimulated gene factor-3 (ISGF3) (Darnell et al., 1994; O’Shea et al., 

2002; Qureshi et al., 1995). ISGF3 then translocates to the nucleus where it 

binds to interferon stimulated response elements (ISRE) and stimulates the 

production of interferon-stimulated genes (ISGs) (Darnell et al., 1994; Nakaya 

et al., 2001). The positive physiological responses of IFNβ signaling are anti-

viral and anti-tumorigenic but IFNβ can also exert negative effects on cell 

growth and cell viability (Pestka et al., 2004; Platanias, 2005). Therefore IFN 

signaling is regulated at many levels to combat these negative effects. In this 

chapter we will focus on the stability and degradation pathways of IFNAR. 

The type I interferon receptor consists of two subunits, IFNAR1 and 

IFNAR2c, with IFNAR1 being the main signal transducer (Uzé et al., 2007). 

The stability of IFNAR1 is controlled in a ligand-dependent and a ligand-

independent manner. First, the ligand-dependent mechanism is controlled by 

the phosphorylation of key serine residues, which recruits βTrcp, an E3 
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ubiquitin ligase, followed by IFNAR1 ubiquitination, internalization, and 

lysosomal degradation (Fuchs, 2012; Kumar et al., 2004, 2007). This 

mechaism is dependent on Tyk2 catalytic activity. Even though Tyk2 kinase 

activity is not required for IFNAR1 internalization it is required for ligand-

induced IFNAR1 serine phosphorylation, ubiquitination and efficient lysosomal 

proteolysis (Marijanovic et al., 2006). Second, the ligand-independent or basal 

degradation mechanism of IFNAR1 is not dependent on Tyk2 activity (Liu et 

al., 2008). This mechanism can be robustly induced by some ligand-

independent stimuli including the products of tobacco smoking and the 

inducers of unfolded protein responses (UPRs) such as treatment with 

thapsigargin (TG) or forced overexpression of the receptor (HuangFu et al., 

2008; Liu et al., 2008, 2009). More recently, casein kinase 1 (CK1) and 

pancreatic endoplasmic reticulum kinase (PERK) have been shown to 

phosphorylate IFNAR1 and contribute to its degradation, independent of IFN-I 

binding (Bhattacharya et al., 2010).  

Since IFNβ can exert detrimental effects on the cell if not properly 

regulated, we decided to use mathematical modeling to gain quantitative 

insight into the dynamics and dose responses of IFN signaling. In this chapter 

we used a mathematical model to recapitulate ISGF3 activation following 

multiple doses of IFNβ in primary bone marrow-derived macrophages 

(BMDMs) and immortalized RAW macrophages. In addition to providing a 
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sufficiency test, our model reveals a possible role for receptor turnover in 

mediating the duration of ISGF3 activity. 
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Materials and Methods 

Animals and cell culture 

C57BL/6 mice were housed in pathogen-free conditions at the 

University of California, San Diego (UCSD) and all procedures were approved 

by the Institutional Animal Care and Use Committee. Bone marrow derived 

macrophages (BMDMs) were isolated from C57BL/6 mice. A total of 6 x 106 

BM cells were cultured in 15 cm suspension dishes in L929-conditioned media 

for 7 days at 37°C with 5% CO2. BMDMs were then replated on day 7 in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum and all experiments were performed on day 8. RAW 264.7 cells 

were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 10% fetal bovine serum. 

 

Nuclear extraction and gel shift assays 

RAW 264.7 cells were plated to a confluency of 80%. BMDMs were 

replated with 4 x 106 cells per 10 cm plate on day 7. On day 8, BMDMs and 

RAW cells were left unstimulated or stimulated with IFNβ (PBL Interferon 

Source). Cells were collected in CE Buffer (10 mM HEPES pH 7.9, 10 mM 

KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM dithiothreitol, 0.5 mM 

phenylmethylsulfonyl fluoride, 10 µg/ml aprotinin and 5 µg/ml leupeptin) in a 

microcentrifuge tube. To this, 0.5% Nonidet P-40 was added and the cells 

were vortexed for lyses. Nuclei were polluted at 4000 x g and resuspended in 
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20 µl of high salt buffer (NE Buffer: 20 mM HEPES ph 7.9, 420 mM NaCl, 1.5 

mM MgCl2, 0.2 mM EDTA, 25% glycerol, 1 mM dithiothreitol, 0.5 mM 

phenylmethylsulfonyl fluoride, 10 µg/ml aprotinin and 5 µg/ml leupeptin). 

Nuclear lysates were cleared by 14,000 x g centrifugation and protein 

concentrations were determined and normalized by a Bradford assay (Bio-

Rad).  

Gel-shift assays were performed as previously described. Briefly, 

nuclear extracts were incubated the 33-bp ISRE site of the ISG15 gene 

(GATCCTCGGGAAAGGGAAACCTAAACTGAAGCC, ISRE probe) and left at 

room temperature for 15 min prior to complex separation on a nondenaturing 

acrylamide gel. Bands were visualized by autoradiography. EMSA bands were 

quantified using ImageQuant software (GE Life Sciences).  

 

Mathematical Model 

Our mathematical model consists of 3 state variables (the abundances 

of the IFNAR receptor (R), activated IFNAR receptor (Rs), and active ISGF3 

(Is)), and 3 chemical reactions.  We assume all reactions obey the Law of 

Mass Action, with kinetic rate constants given in Table 2.1.  The resulting 

system of coupled ordinary differential equations, or ODEs, was numerically 

integrated using	   MATLAB version R2008a (The MathWorks, Inc.) with 

subroutine ode15s, a variable order, multistep solver. The model was fit to the 

experimental data using the least squares fitting function in MATLAB that 
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minimizes the difference between the observed response and the fitted 

response. All rate constants were allowed to vary without bounds, with the 

exception of the IFN half-life (t1/2), which was constrained to 1 - 3 hours based 

on experimental data. The model was allowed to run to steady state before all 

simulations.  

 

Western blotting 

For western blot analysis, whole-cell extracts were prepared after 

stimulation using RIPA buffer supplemented with PMSF, DTT, and 

phosphatase inhibitors, or cytoplasmic and nuclear fractions were extracted as 

described above. Samples were normalized for equal amounts of proteins 

using a Lowry assay. Antibodies against tubulin (sc-5286) and IκBα (sc-371) 

were from Santa Cruz Biotechnology. Antibody against IFNAR1 (ab45172) 

was purchased from Abcam. 
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A simple model to describe ISGF3 activation in response to IFNβ 

	   We constructed a model to describe key events in the IFN signaling 

cascade. Three species are explicitly modeled and they include inactive 

IFNAR, active IFNAR, and active ISGF3 (Figure 2.1). First the model includes 

basal synthesis and degradation rates of IFNAR, described by the kinetic rate 

constants k1 and k2 respectively. Next, we assume that IFN binds to a pre-

bound complex of IFNAR1 and IFNAR2c. Experimental evidence supports the 

idea that IFN first binds to IFNAR2c very quickly however the activity is carried 

out by IFNAR1, which is recruited later (Lamken et al., 2004). The IFNAR 

receptor is activated through basal and ligand-dependent reactions with rate 

constants k0 and k3 respectively. We assume exponential decay of the IFN 

ligand with a decay constant τ as well as cooperativity in the activation of 

IFNAR. The inactivation of the receptor, k4, takes into account 

dephosphorylation events and k7 takes into account ubiquitin-dependent 

degradation mechanisms. Next, the concentration of active IFNAR is used to 

model ISGF3 activity with a rate constant k5. This takes into account kinase-

dependent phosphorylation events as well as ISGF3 trimer formation. ISGF3 

is inactivated at a rate, k6, to inactive ISGF3, which is calculated as total 

ISGF3 (set to 50 nM) minus active ISGF3. 
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Model recapitulation of experimental data 

	   	  Next, we generated experimental data to train our IFN model. RAW 

macrophages were stimulated with recombinant IFNβ at concentrations 

varying from 0.1 to 100 units/ml and the resulting ISGF3 activity was 

measured over 8 hours (Figure 2.3). The experiment was performed three 

times to get an accurate picture of the dose response. Our results show in 

RAW cells, at high concentrations of IFNβ (30-100 units), ISGF3 activity 

persists up to 8 hours. We performed the same experiment in WT BMDMs 

with two biological replicates (Figure 2.4). Interestingly we found slightly 

different dynamics in the primary cells, observing transient ISGF3 activity even 

at high doses of IFNβ. In addition to ISGF3 dynamics we measured the half-

life of our recombinant IFN in order to better constrain our model parameters. 

We incubated 100 units of IFNβ with media in cell culture dishes containing 

RAW cells for 0, 2, 4, or 24 hours then removed that medium to stimulate new 

RAW cells and measured the resulting ISGF3 activity (Figure 2.5 A).  We then 

quantified the ISGF3 activity and fit the data to an exponential decay curve 

and determined the half-life to be approximately 2-3 hours (Figure 2.5 B).  

 Model fitting was performed using least squares, RAW and BMDM 

ISGF3 activities were fit independently of one another to incorporate 

differences in responsiveness between and identify possible differences in the 

underlying signaling mechanism. After fitting, the model was able recapitulate 

the RAW dynamics over the 8 hour time course, notably the peak activity from 
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30 to 60 minutes and the late activity with high doses of IFNβ (Figure 2.5 A 

and B). The parameter values that best fit the data are listed in Table 2.1. After 

another round of independent fitting, the model was also able to recapitulate 

the BMDM dynamics (Figure 2.6 A and B). The model captured the transient 

ISGF3 activity seen in BMDMs over the entire range of doses. The parameter 

values that best fit the data are listed in Table 2.1. Taken together our results 

indicate that our simple 3 species, 3 reaction model is sufficient to capture 

ISGF3 dynamics in primary and immortalized macrophages.  
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Examining the role of receptor flux in IFN signaling 

	   From our parameter fits we noticed four parameters that varied by more 

than 2-fold between BMDMs and RAW cells. Those parameters were the 

basal IFNAR synthesis rate (k1), the basal IFNAR degradation rate (k2), the 

ligand-induced activation rate of IFNAR (k3), and the IFNAR deactivation rate 

(k4). We were interested in the parameters describing basal IFNAR 

degradation and synthesis, or flux, because they are parameters that we can 

measure in the lab.  Using our model we explored how changing the flux of 

basal IFNAR would affect the ISGF3 response in RAW macrophages. To do 

this we used the parameter set that best fit the RAW data and used a 

mulitiplier ranging from 0.01 to 100 to increase or decrease the flux (k1 and 

k2). First, we examined the effects of flux on ISGF3 activation at low doses of 

IFNβ. Here we found that a slower flux does not significantly affect ISGF3 

activation (Figure 2.7 A). Since BMDMs were predicted to have slower flux 

(Table 2.1) we examined the ISGF3 response in BMDMs and RAW cells after 

treatment with a low dose of IFN and found no difference in response (Figure 

2.7 B), as predicted by our simulations. In addition we performed the same 

analysis at high doses of IFN and found that slower flux was predicted to have 

very little effect on peak activity but would lead to decreased ISGF3 activity at 

later time points (Figure 2.8 A). Indeed, when we stimulated our two cell types 

with a high dose of IFN we found much lower late activity in BMDMs versus 

RAW cells (Figure 2.8 B). To validate these predictions we then measured the 
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half-life of IFNAR1 in RAW cells and BMDMs to see if BMDMs indeed display 

slower turnover than RAW cells. To do so, we treated both cell types with 

cyclohexamide -- an inhibitor of translation -- in the presence or absence of 

IFNβ.  However, we were unable to detect IFNAR1 in either case (Figure 2.9). 

As a control we looked for IκBα, a protein known to have high flux (O’Dea et 

al., 2007), expression following cyclohexamide treatment and found normal 

IκBα degradation confirming our cyclohexamide treatment was working 

(Figure 2.9). Further experiments should be done to examine the turnover 

rates in these cell types.   
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Discussion 

IFNβ is secreted from virally infected cells and binds to the type I 

interferon receptor (IFNAR) on the same cell or neighboring cells (Stetson and 

Medzhitov, 2006). IFNAR engagement leads to the activation of ISGF3 which 

then translocates to the nucleus where it binds to interferon stimulated 

response elements (ISRE) and stimulates the production of interferon-

stimulated genes (ISGs) (Darnell et al., 1994; Nakaya et al., 2001). The 

positive physiological responses of IFNβ signaling are anti-viral and anti-

tumorigenic but IFNβ can also exert negative effects on cell growth and cell 

viability (Pestka et al., 2004; Platanias, 2005). Since IFNβ can exert 

detrimental effects on the cell if not properly regulated, we used mathematical 

modeling to gain quantitative insight into the dynamics and dose responses of 

IFN signaling. 

