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ABSTRACT OF THE DISSERTATION 

 

Distinct Roles of NF-κB p50 Homodimer in the Genomic Innate Immune 

Response  

 

by 

 

Kristyn Elizabeth Feldman 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California, San Diego, 2013 

 

Professor Alexander Hoffmann, Chair 

 

Two signaling systems play major roles in the innate immune response 

to pathogens. The NF-κB signaling network is primarily associated with the 

innate immune response to bacterial pathogens, while the network of 
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interferon response factors (IRFs) is primarily associated with the response to 

viral pathogens. Some pathogen associated molecular pattern (PAMP) 

receptors coordinate signaling between both the NF-κB and IRF signaling 

networks. Although these networks can classically act in a synergistic manner 

and are capable of crosstalk, I propose that some scenarios provoke 

antagonistic interactions between the two systems. I hypothesize that while 

there is a core innate immune response that is activated in response to 

disparate pathogens, there is also specificity demonstrated by subsets of 

innate immune effector genes. Furthermore, I hypothesize that the NF-κB p50 

homodimer is binding to and regulating a subset of Interferon Response 

Elements (IRE) and repressing both IFN-responsive genes and IFN-

independent genes. 

To investigate the above hypotheses I undertook experiments to 

address four primary aims: (1) Determine the role of the NF-κB and IFN 

signaling systems during macrophage responses to PAMPs and infection by 

viral and bacterial pathogens; (2) Characterize the aberrant p50ko response to 

TLR agonists and pathogens by exploring the effect of p50ko in the context of 

ablated type I IFN signaling; (3) Examine the innate immune specificity in the 

macrophage expression response to TLR agonists and pathogens using next 

generation sequencing; (4) Investigate the differences in innate immune 

activity between acute and relapsing brucellosis in a patient cohort in Lima, 

Peru by comparing cytokine gene expression and protein secretion in 
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peripheral blood mononuclear cells in response to TLR ligands and heat-killed 

Brucella melitensis. Taken together, these studies define the role of p50 during 

macrophage host defense and examine the overall specificity of the innate 

immune response to pathogens. 
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Chapter 1: General Introduction 

1.1 Significance  

 Every day healthy individuals are exposed to dozens of microorganisms 

capable of causing disease and the host’s innate immune system is the first 

line of defense. Generally, many invading organisms can be detected, 

controlled, and destroyed within minutes to a few hours without ever involving 

the adaptive, antigen-specific branch of immunity. Only infectious agents 

capable of subverting or overwhelming the innate immune system ever 

encounter the adaptive immune system, however, innate mechanisms ensure 

pathogen progression is delayed enough to allow the adaptive immune system 

time to activate.  

Macrophages play an important role in the innate immune system: 

these large, phagocytic cells are bone marrow-derived, mononuclear, and can 

be found in most tissues throughout the body. They have many diverse 

functions, some of which even span both the innate and adaptive immune 

systems. Macrophages are effective scavengers and express many pathogen-

recognition receptors (PRRs) on their cell surface. Once activated, they can 

kill many intruding microorganisms and secrete cytokines to recruit and 

activate other immune cells. While most of these effector functions fall under 

the innate system, macrophages can also present antigens to cells of the 

adaptive system. 
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Two signaling systems play major roles in the innate immune response 

to pathogens. The nuclear factor-κB (NF-κB) signaling network is primarily 

associated with the innate immune response to bacterial pathogens, while the 

network of interferon regulatory factors (IRFs) is primarily associated with the 

response to viral pathogens. My investigation will predominantly focus on the 

complex interplay between these pathways in macrophages during either viral 

or bacterial infections. 

 

1.2 The NF-κB family of transcription factors 

 When an infectious agent challenges the host, the innate immune 

system is often first to respond and NF-κB helps regulate many of the ensuing 

immune processes. The NF-κB family of transcription factors is comprised of 

five members: p50/p105 (NF-κB1), p52/p100 (NF-κB2), p65 (RelA), RelB and 

cRel. These five homologous proteins form homo- or heterodimers, which 

upon activation, translocate from the cytoplasm to the nucleus and regulate 

transcription [1]. While in the cytoplasm the dimers are in complex with a 

member of the IκB protein family, which retains the dimer there and inhibits the 

transcription factor’s activity. Once a cell encounters a stimulus, the IκB 

proteins can be degraded and the NF-κB dimers are released to the nucleus 

[2]. 

The five NF-κB polypeptides are able to form 15 distinct transcription 

factors, each with a different physiological role and transcriptional effect. In 
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resting macrophages, the most commonly found forms are p50 homodimers 

and p65:p50 heterodimers. While p65:p50 can be rapidly modified and 

activated (and acts as a transcriptional activator), both p50 and p52 lack the 

characteristic transcription activation domain, and are therefore currently 

thought to act as repressors of gene expression unless associated with other 

factors [3]. Once in the nucleus, these NF-κB dimers can bind to κB 

consensus sites (GGRATYYCC, where the bolded A can also be a C or T) in 

the genome and affect the transcription of a variety of genes, including many 

immune response genes [4]. Typically, NF-κB activation in response to 

bacterial pathogens causes the induction of pro-inflammatory cytokines like 

TNF-α, IL-1α, and IL-6.  

  

1.3 Toll-like receptors 

In macrophages, NF-κB can be activated downstream of specific 

pattern recognition receptors (PRRs) like Toll-like receptors (TLRs). There are 

14 known TLRs and they function as both homo- and heterodimers. Each TLR 

is capable of detecting specific pathogen-associated molecular patterns 

(PAMPs) found in or on microbial pathogens. Extracellular TLRs are capable 

of recognizing peptidoglycans, lipoproteins (TLR2/1), lipopolysaccharides, 

lipoteichoic acids (TLR4), flagellin (TLR5), and flagellin or profilin from bacteria 

or parasitic microbes (TLR11). Additionally, there are intracellular TLRs 

capable of recognizing double stranded RNA (TLR3), single stranded RNA 
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(TLR7/8), and CpG DNA motifs (TLR9) [5]. Once these receptors are activated 

by an invading pathogen, a complex signaling system is engaged with a large 

number of signals leading to the activation NF-κB [6].  

All of the currently characterized TLRs (except TLR3) recruit the 

adaptor molecule Myeloid Differentiation Primary-Response Protein-88 

(MyD88), which has both a Toll–interleukin-1 (IL-1) receptor (TIR) domain and 

a death domain [5, 7]. Once activated, MyD88 interacts with the Interleukin-1 

Receptor-associated Kinase (IRAK) family of protein kinases. This cascade of 

reactions culminates in the degradation of IκB and activation of NF-κB (Figure 

1.1). While NF-κB can be activated through several other pathways, this 

MyD88-dependent activation will be the main focus of the investigation. 

Alternatively, TIR-domain-containing adapter-inducing interferon-β 

(TRIF) is an adapter for TLR4 and TLR3 signaling, and signaling through this 

adaptor results in the activation of IRF3 and the production of type I interferons 

[8, 9]. 

 

1.5 The IRF family of transcription factors 

Similar to the NF-κB network, IRFs are activated in response to 

infectious microbes. The interferon family of cytokines is so named due to their 

ability to interfere with viral replication, and conveniently the interferon 

regulatory factors are just as aptly named: when activated, these factors 

regulate the transcription of both the interferon cytokines and genes affected 
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by the interferon cytokines [10]. Since the presence of interferon can induce 

further synthesis of interferon cytokines, feedback and cell priming, or 

activation from previous inflammation or microbial encounters, are very 

important to understanding the complex action and physiology of these 

factors. 

As expected, during a viral infection the most prominent group of 

cytokines produced are the interferons (IFNs). There are two main classes of 

IFNs: type I IFNs include the multiple IFN-α and single IFN-β family members 

and type II IFNs include the single IFN-γ [11]. While these cytokines have 

potent antiviral activity, they also serve many other immunoregulatory 

functions, and are highly regulated. The type I IFNs are regulated by several 

key transcription factors capable of binding to positive regulatory domains 

found within the promoters of these genes: NF-κB can bind to κB sites, IRFs 

(mainly IRF3, 5, 7, and 9) can bind to the IFN-stimulated response element 

(ISRE) sites, and c-Jun/activated transcription factor-2 (ATF-2) can form a 

heterodimer and bind to c-AMP responsive elements (CRE). In macrophages, 

IRF3 is activated through phosphorylation by TANK-binding kinase 1 (TBK1), 

a kinase of the TRIF pathway [12]. 

 

1.6 The type I interferons 

Once secreted, interferons bind to cell surface receptors to initiate 

signaling: type I interferons bind to the type I IFN receptor, IFNAR (composed 
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of subunits IFNAR1 and IFNAR2) and activate several members of the Janus 

family of protein tyrosine kinases (Jak) which can phosphorylate downstream 

factors. IRF3-driven production of type I IFN results in an autocrine loop that 

activates a second IRF family member, IFN-α–stimulated gene factor 3 

(ISGF3), a heterotrimer composed of signal transducers and activators of 

transcription (Stat) 1, Stat2 and IRF9 (Figure 1.2). The activated Janus 

kinases are responsible for phosphorylating Stat1 and 2, which subsequently 

interact with IRF9, translocate to the nucleus, and bind to ISRE sites [13]. 

IRF3 and ISGF3 appear to have largely overlapping DNA binding specificities 

for the IFN response element (IRE) consensus sequence (AANNGAAA) [14]. 