Our study exposes the value in the integration of biochemical 

experiments with computational modeling. Experimental analyses provide 

critical insight to select the components and reactions to include in the 

computational model and to constrain the simulation parameters. In turn, the 

computational analyses provide mechanistic insights to drive further 

experimental work. This has been well documented in the case of the NFκB 

signaling network (Kearns and Hoffmann, 2009). In this chapter we applied 

this methodology to the IFN signaling system. Our model, while simple, was 

sufficient to recapitulate our ISGF3 responses at a wide range of IFNβ doses. 
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This suggests that in some cases many biochemical reactions can be 

combined into a single reaction to reduce the size of larger models but can still 

recapitulate stimulus-induced responses. Of course, this implies the reactions 

have been chosen based on experimental evidence.  

In addition to providing a sufficiency test, our model was able to impart 

some insight into a molecular mechanism that may control ISGF3 dynamics. 

The model fits revealed that RAW macrophages have a higher basal flux of 

IFNAR. By tuning the flux we showed that a faster flux could prolong ISGF3 

activity at high doses of IFN. Steady-state fluxes of certain proteins have been 

shown to be important for cellular responses to stimuli (Loriaux and Hoffmann, 

2013; O’Dea et al., 2007, 2008) and thus our findings in this chapter warrant 

further experimental investigation and validation of our modeling predictions. 

Also, our IFN model could be combined with other models, such as a TLR or 

RLR model, to predict downstream ISGF3 responses following pathogen 

infection. 
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Table 2.1 Parameter Values for Interferon Model 

 
 Parameter Values (nM-1 min-1) 

Symbol Description BMDM RAW Fold 

τ τ=t1/2 / ln2, IFN 
decay constant 82.045 96.516 0.85 

k0 
Basal rate of 

IFNAR activation 
without IFN 

0.0007 0.0006 1.17 

k1 IFNAR synthesis 
rate 0.0064 0.0304 0.21 

k2 
k2=ln2/ t1/2,  

inactive IFNAR 
degradation rate 

0.00420 0.01230 0.34 

k3 IFNAR activation 
rate with IFN 0.006600 0.00280 2.36 

k4 IFNAR deactivation 
rate 0.0065 0.0258 0.25 

k5 ISGF3 activation 
rate 0.077 0.0975 0.79 

k6 ISGF3 deactivation 
rate 0.027 0.0349 0.77 

k7 
k7=ln2/ t1/2, active 

IFNAR degradation 
rate 

0.0314 0.0329 0.95 

n Cooperativity 
constant 4.0706 3.4316 1.19 

 
 
 
 
 
 
 
 
 
 
 
 
 



37 

 

 
 
Figure 2.1 Simplified interferon reaction diagram and equations for 
model simulations 
Schematic depicting activation of ISGF3 in response to IFNβ. All 3 explicitly 
modeled species (R, Rs, and Is) and 8 rate constants are shown. Equations 
for model simulations are also shown.  
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Figure 2.2 IFNβ dose response of ISGF3 activity in RAW macrophages 
EMSA analysis of ISGF3 activity in RAW macrophages treated with IFNβ for 
the times indicated. Concentrations of IFNβ are in units/ml. ISGF31-3 are three 
biological replicates. 
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Figure 2.3 IFNβ dose response of ISGF3 activity in BMDMs 
EMSA analysis of ISGF3 activity in BMDMs treated with IFNβ for the times 
indicated. Concentrations of IFNβ are in units/ml. ISGF31-2 are two biological 
replicates. 
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B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 IFNβ half-life measurements 
(A) EMSA analysis of ISGF3 activity in RAW cells treated with pre-incubated 
IFNβ (100 U/ml). IFNβ was incubated with media in tissue culture dishes 
containing RAW 264.7 cells for the 0, 2, 4,or 8 hours. The pre-incubated IFN-
media was then used to treat naïve RAW 264.7 cells for 1 (blue) or 2 (red) 
hours.  
(B) Quantification of the data in (A) at 0, 2, and 4 hours. Graph includes the 
exponential decay curve fits for the 1 hour stimulation (blue) or 2 hour 
stimulation (red) determined in Excel as well as the calculated half-life.  
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B 

 
 
Figure 2.5 Model simulation and parameterization of RAW macrophages 
(A) Quantification of ISGF3 activity over time from Figure 2.2. Error bars 
respresent standard deviation of 3 biological replicates.  
(B) Model simulation of active ISGF3 levels over 8 hours in response to a 
range of IFNβ concentrations (0.1-100 units/ml). See Table 2.1 for model 
parameters. 
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Figure 2.6 Model simulation and parameterization of BMDMs 
(A) Quantification of ISGF3 activity over time from Figure 2.3. Error bars 
respresent standard deviation of 2 biological replicates.  
(B) Model simulation of active ISGF3 levels over 8 hours in response to a 
range of IFNβ concentrations (0.1-100 units/ml). See Table 2.1 for model 
parameters. 
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Figure 2.7 Simulated effect of flux on ISGF3 activity in response to a low 
dose of IFNβ 
(A) Heat map generated by model simulations at 1 U/ml IFNβ. The basal 
synthesis (k1) and degradation (k2) rates of IFNAR were multiplied by 0.01 to 
100 (y-axis) and ISGF3 activity (color) was graphed over time (x-axis). A 
multiplier equal to 1.0 are the original RAW parameters from Table 1.1 and is 
indicated with a solid black line,  
(B) Quantification of ISGF3 activity in response to IFNβ (1 U/ml) over time 
from Figures 2.2 and 2.3. Error bars respresent standard deviation biological 
replicates.  



44 

 

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8 Simulated effect of flux on ISGF3 activity in response to a high 
dose of IFNβ 
(A) Heat map generated by model simulations at 100 U/ml IFNβ. The basal 
synthesis (k1) and degradation (k2) rates of IFNAR were multiplied by 0.01 to 
100 (y-axis) and ISGF3 activity (color) was graphed over time (x-axis). A 
multiplier equal to 1.0 are the original RAW parameters from Table 1.1 and is 
indicated with a solid black line,  
(B) Quantification of ISGF3 activity in response to IFNβ (100 U/ml) over time 
from Figures 2.2 and 2.3. Error bars respresent standard deviation biological 
replicates.  
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Figure 2.9 Cyclohexamide treatment of BMDMs and RAW macrophages 
to determine degradtion rate of IFNAR1 
Whole cell western blot analysis of IFNAR1 and IκBα protein expression 
following treatment with cyclohexamide (10 µg/ml), IFNβ (100 U/ml), or both 
for the times indicated.  
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Chapter 3: Limited Specificity of IRF3 and ISGF3 in the Innate 

Immune Response  
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Introduction 

Viral infections are recognized by immune cells via pathogen-

associated molecular patterns (PAMPs), including viral components such as 

genomic DNA, RNA or double-stranded RNA (dsRNA), by host pattern-

recognition receptors (PRRs). More specifically, PRRs that recognize 

intracellular nucleic acids are known as retinoic acid-inducible gene 1 (RIG-I)-

like receptors (RLRs), while PRRs that recognize extracellular or endosomal 

nucleic acids are known as toll-like receptors (TLRs). After recognition of viral 

components, RLRs and TLRs initiate effective and appropriate antiviral 

responses through the activation of many transcription factors. Transcription 

factors may act independently or cooperatively to produce of a variety of 

cytokines and induce inflammatory and adaptive immune responses (Doyle et 

al., 2002; Iwasaki and Medzhitov, 2004; Kawai and Akira, 2006, 2008; 

Wathelet et al., 1998). 

One important transcription factor that is activated after RLR or TLR 

stimulation is interferon regulatory factor-3 (IRF3). IRF3 is constitutively 

expressed and resides primarily in the cytoplasm of uninfected cells (Kumar et 

al., 2000). Upon phosphorylation by TANK-binding kinase (TBK1) or inhibitor 

of NFκB kinase-ε (IKKε), IRF3 dimerizes and translocates to the nucleus 

where it binds consensus interferon response elements (IREs) to stimulate 

gene expression (Fitzgerald et al., 2003; Fujii et al., 1999; Lin et al., 1998; 

Sharma et al., 2003). The most well studied IRF3 response gene is type I 
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interferon-beta (IFNβ). Type I interferons, such as IFNβ, are a specialized 

group of cytokines whose activity is critical to ensure a productive antiviral 

state (Stetson and Medzhitov, 2006). The IFNβ gene is activated by the 

coordinated binding of three transcription factors: interferon regulatory factor-3 

(IRF3), nuclear factor κB (NFκB), and activated protein-1 (AP1) (Agalioti et al., 

2000; Ford and Thanos, 2010; Panne et al., 2004). IFNβ is secreted from 

infected cells and binds to the type I interferon receptor (IFNAR) on the same 

cell or neighboring cells (Stetson and Medzhitov, 2006). After binding to 

IFNAR, receptor associated tyrosine kinases phosphorylate the signal 

transducer and activator of transcription-1 (STAT1) and STAT2 which combine 

together with IRF9 to form the transcription factor known as IFN-stimulated 

gene factor-3 (ISGF3) (Darnell et al., 1994; O’Shea et al., 2002; Qureshi et al., 

1995). ISGF3 then translocates to the nucleus where it binds to interferon 

stimulated response elements (ISRE) and stimulates the production of many 

interferon-stimulated genes (ISGs) (Darnell et al., 1994; Nakaya et al., 2001). 

Interestingly, IRF3 and ISGF3 have been reported to have similar and 

overlapping consensus binding sequences (Fujii et al., 1999; Tanaka et al., 

1993). However, genomic tools have not yet addressed the question of what 

genes, if any, are distinctly controlled by each transcription factor. 

The consensus DNA-binding motif for the IRF family of transcription 

factors, IRF1 to IRF9, is NNGAAANNGAAA (Escalante et al., 1998, 2007; Fujii 

et al., 1999; Tanaka et al., 1993). In vitro, IRF3 binding has been shown to be 
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highly dependent on both 5’ GAAA and 3’ GAAA core sequences whereas 

other IRFs can tolerate some flexibility in these sequences (Lin et al., 2000; 

Morin et al., 2002; Schmid et al., 2010). In addition, a PCR-based DNA binding 

site selection experiment with recombinant protein showed IRF3 may prefer 

GAAA(G/C)(G/C)GAAAN(T/C) (Lin et al., 2000). This sequence completely 

overlaps with the ISGF3 consensus motif: GAAANNGAAACT (Kessler et al., 

1988; Reich et al., 1987; Rutherford et al., 1988). There is no crystal structure 

for ISGF3 so the exact DNA contacts and stoichiometry are still unknown; 

however, it is proposed that subunits STAT1 and IRF9 make contacts on 

either side of the GAAA sequence. Interestingly, ISGF3 is not predicted to 

contact the conserved CT motif following the GAAA core repeats (Seeman et 

al., 1976; Tenoever et al., 2007). Surprisingly, there is little in vivo data to 

characterize the sequence specificity of IRF3 and ISGF3.  

Binding of IRF3 and ISGF3 to specific sites within promoters ultimately 

leads to the regulation of gene expression. There are hundreds of genes 

known to be regulated by ISGF3, but what genes are controlled by IRF3 is 

less clear. This, in part, is due to the feedforward loops from IRF3 to ISGF3 

and from ISGF3 and IRF7, an IFN-inducible gene, which may exaggerate or 

mask the loss of IRF3 in a knockout system, respectively (Sato et al., 2000). 

One study aimed to find IRF3-responsive genes through overexpression of a 

constitutively active form of IRF3 (Grandvaux et al., 2002). Only a few genes 

were found to be upregulated in this system and did not include IFN-I, leading 
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to the conclusion that IRF3 can activate some genes independently but may 

have to act coordinately with other transcription factors for full activity. Another 

approach identified genes that were differentially expressed after viral infection 

in cell lines that express varying amounts of IRF3 (Elco et al., 2005). A few 

ISGs showed increased expression in cells with overexpressed levels of IRF3 

however the results may not be specific to IRF3. In addition, a microarray 

study in mouse embryonic fibroblasts was able to identify more IRF3 

controlled genes using cyclohexamide to inhibit secondary IFN effects but did 

not examine specificity between IRF3 and ISGF3 (Andersen et al., 2008).  

In this chapter we present studies of physical interactions and functional 

requirement in gene expression to examine the contribution of IRF3 and 

ISGF3 in the innate immune response to double-stranded RNA (dsRNA) in 

primary macrophages.  Our results confirmed the known ISGF3 DNA-binding 

motif to be GAAANNGAAACT and further specified the preferred IRF3 

consensus sequence: AAATGGAAA. Our transcriptomic studies revealed a 

functional role for IRF3 in cytokine/chemokine regulation that is distinct from 

that of ISGF3. We find that many IRF3 controlled genes can also be regulated 

by ISGF3. To explore how IRF3 and ISGF3 cooperate in the innate immune 

system, we constructed a computational model of IFNβ production in tissue 

cell layer. We used the model to illustrate how IFNβ production is affected if 

IRF3 and ISGF3 have completely overlapping sequence specificity (positive 

feedback) or if they have non-overlapping sequence specificity. We show that 
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a non-overlapping specificity of IRF3 and ISGF3 is critical to limiting the 

amount of IFNβ-induced ISGF3 activation in a cellular population both spatially 

and temporally. Also, our modeling results suggest that a small amount of 

overlapping specificity between IRF3 and ISGF3 may not only be tolerated by 

the system but may enhance innate immune responsiveness. 
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Materials and Methods 

Animals and cell culture 

Wild type and genetically deficient C57BL/6 mice were housed in 

pathogen-free conditions at the University of California, San Diego (UCSD) 

and all procedures were approved by the Institutional Animal Care and Use 

Committee. Bone marrow derived macrophages (BMDMs) were isolated from 

C57BL/6, ifnar-/-, and ifnar-/-irf3-/- mice. A total of 6 x 106 BM cells were cultured 

in 15 cm suspension dishes in L929-conditioned media for 7 days at 37°C with 

5% CO2. BMDMs were then replated on day 7 in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine serum and all 

experiments were performed on day 8. BMDMs were transfected with 5 µg/ml 

Poly I:C (Invivogen) using Lipofectamine RNAimax (Invitrogen) according to 

the manufacturers instructions or stimulated with 100 units/ml IFNβ ( PBL 

Interferon Source). 

 

Chromatin Immunoprecipitation  

ChIP was performed as described previously (Métivier et al., 2003) with 

modifications. Briefly, 15×106 BMDMs were crosslinked in 2mM disuccinimidyl 

glutarate (Peirce #20593) for 30 min. followed by 1% Formaldehyde/PBS for 

15 minutes at room temperature. The reaction was quenched by adding 

glycine to a final concentration of 125 mM, and the cells were centrifuged 

immediately (5 min, 700× g, 4°C). Cells were resuspended in swelling buffer 
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(10 mM HEPES/KOH pH 7.9, 85 mM KCl, 1 mM EDTA, 0.5% IGEPAL CA-

630) for 5 minutes. Cells were spun down and resuspended in 500 µl lysis 

buffer (50 mM Tris/HCl pH 7.4@20°C, 1% SDS, 0.5% Empigen BB, 10 mM 

EDTA) and chromatin was sheared to an average DNA size of 300–500 bp by 

administering 10 pulses of 15 seconds duration at 1.5 power output with 30 

seconds pause on wet ice using a Fisher sonicator. The lysate was cleared by 

centrifugation (5 min, 16000× g, 4°C), and 500 µl supernatant was diluted 2.5-

fold with 750 µl dilution buffer (20 mM Tris/HCl pH 7.4@20°C, 100 mM NaCl, 

0.5% Triton X-100, 2 mM EDTA).  The magnetic Dynabeads (Life 

Technologies) were pre-incubated with antibody for protein of interest for 1 

hour in 0.5% BSA then added to the lysate while 1% of the lysate were kept as 

ChIP input. The protein of interest was immunoprecipitated by rotating the 

lysate with the beads overnight at 4°C. The beads were magnetically 

separated, the supernatant discarded, and the beads were washed two times 

each in 400 µl wash buffer I (WB I) (20 mM Tris/HCl pH 7.4@20°C, 150 mM 

NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA), WB II (20 mM Tris/HCl pH 

7.4@20°C, 500 mM NaCl, 1% Triton X-100, 2 mM EDTA), WB III (10 mM 

Tris/HCl pH 7.4@20°C, 250 mM LiCl, 1% IGEPAL CA-630, 1% Na-

deoxycholate, 1 mM EDTA), and TE. Immunoprecipitated chromatin was 

eluted twice with 100 µl elution buffer each (100 mM NaHCO3, 1% SDS) into 

fresh tubes for 20 min and 10 min, respectively, eluates were pooled, the Na+ 

concentration was adjusted to 300 mM with 5 M NaCl and crosslinks were 
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reversed overnight at 65°C. The samples were sequentially incubated at 37°C 

for 2 h each with 0.33 mg/ml RNase A and 0.5 mg/ml proteinase K. The DNA 

was isolated using the QiaQuick PCR purification kit (Qiagen) according to the 

manufacturer's instructions. Antibodies against IRF-3 (#4302) and STAT1 

(#4947) were purchased from Cell Signaling. 

 

ChIP-seq Analysis 

 Nine sample libraries and nine input libraries were prepared using the 

ChIP-seq library prep kit (Illumina).  50bp single-end ChIP-Seq was performed 

on an Illumina HiSeq, resulting in 7-10 million reads per experimental sample 

and 20 million reads per input sample.   All reads containing adapter 

sequences were removed, and the remaining reads were aligned to the Mus 

Musculus genome assembly (Build 38, mm10) using bowtie2 version 2.0.0 

(Langmead and Salzberg, 2012).  Additional quality control metrics and peak 

finding were performed with the HOMER v. 4.3 software (Heinz et al., 2010).  

Peaks were filtered for enrichment over the local region and input signal using 

default settings.  The enriched peak locations were then used for downstream 

motif analysis.    	  

 

Western blotting 

For western blot analysis, whole-cell extracts were prepared after 

stimulation using RIPA buffer supplemented with PMSF, DTT, and 
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phosphatase inhibitors, or cytoplasmic and nuclear fractions were extracted as 

described above. Samples were normalized for equal amounts of proteins 

using a Lowry assay. Antibody to phosph-IRF3 (4D4G, #4947) was from Cell 

Signaling. Antibody to actin (sc-1615) was from Santa Cruz Biotechnology. 

 

 Nuclear extraction and gel shift assays 

BMDMs were replated with 4 x 106 cells per 10 cm plate on day 7. On 

day 8, BMDMs were left unstimulated or stimulated with Poly (I:C) (5 µg/ml)  

Cells were collected in CE Buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM 

EGTA, 0.1 mM EDTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl 

fluoride, 10 µg/ml aprotinin and 5 µg/ml leupeptin) in a microcentrifuge tube. 

To this, 0.5% Nonidet P-40 was added and the cells were vortexed for lysis. 

Nuclei were pelleted at 4000 x g and resuspended in 20 µl of high salt buffer 

(NE Buffer: 20 mM HEPES ph 7.9, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM 

EDTA, 25% glycerol, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl 

fluoride, 10 µg/ml aprotinin and 5 µg/ml leupeptin). Nuclear lysates were 

cleared by 14,000 x g centrifugation and protein concentrations were 

determined and normalized by a Bradford assay (Bio-Rad).  

Gel-shift assays were performed as previously described (Werner et al., 

2005). Briefly, nuclear extracts were incubated with 38 bp spanning double-

stranded oligonucleotides labeled with phosphorous-32 (P32) containing two 

consensus κB sites 
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 (GCTACAAGGGACTTTCCGCTGGGGACTTTCCAGGGAGG, κB probe) or 

the 33-bp ISRE site of the ISG15 gene 

(GATCCTCGGGAAAGGGAAACCTAAACTGAAGCC, ISRE probe) or the 

GAS site (TACAACAGCCTGATTTCCCCGAAATGACGC, GAS probe) and left 

at room temperature for 15 min prior to complex separation on a 

nondenaturing acrylamide gel. Bands were visualized by autoradiography. 

 

Transcriptome and bioinformatic analysis 

BMDMs were treated as indicated and RNA were extracted with Qiagen 

RNeasy kit and hybridized to Illumina mouse RefSeq Sentrix-8 V1.1 

BeadChips at the UCSD Biogem facility. Wild-type, ifnar-/- and ifnar-/-irf3-/- 

samples were all normalized to the untreated wild-type sample then Log2 

transformed. All genes whose expression was increased or decreased upon 

stimulation by 2-fold or more were uploaded into the microarray software suite, 

Multiple Experiment Viewer (MeV) (Saeed et al., 2003). Using the Significance 

Analysis of Microarrays (SAM) Tucher method (Tusher et al., 2001), two-class 

paired; we searched for genes that were significantly reduced in ifnar-/-irf3-/- as 

compared to ifnar-/- with a false discovery rate (FDR) of <5%. De novo motif 

searches using JASPAR matrixes were performed with the promoter 

sequences 1 kb upstream and 0.1 kb downstream of the transcription start site 

(NCBI36/mm8) with the motif search program Homer, developed by Dr. Chris 

Benner (Heinz et al., 2010). An in-depth description and benchmarking of this 
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software suite can be found at http://biowhat.ucsd.edu/homer/. Gene ontology 

(GO) term enrichment was performed using DAVID with the entire mouse 

genome as the background, and P values represent a Bonferroni-corrected 

modified Fisher’s exact test (Huang et al., 2009a)(Huang et al., 2009b). The 

top 2 most enriched GO terms were selected for each case. The score of each 

gene was determined by the following equation: 

( (ΔA/ΔB)3 hour (ΔA/ΔB)8 hour )1/3 

 

RNA extraction and cDNA synthesis 

BMDMs were washed with PBS, homogenized, and total RNA was 

extracted using the QIAshredder and RNeasy kits per the manufacturer’s 

instructions (Qiagen). RNA was eluted in 30ul of RNase-free water, and 1 µg 

was reverse-transcribed into cDNA using the iScript cDNA synthesis kit 

according to the manufacturer’s instruction (Bio-Rad). 

  

qPCR 

 Quantitative real-time PCR (qPCR) was performed to measure the 

mRNA expression level of the housekeeping gene GAPDH and several genes 

of interest. Using a CFX384 Real-Time Detection System (Bio-Rad), each 

reaction was performed in triplicate in a final reaction volume of 5 µl, including 

2.5 µl SsoAdvanced SYBR Green Supermix (Bio-Rad), 1.0 µl cDNA template, 

and 1.0 µl (100 nM final concentration) of each primer. Primers were designed 
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for each gene using Primer3 (primers are listed in Table 2.1). After 

amplification, quantification cycle (Cq) values were generated using the Bio-

Rad CFX Manager Software 1.6. The fold change of gene expression was 

calculated using the Δ(ΔCq) method as previously described (Schmittgen and 

Livak, 2008). 

 

Model Simulations 

Computational model was developed using CompuCell3D simulation 

package (Swat et al., 2012). The simulation is stochastic and agent based 

where each cell is a unique agent. Activation of ISGF3 followed a simple Hill 

activation function. In the simulation a single cell is initially infected and as a 

result it secretes a constant amount of IFNβ due to the virus and dies after a 

fixed number of hours. In all other cells activation of IRF3 and ISGF3 were 

depended on the level of positive feedback in the model. The strength of the 

positive feedback was scaled as a function of the initial viral dependent 

secretion of IFNβ. 
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IRF3 and ISGF3 bind similar but distinct consensus sequences in 

response to transfected poly (I:C) 

In order to determine the consensus binding sequences within the native 

chromatin environment of IRF3 and ISGF3 we performed ChIP-seq 

experiments for these factors following transfected poly (I:C) treatment. As 

ISGF3 is a complex of STAT1, STAT2, and IRF9, we used antibodies against 

STAT1 to pull-down the entire ISGF3-DNA complex. Although STAT1 is also a 

component of the STAT1 homodimer transcription factor we found very little 

STAT1 homodimer activation following poly (I:C) transfection over 8 hours as 

compared to treatment with IFNγ, the known activator of STAT1 homodimer 

(Figure 3.1). Thus the majority of the STAT1 signal in response to poly (I:C) 

was due to ISGF3. Following immunoprecipitation and sequencing, we used 

bowtie2 to identify peaks that were induced in the presence of dsRNA as 

compared to the untreated sample. Browser tracks are shown for the Cxcl10 

gene after IRF3 pull-down in the presence and absence of stimulus and the 

peak that was identified is highlighted with an asterisk (Figure 3.2 A). Similarly, 

browser tracks are shown for the Gbp3 gene after ISGF3 pull-down in the 

presence and absence of stimulus and the peak that was identified is 

highlighted with an asterisk (Figure 3.2 B). There were 468 peaks and 166 

peaks total identified for IRF3 and ISGF3 respectively (Figure 3.3), which 

presumably constitutes representative subsets of actual binding events. The 

proportion of TF binding events identified by ChIP-seq is a function of antibody 
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quality, background, stringency of software settings to avoid false positives, 

and chosen timepoints. The majority of peaks for both transcription factors 

were found in intergenic and intron regions while 11% and 22% of peaks were 

found in promoter regions for IRF3 and ISGF3 respectively (Figure 3.3). Using 

de novo Hypergeometric Optimization of Motif Enrichment (HOMER) analysis 

we determined the DNA-binding motif of IRF3 and ISGF3 (Figure 3.4). Our 

results confirm the ISGF3 consensus sequence as GAAANNGAAACT. 