Complexity and crosstalk arise between the NF-κB and IFN signaling 

pathways when engagement of TLRs promotes the production of IFN-α/β, 

leading to subsequent activation of IFN signaling feedback. This network of 

interactions is important for immune cells, like macrophages, to both control 

the invading pathogen and recruit other immune cells to amplify the primary 

innate response. Defects in these signaling pathways (p50 knockouts, IFNAR 

knockouts) should be able to reveal interesting functional information about 

exactly which parts of these networks are responsible for the observed 

biological responses of pivotal cells like the macrophage. 
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1.7 Brucellosis in Peru 

Brucellosis is a disease caused by transmission of bacteria of the 

Brucella genus from infected animals to humans. Four species are typically 

responsible for human infections, B. abortus, B. melitensis, B. suis, and B. 

canis, and are transmitted from animal reservoirs including infected cows, 

goats or sheep, pigs, and dogs, respectively. Infection occurs by ingestion of 

contaminated unpasteurized milk or cheese or through contact with blood or 

materials from infected animals [15]. B. melitensis is recognized as not only 

the most virulent species, needing only a few organisms (10-100) to establish 

infection, but is also the predominant species responsible for the brucellosis 

burden in Peru [16, 17]. While most patients treated with antibiotics will be 

cured of the infection, between 5-40% of patients experience a relapse of 

brucellosis. The mechanisms underlying these recurring infections remain 

poorly understood.  

Through a collaborative study in Lima, Peru, I examined the ex vivo 

immune cytokine profiles of peripheral blood mononuclear cells (PBMCs) from 

patients with a history of acute and relapsing brucellosis. I wanted to 

determine whether we could detect differences in the gene expression or 

secretion of innate immune cytokines after stimulating patient PBMCs with a 

panel of TLR ligand or Brucella spp. antigens.  
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1.8 Objectives of the Dissertation 

 The objectives of this dissertation are centered on the following 

hypothesis: 

Some pathogen associated molecular pattern (PAMP) receptors 

coordinate signaling between both the NF-κB and IRF signaling networks. 

Although these networks can classically act in a synergistic manner and are 

capable of crosstalk, I propose that some scenarios provoke antagonistic 

interactions between the two systems. I hypothesize that while there is a core 

innate immune response that is activated in response to disparate pathogens, 

there is also specificity demonstrated by subsets of innate immune effector 

genes. Furthermore, I hypothesize that p50 homodimer is binding to and 

regulating a subset of Interferon Response Elements (IRE) and repressing 

both IFN-responsive genes and IFN-independent genes. 

 To address this hypothesis there are four specific aims, outlined below: 

 

Aim 1: NF-κB p50 enforces stimulus-specific antiviral responses. 

I wanted to examine the role of the NF-κB and IFN signaling systems 

during macrophage responses to PAMPs and infection by viral and bacterial 

pathogens. To do this I tracked the activity of NF-κB dimers and IRF 

containing complexes following TLR stimulation or infection in wild type (WT), 

p50 knock out (p50ko), and interferon type-I receptor knock out (IFNARko) 

bone marrow derived macrophages (BMDMs). Additionally, we examined 
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gene expression via microarray in WT, p50ko and IFNARko BMDMs in 

response to TLR ligands.  

 

Aim 2: NF-κB p50 regulates distinct classes of innate immune 

response genes. 

I further characterized the aberrant p50ko response to TLR agonists 

and pathogens by exploring the effect of p50ko in the context of ablated type I 

IFN signaling. I compared gene expression via microarray of WT, p50ko, 

IFNARko, and IFNAR/p50dko BMDMs in response to LPS and CpG. 

Specifically, I wanted to elucidate if removal of the p50 homodimer exerts an 

effect on the basal IFN response, on the subsequent IFN signaling feedback 

loop, or on other classes of genes. Additionally, I wanted to investigate the 

possible mechanisms for the specificity of the p50ko effect in the genes of 

interest by determining if they share similar promoter regions or motifs and 

assessing if p50 was physically binding to these promoters. 

 

Aim 3: Surveying the specificity of innate immune responses. 

I wanted to examine the innate immune specificity in the macrophage 

response to TLR agonists and pathogens using next generation sequencing. 

To do this I compared gene expression using RNA-seq in WT BMDMs in 

response to a panel of TLR ligands and pathogens and determined which 

innate immunity genes were regulated in a stimulus-specific manner and if 
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TLR ligands (alone or in combination) can recapitulate macrophage gene 

expression in response to live pathogens. 

 

Aim 4: Variability in the innate immune response: the case of Brucella. 

I wished to investigate the differences in innate immune activity 

between acute and relapsing brucellosis in a patient cohort in Lima, Peru. I 

compared cytokine gene expression and protein secretion in peripheral blood 

mononuclear cells in response to TLR ligands and heat-killed Brucella 

melitensis. 

 

The following written document follows the aforementioned order, 

beginning with Chapter 2, which addresses Aim 1 and the role of p50 

homodimer in innate immune specificity. Chapter 3 expands upon this work 

and addresses Aim 2 and the role of p50 homodimer in the absence of 

interferon feedback. Chapter 4 addresses Aim 3 and the innate immune 

transcriptome in response to pathogens or pathogen-derived substances. 

Chapter 5 addresses Aim 4 and the innate immune cytokine response after 

brucellosis. Chapter 6 brings this dissertation to a close with a final discussion 

and future directions for these investigations.  
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Figure 1.1 TLR activation of NF-κB and IRF. TLR activation of the adaptor 
protein MyD88 can initiate a signaling cascade culminating in the activation 
and nuclear translocation of NF-κB. Similarly, signaling through the TRIF 
adaptor protein leads to activation of the IRF family of transcription factors. 
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Figure 1.2 Type I interferon signaling. After activation by TLR signaling, 
coordinated binding of both NF-κB and IRF on the IFN-β promoter leads to 
gene expression and secretion of the IFN-β protein. Once secreted, IFN-β can 
act in both an autocrine and paracrine fashion, binding to the IFNAR receptor 
and initiating a signaling cascade which activates both the transcription factor 
ISGF3 and other interferon stimulated genes (ISGs). 
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Chapter 2: NF- κB p50 enforces stimulus-specificity of the type I I FN-

dependent innate immune response 

2.1 Introduction 

 Pathogen recognition by macrophages elicits gene expression 

programs that typically consist of hundreds of genes [18-20], which may be 

broadly classified as mediating cellular antiviral functions and systemic 

immune activation through inflammation [21]. Because both types of 

responses are also potentially detrimental to the organism [22-24], cells are 

thought to produce pathogen-specific responses, ensuring that unnecessary 

gene products are not made. Dozens of transcription factors have been 

implicated in enabling the fine-tuned expression of genes whose products 

mediate the innate immune response [25, 26]; however, the identities of the 

critical regulators of pathogen- or stimulus-specific gene expression remain an 

open question that is of relevance to an understanding of antimicrobial 

immune responses, chronic inflammatory disease, and the development of 

relevant therapeutics, including adjuvants for innate and adaptive immune 

responses. 

 Two families of transcriptional regulators that play central roles in 

coordinating the gene expression programs of the cellular innate immune 

response are the nuclear factor κB (NF-κB) and interferon (IFN) regulatory 

factor (IRF) families [19, 27-31]. Stimulus-dependent activation of NF-κB and 

IRFs is determined by signaling adaptors that selectively interact with the 
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intracellular domains of Toll-like receptors (TLRs) [32]. Myeloid differentiation 

marker 88 (MyD88) mediates the activation of NF-κB and is associated with 

most TLRs, including TLR9, which senses bacterial CpG-rich DNA, and TLR4, 

the sensor for the Gram-negative bacterial cell wall component 

lipopolysaccharide (LPS). Toll–interleukin-1 (IL-1) receptor (TIR) domain–

containing adaptor-inducing IFN-β (TRIF) functions as the primary signaling 

adaptor for the activation of IRFs and is associated with some TLRs, including 

TLR4, but not TLR9. Hence, each TLR induces a characteristic combination of 

transcription factor activities, including those of NF-κB and the IRFs.  

NF-κB and the IRFs constitute families of transcription factors that are 

defined by conserved DNA binding domains. In macrophages, IRF3 is 

activated through site-specific phosphorylation by TANK-binding kinase 1 

(TBK1) [12], an important effector kinase of the TRIF pathway. IRF3-driven 

production of type I IFN results in an autocrine loop that activates a second 

IRF family member, IFN-alpha–stimulated gene factor 3 (ISGF3), whose DNA 

binding component is IRF9. Together with Stat1 and Stat2, this heterotrimer 

binds to IFN-stimulated response element (ISRE) sites. IRF3 and ISGF3 

appear to have largely overlapping DNA binding specificities for the core of the 

ISRE, the IFN response element (IRE) consensus sequence (AANNGAAA) 

[14].  

Within the NF-κB family, the key transcriptional effectors are the 

activation domain–bearing RelA (p65) and cRel proteins. These form dimers 
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with p50 and are responsible for κB-driven gene activation. Overlapping DNA 

binding specificities for the broad κB consensus sequence [GGRNNN(N)YCC] 

[33] underlie the fact that there have only been isolated reports of specific cRel 

or p65 target genes [34, 35]. 

However, another major NF-κB family member is the p50 homodimer 

(p50-p50), a presumptive transcriptional repressor of κB sites by virtue of its 

close sequence and structural homology with other NF-κB family members 

and its lack of a transcriptional activation domain [36, 37]. Indeed, p50-p50 

acts as a competitive repressor of κB-driven transcription in transiently 

transfected cells and in studies performed in vitro [38, 39] and may repress the 

expression of the tumor necrosis factor (tnf) gene [40-42]; however, the 

binding specificity and physiological functions of this putative transcriptional 

repressor remain uncharacterized. Whereas the role of p50 as a dimerization 

partner for p65 and cRel is compensated for by the nfkb2 gene product p52 

[35], p50-p50 may play unique functions as a repressor within the NF-κB 

family. Within the innate immune response, during which inappropriate gene 

expression is potentially detrimental for cellular or organismal health, the role 

of transcriptional repressors is of pertinent interest.  