Interestingly, for IRF3 our results show that IRF3 prefers a -TG- sequence 

following the first -AAA-. This represents a novel finding in IRF3 DNA-binding 

specificity, which had previously only been addressed in cell-free experimental 

systems.  
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Identifying relative contributions of IRF3 and ISGF3 in the innate immune 

response transcriptome 

 In order to examine the role of IRF3 and ISGF3 in gene expression we 

compared wild type BMDMs ifnar-/- BMDMs to ifnar-/-irf3-/- BMDMs following 

treatment with dsRNA. To identify IRF3-dependent genes, we used a genetic 

system in which there is no type I interferon signaling to avoid possible 

feedback to ISGF3 or IRF7 that may make it hard to interpret our results. First, 

we characterized transcription factor activation in ifnar-/- and ifnar-/-irf3-/- 

double-knockout (dko) BMDMs. The ifnar-/- BMDMs showed no activation of 

ISGF3, as expected.  In contrast, IRF3 activation, measured by IRF3 

phosphorylation, remained largely intact though slightly delayed compared to 

wild-type BMDMs (Figure 3.5 A), as was NFκB activation (Figure 3.5 B).  

Further, ifnar-/-irf3-/- cells were defective in ISGF3 and IRF3 activation, but had 

the same NFκB response as ifnar-/- cells. Following microarray analysis in 

response to transfected poly (I:C), we first identified poly (I:C)-induced genes 

in wt cells, and then determined which of these were significantly reduced with 

a false discovery rate <5% in the ifnar-/-irf3-/- as compared to ifnar-/- BMDMs;  

hence 61 genes were determined to be affected by the loss of IRF3 (Figure 

3.6). When comparing the wild-type expression profiles to the ifnar-/- profiles 

we noticed that some of these 61 genes were also greatly affected by the 

initial loss of type I interferon signaling (Figure 3.6).   
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To determine the relative contribution of IFNAR/ISGF3 and IRF3 in the 

expression of each gene, we calculated the difference in fold change from the 

wild-type expression profile to the ifnar-/- expression profile and the difference 

from the ifnar-/- expression profile to the ifnar-/-irf3-/- expression profile, which 

we called ΔA and ΔB respectively (Figure 3.7 A). For each timepoint, ΔB was 

graphed versus ΔA to examine the contributions of ISGF3 vs. IRF3 (Figure 3.7 

B). We restricted the analysis to 3 and 8 hours as there was little induction at 1 

hour in WT BMDMs. At 3 and 8 hours post-transfection, we see several genes 

with a strong ΔB effect. The results are remarkably consistent for most genes 

at these two timepoints, but some genes are slightly more dependent on ΔB 

(IRF3) at one timepoint but then more dependent on ΔA (ISGF3) at another 

timepoint. Notably, our data suggests IFNβ1 to be one of the genes that 

depends most highly on IRF3.   
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Functional distinctions between IRF3 and ISGF3 

To classify genes as being primarily IRF3 and ISGF3 controlled we 

calculated an overall ΔA vs. ΔB score (see materials and methods), allowing 

us to rank them in order (Figure 3.8). Genes with a score <1.00 were 

determined to be primarily IRF3 controlled while genes with a score >1.00 

were determined to be primarily ISGF3 controlled. We examined the genes 

further by highlighting genes that are IFNβ-inducible (Figure 3.8, red). We 

treated BMDMs with IFNβ alone to determine whether the genes from our 

microarray analysis were responsive to ISGF3 activation (Figure 3.9). As 

expected, many of the genes that required ISGF3 for poly (I:C)-induced 

activation were also responsive to IFNβ treatment alone indicating that ISGF3 

is a sufficient activator.  Gene ontology (GO) analysis confirmed expectations 

that these genes are involved in immune and defense responses (Figure 

3.10). Interestingly, GO analysis also revealed that IRF3-controlled genes are 

most highly enriched for cytokine and chemokine activity (Figure 3.10).  

Using de novo HOMER analysis we determined the most highly enriched 

sequence motifs that exist -1.0 kb to +0.1 kb from the TSS of ISGF3 and IRF3 

controlled genes (Figure 3.10). This analysis revealed sequences that 

resemble ISRE, but as in our ChIP-seq analysis, we found different 

preferences for predominantly IRF3- and ISGF3-controlled genes. After 

examining the sequences from our physical binding data and functional gene 
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expression data, we confirmed the ISGF3 consensus sequence and further 

characterized the IRF3 consensus to prefer AAATGGAAA (Figure 3.11).  
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Sequence specificity is critical to limiting a potential “interferon storm” 

Our in-vivo physical binding data indicates that IRF3 and ISGF3 have 

discrete binding sequence preferences with some area of overlap. In addition, 

our functional gene expression study revealed that IRF3-dependent genes are 

enriched for secreted cytokine and chemokine proteins. Since IRF3 functions 

and ISGF3 functions are connected by IFNβ, we decided to explore the issue 

of specificity by modeling IFNβ production and ISGF3 activation in a 2-

dimensional layer of cells following infection of one single cell. To 

parameterize the model, we confirmed the microarray results by qPCR that 

IFNβ mRNA production depends highly on IRF3. We measured ifnb1 

expression over time following dsRNA transfection and found that the ifnar-/-

irf3-/- BMDMs displayed almost no ifnb1 expression while ifnar-/- cells were only 

slightly less responsive to dsRNA treatment at early timepoints than wt (Figure 

3.12 A). Secreted IFNβ profiles determined by ELISA followed a similar 

pattern (Figure 3.12 B). Next, we used two models to explore how IRF3 and 

ISGF3 specificity play a role in the spatial and temporal activation of innate 

immune responses. The first model describes a scenario in which IRF3 and 

ISGF3 have non-overlapping specificities and ISGF3 cannot produce more 

IFNβ in the infected cell or in neighboring cells (Figure 3.13, top panel). The 

second model is just the opposite in which IRF3 and ISGF3 have completely 

overlapping specificities and ISGF3 can activate IFNβ to the same degree as 

IRF3 in the infected cell and the neighboring cells forming a positive feedback 
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loop (Figure 3.13, lower panel). We used these models to simulate how the 

interferon response is propagated across a layer of cells in each case (Figure 

3.14).  First, IRF3 is activated only in the centermost cell to simulate infection, 

which then activates IFNβ production. IFNβ diffuses outwardly to activate 

ISGF3 in neighboring cells. After a period of time (600 AU), the initial “infected” 

cell ceases to exist, akin to virus-infected cells that may undergo cell death 

due to virulence factors or prolonged IFNβ exposure. Our results show that 

when there is no ISGF3 feedback the activation of ISGF3 in neighboring cells 

increases but quickly decreases after the initial cell dies (Figure 3.14, top). 

However, when ISGF3 can feedback to activate IFNβ at 100%, our simulation 

shows that ISGF3 can be activated in cells very distal from the initial infected 

cell and the signal is not reduced after the initial cell dies (Figure 3.14, 

bottom). These results demonstrate that positive ISGF3 feedback can lead to 

a bistable system in which the signal spreads rapidly to all cells within a 

simulated tissue and cannot return to the resting state. In the case of no 

ISGF3 feedback, the neighboring cells are able to return to their initial state 

and the spatial spread of ISGF3 activation is limited by the IFNβ diffusion rate.  

Given the overlap in IRF3 and ISGF3 consensus binding sequences we 

explored the possibility that ISGF3 may be able to activate IFNβ to some 

degree. We stimulated BMDMs with recombinant IFNβ to activate ISGF3 and 

indeed found a small degree of IFNβ mRNA induction over 8 hours (Figure 

3.15 A), indicating that even in the control of the IFNβ enhancer there is 
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functional overlap in the specificity of IRF3 and ISGF3, and suggesting that a 

low level of positive feedback may operate in the control of IFNβ. We 

examined the functional consequence of this finding in our tissue layer model 

by varying the feedback strength of ISGF3 in our simulation from 10%-90% 

and plotted the total amount of IFNβ in our system over time (Figure 3.15 B). 

Our results indicate that low amounts of ISGF3 feedback, less than 40%, can 

be tolerated by the system because the levels of IFNβ can be reduced after 

the loss of the initial signal. However, for feedback strengths greater than 

40%, the IFNβ levels continue to increase even after the loss of the initial 

signal, generating a bistable system.  
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Discussion 

Following pathogen invasion it is critical for a single infected cell to 

induce an effective antiviral response within itself in addition to warning 

surrounding uninfected cells of impending danger. IRF3 is activated 

downstream of viral infection and is critical to the production of IFNβ which can 

be secreted from an infected cell and signal in an autocrine or paracrine 

manner. Once secreted, IFNβ binds to its cognitive receptor to induce the 

expression of antiviral genes through the activation and activity of ISGF3. The 

consensus DNA-binding elements of IRF3 and ISGF3 overlap significantly in 

sequence and genes that are dependent on IRF3 in the absence of ISGF3 

activity remain unclear. By combining physical interaction and functional gene 

expression analyses we defined the relative contributions of IRF3 and ISGF3 

in the innate immune responsive transcriptome to dsRNA.  

Our results indicate IRF3 plays a critical role in the acute response to 

dsRNA. We found that many IRF3-controlled genes encode cytokines and 

chemokines that can be secreted from infected cells to warn uninfected cells 

of infection or recruit other immune cells necessary to clear the pathogen. This 

correlates with fast activation dynamics of IRF3, as early as 30 min following 

dsRNA treatment. On the other hand, ISGF3 is activated only after IFNβ is 

produced, and thus its dynamics are delayed, appearing within 45 min. Our 

analysis shows that genes that are primarily controlled by ISGF3 are involved 

in immune and defense responses. Therefore, ISGF3 is they key determinant 
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of the innate defenses in both the infected cell and – prophylactically – in 

neighboring uninfected cells. Our data does not preclude that IRF3 contributes 

to an intrinsic defense within the infected cell but we did not obtain evidence 

that the intrinsic acute defense within infected cells is distinct from the 

prophylactic defense preparation of neighboring uninfected cells. It is 

important to note the expression of many genes appear to be controlled by 

both IRF3 and ISGF3 to some degree. This redundancy and overlap may 

ensure that innate immune defenses are initiated both quickly and in a 

sustained manner. . 

Our ChIP-seq analysis combined with our functional analysis led us to 

define the consensus sequences for IRF3 and ISGF3. In the case of ISGF3 

we confirmed the known sequence to be GAAANNGAAACT by physical 

binding. Interestingly, the functional sequence for genes primarily controlled by 

ISGF3 was enriched AAACTGAAACT, which is slightly different from the ChIP 

result. These genes are also controlled by IRF3 to some degree according to 

our analysis, so it is possible that genes that bind both ISGF3 and IRF3 only 

need one GAAACT half-site for function in-vivo. In the case of IRF3, we 

defined a novel consensus sequence: AAATGGAAA. Our data suggests a 

preference for the TG di-nucleotide between the GAAA core repeat 

sequences, which varies slightly from the published sequence 

GAAA(G/C)(G/C)GAAAN(T/C), based on cell-free systems. It has been shown 

in vitro that each of the 5’ and 3’ tandem GAAA repeats is important for IRF3 



70 

 

binding. However, our data suggests that IRF3 may be able to act on 

sequences with only one core sequence in-vivo.  

Our modeling efforts attempt to illustrate how the functional binding 

specificity of IRF3 and ISGF3 combine to control IFNβ within a simulated 

tissue. We started by examining how ISGF3 activity spreads from a single 

infected cell both spatially and temporally. We discovered that distinct 

specificities of IRF3 and ISGF3 are critical to preventing “an interferon storm” 

via bistable control that would be catastrophic for the tissue. However, while 

specificities must be distinct they may be partially overlapping;  by varying the 

amount of feedback strength from 10-90% in our simulations we found that the 

system can tolerate low levels of feedback from ISGF3. Experimentally, we 

found that while ISGF3 is able to activate IFNβ to some degree the difference 

to induction by poly (I:C) is unlikely to result in a positive feedback loop that 

will lead to a detrimental bistable system.  As the IFNβ enhancer is not only 

controlled by IRF3, the functional specificity described here, may not only be a 

function of IRF3 and ISGF3 DNA binding specificity, but may involve protein-

protein interactions as well. 

We note that the IRF family of transcription factors not only comprise 

IRF3 and ISGF3 but other members such as IRF1 and IRF7, which have 

overlapping functions in the innate immune response. Like IRF3, these are cell 

intrinsic factors (not activated in neighboring uninfected cells) and their role in 

this system should be addressed in future work. Also, the IRF7 gene is 
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induced by ISGF3 and may play a role in the initial resting state of cells lacking 

type I interferon signaling. A clear delineation of basal and inducible functions 

of IRF7 in gene expression and DNA-binding are still unclear. Quantitative 

information about consensus sequences, functional specificity, and dynamics 

is critical for a predictive understanding of the IRF signaling system and the 

control of innate immune responses. 
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Table 3.1 Primers used for qPCR 

Gene Accession 
Number Name Sequence 

Gapdh NM_008084.2 rt.Gapdh.f AACTTTGGCATTGTGGAAGG 
  rt.Gapdh.r GGATGCAGGGATGATGTTCT 

Ifnb1 NM_010510.1 rt.IFNb.f GGTCCGAGCAGAGATCTTCA 
  rt.IFNb.r CTGAGGCATCAACTGACAGG 
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Figure 3.1 STAT1 homodimer activity following transfected poly (I:C) 
treatment. 
EMSA analysis of STAT1 homodimer activity in BMDMs transfected with Poly 
I:C (5 µg/ml) over 8 hours or treated with 10 units of IFNγ for 1 hour. Assay 
was performed using a GAS probe.  
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A. IRF3 

 

 

B. ISGF3 (STAT1) 

 

	  
 

Figure 3.2 Example genome browser tracks for IRF3 and ISGF3 binding 
peaks. 
Example genome browser tracks of untreated BMDMs and BMDMs 
transfected with Poly I:C (5µg/ml) for 3 hours.  Peaks that were determined to 
be IRF3 (A) or ISGF3 (B) peaks are highlighted with an asterisk. 
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Figure 3.3 Location analysis of IRF3 and ISGF3 binding sites (peaks). 
IRF3 (top panel) and ISGF3 (lower panel) binding peaks were mapped relative 
to their nearest RefSeq genes. The promoter region was defined as <1kb 
upstream from the transcription start site (TSS). 
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Figure 3.4 IRF3 and ISGF3 bind distinct sequences In-vivo. 
Consensus motif position weight matricies (PWMs) generated by a de 
novo	  motif search of IRF3 and ISGF3 binding sites. Motifs were analyzed 
within +/- 100 bp from the center of a given peak.   
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Figure 3.5 IRF3, ISGF3, and NFκB activities following poly (I:C) 
transfection. 
(A) Western blot analysis of IRF3 phosphorylation (P-IRF3) in wild-type (wt), 
ifnar-/-, and ifnar-/-irf3-/- BMDMs transfected with Poly I:C (5 µg/ml) over 8 
hours. (B) EMSA analysis of ISGF3 (top panel) and NFκB (lower panel) 
activities in BMDMs transfected with Poly I:C (5 µg/ml) over 8 hours. 
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Figure 3.6 The loss of IRF3 reduces the expression of many genes in 
response to intracellular dsRNA, some of which also depend highly on 
IFN-I signaling. 
Microarray mRNA expression data of IRF3-dependent genes from wt, ifnar-/-, 
and ifnar-/-irf3-/- BMDMs that were left untreated or treated with tPoly I:C (5 
µg/ml) for 1, 3 , or 8 hours. All data is normalized to unstimulated wt gene 
expression. Genes were selected as IRF3-dependent as described in the 
materials and methods. Red represents stimulus responsive gene induction 
while green represents repression.	  
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Figure 3.7 Genes with reduced expression in double knockout display 
differential dependence on ISGF3 and IRF3. 
(A) Hypothetical expression profiles for a generic gene “X” in wt, ifnar-/-, and 
ifnar-/-irf3-/- BMDMs. ΔA represents the difference in expression between the 
wt and ifnar-/- profiles while ΔB represents the difference in expression 
between the ifnar-/- and ifnar-/-irf3-/- profiles. (B) ΔA (y-axis) versus ΔB (x-axis) 
analysis of IRF3 –dependent genes stimulated with tPoly I:C at  3, or 8 hours. 
ΔA and ΔB were calculated as the absolute difference in log2 fold change.  
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Figure 3.8 Genes primarily controlled by ISGF3 are IFNβ-inducible while 
genes that are IRF3 controlled are not. 
Phenotype score (y-axis) calculated as described in the materials and 
methods for all genes with reduced expression in the absence of IRF3 (x-axis) 
in response to transfected poly I:C. Genes that are IFN-inducible by 2-fold or 
more (see figure 4B) are colored red. Genes with a score >1.00 are 
determined to be primarily ISGF3 controlled while genes with a score ≤1.00 
are determined to be primarily IRF3 controlled. 
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Figure 3.9 Microarray mRNA expression following IFNβ treatment. 
Microarray mRNA expression data from BMDMs that were left untreated or 
treated with IFNβ (10 units/ml) for 1, 3, or 8 hours. All data is normalized to 
unstimulated gene expression. Genes in panel are IRF3-dependent following 
poly I:C transfection as previously described (see Figure 3C) Red represents 
stimulus responsive gene induction while green represents repression. 
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Figure 3.10 Genes that are primarily IRF3-dependent are functionally 
distinct from those that are ISGF3-dependent. 
Gene ontology analysis of genes controlled by ISGF3 and IRF3 in response to 
transfected poly (I:C) (5ug/mL) determined by the DAVID bioinformatics 
database tool (left column) and the most highly enriched IRE-like motifs 
identified de novo within -1.0 to +0.1 kb of the transcriptional start sites for 
ISGF3 and IRF3 dependent genes with P values for statistical significance 
(right column). 
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Figure 3.11 Physical and functional consensus sequences for IRF3 and 
ISGF3. 
A summary of sequences determined from ChIP-seq and gene expression 
analyses. 
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Figure 3.12 IRF3 is required for IFNβ expression and secretion. 
(A) Quantitative real-time PCR (RT-qPCR) analysis of ifnβ1 mRNA expression 
in wild-type (blue), ifnar -/- (red), and ifnar -/- irf3 -/- (black) BMDMs transfected 
with Poly I:C (5 µg/ml). All data points are normalized to unstimulated wild-
type mRNA levels and reported as fold change on a Log2 scale. Error bars 
represent PCR triplicates. Data is representative of 3 experiments. (B) 
Enzyme-linked immunosorbent assay (ELISA) analysis of secreted IFNβ in the 
media following Poly I:C transfection (5µg/ml) of wt BMDMs.  
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Figure 3.13 Two models to describe ISGF3 feedback between multiple 
cells. 
Two models to illustrate the following scenarios: top panel describes a 
scenario in which IRF3 and ISGF3 have non-overlapping specificities and only 
IRF3 can activate IFNβ expression (no feedback). The bottom panel describes 
a scenario in which both IRF3 and ISGF3 can activate IFNβ expression to the 
same degree (100 % feedback). 
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Figure 3.14 ISGF3 feedback can generate a bistable system. 
Model simulation of ISGF3 activation across a 2-dimensional layer of cells 
over time with no ISGF3 feedback or 100% ISGF3 feedback.	  
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Figure 3.15 ISGF3 can independently activate IFNβ expression. 
(A) Quantitative real-time PCR (RT-qPCR) analysis of ifnb1 mRNA expression 
in wt BMDMs following treatment with IFNβ (100 units/ml). (B) Model 
simulation of total IFNβ concentration over time with ISGF3 feedback strength 
ranging from 10-90%. 
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Chapter 4: NFκB Control of IFNβ Expression 
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Introduction 

	   Type I interferons (IFN-I) are a specialized group of cytokines whose 

activity is critical to ensure a productive antiviral state (Stetson and Medzhitov, 

2006). IFN-I is produced downstream of microbial infection by host pattern 

recognition receptors (PRRs) that recognize specific pathogen associated 

molecular patterns (PAMPs). More specifically, PRRs that recognize 

intracellular nucleic acids are known as retinoic acid-inducible gene 1 (RIG-I)-

like receptors (RLRs), while PRRs that recognize extracellular PAMPs are 

known as toll-like receptors (TLRs) (Kawai and Akira, 2006, 2008). IFN-I is 

secreted from infected cells and binds to the type I interferon receptor (IFNAR) 

on the same cell or on neighboring cells (Stetson and Medzhitov, 2006). After 

binding to IFNAR, the transcription factor ISGF3 is before translocating to the 

nucleus where it then stimulates the production of many interferon-stimulated 

genes (ISGs) (Darnell et al., 1994; Nakaya et al., 2001). A single IFNβ gene 

and a tandem cluster of IFNα genes comprise this cytokine family (Pestka et 

al., 2004).  

The IFNβ gene is activated by the coordinated binding of three 

transcription factors: interferon regulatory factor-3 (IRF3), nuclear factor κB 

(NFκB), and activated protein-1 (AP1) (Agalioti et al., 2000; Ford and Thanos, 

2010; Panne et al., 2004). These three factors comprise one of the most well-

studied models of mammalian gene regulation known as the “enhanceosome” 

(Munshi et al., 1999). The enhanceosome is a region of DNA upstream of the 
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IFNβ transcriptional start site (TSS) that includes four adjacent positive 

regulatory domains (PRD) I-IV (Panne et al., 2007; Thanos and Maniatis, 

1995a). The PRD-II binds NFκB, PRD-I and PRD-III bind IRF3/7, and PRD-IV 

binds AP1; all of which combine together with other chromatin remodeling 

factors to drive robust IFNβ expression following viral infection (Agalioti et al., 

2000; Panne et al., 2004, 2007). Inherent in this model of coordinated and 

recruited transcription factor binding is the idea that all three factors are 

required for the activation and thus the antiviral signaling properties of IFNβ. 

This is true of IRF3 and IRF7, which have been confirmed to be required for 

virus-induced IFNβ expression in genetically deficient dendritic cells (DCs) 

(Honda et al., 2005; Sato et al., 2000). In addition, studies have shown that 

NFκB is required for virus-induced IFN but without the use of genetically 

deficient mice (Merika et al., 1998; Peters et al., 2002; Thanos and Maniatis, 

1995b). 

Five different proteins comprise the NFκB family and can combine to 

form heterodimers or homodimers: p50, p52, RelA (p65), cRel, and RelB 

(Hoffmann and Baltimore, 2006). Surprisingly, recent studies have shown 

NFκB to be dispensable for IFN-I expression in genetically deficient mouse 

embryonic fibroblasts (MEFs) following infection with Sendai and Newcastle 

viruses (Wang et al., 2007). MEFs lacking p65, p50, p65/p50, and cRel/p50 all 

induce normal levels of IFN-I (Wang et al., 2007). While over the course of 

infection there is no requirement for certain NFκB subunits, there is evidence 
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that RelA controls the basal expression of some interferon-stimulated genes 

(ISGs) through reduced basal IFNβ expression (Basagoudanavar et al., 2011; 

Wang et al., 2010). Moreover, another study showed that viral replication is 

increased in RelA deficient MEFs due to a requirement for RelA at early time 

points post infection that causes a delay in IFNβ production (Wang et al., 

2010). There are no studies to date that address the possibility that other 

NFκB subunits can compensate for the loss of RelA, which may be causing 

this seemingly contradictory result that NFκB is not required for IFNβ 

expression.  