To characterize the role of p50-p50 in the innate immune response, we 

investigated its in vitro activation, binding activity, and undertook unbiased 

genome-wide studies to identify its functional targets in response to TLR 
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stimulation. Furthermore, we determined the effect of its removal during viral 

infection. 

 

2.2 Materials and Methods 

2.2.1 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 

wild type, nfkb1-/-, and ifnar-/- femurs. A total of 7 x 106 BM cells were cultured 

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

5% CO2, as described previously [43]. 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 

stimulated with 100 ng/ml LPS (Sigma, B5:055), 100 nM Type B CpG ODN 

1668 (Invivogen), or 100 units/ml IFN-β (Biogen Inc). 

 

2.2.2 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 
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was reverse-transcribed into cDNA using the iScript cDNA synthesis kit 

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

  

2.2.3 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 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 ∆(∆Cq) method as previously described [44]. 

 

2.2.4 Nuclear extraction and gel shift assays 

BMDMs were replated with 5 x 106 cells per 10 cm plate on day 7. On 

day 8, BMDMs were left unstimulated or stimulated with LPS (100 ng/ml) or 

CpG (100nM) for 1, 6 or 24 hours. 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 ug/ml aprotinin and 5 

ug/ml leupeptin) in a microcentrifuge tube. To this, 0.5% Nonidet P-40 was 
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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 ug/ml aprotinin and 5 

ug/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 [45, 46]. 

Briefly, nuclear extracts were incubated with 38 bp spanning double-stranded 

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

κB sites (κB probe) or the 33-bp ISRE site of the ISG15 gene 

(GATCCTCGGGAAAGGGAAACCTAAACTGAAGCC, the ISRE probe) and 

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

nondenaturing acrylamide gel. Bands were visualized by autoradiography. 

 

2.2.5 Transcriptome and bioinformatic analysis 

RNA from littermate wild type and nfkb1-/- BMDMs that were stimulated 

with LPS (0.1 µg/ml), IFN-β (10 U/ml), or CpG (100 nM) for 1, 3, or 8 hours 

was hybridized to Illumina mouse RefSeq Sentrix-8 V2 BeadChip arrays. Raw 

expression data were normalized to several unstimulated control data sets. 

Probes with ≥21.2-fold (that is, ≥2.97-fold) change in expression at any point of 

the LPS time course were selected. Fold changes in expression from multiple 
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probes for a single gene (accession number) were averaged. K-means 

clustering was performed with wild-type (LPS), p50ko (LPS), wild-type (IFN-β), 

and ifnar-/- (LPS) time course data sets and shown in Figures 2.8 and 2.9. All 

of the array data shown are available in the NCBI Gene Expression Omnibus 

database with the accession number GSE27112. 

 

2.2.7 Viral infections  

Before infections, BMDMs were seeded into 24-well plates, allowed to 

adhere, and treated with the indicated stimuli for 24 hours. BMDMs were 

infected with live murine CMV (MCMV)–GFP and were analyzed for the 

presence of GFP after 48 hours by flow cytometry. 

 

2.3 Results 

2.3.1 p50 homodimer can bind to the ISRE 

Wild type (WT) and p50 knockout (p50ko) bone marrow derived 

macrophages (BMDMs) were isolated and stimulated with various bacterial 

components or infected with whole bacteria. Time course studies confirmed 

previous observations that LPS and bacterial stimulation activate both the NF-

κB p65-p50 heterodimer and ISGF3 (Figures 2.1 and 2.2). However, we 

observed the formation of an unexpected complex (indicated with an arrow) on 

the ISRE probe (Figure 2.1). Not only did this complex have the same mobility 

as that of p50-p50 on the κB probe, but it was also absent from p50-deficient 
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BMDMs. Further investigation showed this complex was activated as early as 

12 hours after LPS stimulation or E. coli infection and persisted for at least 48 

hours (Figure 2.2). Antibody supershifts using an antibody against p50 

completely shifted the complex and indicated that this complex contained p50 

but not p65 (Figure 2.3). 

 Additionally, the p50-p50 homodimer was induced and found on both 

the κB and ISRE probe after infection with live, but not heat-killed, MCMV 

(Figure 2.4). 

 

2.3.2 CpG promotes aberrant ISGF3 activity 

 We characterized the IFN-β, LPS, and CpG-induced profiles of ISGF3 

activation in both WT and p50ko BMDMs. We found similar activation of 

ISGF3 after IFN-β or LPS stimulation, however we observed inappropriate 

elevated induction of ISGF3 in response to CpG in p50ko macrophages 

(Figure 2.5). These findings suggest that in WT macrophages, CpG does not 

activate IFNAR-dependent ISGF3 but that in the absence of p50, type I 

interferon is produced and ISGF3 is subsequently induced. 

 

2.3.3 CpG pretreatment protects p50ko BMDMs from viral infection 

 We established a viral infection assay in which the priming of 

macrophages by IFN-β inhibited the infectivity of a green fluorescent protein 

(GFP)–expressing CMV [47] whereas macrophages defective in IFN signaling 
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(IFNARko) were more susceptible than WT cells to infection (Figure 2.6). 

Exposing macrophages to LPS rendered them more resistant than untreated 

cells to infection by CMV, whereas exposure to CpG did not (Figure 2.7, A and 

B), which reflected the stimulus-specific production of IFN-β. Such stimulus 

specificity in the mounting of resistance to viral infection was severely 

compromised in p50ko macrophages because CpG also resulted in increased 

antiviral resistance in these cells (Figure 2.7, A and B). Our results may relate 

to the resistance of p50ko mice to encephalomyocarditis virus (EMCV) [40] 

and to that of a p50ko immortalized fibroblast cell line to influenza [48].  

 

2.3.4 p50 represses LPS-inducible IFN-responsive genes 

To identify functional targets of p50-p50 during the cellular response to 

pathogens in an unbiased manner, we profiled gene expression induced by 

LPS after 1, 3 or 8 hours in p50ko cells by microarray analysis. BMDMs 

revealed a p50-mediated repressive effect on many genes in response to LPS 

(Figure 2.8, clusters B, C, and E). Many of the genes that demonstrated 

hyperexpression in the p50ko were IFN-β-inducible (Figure 2.8, clusters C, 

and E). The known function of p50 as a binding partner for the transcriptional 

activator p65 was apparent in only a small reduction in the extent of 

expression of some NF-κB–regulated genes (Figure 2.8, clusters D and F), 

indicating redundancy with p52 or the presence of p65 homodimers, or that 
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the repressive functions of p50-p50 masked the stimulatory effects of p50-p65 

[35]. 

 

2.3.5 CpG promotes aberrant gene expression in p50ko BMDMs by 

microarray analysis 

 To assess gene induction by CpG in p50ko cells, we stimulated 

BMDMs for 1, 3, or 8 hours and profiled expression by microarray analysis. 

Like LPS, CpG stimulation also revealed a p50-mediated repressive effect on 

many genes (Figure 2.9). To determine the role of IFN signaling on these 

genes, genes that were hyperexpressed in p50ko BMDMs were profiled in 

both WT and IFNARko BMDMs after LPS stimulation, and many of these 

CpG-inducible p50-repressed genes were indeed IFNAR-dependent (Figure 

2.9 clusters B, E, and F). These findings support that CpG stimulation in p50ko 

cells can induce aberrant IFN response genes. 

 

2.3.6 CpG promotes aberrant antiviral gene expression in p50ko BMDMs by 

qPCR 

 To confirm trends observed via microarray, gene expression of IFN-β 

and IFN responsive genes were assessed by qPCR. Indeed, our experimental 

analysis revealed that whereas WT cells did not exhibit expression of IFN-β in 

response to CpG, p50ko cells showed substantial misexpression (Figure 

2.10). Furthermore, in p50ko macrophages, CpG induced the expression of 
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known antiviral genes and IFN response genes that were revealed by 

microarray studies (Figure 2.10). 

 

2.4 Discussion 

Our findings have revealed unexpected cross-regulation between two 

primary transcription factor families that coordinate innate immune responses. 

Whereas the NF-κB and IRF activators bind to their respective cognate sites 

(κB and ISRE, respectively), we report that the NF-κB p50-p50 repressor is 

able to bind to and regulate a previously unrecognized NF-κB binding site, the 

ISRE. By using both in vitro biochemical assays and unbiased gene 

expression phenotyping studies, we showed that p50 homodimers are highly 

induced and can bind to a subset of ISREs after bacterial or viral PAMP 

stimulation (Figures 2.2 and 2.4), and that many of these genes are also IFN 

responsive (Figures 2.8 and 2.9). Furthermore, we confirmed that many genes 

that are hyperexpressed in response to these stimuli in the absence of p50 do 

indeed contain the core IRE binding site in their promoters. 

Since several of the hyperexpressed genes revealed via microarray 

were indicated to have antiviral activity, we assessed the ability of p50ko 

BMDMs to mount a response to in vitro viral infections. While resting p50ko 

BMDMs were not resistant to viral infection, after priming with CpG p50ko cells 

demonstrated increased resistance to CMV-GFP, confirming the aberrant IFN 

and IFN response phenotype observed biochemically. This stimulus-specific 
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protection of p50ko cells indicates an important role for p50 in antiviral 

immunity, and taken together with the observed gene expression phenotype, 

suggests p50 is a novel and key regulator of IFN and ISG expression. 