In this chapter we used a panel of genetically deficient MEFs to 

determine the requirement of NFκB subunits in response to RLR and TLR4 

stimulation. To our surprise, we find that RLR and TLR4-induced IFNβ 

activation have opposite requirements for NFκB. Furthermore, the loss of p65 

(RelA) leads to hyper-phosphorylation of IRF3, which may be due to the 

reduced expression of the ubiquitin-modifying enzyme, A20.  
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Materials and Methods 

Animals and cell culture 

Wild type C57BL/6 mice were housed in pathogen-free conditions at the 

University of California, San Diego (UCSD) and all procedures were approved 

by the Institutional Animal Care and Use Committee. Mouse embryonic 

fibroblasts (MEFs) were isolated from pregnant wild type, p65-/-, p65-/-crel-/-, 

p65-/-relb-/-, relb-/-crel-/-, p65-/-crel-/-relb-/-, and irf3-/-irf7-/- female mice at 

gestational day 13.5. Cells were cultured in 6 cm dishes in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% bovine calf serum. 

All experiments were performed at passage 6.  

 

Stimuli 

MEFs were stimulated with the TLR4 agonist lipopolysaccharide B5:055 

from Escherichia coli (LPS, 100 ng/ml, Sigma), IFN-β (100 U/ml), or 

transfected with Poly(I:C) using the RNAimax kit per the manufacturer’s 

instructions (tPoly(I:C) 5 µg/ml, Invivogen). 

 

Nuclear extraction and gel shift assays 

MEFs were left unstimulated or stimulated with LPS (100 ng/ml), 

tPoly(I:C) (5 µg/ml), or 100 U/ml IFNβ for times indicated. Cells were collected 

in CE Buffer (10 mM HEPES pH 7.9, 60 mM KCl, 1 mM EDTA, 0.5% NP-40, 1 

mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride) in a microcentrifuge 
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tube. The cells were vortexed for lysis. Nuclei were pelleted at 4000 x g and 

resuspended in NE Buffer (250 mM TRIS pH 7.5, 60 mM KCl, 1 mM EDTA, 1 

mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride). Nuclear lysates were 

cleared by 14,000 x g centrifugation and protein concentrations were 

determined and normalized by a Bradford assay (Bio-Rad).  

Gel-shift assays were performed as previously described (Werner et al., 

2005). Briefly, nuclear extracts were incubated with 38 bp spanning double-

stranded oligonucleotides labeled with 32P containing two consensus κB sites 

(GCTACAAGGGACTTTCCGCTGGGGACTTTCCAGGGAGG, κB probe) or 

the 33-bp ISRE site of the ISG15 gene 

(GATCCTCGGGAAAGGGAAACCTAAACTGAAGCC, ISRE probe) and left at 

room temperature for 15 min prior to complex separation on a nondenaturing 

acrylamide gel. Bands were visualized by autoradiography. 

 

RNA extraction and cDNA synthesis 

MEFs were washed with PBS, homogenized, and total RNA was 

extracted using the QIAshredder and RNeasy kits per the manufacturer’s 

instructions (Qiagen). RNA was eluted in 30ul of RNase-free water. For 

subsequent qPCR analysis, 1 µg of RNA was reverse-transcribed into cDNA 

using the iScript cDNA synthesis kit according to the manufacturer’s 

instruction (Bio-Rad). 
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qPCR 

 Quantitative real-time PCR (qPCR) was performed to measure the 

mRNA expression level of the housekeeping gene GAPDH and several genes 

of interest. Using a CFX384 Real-Time Detection System (Bio-Rad), each 

reaction was performed in triplicate in a final reaction volume of 5 µl, including 

2.5 µl SsoAdvanced SYBR Green Supermix (Bio-Rad), 1.0 µl cDNA template, 

and 1.0 µl (100 nM final concentration) of each primer. Primers were designed 

for each gene using Primer3 (primers are listed in Table 4.1). After 

amplification, quantification cycle (Cq) values were generated using the Bio-

Rad CFX Manager Software 1.6. The fold change of gene expression was 

calculated using the Δ(ΔCq) method as previously described (Schmittgen and 

Livak, 2008) . 

 

Western blotting 

For western blot analysis, whole-cell extracts were prepared after 

stimulation using RIPA buffer supplemented with PMSF, DTT, and 

phosphatase inhibitors, or cytoplasmic and nuclear fractions were extracted as 

described above. Samples were normalized for equal amounts of proteins 

using a Lowry assay. Antibodies to phosph-IRF3 (#4947), IRF3 (#4302) were 

from Cell Signaling. Antibodies to tubulin (sc-5286), usf2 (sc-861), p65 (sc-

372), crel (sc-71), actin (sc-1615) were from Santa Cruz Biotechnology. 

Antibody against a20 (IMG-161A) was from Imgenex. 
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Chromatin Immunoprecipitation  

ChIP was performed as described previously (Métivier et al., 2003) with 

modifications. Briefly, a 15 cm dish of 90% confluent MEFs were crosslinked in 

2mM disuccinimidyl glutarate (Peirce #20593) for 30 min. followed by 1% 

Formaldehyde/PBS for 15 minutes at room temperature. The reaction was 

quenched by adding glycine to a final concentration of 125 mM, and the cells 

were centrifuged immediately (5 min, 700× g, 4°C). Cells were resuspended in 

swelling buffer (10 mM HEPES/KOH pH 7.9, 85 mM KCl, 1 mM EDTA, 0.5% 

IGEPAL CA-630) for 5 minutes. Cells were spun down and resuspended in 

500 µl lysis buffer (50 mM Tris/HCl pH 7.4@20°C, 1% SDS, 0.5% Empigen 

BB, 10 mM EDTA) and chromatin was sheared to an average DNA size of 

300–500 bp by administering 10 pulses of 15 seconds duration at 1.5 power 

output with 30 seconds pause on wet ice using a Fisher sonicator. The lysate 

was cleared by centrifugation (5 min, 16000× g, 4°C), and 500 µl supernatant 

was diluted 2.5-fold with 750 µl dilution buffer (20 mM Tris/HCl pH 7.4@20°C, 

100 mM NaCl, 0.5% Triton X-100, 2 mM EDTA).  The magnetic Dynabeads 

(Life Technologies) were pre-incubated with antibody for protein of interest for 

1 hour in 0.5% BSA then added to the lysate while 1% of the lysate were kept 

as ChIP input. The protein of interest was immunoprecipitated by rotating the 

lysate with the beads overnight at 4°C. The beads were magnetically 

separated, the supernatant discarded, and the beads were washed two times 
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each in 400 µl wash buffer I (WB I) (20 mM Tris/HCl pH 7.4@20°C, 150 mM 

NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA), WB II (20 mM Tris/HCl pH 

7.4@20°C, 500 mM NaCl, 1% Triton X-100, 2 mM EDTA), WB III (10 mM 

Tris/HCl pH 7.4@20°C, 250 mM LiCl, 1% IGEPAL CA-630, 1% Na-

deoxycholate, 1 mM EDTA), and TE. Immunoprecipitated chromatin was 

eluted twice with 100 µl elution buffer each (100 mM NaHCO3, 1% SDS) into 

fresh tubes for 20 min and 10 min, respectively. Eluates were then pooled, the 

Na+ concentration was adjusted to 300 mM with 5 M NaCl and crosslinks were 

reversed overnight at 65°C. The samples were sequentially incubated at 37°C 

for 2 h each with 0.33 mg/ml RNase A and 0.5 mg/ml proteinase K. The DNA 

was isolated using the QiaQuick PCR purification kit (Qiagen) according to the 

manufacturer's instructions. Antibody against IRF-3 (#4302) was purchased 

from Cell Signaling. Antibody against POLII (05-623B) was purchased from 

Millipore.  Eluted DNA was subjected to qPCR analysis (primers listed in Table 

4.1). 

 

Retroviral Reconstitution 

MEFs were reconstituted by retroviral transduction with pBABE or 

pBABE.a20 (created by cloning a mouse A20 ORF into pBABE). Cells were 

selected with puromycin hydrochloride (Sigma). Expression was measured by 

qPCR. 
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siRNA knockdown 

 MEFs were grown to a confluency of 40% and transfected with siRNA 

against A20 using RNAimax reagent as per the manufacturers instructions 

(Invitrogen). SiRNA was purchased from Dharmacon (J-058907-12-0005).  

Expression was measured by qPCR and western blot after 24 and 48 hours.  
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ISG expression is abolished in NFκB-null MEFs stimulated with LPS 

 Our investigation began by stimulating various NFκB knockout MEFs 

with LPS and measuring ISG mRNA expression by microarray. We focused on 

the average-fold change in expression of approximately 450 ISGs. The genes 

in the analysis were selected by determining their expression following IFNβ 

treatment in the same microarray experiment. Genes whose expression 

increased by 2-fold or more at any timepoint (1, 3, or 8 hours) following IFNβ 

treatment were included (data not shown). The median gene expression after 

8 hours of LPS treatment was graphed as box plot (Figure 4.1). p65-deficient 

MEFs displayed slightly elevated ISG expression as compared to wild-type 

whereas p65-/-crel-/- MEFs displayed slightly decreased ISG expression. 

Interestingly, completely NFκB-null MEFs showed almost no ISG expression 

following LPS treatment. This was contradictory to recent findings (Wang et 

al., 2007) which led us to hypothesize that NFκB subunits may be able to 

compensate for one another in the activation of IFNβ where as a complete 

loss of RelA, RelB, and cRel will cause a loss of IFNβ expression, and thus 

ISG expression, in response to PAMPs.  
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p65-/- and p65-/-crel-/- MEFs display normal ISGF3 activity in response to 

TLR and RLR stimulation 

In order to compare our knockouts to previous studies we stimulated 

cells with LPS to activate TLR4 signaling and tPoly (I:C) to activate RLR 

signaling. First we measured ISGF3 activity in p65-/- cells by EMSA and found 

slightly increased induction of ISGF3 activity as compared to wild type, which 

further confirmed our microarray results (Figure 4.2). Also, p65-/-crel-/- MEFs 

induced normal ISGF3 activity to both stimuli (Figure 4.3). As a control, we 

stimulated cells with IFNβ to activate ISGF3 directly and found no difference 

between wild type and p65-/-crel-/- (Figure 4.3). In addition we measured p65 

(RelA), cRel, and IRF3 protein expression in our knockouts and confirmed 

they were indeed genetically deficient (Figure 4.4 A) Knowing tPoly (I:C) to 

induce stronger IRF3 activation than LPS, we measured phosphorylated IRF3 

levels by western blot  following tPoly (I:C) treatment and found that both the 

single and double knockout genotypes actually displayed higher phospho-

IRF3 levels at 3 and 8 hours as compared to wild type (Figure 4.4 B). Taken 

together, these results further demonstrated that RelA and cRel-containing 

dimers are not required for normal downstream ISGF3 activation following 

PAMP treatment.  
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Combinations of double knockout MEFs can induce normal levels of 

IFNβ expression 

 Next, we wanted to investigate IFNβ expression directly in all possible 

combinations of NFκB double knockout MEFs including RelA, RelB and cRel. 

We measured IFNβ mRNA expression by qPCR in response to LPS and tPoly 

(I:C) in p65-/-, p65-/-crel-/-, p65-/-relb-/-, and relb-/-crel-/- MEFs (Figure 4.5). To our 

surprise, no combination of knockouts displayed significantly reduced levels of 

IFNβ expression in response to tPoly (I:C) (Figure 4.5, top panel). Also as 

expected from our previous experiments, LPS-stimulated p65-/- and p65-/-crel-/- 

MEFs induced the same levels of IFNβ mRNA as wild type. IFNβ expression 

was also detected in p65-/-relb-/- and relb-/-crel-/- MEFs following LPS treatment 

(Figure 4.5, lower panel). All combinations responded normally to IFNβ 

treatment alone as measured by ISG15, an ISGF3 target gene, mRNA 

expression (Figure 4.6). Interestingly, knockout combinations lacking RelB 

showed elevated IFN levels at 8 hours implying a possible role for RelB in the 

negative regulation of IFN that is specific to TLR4 signaling (Figure 4.5).   
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TLR and RLR-induced IFNβ expression have opposite requirements for 

NFκB 

 In order to provide conclusive data as to the requirement of NFκB for 

IFNβ expression and the possibility of compensation, we generated MEFs 

lacking all three transcriptional activation domain-containing subunits: RelA, 

RelB, and cRel. p65-/-crel-/-relb-/- (NFκB 3KO) MEFs still contain p50:p50, 

p52:p52, p50:p52 dimers, which can bind DNA but cannot activate 

transcription (O’Dea and Hoffmann, 2009). First, we wanted to measure NFκB 

activity in irf3-/-irf7-/- (IRF KO) MEFs and phosphorylated IRF3 levels in the 

NFκB 3KO MEFs to check their responsiveness as compared to wild type. We 

found that IRF KOs had slightly elevated NFκB activity in response to LPS 

(Figure 4.7 A). We were unable to detect phosphorylated IRF3 in response to 

LPS in any MEF genotype. However nuclear translocation of IRF3 in the NFκB 

3KO was similar to wild type (Figure 4.7 B). In response to intracellular 

dsRNA, NFκB activity was similarly elevated in the IRF KO and 

phosphorylated IRF3 levels in the NFκB 3KO were also increased (Figure 4.8 

A and B). This data agrees with our previous findings that MEFs lacking p65 

have increased IRF3 phosphorylation in response to dsRNA. Finally, we 

measured IFNβ mRNA expression in response to dsRNA in our NFκB 3KO 

MEFs and found comparable levels to that of wild type cells (Figure 4.9). 

Contrary to our original hypothesis we found that NFκB is completely 

dispensable for RLR-induced IFNβ expression. From our microarray 
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experiments we found almost no ISG expression in NFκB 3KO cells in 

response to LPS implying that NFκB is required for IFNβ expression 

downstream of TLR signaling (Figure 4.1). We confirmed this result by 

measuring IFNβ mRNA following LPS treatment and found completely 

abolished IFNβ expression and ISG15 expression in NFκB 3KO MEFs (Figure 

4.10). In fact, the loss of NFκB showed the same level of reduction as the IRF 

KO in the case of LPS. Taken together, these results demonstrate that while 

IRF3/7 is required for IFNβ expression in response to TLR4 or RLR signaling, 

NFκB is only required for TLR4-induced IFN. 
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Elevated IRF3 activity in the absence of p65 may be due to a reduction of 

A20 expression 

 In our previous experiments we noticed observed hyperphosphorylation 

of IRF3 at late time points in knockouts lacking RelA (Figure 4.4 and Figure 

4.8 B). Because phosphorylation does not tell us about the activity of IRF3, we 

decided to perform a ChIP experiment to compare IRF3 and POLII binding to 

the IFNβ promoter in the absence of RelA. We found that both p65-/- and p65-/-

crel-/- MEFs had increased IRF3 and POLII binding following 8 hours of Poly 

(I:C) transfection as compared to wild type (Figure 4.11).  It is known that 

RLR-induced IRF3 activity can be modulated by the ubiquitin-modifying 

enzyme, A20 (Lin et al., 2006; Maelfait et al., 2012). We hypothesized that the 

increase in IRF3 activity that we observed in the absence of RelA was due to 

reduced expression of A20, a known NFκB target gene. Indeed following Poly 

(I:C) transfection we found very little A20 expression over time in p65-/- and 

p65-/-crel-/- MEFs as compared to wild type cells (Figure 4.12). To test our 

hypothesis we performed a siRNA knockdown of A20 in wild type cells to see 

if we could observe hyperphosphorylation of IRF3 at late time points. We first 

confirmed that our knockdown was working by measuring A20 mRNA and 

protein levels after 24 and 48 hours with varying concentrations of siRNA 

transfection (Figure 4.13 A and B). After confirming knockdown we treated wild 

type cells with siRNA for 48 hours then stimulated them with intracellular 

dsRNA and measured IRF3 phosphorylation. We found only a modest 
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increase in IRF3 phosphorylation after 8 hours of Poly (I:C) transfection 

(Figure 4.13 C). To further test our hypothesis we performed a retroviral 

reconstitution experiment to add A20 to p65-/-crel-/- MEFs to see if we could 

reduce the IRF3 hyperphosphorylation in response to dsRNA. We were able to 

reconstitute p65-/-crel-/- MEFs with A20 however we lost the inducibility of A20 

after reconstitution that we normally would see in wild type cells (Figure 4.14). 

We tried several times to treat our reconstituted cells with dsRNA and 

measure phosphorylated IRF3 by western blot but found that our cells had lost 

their responsiveness to stimulus following reconstitution (data not shown). Our 

results demonstrate that IRF3 and POLII activities are increased at late time 

points in response to transfected poly (I:C) in the absence of RelA but the role 

of A20 in this process is still unclear.  
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Discussion 

The IFNβ gene is activated by the coordinated binding of three 

transcription factors: interferon regulatory factor-3 (IRF3), nuclear factor κB 

(NFκB), and activated protein-1 (AP1). These three factors combine together 

with other chromatin remodeling factors to drive robust IFNβ expression 

following viral infection and comprise one of the most well studied models of 

mammalian gene regulation known as the “enhanceosome”. Inherent in this 

model of coordinated and recruited transcription factor binding is the idea that 

all three factors are required for the activation and thus the antiviral signaling 

properties of IFNβ. Recent work in cells lacking some NFκB subunits has 

challenged this 20-year-old paradigm. By using cells deficient in all 

transcriptional activation domain-containing subunits of NFκB our studies 

uncover a differential requirement for NFκB in RLR and TLR-induced IFNβ 

responses.   

Initially, our microarray data in the NFκB 3KO led to our hypothesis that 

NFκB subunits can provide compensation for one another and that only in the 

complete absence of RelA, RelB, and cRel do we see a reduction in interferon 

signaling. The microarray was done using LPS as the stimulus to activate 

TLR4 signaling although many studies from other labs have used various 

viruses to activate RLR signaling. We used both LPS and intracellular dsRNA 

in our subsequent experiments to be able to compare our results to previously 

published results. We confirmed our microarray results and found a complete 
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loss of IFNβ expression in response to LPS. Since all combinations of double 

knockout MEFs displayed normal IFN activation, our data demonstrates that 

NFκB subunits can most likely compensate for one another in response to 

LPS. To our surprise, we found NFκB to be completely dispensable for RLR-

induced IFN expression. It is possible that NFκB plays a significant role in IFN 

expression only when IRF3 activity is very low as in the case of LPS 

stimulation. IRF3 and IRF7 are required for IFNβ expression in both cases but 

the basal activity of IRF3/7 may be enough to induce expression in response 

to LPS. We can think of two possible mechanisms that can explain the 

differential requirement for NFκB. The first is that there may be a TLR4 

signaling molecule that is non-functional or not expressed in the NFκB 3KO 

that causes a complete loss of IRF3/7 binding. In this scenario, the recruitment 

of NFκB to the IFN enhancer is not required for activation. The second 

possibility is that RLR signaling activates some other transcription factor that is 

not induced by LPS and that factor’s activity can compensate for the loss of 

NFκB. Further studies should be done to determine the mechanism for this 

differential requirement for NFκB.  

 In addition to the aforementioned findings we also observed increased 

phosphorylation and promoter occupancy by IRF3 in all of our knockouts 

lacking RelA when transfected with poly (I:C). Since A20 has been implicated 

in the down regulation of IRF3 activity and A20 is a known NFκB target gene 

we hypothesized that the loss of A20 expression would lead to increased IRF3 
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activity. Our siRNA knockdown of A20 only led to a slight increase in IRF3 

phosphorylation at 8 hours following dsRNA treatment. Retroviral 

reconstitution of A20 in p65-/-crel-/- MEFs rendered the cells unresponsive to 

stimulus. Since our MEFs are primary cells, retroviral infection may cause a 

loss of responsiveness not seen in immortalized cells. Also, retroviral 

reconstitution removes the inducibility of A20, which may be important for its 

regulation of IRF3. Further experiments should be done to explore other 

possible mechanisms.  

Lastly, understanding the contribution and dynamics of NFκB in IFNβ 

activation is critical for a predictive understanding of the interferon responses 

to various PAMPs. 
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Table 4.1 Primers used for qPCR and ChIP 

 

Gene 
Accession 
Number Name Sequence 

Ifnb_rt NM_010510.1 rt_IFNb.f GGTCCGAGCAGAGATCTTCA 
  rt_IFNb.r CTGAGGCATCAACTGACAGG 
Gapdh NM_008084.2 Gapdh.f  AACTTTGGCATTGTGGAAGG 
  Gapdh.r  GGATGCAGGGATGATGTTCT 

A20 
NM_00116640
2.1 Tnfaip3.f GCACACTCGGAAGCACCATG 

  Tnfaip3.r ATGCTGGCTTGATCTCAGCTG 
Isg15 NM_015783.3 Isg15.f AAGCAGCCAGAAGCAGACTC 
  Isg15.r CCCCAGCATCTTCACCTTTA 
Ifnb_chip NC_000070.6 Ifnb_2_f GAAGCCAGGCTGGTGTCGGC 
  Ifnb_2_r TCTGAGGCAGAAAGGACCATCC 
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Figure 4.1 Microarray mRNA expression of ISGs following LPS treatment 
in NFκB knockout MEFs. 
Microarray mRNA expression data from wt, p65-/-, p65-/-crel-/-, and p65-/-crel-/-
relb-/- MEFs that were left untreated or treated with LPS (100 ng/ml) for 8 
hours. All data is calculated as fold-change normalized to unstimulated gene 
expression in each knockout. Genes in analysis are IFN-inducible by >2-fold at 
1, 3, or 8 hours following treatment with IFNβ (100 U/ml). Median ISG 
expression is represented in a box plot (450 genes total). The centerline of a 
given box represents the median of the data while the upper and lower edges 
of the box represent the median of data above or below the center median, 
respectively. The whiskers on each box represent one standard deviation 
above and below the mean of the data.  
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Figure 4.2 ISGF3 activity of p65-/- MEFs treated with LPS or tPoly (I:C) 
EMSA analysis of ISGF3 activity in WT and p65-/- MEFs treated with LPS (100 
ng/ml) (top panel) or transfected with Poly (I:C) (5 µg/ml) (lower panel) for the 
times indicated.  
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Figure 4.3 ISGF3 activity of p65-/-crel-/- MEFs treated with LPS or tPoly 
(I:C) 
EMSA analysis of ISGF3 activity in WT and p65-/-crel-/- MEFs treated with LPS 
(100 ng/ml), transfected with Poly (I:C) (5 µg/ml), or treated with IFNβ (100 
U/ml) for the times indicated.  
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Figure 4.4 IRF3 activity of p65-/- and p65-/-crel-/- MEFs treated with LPS or 
tPoly (I:C) 
(A) Whole cell western blot analysis of RelA (p65), cRel, and IRF3 expression 
levels in resting WT, p65-/- and p65-/-crel-/- MEFs. 
(B) Whole cell western blot analysis of IRF3 phosphorylation (P-IRF3) in wild-
type (wt), p65-/- and p65-/-crel-/- MEFs transfected with Poly I:C (5 µg/ml) over 8 
hours. 
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Figure 4.5 IFNβ mRNA expression in NFκB double knockout MEFs 
Quantitative real-time PCR (RT-qPCR) analysis of ifnβ1 mRNA expression in 
wild-type (blue) or knockout (red) MEFs transfected with Poly I:C (5 µg/ml) 
(top panel) or treated with LPS (100 ng/ml) for 0, 1, 3, and 8 hours. All data 
points are normalized to unstimulated wild-type mRNA levels and reported as 
fold change on a Log2 scale. All PCR triplicates have a standard deviation 
less than 0.3.	  
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Figure 4.6 NFκB double knockout MEFs respond normally to IFNβ 
treatment 
Quantitative real-time PCR (RT-qPCR) analysis of isg15 mRNA expression in 
wild-type (blue) or knockout (red) MEFs treated with IFNβ (100 U/ml) for 0, 1, 
3, and 8 hours. All data points are normalized to unstimulated wild-type mRNA 
levels and reported as fold change on a Log2 scale. All PCR triplicates have a 
standard deviation less than 0.3.	  
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Figure 4.7 NFκB and IRF3 activities of NFκB triple knockout and irf3-/-irf7-

/- MEFs treated with LPS 
(A) EMSA analysis of NFκB activity in in WT, irf3-/-irf7-/-, and p65-/-crel-/-relb-/- 
MEFs treated with LPS (100 ng/ml) for the times indicated. 
(B) Nuclear western blot analysis of IRF3 nuclear translocation in WT, irf3-/-irf7-