 While we also observed p50, but not p65, was capable of competing 

with ISGF3 in vitro [49], expression phenotypes observed in p50ko cells were 

apparent at early time points after LPS exposure (Figure 2.8). These findings 

suggest p50 may be competing with other transcription factors, namely IRF3, 

that bind to ISRE sites with earlier activation kinetics: IRF3 is activated 30 

minutes to 2 hours after LPS exposure [49], while ISGF3 activity peaks at 2 to 

6 hours. Further studies are necessary to determine the extent to which p50 is 

competing in vivo with IRF3 and ISGF3 and to demonstrate that the p50-

repressed genes identified via microarray are directly controlled by p50 in vivo 

and are not a consequence of increased IFN signaling.  

 

2.5 Acknowledgements 

Chapter 2, in part, is a reprint of material as it appears in Cheng CS, 

Feldman KE, Lee J, Verma S, Huang DB, Huynh K, Chang M, Ponomarenko 

JV, Sun SC, Benedict CA, Ghosh G, Hoffmann A. “The Specificity of Innate 

Immune Responses Is Enforced by Repression of Interferon Response 

Elements by NF-κB p50.” Science Signaling. 2011; 4(161):ra11. The 

dissertation author was a primary investigator and author of this material. 



25 

 

Table 2.1 Primers used for qPCR 

Gene Accession 
Number Name Sequence 

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

Gbp1 NM_010259 rt.Gbp1.f CGGAAAGAGTTAATGGCAGAGC 
rt.Gbp1.r GTTGCAAGCTCTCATTCTGG 

Gbp3 NM_018734 rt.Gbp3.f GATGGAGAGAGAGCCATAGCA 
rt.Gbp3.r CCTTCTGTCTCTGCCTCAGC 

Ifit3 NM_010501 rt.Ifit3.f CCAGCAGCACAGAAACAGAT 
rt.Ifit3.r GAAATGGCACTTCAGCTGTG 

Ifnb NM_010510.1 rt.IFNb.f GGTCCGAGCAGAGATCTTCA 
rt.IFNb.r CTGAGGCATCAACTGACAGG 

Mx1 NM_010846 rt.Mx1.f GACCCTGAAGGGGATAGGAC 
rt.Mx1.r CTTGCCTTCAGCACCTCTGT 
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Figure 2.1 NF-κB and ISGF3 activity in WT and p50ko BMDMs after 
bacterial stimulation. WT and p50ko BMDMs were stimulated with E. coli or 
L. lactis for the indicated times and transcription factor activity was assessed 
by EMSA. In WT cells, the p50 homodimer (marked with an arrow) is visible 
binding to both the κB and ISRE probe. 
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Figure 2.2 ISGF3 and NF-κB activity after LPS or bacterial stimulation. 
BMDMs were stimulated with LPS (100 ng/ml) or E. coli for the indicated times 
and transcription factor activity was assessed by EMSA. As expected, ISGF3 
was activated after LPS and bacterial stimulation, however, p50 homodimer 
also bound to the ISRE.  
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Figure 2.3 NF-κB p50-p50 binding to ISRE after bacterial stimulation. 
BMDMs were stimulated with LPS (100 ng/ml) or E. coli for the indicated times 
and transcription factor activity was assessed by supershift EMSA. Nuclear 
lysates were incubated with PBS or antibodies against p50, p52, p65, RelB or 
cRel. Only NF-κB p50 shifted the lower band, indicating p50 homodimer 
binding to the ISRE. 
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Figure 2.4 NF-κB and ISGF3 activity after viral infection. BMDMs were 
exposed to heat-killed or live MCMV for the indicated times and transcription 
factor activity was assessed by EMSA. Live MCMV induced p50 homodimer 
binding to both κB and ISRE sites. 
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Figure 2.5 CpG stimulation promotes aberrant ISGF3 activity in p50ko 
BMDMs. BMDMs were stimulated with IFN-β, LPS, or CpG for the indicated 
times and transcription factor activity was assessed by EMSA. After CpG 
stimulation, ISGF3 activity is highly induced in p50ko, but not WT, BMDMs. 
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Figure 2.6 IFN-β treatment protects WT BMDMs from MCMV infection. 
After a 24-hour treatment with IFN-β, WT and IFNARko BMDMs were infected 
with MCMV-GFP. Forty-eight hours later, productively infected cells 
expressing GFP were quantified (pink gate) by flow cytometry (side scatter 
versus GFP). The data are representative of three independent experiments. 
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Figure 2.7 CpG treatment protects p50ko BMDMs from MCMV infection. 
Induction of antiviral resistance after priming treatments. (A) After a 24-hour 
treatment with PBS (mock), LPS, or CpG, WT and p50ko BMDMs were 
infected with MCMV-GFP. Forty-eight hours later, productively infected cells 
expressing GFP were quantified (red gate) by flow cytometry (side scatter 
versus GFP). (B) The percentage of infected WT or p50ko BMDMs expressing 
GFP in (A) were plotted as averages from triplicate determinations. The data 
are representative of three independent experiments. 
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Figure 2.8 NF-κB p50 represses IFN response genes. Microarray mRNA 
expression data from WT and p50ko BMDMs stimulated with LPS and IFN-β 
were analyzed by K-means clustering. Red represents stimulus-responsive 
gene induction, whereas green represents repression. Cluster identifiers are 
indicated on the right, with red symbols indicating clusters with increased 
expression in the p50ko cells compared to that in WT cells. The average fold 
induction (log2) of each cluster in WT (blue) and p50ko (purple) cells was 
graphed at 0, 1, 3, and 8 hours. The most highly enriched motifs identified de 
novo within −1.0 to +0.3 kb of the transcriptional start sites are shown in each 
cluster, with P values to indicate statistical significance for each motif. Figure 
was prepared by Christine Cheng. 
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Figure 2.9 CpG promotes aberrant gene expression in p50ko 
macrophages. Microarray gene expression profiles of WT and p50ko BMDMs 
that were left unstimulated or were stimulated with CpG for 3, 8, or 24 hours, 
together with microarray expression profile of WT and IFNARko BMDMs that 
were left unstimulated or were stimulated with LPS for 3 hours, were analyzed 
by K-means clustering. Cluster identifiers are indicated on the right. Red 
indicates IFN-β and IFNAR-dependent clusters. Figure was prepared by 
Christine Cheng. 
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Figure 2.10 CpG promotes aberrant antiviral gene expression in p50ko 
macrophages. qPCR determination of the fold change in the abundance of 
IFN-β mRNA or IFN-β-inducible genes in WT (black) BMDMs compared to that 
in p50ko BMDMs (red) following stimulation with CpG for the indicated times. 
Data are from, or representative of, at least three experiments. Figure was 
prepared by Christine Cheng. 
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Chapter 3: NF- κB p50 regulates distinct classes of innate immune 

response genes 

 

3.1 Introduction 

In Chapter 2 we established that the p50-p50 homodimer can repress 

the expression of a large number of genes, many of which are IFN responsive 

[49]. This previous study supported two possible mechanisms of p50-

repression: 1) we showed that p50-p50 is able to enforce the stimulus-specific 

repression of target genes, with a deficiency of p50 leading specifically to the 

inappropriate induction of IFN-β after stimulation with the TLR9 agonist, CpG 

and 2) we found that p50-p50 is capable of binding to ISRE sites and 

controlling expression of many ISGs. To expand this work, we sought to 

investigate the role of p50 in gene expression in the absence of the type I IFN 

receptor (IFNAR) and assess the extent of the direct control of p50 on the 

promoters of target genes we identified previously. 

In the literature, p50 is commonly recognized as a transcriptional 

repressor and mechanisms have been proposed to explain how p50 achieves 

its repressive effects. Classically, p50 is considered a repressor because 

unlike p65, RelB, and cRel, it lacks a transcriptional activation domain. 

Therefore, when p50 forms a homodimer and binds to κB sites it can 

subsequently block or prevent the access of other activating NF-κB dimers like 
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p65-p50 [50]. Notably, this competitive action of the p50 homodimer was 

described to have a role in the mechanism of repression of the TNF-α gene 

during tolerance to LPS [42]. After extended stimulation with LPS, p50 

production is highly increased leading to large amounts of p50 homodimer in 

the nucleus, which is then able to bind to specific κB sites on the TNF-α 

promoter and repress transcriptional activation by p65-p50 [51]. This 

mechanism of competitive repression has also been confirmed in transiently 

transfected cells and in vitro studies [38, 39, 52]. 

Previous studies indicating that p50ko mice were resistant to infection 

by encephalomyocarditis virus (EMCV) [40] were confirmed and expanded by 

infecting both p50ko and IFNAR/p50ko mice with EMCV [55]. Even in the 

absence of type I IFN signaling, IFNAR/p50ko mice showed increased 

resistance to EMCV infection compared to both WT and IFNARko mice, 

however the exact mechanism of this resistance remains poorly understood. 

These preliminary reports suggest that the viral resistance observed both in 

vitro and in vivo in p50ko mice may be directly mediated by the transcriptional 

effects of p50 and not merely a consequence of increased type I IFNs. 

Other groups have also reported that p50-containing NF-κB dimers can 

control a subset of IFN response genes [48, 56], however the direct effect of 

p50 on these ISGs still remains poorly characterized. Since we showed that 

p50-deficiency severely affects the production of type I IFNs, and altered IFN 

production may be able to affect ISGs by a variety of mechanisms, we 



38 

 

proposed to examine the effect of p50 deficiency on gene expression in the 

absence of IFNAR, thus eliminating the confounding downstream signaling. 

We used three approaches to explore the effects of p50: gene expression 

microarrays, ChIP and ChIP-seq, and in vivo pathogen infections in WT, 

p50ko, IFNARko, and IFNAR/p50ko BMDMs and mice. By combining 

unbiased, genome-wide expression studies in the absence of both IFNAR and 

p50 and p50 binding studies, we hoped to delineate the subsets of genes 

which are directly controlled by p50 binding and the subset of genes which 

were predominantly affected by misexpression of type I IFN. 

 

3.2 Materials and Methods 

3.2.1 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 

wild type, nfkb1-/-, ifnar-/-, and ifnar-/-nfkb1-/- femurs. A total of 7 x 106 BM cells 

were cultured in 15 cm suspension dishes in L929-conditioned media for 7 

days at 37°C with 5% CO 2, as described previously [43]. 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 stimulated with 100 ng/ml LPS (Sigma, 
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B5:055) or 100 nM Type B CpG ODN 1668 (Invivogen). 

 

3.2.2 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). 

  

3.2.3 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 3.1). 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 ∆(∆Cq) method as previously described [44]. 

 

3.2.4 Nuclear extraction and gel shift assays 
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BMDMs were replated with 5 x 106 cells per 10 cm plate on day 7. On 

day 8, BMDMs were left unstimulated or stimulated with LPS (100 ng/ml) or 

CpG (100nM) for 1, 6 or 24 hours. 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 ug/ml aprotinin and 5 

ug/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 ug/ml aprotinin and 5 

ug/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 [45, 46]. 

Briefly, nuclear extracts were incubated with 38 bp spanning double-stranded 

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

κB sites (κB probe) or the 33-bp ISRE site of the ISG15 gene 

(GATCCTCGGGAAAGGGAAACCTAAACTGAAGCC, the ISRE probe) and 

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

nondenaturing acrylamide gel. Bands were visualized by autoradiography. 
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3.2.5 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 Bradford assay. Antibodies to IRF3 (D83B9, #4302) and phosph-IRF3 

(4D4G, #4947) were from Cell Signaling. Antibodies to α-tubulin (sc-5286) 

were from Santa Cruz Biotechnology. 

 

3.2.6 Microarray analysis 

BMDMs from wild type, nfkb1-/-, ifnar-/-, and ifnar-/-nfkb1-/-  mice were 

replated with 1.5 x 106 cells per 6 cm plate on day 7. On day 8, BMDMs were 

left unstimulated or stimulated with LPS (100 ng/mL) or CpG (100nM) for 1, 3 

or 8 hours. RNA was extracted and hybridized to Illumina Mouse RefSeq 

Sentrix-8 V2 BeadChips microarrays at the University of California, San Diego 

Biogem facility. Probes with ≥2-fold hyperexpression in nfkb1-/- (p50ko) 

compared to wild type (WT) or ≥2-fold hyperexpression in ifnar-/-nfkb1-/- 

(IFNAR/p50ko) compared to ifnar-/- (IFNARko) were selected for analysis. 

K-means clustering was performed for both p50ko compared to WT 

datasets and IFNAR/p50ko compared to IFNARko datasets. Transcription 

factor de novo motif searches were performed with the promoter sequences 

400 bp upstream and 100 bp downstream of the transcription start site with the 
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motif search program Homer, developed by C. Benner [57]. An in-depth 

description of this software suite can be found at 

http://biowhat.ucsd.edu/homer/. 

 

3.2.7 In vivo bacterial challenge 

WT, p50ko, IFNARko, and IFNAR/p50ko mice were challenged with an 

intraperitoneal injection of 50 CFU of S. pneumoniae or 20,000 CFU of L. 

monocytogenes and survival was monitored at daily intervals. 4-5 mice were 

infected for each group. 

 

3.3 Results 

3.3.1 IFN-β and antiviral gene expression is misregulated in both p50ko and 

IFNAR/p50ko BMDMs 

 To determine if the previously observed p50ko gene expression 

phenotype persists in the absence of IFNAR-signaling, BMDMs were isolated 

from WT, p50ko, IFNARko, and IFNAR/p50ko mice. After stimulation for 1, 3, 

8 or 24 hours with LPS or CpG, we confirmed that IFN-β expression (Figure 

3.1 A) and many ISGs were elevated in p50ko compared to WT cells (Figure 

3.2 A and B); in addition, IFNAR/p50ko cells also demonstrated increased 

IFN-β expression and antiviral gene expression compared to IFNARko 

BMDMs (Figure 3.3 A and B). Gbp3 and Gbp5 have demonstrated anti-

influenza and inflammasome activating activity, respectively [58, 59]; Ifit2 (or 
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ISG54) is known to have anti-VSV activity [60], while Oasl2 has antiviral 

dsRNA enzymatic activity [61], and Rsad2 (or Viperin) has broad anti-viral 

effects [62]. Hyperexpression of these genes in the IFNAR/p50ko may suggest 

the p50-mediated effect on the transcriptional control of these genes is not 

merely a consequence of increased type I IFN signaling, as the IFNAR 

receptor is absent. 

 

3.3.2 NF-κB and IRF activity in IFNARko and IFNAR/p50ko BMDMs after TLR 

or pathogen stimulation 

 IFNARko and IFNAR/p50ko BMDMs were stimulated with LPS, CpG, or 

vesicular stomatitis virus (VSV) and NF-κB activity was measured by EMSA. 

As expected, IFNAR/p50ko BMDMs exhibited attenuated but inducible NF-κB 

activity after viral infection (Figure 3.4 B). Like in p50ko BMDMs, without the 

preferred binding partner, p65 formed homodimers or was found in complex 

with p52 (Figure 3.4 A). We confirmed comparable levels of ISGF3 were 

observed in both WT and p50ko cells. 

 Additionally, BMDMs were stimulated with LPS and phosphorylated 

IRF3 (p-IRF3) was measured by western blotting analysis. Similar levels of p-

IRF3 were observed in WT and all knockout BMDMs (Figure 3.5). IFNARko 

and IFNAR/p50ko BMDMs were also stimulated with LPS, CpG, and VSV, and 

nuclear p-IRF3 was measured by western blotting analysis. Again, similar 

levels of p-IRF3 were observed (Figure 3.6). While p65:p50 activity is 
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attenuated in p50ko mice, we show that p65 is still activated in knockout cells 

and that IRF3 and ISGF3 activity is not significantly diminished. 

 

3.3.3 p50 represses distinct classes of genes in response to LPS and CpG 

 WT and p50ko BMDMs were left unstimulated or stimulated with LPS or 

CpG for 1, 3, or 8 hours and gene expression was assessed by microarray 

analysis. 151 unique genes were ≥2-fold hyperexpressed in the p50ko 

compared to WT after LPS and 192 unique genes were ≥2-fold 

hyperexpressed in the p50ko compared to WT after CpG stimulation. K-means 

clustering was performed and DNA binding motif enrichment was determined 

for all hyperexpressed genes and for each individual cluster (Figures 3.7-

3.10). 

 LPS-responsive p50-repressed genes were enriched for both de novo 

p65 and ISRE or IRF binding sites (Figure 3.8). CpG-responsive p50-

repressed genes were also enriched for both de novo p65 and ISRE binding 

sites, however, a much larger percentage of CpG-responsive genes (26.04% 

versus 6% of LPS-responsive) were enriched for the p65 binding motif after 

CpG stimulation (Figures 3.8 and 3.10). 

 

3.3.4 p50 represses distinct classes of genes in response to LPS and CpG in 

the absence of IFNAR signaling 
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IFNARko and IFNAR/p50ko BMDMs were left unstimulated or 

stimulated with LPS or CpG for 1, 3, or 8 hours and gene expression was 

assessed by microarray analysis. 115 unique genes were ≥2-fold 

hyperexpressed in the IFNAR/p50ko compared to IFNARko after LPS and 194 

unique genes were ≥2-fold hyperexpressed in the IFNAR/p50ko compared to 

IFNARko after CpG stimulation. K-means clustering was performed and DNA 

binding motif enrichment was determined for all hyperexpressed genes and for 

each individual cluster (Figures 3.11-3.14). 

In the absence of IFNAR, LPS-responsive p50-repressed genes overall 

did not show significant de novo motif enrichment, however, individual clusters 

were enriched for p65 and ISRE/IRF binding sites. CpG-responsive p50-

repressed genes were enriched for de novo p65 binding motifs. The loss of 

motif enrichment for these ISRE sites in the absence of IFNAR suggests p50-

repression of ISRE containing genes may be predominantly a consequence of 

IFNAR-signaling feedback. 

 

3.3.7 p50-repressed genes are primarily IFNAR-dependent 

 Genes which were identified as p50-repressed in WT compared to 

p50ko BMDMs were examined in IFNAR/p50ko BMDMs (Figure 3.15 and 

3.16). While there were 151 LPS-responsive, p50-repressed genes, only 48 of 

these genes retained the phenotype in the absence of IFNAR (Figure 3.16 A). 

Additionally, while there were 192 CpG-responsive, p50-repressed genes, only 
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39 of these genes retained the phenotype in the absence of IFNAR (Figure 

3.16 C). This loss of phenotype can been seen when the LPS-responsive, 

p50-repressed genes are analyzed in the IFNAR and IFNAR/p50ko (Figure 

3.15 A) and also with the CpG-responsive, p50-repressed genes (Figure 3.15 

B). Additionally, many of the genes which retain the p50-repressed phenotype 

in the absence of IFNAR demonstrated later (8 hour) induction (Figures 3.16 B 

and D). 