/-, and p65-/-crel-/-relb-/- MEFs treated with LPS (100 ng/ml) for the times 
indicated. 
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Figure 4.8 NFκB and IRF3 activities of NFκB triple knockout and irf3-/-irf7-

/- MEFs treated with tPoly (I:C) 
(A) EMSA analysis of NFκB activity in in WT, irf3-/-irf7-/-, and p65-/-crel-/-relb-/- 
MEFs transfected with poly (I:C) (5 µg/ml) for the times indicated. 
(B) Nuclear western blot analysis of IRF3 phosphorylation and nuclear 
translocation in WT, irf3-/-irf7-/-, and p65-/-crel-/-relb-/- MEFs transfected with poly 
(I:C) (5 µg/ml) for the times indicated. 
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Figure 4.9 IFNβ mRNA expression in NFκB 3KO and IRF KO MEFs 
following poly (I:C) transfection 
(A) Quantitative real-time PCR (RT-qPCR) analysis of ifnβ1 mRNA expression 
in wild-type (blue), NFκB 3KO (red), or IRF KO (black) MEFs transfected with 
poly (I:C) (5 µg/ml) for  1, 3, and 8 hours. All data points are normalized to 
unstimulated wild-type mRNA levels and reported as fold change on a Log2 
scale. Error bars represent PCR triplicates. 
(B) Quantitative real-time PCR (RT-qPCR) analysis of isg15 mRNA expression 
in wild-type (blue), NFκB 3KO (red), or IRF KO (black) MEFs transfected with 
poly (I:C) (5 µg/ml) for 1, 3, and 8 hours.  
(C) Quantitative real-time PCR (RT-qPCR) analysis of isg15 mRNA 
expression in wild-type (blue), NFκB 3KO (red), or IRF KO (black) MEFs 
treated with IFNβ (100 U/ml) for 1, 3, and 8 hours. 	  
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Figure 4.10 IFNβ mRNA expression in NFκB 3KO and IRF KO MEFs 
following LPS stimulation 
(A) Quantitative real-time PCR (RT-qPCR) analysis of ifnβ1 mRNA expression 
in wild-type (blue), NFκB 3KO (red), or IRF KO (black) MEFs treated with LPS 
(100 ng/ml) for 1, 3, and 8 hours. All data points are normalized to 
unstimulated wild-type mRNA levels and reported as fold change on a Log2 
scale. Error bars represent PCR triplicates. 
(B) Quantitative real-time PCR (RT-qPCR) analysis of isg15 mRNA expression 
in wild-type (blue), NFκB 3KO (red), or IRF KO (black) MEFs treated with LPS 
(100 ng/ml) for 1, 3, and 8 hours.  
(C) Quantitative real-time PCR (RT-qPCR) analysis of isg15 mRNA 
expression in wild-type (blue), NFκB 3KO (red), or IRF KO (black) MEFs 
treated with IFNβ (100 U/ml) for 1, 3, and 8 hours. 	  
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Figure 4.11 Chromatin immunoprecipitation of IRF3 and POLII on the 
IFNβ promoter after poly (I:C) transfection.  
MEFs were stimulated with tPoly (I:C) for 8 hours then analyzed by ChIP 
followed by qPCR for IRF3 (A) and POLII (B) recruitment to the IFNβ 
promoter. Error bars represent PCR triplicates. IgG was used as a control for 
background.  
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Figure 4.12 A20 mRNA expression in the absence of p65. 
Quantitative real-time PCR (RT-qPCR) analysis of A20 mRNA expression in 
wild-type (blue), p65-/- (red), or p65-/-crel-/- (black) MEFs transfected with Poly 
I:C (5 µg/ml) for  1, 3, and 8 hours. All data points are normalized to 
unstimulated wild-type mRNA levels and reported as fold change on a Log2 
scale. Error bars represent PCR triplicates. 
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Figure 4.13 SiRNA knockdown of A20 in WT MEFs. 
(A) Quantitative real-time PCR (RT-qPCR) analysis of A20 mRNA expression 
following 24 hours (blue) or 48 hours (red) of varying concentrations of siRNA 
transfection. Data is normalized to “no siRNA” control. Error bars represent 
PCR triplicates.  
(B) Whole cell western blot analysis of A20 protein expression following 24 or 
48 hours of varying concentrations of siRNA transfection. 
(C) Whole cell western blot analysis of pIRF3 levels in WT MEFs stimulated 
with tPoly (I:C) (5 µg/ml) for times indicated. Prior to stimulation cells were 
transfected with 30 nM A20 or control siRNA for 48 hours. 
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Figure 4.14 Retroviral reconstitution of A20 in p65-/-crel-/- MEFs. 
(A) Quantitative real-time PCR (RT-qPCR) analysis of A20 mRNA expression 
following poly (I:C) (5µg/ml) transfection in WT and p65-/-crel-/- MEFs. Data is 
normalized to unstimulated wild type expression. Error bars represent PCR 
triplicates.  
(B) Quantitative real-time PCR (RT-qPCR) analysis of A20 mRNA expression 
following poly (I:C) (5µg/ml) transfection in p65-/-crel-/- MEFs reconstituted with 
pBABE or pBABE.A20.	   Data is normalized to unstimulated empty vector 
control. Error bars represent PCR triplicates.  
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Chapter 5: Concluding Overview and Future Directions 
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The innate immune system is the first line of defense to incoming 

pathogens. Pathogen invasion triggers a series of immune responses through 

interactions of pathogen virulence factors and host immune surveillance 

mechanisms (Kumar et al., 2011). The host recognizes conserved molecular 

structures known as pathogen-associated molecular patterns (PAMPs) that 

are sensed within or on the surface of immune cells by pattern recognition 

receptors (PRRs). Once PRRs are engaged by an incoming pathogen, many 

complex signaling pathways are initiated that ultimately lead to cytokine and 

chemokine production to eliminate the pathogen (Kawai and Akira, 2006, 

2010; Kumar et al., 2011). In addition to cytokine production, the innate 

immune system is also responsible for presenting pathogen-specific antigens 

to cells within the adaptive immune system (Iwasaki and Medzhitov, 2010).  

Classes of PRRs include TLRs and RLRs, which upon pathogen 

recognition signal through various adaptor molecules and kinases to activate 

the transcription factors NFκB and IRF3. The IFNβ gene is activated by the 

coordinated binding of NFκB, IRF3, and AP1 (Agalioti et al., 2000; Ford and 

Thanos, 2010; Panne et al., 2004). IFNβ is secreted from virally infected cells 

and binds to the type I interferon receptor (IFNAR) in an autocrine and 

paracrine manner to induce the expression of antiviral genes through the 

activation and activity of ISGF3 (Stetson and Medzhitov, 2006). The positive 

physiological responses of IFNβ signaling are anti-viral, immunomodulatory, 

and anti-tumorigenic but uncontrolled IFNβ signaling can lead to autoimmune 



 

 

127	  

disorders (Pestka et al., 2004; Platanias, 2005). Therefore it is important to 

study IFN responses to pathogens in a quantitative manner to be able to form 

a predictive understanding of physiological outcomes. 

In chapter 2 we used a mathematical model to examine the IFN 

signaling system. Our model, while simple, was sufficient to recapitulate our 

ISGF3 responses at a wide range of IFNβ doses in BMDMs and RAW cells. 

This suggests that in some cases many biochemical reactions can be 

combined into a single reaction to reduce the size of larger models but can still 

recapitulate stimulus-induced responses. Our approach with this model was to 

be completely unbiased as all parameters were allowed to vary freely between 

each cell type. 

In addition to providing sufficiency test, our model was able to impart 

some insight into a molecular mechanism that may control ISGF3 dynamics. 

The model fits revealed that RAW macrophages have a higher basal flux of 

IFNAR. By tuning the flux we showed that a faster flux could prolong ISGF3 

activity at high doses of IFN. Steady-state fluxes of certain proteins have been 

shown to be important for cellular responses to stimuli (Loriaux and Hoffmann, 

2013; O’Dea et al., 2007, 2008) and thus our findings in this chapter warrant 

further experimental investigation and validation of our modeling predictions. 

Also, our IFN model should be combined with other models, such as a TLR or 

RLR model, to predict downstream ISGF3 responses following pathogen 

infection.  
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In chapter 3 we examined the specificity of IRF3 and ISGF3 in the 

innate immune response to dsRNA. Our results indicate IRF3 plays a critical 

role in the quick acute response to dsRNA. We found that many IRF3-

controlled genes encode cytokines and chemokines that can be secreted from 

infected cells to warn uninfected cells or recruit other immune cells necessary 

to clear the pathogen. Our microarray results show that genes that are 

primarily controlled by ISGF3 are involved in immune and defense responses, 

as we would expect. It is important to note the expression of many genes 

appears to be controlled by both IRF3 and ISGF3 to some degree. This 

redundancy and overlap implies that intrinsic defense can actually occur in 

both infected and bystander cells to ensure a quick and robust response. In 

addition, our ChIP-seq analysis combined with our functional gene expression 

analysis led us to define the consensus sequences for IRF3 and ISGF3. In the 

case of ISGF3 we confirmed the known sequence to be GAAANNGAAACT. 

Furthermore, we defined a novel IRF3 consensus sequence: AAATGGAAA.  

Our modeling efforts in chapter 3 attempt to illustrate how the sequence 

and functional specificity of IRF3 and ISGF3 combine to produce and 

propagate the signal of IFNβ within a simulated tissue. We started by 

examining how ISGF3 activity spreads from a single infected cell both spatially 

and temporally. We discovered that non-overlapping specificities of IRF3 and 

ISGF3 is critical to preventing a bistable system which could potentially lead to 

a cytokine storm that would be catastrophic for the tissue. However, specificity 
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is rarely perfect and our data suggests that ISGF3 can activate IFNβ 

independently to some degree. By varying the amount of feedback strength in 

our simulations we found that while ISGF3 may be able to activate IFNβ to 

some degree it is not enough to generate a positive feedback loop that will 

lead to a detrimental, bistable system.  

Lastly chapter 3 focuses on IRF3 and ISGF3 however  the IRF family of 

transcription factors contains other members such as IRF1 and IRF7, which 

have overlapping functions in the innate immune response. Like IRF3, these 

are cell intrinsic factors (not activated in neighboring uninfected cells) and their 

role in this system should be addressed in future work. Also, the IRF7 gene is 

induced by ISGF3 and may play a role in the initial resting state of cells lacking 

type I interferon signaling. A clear delineation of basal and inducible functions 

of IRF7 in gene expression and DNA-binding are still unclear. Quantitative 

information about consensus sequences, functional specificity, and dynamics 

is critical for a predictive understanding of the IRF signaling system and the 

control of innate immune responses. 

In chapter 4 we cleared up some literature discrepancies regarded the 

role of NFκB in RLR and TLR induced IFNβ activation. Initially, our microarray 

data in the NFκB 3KO led to our hypothesis that NFκB subunits can provide 

compensation for one another and that only in the complete absence of RelA, 

RelB, and cRel do we see a reduction in interferon signaling. We confirmed 

our microarray results and found a complete loss of IFNβ expression in 
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response to LPS. Since all combinations of double knockout MEFs displayed 

normal IFN activation, our data demonstrates that NFκB subunits can most 

likely compensate for one another in response to LPS. To our surprise, we 

found NFκB to be completely dispensable for RLR-induced IFN expression. It 

is possible that NFκB plays a significant role in IFN expression only when IRF3 

activity is very low as in the case of LPS stimulation. IRF3 and IRF7 are 

required for IFNβ expression in both cases but the basal activity of IRF3/7 may 

be enough to induce expression in response to LPS.  

We can think of two possible mechanisms that can explain the 

differential requirement for NFκB. The first is that there may be a TLR4 

signaling molecule that is non-functional or not expressed in the NFκB 3KO 

that causes a complete loss of IRF3/7 binding. In this scenario, the recruitment 

of NFκB to the IFN enhancer is not required for activation. The second 

possibility is that RLR signaling activates some other transcription factor that is 

not induced by LPS and that factor’s activity can compensate for the loss of 

NFκB. This work has laid the foundation for future experimets to determine the 

mechanism for this differential requirement for NFκB. In addition, much of the 

pioneering work on the enhaceosome was done in human model systems. It is 

possible that enhancesome formation is not as highly regulated in mice. 

Finally, this dissertation combines biochemical, bioinformatic, and 

mathematical approaches to which is the key to understanding these highly 

complex signaling pathways. 
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