 

3.3.8 p50 is directly binding to the promoters of inflammatory genes 

WT and p50ko BMDMs were left unstimulated or stimulated with LPS 

for 1 or 24 hours and analyzed by chromatin immunoprecipitation (ChIP) 

followed by qPCR. Several p50-repressed genes previously identified by 

microarray analysis were assessed for their ability to recruit p65, p50, or IRF3 

to their promoters. Ccl5 (RANTES), cathepsin C (Ctsc), Gbp2, Gbp3, Gbp5 

and IFN-β were found to be both hyperexpressed in the p50ko and reduced in 

IFNAR/IRF3ko BMDMs (data not shown), suggesting both p50 and IRF3 may 

play a role in their control. IκBα was examined as a positive control for NF-κB 

target genes and a negative control for IRF3. 

Notably, Ccl5, Gbp3, and IFN-β showed increased recruitment of both 

p65 and IRF3 in p50ko BMDMs compared to WT after 1 hour of LPS 

stimulation (Figure 3.17). Gbp3, which was found to be hyperexpressed in 

both p50ko and IFNAR/p50ko cells (Figures 3.2 and 3.3), displayed 
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recruitment of all three factors after 1 hour of stimulation (Figure 3.18). As 

expected, detailed analysis of the Gbp3 promoter (from -400 to +100 bp of the 

transcriptional start site) revealed both potential κB and ISRE sites. These 

preliminary results suggest genome wide ChIP-seq studies will provide further 

valuable insight into the promoter occupancy of IRF3 and NF-κB p50 regulated 

genes. 

 

3.3.9 p50 mice display no clear phenotype after in vivo bacterial infection 

 WT, p50ko, IFNARko, and IFNAR/p50ko mice were challenged with an 

intraperitoneal injection of 50 CFU of S. pneumoniae or 20,000 CFU of L. 

monocytogenes and survival was monitored at daily intervals. While it was 

expected that p50ko mice would show increased susceptibility to S. 

pneumoniae [40], both p50ko and IFNAR/p50ko mice showed greater survival 

than WT and IFNAR mice, respectively (Figure 3.20). Furthermore, p50ko 

mice were expected to show increased susceptibility to L. monocytogenes 

compared to WT mice, however all but one WT mouse succumbed to infection 

(data not shown). These preliminary studies were not preformed with littermate 

mice, and future studies would be required to determine if the results we 

observed were due to genetic variations of the mice, bacterial strain variation 

from previously published studies, or infection dosage dependent. 
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3.4 Discussion 

 Here we report that NF-κB p50-p50 is controlling several distinct 

classes of genes, even in the absence of type I IFN signaling. While we 

previously observed that p50 was capable of binding to and controlling a 

number of genes containing ISRE sites, many of which were also IFN- β 

inducible [49], we wanted to investigate the effects of p50 without the effects of 

downstream IFNAR activation and signaling. 

 To this end, we generated IFNAR/p50ko mice, which lack both the 

nfkb1 gene and the type I IFN receptor. We observed that while BMDMs from 

these mice have slightly attenuated NF-κB activation (Figure 3.4), they have 

comparable levels of p-IRF3 (Figures 3.5 and 3.6) and show hyperexpression 

of a number of inflammatory genes previously identified to be hyperexpressed 

in p50ko BMDMs (Figure 3.3). 

Using genome wide expression analysis, we show that LPS- and CpG-

responsive p50-repressed genes are enriched for ISRE and p65 binding 

motifs, which suggests that p50-p50 may be competing with these 

transcription factors and repressing transcription in WT mice. Furthermore, we 

show that while a number of these p50-repressed genes are still 

hyperexpressed in IFNAR/p50ko BMDMs, the vast majority of the expression 

phenotype is lost in the absence if type I IFN signaling (Figures 3.15 and 

3.16). 
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Recently described additional repressive mechanisms of the p50 

homodimer include the p50-mediated recruitment of the transcriptional 

repressor histone deacetylase (HDAC)-1 [53], and the interaction of p50 with 

the euchromatic histone H3 lysine 9 (H3K9) methyltransferase-1 (EHMT1) 

[54]. These studies describe co-repressor complexes that allow p50 to recruit 

other factors to inflammatory or antiviral genes and regulate their transcription; 

these support our findings by confirming many of the genes we identified as 

p50 targets and demonstrating that a subset of these genes may be regulated 

these p50-mediated mechanisms. 

 Although we previously reported that p50-p50 was able to compete with 

ISGF3 in in vitro binding assays [48], gene expression studies indicated that 

p50-repression was affecting genes with earlier activation kinetics (as early as 

1 hour after stimulation) than genes which may be controlled by ISGF3 whose 

activation peaks at 2 hours or later. To determine if p50 was competing with 

transcription factors with earlier activation kinetics, namely IRF3, ChIP assays 

were performed. Indeed, we found that both p50 and IRF3 were binding to 

several genes simultaneously. Interestingly, IRF3 binding was observed to be 

higher in the absence of p50. 

These ChIP results suggest genome wide ChIP-seq studies will provide 

further valuable insight into the promoter occupancy of IRF3 and NF-κB p50 

regulated genes. WT and p50ko BMDMs stimulated with LPS have been 

collected and submitted for next generation sequencing. Future directions for 



50 

 

this study include analyzing this ChIP-seq dataset to determine the genome 

wide binding of p50, IRF3, and p65. 
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Table 3.1 Primers used for qPCR 

Gene 
Accession 

Number Name Sequence 
Fam26f NM_175449.4 rt.Fam26f.f GGCTCCCTGCAACAAGCAGAA 

rt.Fam26f.r AATCCAACCGAACACCTGAGACTG 
Gapdh NM_008084.2 rt.Gapdh.f  AACTTTGGCATTGTGGAAGG 

rt.Gapdh.r  GGATGCAGGGATGATGTTCT 
Gbp3 NM_018734 rt.Gbp3.f GATGGAGAGAGAGCCATAGCA 

rt.Gbp3.r CCTTCTGTCTCTGCCTCAGC 
Gbp5 NM_153564.2 rt.Gbp5.f CAGGAGGCCACAAGCTCTTCC 

rt.Gbp5.r AGCACTTCCTCAGCCTGTGTTC 
Ifit2 NM_008332.3  rt.Ifit2.f CGCTTTGACACAGCAGACAG 

rt.Ifit2.r GTCGCAGATTGCTCTCCAGT 
Ifnb NM_010510.1 rt.IFNb.f GGTCCGAGCAGAGATCTTCA 

rt.IFNb.r CTGAGGCATCAACTGACAGG 
IκBa NM_010907.2 rt.ikba.f AGACTCGTTCCTGCACTTG 

rt.ikba.r AGTCTGCTGCAGGTTGTTC 
Il15 NM_001254747.1 rt.IL15.f CGTGCTCTACCTTGCAAACA 

rt.IL15.r TCTCCTCCAGCTCCTCACAT 
Oasl1 NM_145209.3 rt.Oasl1.f CCTGGAGACCGTGCAGACAG 

rt.Oasl1.r AGCAGCCTACCTTGAGTACCTTGA 
Oasl2 NM_011854.2 rt.Oasl2.f TGGAATGTACAGCGAGCGAGG 

rt.Oasl2.r GGGGCTGTAGGGGTTTGTCC 
Rantes NM_013653.3 rt.Ccl5.f GCTGCTTTGCCTACCTCTCCC 

rt.Ccl5.r TCCTTCGAGTGACAAACACGAC 
Rgs1 NM_015811.2 rt.Rgs1.f CCTTGCCAACCAGACAGGTCAA 

rt.Rgs1.r AGTCCTCACAAGCCAACCAG 
Rsad2 NM_021384.4 rt.Rsad2.f TGGTTCAAGGACTATGGGGAGT 

rt.Rsad2.r GACCACGGCCAATCAGAGCA 
Tyki NM_020557 rt.Tyki.f AGACAGGTACTGGCATAGCACA 

rt.Tyki.r ACTGTAGGCCTCCACTCACC 
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Table 3.2 Primers used for ChIP 

Gene 
Accession 
Number Name Sequence 

IκBα NM_010907.2 chip.IκBα.f GCTTCTCAGTGGAGGACGAG 
chip.IκBα.r CTGGCAGGGGATTTCTCAG 

Ccl5 NM_013653.3 chip.ccl5.f GAGTTTCCACAAAAGACACCA 
chip.ccl5.r GAGGCAGAGTCATACTTCCAA 

Ctsc NM_009982.4  chip.ctsc.f AACTAACTTCCTCAGGCCAC 
chip.ctsc.r GTTACAGGGTGGTGAGAACA 

Gbp2 NM_010260 chip.Gbp2.f AGCTAGCTGATTTCCCAGCA 
chip.Gbp2.r GGAAGGAGGGAGGAAGAAAA 

Gbp3 NM_018734 chip.Gbp3.f CAAAGCTGGTTCATGTCAGG 
chip.Gbp3.r AAGCCCTTTCTCCTCCCTTT 

Gbp5 NM_153564.2 chip.gbp5.f GCAACGAGTTTGTCCTCTTG 
chip.gbp5.r AAGAAAAACTGAAGAGCGGG 

Ifnb NM_010510.1 chip.ifnb.f 
chip.ifnb.r 

Gbp3 NM_018734 chip.Gbp3.f1 TTTGAGACATCCCCAGAAAGACA 
chip.Gbp3.r1 TCTGTCAGTAGAGCTAACAACTC 

Gbp3 NM_018734 chip.Gbp3.f2 CTGAATCATGCATTGTTCTTGC 
chip.Gbp3.r2 CAGCTCCCTGTTAGAGTCTTTA 

Gbp3 NM_018734 chip.Gbp3.f3 ACTTTAAGGAAACTGGGGACTT 
chip.Gbp3.r3 AGGGAGTCAAAGATGATTGCTC 

Gbp3 NM_018734 chip.Gbp3.f4 CAAAGCTGGTTCATGTCAGG 
chip.Gbp3.r4 AAGCCCTTTCTCCTCCCTTT 

Gbp3 NM_018734 chip.Gbp3.f5 TTCTGCTGGGGGGAAGTCC 
chip.Gbp3.r5 TGCAGCAGGAGAAAATAGCA 
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A. CpG stimulated 

 
 
B. LPS stimulated 

 
 
C. CpG stimulated 

 
 
Figure 3.1 Hyperexpression of IFN-β in p50ko and IFNAR/p50ko. qPCR 
determination of the fold change in the abundance of IFN-β mRNA in (A) 
p50ko BMDMs (red) compared to that in WT (blue) BMDMs following 
stimulation with LPS or (B) IFNAR/p50ko BMDMs (purple) compared to that in 
IFNARko (green) BMDMs following stimulation with LPS or (C) CpG for 0, 1, 3, 
or 8 hours. 
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A. LPS stimulated 

 
 
B. CpG stimulated 

 
 
Figure 3.2 Hyperexpression of inflammatory genes in p50ko. qPCR 
determination of the fold change in the abundance of inflammatory gene 
mRNA in p50ko BMDMs (red) compared to that in WT (blue) BMDMs following 
stimulation with (A) LPS or (B) CpG for 0, 1, 3 or 8 hours. 
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A. LPS stimulated 

 
 
B. CpG stimulated 

 
 
Figure 3.3 Hyperexpression of inflammatory genes in IFNAR/p50ko. 
qPCR determination of the fold change in the abundance of inflammatory gene 
mRNA in IFNAR/p50ko BMDMs (purple) compared to that in IFNARko (green) 
BMDMs following stimulation with (A) LPS or (B) CpG for 0, 1, 3 or 8 hours. 
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A 

 
 
B 

 
 
 
Figure 3.4 NF-κB and ISGF3 activity in WT, p50ko, IFNARko, and 
IFNAR/p50ko BMDMs after stimulation. (A) WT and p50ko BMDMs were left 
unstimulated or stimulated with IFN-β or VSV for the indicated times and 
transcription factor activity was assessed by EMSA. ISGF3 activation levels 
are comparable in both WT and p50ko cells, while IFNARko show no activity. 
(B) IFNARko and IFNAR/p50ko BMDMs were left unstimulated or stimulated 
with LPS, CpG, or VSV for the indicated times and NF-κB activity was 
assessed by EMSA. IFNARko cells show strong p65-p50 (upper band) and 
p50-p50 (lower band) activation after viral infection, while the loss of p50 
attenuates NF-κB activity in IFNAR/p50ko BMDMs. 
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Figure 3.5 Phosphorylated IRF3 activity in WT, p50ko, IFNARko, and 
IFNAR/p50ko BMDMs after LPS stimulation. BMDMs were left unstimulated 
or stimulated with LPS for the indicated times and phosphorylated IRF3 was 
assessed by western blotting analysis. Whole cell extracts indicated 
comparable levels of p-IRF3 after 1 hour of stimulation, with slightly higher 
activity in the absence of p50. 
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Figure 3.6 Phosphorylated IRF3 activity in IFNARko and IFNAR/p50ko 
BMDMs after stimulation. BMDMs were left unstimulated or stimulated with 
LPS, CpG or VSV for the indicated times and phosphorylated IRF3 was 
assessed by western blotting analysis. Nuclear extracts indicated comparable 
levels of nuclear p-IRF3 after 4 or 6 hour of stimulation with VSV. 
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Figure 3.7 WT and p50ko gene expression after LPS stimulation. WT and 
p50ko BMDMs were left unstimulated or stimulated with LPS for 1, 3, or 8 
hours and gene expression was analyzed via microarray. 151 genes were 2-
fold hyperexpressed in p50ko compared to WT cells. K-means clustering was 
performed and the average fold induction (log2) of each cluster for WT (blue) 
or p50ko (red) was graphed.  
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Figure 3.8 De novo motif enrichment for genes hyperexpressed in p50ko 
BMDMs after LPS stimulation. WT and p50ko BMDMs were left 
unstimulated or stimulated with LPS for 1, 3, or 8 hours and gene expression 
was analyzed via microarray. 151 genes were 2-fold hyperexpressed in p50ko 
compared to WT cells. K-means clustering was performed and the most highly 
enriched motifs identified de novo are shown in (A) for each cluster from 
Figure 3.7 (asterisk indicates known, not de novo, motifs). The most highly 
enriched motifs identified de novo for all 151 unique genes are shown in (B). In 
the first column, the motif name is listed. In the next, the number of genes 
(over the number of genes analyzed) is shown. Next, the percent enrichment 
is indicated, with the percent enrichment in the background sequences in 
parentheses, followed by the p-value. In the last column, the upper motif 
pictured in each row is the de novo motif, while the lower motif is the known 
motif which most closely matched with the de novo motif. 

Cluster 
Motif 
name 

# 
genes 

% 
enrich 

p-
value Motif 

A p65 7/33 
21.2% 
(.77%) 1-8 

B p65* 2/16 
12.5% 
(.71%) 1-2 

C IRF 4/34 
11.8% 
(.0%) 1-11 

Motif 
name 

# 
genes 

% 
enrich 

p-
value 

Motif 

IRF 7/151 
4.64% 
(.04%) 1-11 

ISRE 11/151 
7.28% 
(.34%) 

1-10 

p65 9/151 
5.96% 
(.42%) 

1-7 
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Figure 3.9 WT and p50ko gene expression after CpG stimulation. WT and 
p50ko BMDMs were left unstimulated or stimulated with CpG for 1, 3, or 8 
hours and gene expression was analyzed via microarray. 192 genes were 2-
fold hyperexpressed in p50ko compared to WT cells. K-means clustering was 
performed and the average fold induction (log2) of each cluster for WT (blue) 
or p50ko (red) was graphed. The most highly enriched motifs identified de 
novo are shown (asterisk indicates known, not de novo, motifs). 
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Figure 3.10 De novo motif enrichment for genes hyperexpressed in 
p50ko BMDMs after CpG stimulation. WT and p50ko BMDMs were left 
unstimulated or stimulated with CpG for 1, 3, or 8 hours and gene expression 
was analyzed via microarray. 192 genes were 2-fold hyperexpressed in p50ko 
compared to WT cells. K-means clustering was performed and the most highly 
enriched motifs identified de novo are shown in (A) for each cluster from 
Figure 3.9 (asterisk indicates known, not de novo, motifs). The most highly 
enriched motifs identified de novo for all 192 unique genes are shown in (B). In 
the first column, the motif name is listed. In the next, the number of genes 
(over the number of genes analyzed) is shown. Next, the percent enrichment 
is indicated, with the percent enrichment in the background sequences in 
parentheses, followed by the p-value. In the last column, the upper motif 
pictured in each row is the de novo motif, while the lower motif is the known 
motif which most closely matched with the de novo motif. 

Cluster 
Motif 
name 

# 
genes 

% 
enrich 

p-
value Motif 

B p65 12/25 
48.0% 
(4.8%) 1-9 

C p65 10/20 
50.0% 
(2.9%) 1-10 

D p65 17/59 
28.8% 
(4.8%) 1-8 

D ISRE* 4/59 
6.78% 
(.74%) 1-2 

E IRF 9/57 
15.8% 
(.68%) 1-9 

E ISRE* 7/57 
12.3% 
(.97%) 1-2 

Motif 
name 

# 
genes 

% 
enrich 

p-
value 

Motif 

p65 50/192 
26.04% 
(6.91%) 

1-15 

ISRE 17/192 
8.85%  
(0.7%) 

1-12 
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Figure 3.11 IFNARko and IFNAR/p50ko gene expression after LPS 
stimulation. IFNARko and IFNAR/p50ko BMDMs were left unstimulated or 
stimulated with LPS for 1, 3, or 8 hours and gene expression was analyzed via 
microarray. 115 genes were ≥2-fold hyperexpressed in IFNAR/p50ko 
compared to IFNARko cells. K-means clustering was performed and the 
average fold induction (log2) of each cluster for IFNARko (blue) or 
IFNAR/p50ko (red) was graphed. The most highly enriched motifs identified de 
novo are shown (asterisk indicates known, not de novo, motifs). 
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Figure 3.12 De novo motif enrichment for genes hyperexpressed 
IFNAR/p50ko BMDMs after LPS stimulation. IFNARko and IFNAR/p50ko 
BMDMs were left unstimulated or stimulated with LPS for 1, 3, or 8 hours and 
gene expression was analyzed via microarray. 115 genes were 2-fold 
hyperexpressed in IFNAR/p50ko compared to IFNARko cells. K-means 
clustering was performed and the most highly enriched motifs identified de 
novo are shown in (A) for each cluster from Figure 3.11 (asterisk indicates 
known, not de novo, motifs). The most highly enriched motifs identified de 
novo for all 115 unique genes are shown in (B). In the first column, the motif 
name is listed. In the next, the number of genes (over the number of genes 
analyzed) is shown. Next, the percent enrichment is indicated, with the percent 
enrichment in the background sequences in parentheses, followed by the p-
value. In the last column, the upper motif pictured in each row is the de novo 
motif, while the lower motif is the known motif which most closely matched 
with the de novo motif. 

Cluster 
Motif 
name 

# 
genes 

% 
enrich 

p-
value Motif 

A IRF3 6/33 
18.2% 
(.48%) 1-7 

A IRF(6/4) 7/33 
21.2% 
(.88%) 1-7 

B p65 3/30 
10.0% 
(.15%) 1-4 

C ISRE 7/28 
25.0% 
(.69%) 1-9 

C REL 8/28 
28.6% 
(4.6%) 1-4 

Motif 
name 

# 
genes 

% 
enrich 

p-
value 

Motif 

ISRE* 4/115 
3.48% 
(.65%) 

1-2 
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Figure 3.13 IFNARko and IFNAR/p50ko gene expression after CpG 
stimulation. IFNARko and IFNAR/p50ko BMDMs were left unstimulated or 
stimulated with CpG for 1, 3, or 8 hours and gene expression was analyzed 
via microarray. 194 genes were ≥2-fold hyperexpressed in IFNAR/p50ko 
compared to IFNARko cells. K-means clustering was performed and the 
average fold induction (log2) of each cluster for IFNARko (blue) or 
IFNAR/p50ko (red) was graphed. The most highly enriched motifs identified de 
novo are shown (asterisk indicates known, not de novo, motifs). 
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Figure 3.14 De novo motif enrichment for genes hyperexpressed 
IFNAR/p50ko BMDMs after LPS stimulation. IFNARko and IFNAR/p50ko 
BMDMs were left unstimulated or stimulated with CpG for 1, 3, or 8 hours and 
gene expression was analyzed via microarray. 194 genes were 2-fold 
hyperexpressed in IFNAR/p50ko compared to IFNARko cells. K-means 
clustering was performed and the most highly enriched motifs identified de 
novo are shown in (A) for each cluster from Figure 3.13 (asterisk indicates 
known, not de novo, motifs). The most highly enriched motifs identified de 
novo for all 194 unique genes are shown in (B). In the first column, the motif 
name is listed. In the next, the number of genes (over the number of genes 
analyzed) is shown. Next, the percent enrichment is indicated, with the percent 
enrichment in the background sequences in parentheses, followed by the p-
value. In the last column, the upper motif pictured in each row is the de novo 
motif, while the lower motif is the known motif which most closely matched 
with the de novo motif. 
 

Cluster Motif 
name 

# 
genes 

% 
enrich 

p-
value Motif 

B p65 4/34 
11.8% 
(.13%) 1-6 

C REL 4/13 
30.8% 
(.55%) 1-6 

D REL 3/15 
20.0% 
(.0%) 1-9 

Motif 
name 

# 
genes 

% 
enrich 

p-
value 

Motif 

p65 13/194 
6.70% 
(.88%) 1-7 
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Figure 3.15 LPS- or CpG-responsive p50-repressed genes in the absence 
of IFNAR. WT, p50ko, IFNARko, and IFNAR/p50ko BMDMs were left 
unstimulated or stimulated with (A) LPS or (B) CpG for 1, 3, or 8 hours and 
gene expression was analyzed via microarray. Genes displayed here were ≥2-
fold hyperexpressed in p50ko compared to WT cells. K-means clustering was 
performed with respect to WT and p50ko, and gene expression for IFNARko, 
IFNAR/p50ko and IFNAR/IRF3ko for each cluster is also shown.  
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Figure 3.16 p50-repressed genes are largely IFNAR-dependent. WT, 
p50ko, IFNARko, and IFNAR/p50ko BMDMs were left unstimulated or 
stimulated with (A-B) LPS or (C-D) CpG for 1, 3, or 8 hours and gene 
expression was analyzed via microarray. (A) LPS-responsive genes that were 
≥2-fold induced in WT cells (blue) or ≥2-fold hyperexpressed in p50ko (yellow) 
or ≥2-fold hyperexpressed in IFNAR/p50ko (green). (B) Number of LPS-
responsive genes ≥2-fold hyperexpressed p50ko (yellow) that were also ≥2-
fold hyperexpressed in IFNAR/p50ko (green) at each time point. (C) CpG-
responsive genes that were ≥2-fold induced in WT cells (blue) or ≥2-fold 
hyperexpressed p50ko (yellow) or ≥2-fold hyperexpressed in IFNAR/p50ko 
(green). (D) Number of CpG-responsive genes ≥2-fold hyperexpressed p50ko 
(yellow) that were also ≥2-fold hyperexpressed in IFNAR/p50ko (green) at 
each time point. 
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Figure 3.17 Chromatin immunoprecipitation of p65, p50 and IRF3 after 
LPS stimulation. BMDMs were left unstimulated or stimulated with LPS for 1 
or 24 hours then analyzed by ChIP followed by qPCR. p50-repressed genes 
identified by microarray analysis were assessed for their recruitment of p65, 
p50 or IRF3. (A) Notably, Ccl5 (RANTES) and IFN-β showed increased 
recruitment of both p65 and IRF3 in p50ko BMDMs compared to WT after 1 
hour of LPS stimulation. (B) IκBα was a positive control for NF-κB target 
genes. 
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Figure 3.18 Chromatin immunoprecipitation of p65, p50 and IRF3 on the 
Gbp3 promoter after LPS stimulation. BMDMs were left unstimulated or 
stimulated with LPS for 1 or 24 hours then analyzed by ChIP followed by 
qPCR. Gbp3, a p50-repressed genes identified by microarray analysis, was 
assessed for the recruitment of p65, p50 or IRF3 to its promoter. Gbp3 
showed increased recruitment of both p65 and IRF3 in p50ko BMDMs 
compared to WT, with both IRF3 and p50 occupying the promoter 
simultaneously in WT cells. 
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Figure 3.19 Survival curves of mice after S. pneumoniae infection. WT, 
p50ko, IFNARko, and IFNAR/p50ko mice were challenged with an 
intraperitoneal injection of 50 CFU of S. pneumoniae and survival was 
monitored at daily intervals. 
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Chapter 4: Surveying the specificity of innate immu ne responses 

 

4.1 Introduction 

 Macrophages are resident in every tissue and are integral as potent 

inducers of the inflammatory reactions against invading pathogens. To 

mediate host defense, macrophages are capable of recognizing a broad range 

of PAMPs allowing them to detect, engulf, and kill a diverse number of 

microorganisms [63]. Once a macrophage senses a pathogen, elaborate and 

extensive signaling cascades are activated which allow the cell to perform its 

effector functions like chemotaxis, secretion of cytokines, or phagocytosis.  

Purified microbial components capable of activating individual TLRs 

have commonly been used to study the gene activation programs of 

macrophages, for example, using LPS to study gene expression after TLR4 

activation [3, 18]. However, during live microbe challenges immune cells are 

confronted by complex intact bacteria and viruses that may be able to activate 

multiple receptors simultaneously.  

While a limited number of studies have attempted to investigate and 

compare the gene expression profiles of macrophages after challenge with 

whole bacteria [64], these studies neglected to examine gene expression after 

viral challenge and were previously performed using microarray analysis. RNA 

sequencing (RNA-seq) can also be used to interrogate the transcriptome, and 

its use and findings are now challenging earlier gene expression studies. 
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Many have found that RNA-seq provides better transcript quantity and quality, 

offers a larger dynamic range, and even allows for the detection of alternative 

splicing events [65-67]. 

In this study, we compared cytokine or TLR ligand stimulation to whole 

bacterial and viral challenge and assess subsequent macrophage gene 

expression via RNA-seq. By using both purified microbial components and live 

microorganisms, we were able to investigate whether responses to bacteria or 

virus are dominated by individual TLR signals or if whole organisms provoke 

cumulative activation through multiple TLRs.  

 

4.2 Materials and Methods 

4.2.1 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. Bone marrow derived 

macrophages (BMDMs) were isolated from wild type femurs. A total of 7 x 106 

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

for 7 days at 37°C with 5% CO 2, as described previously [43]. BMDMs were 

then replated on day 7 at of 2 x 106 cells per 6 cm plate in Dulbecco’s modified 

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

experiments were performed on day 8.  
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4.2.2 Stimuli 

BMDMs were stimulated on day 8 with various TLR ligands (or PAMPs) 

from Invivogen: a TLR2/1 agonist, the synthetic triacylated lipoprotein 

Pam3CSK4 (3 µg/ml), a TLR2/6 agonist, a synthetic lipoprotein derived from 

Mycoplasma salivarium, FSL-1 (50 ng/ml), a TLR3 agonist, low molecular 

weight polyinosine-polycytidylic acid (Poly(I:C), 50 µg/ml), a TLR4 agonist, 

lipopolysaccharide B5:055 from Escherichia coli (LPS, 100 ng/ml, Sigma), a 

TLR5 agonist, recombinant flagellin from Salmonella typhimurium (30 ng/ml), a 

TLR7/8 agonist, the imidazoquinoline compound R848 (5 µg/ml), a TLR9 

agonist, the synthetic CpG ODN 1668 (CpG, 100 mM), or IFN-β (100 U/ml), 

TNF-α (10 ng/ml), live S. pneumoniae (MOI 1.0), live L. monocytogenes (MOI 

1.0), murine cytomegalovirus (MCMV, MOI 5.0), or vesicular stomatitis virus 

(VSV, MOI 1.0) as listed in Table 4.1. Additionally, BMDMs were transfected 

with Poly(I:C) using the Lipofectamine 2000 kit per the manufacturer’s 

instructions (Poly(I:C) 50 µg/ml, Life Technologies). 

 

4.2.3 Nuclear extraction and gel shift assays 

BMDMs were replated with 5 x 106 cells per 10 cm plate on day 7. On 

day 8, BMDMs were left unstimulated or stimulated with LPS (100 ng/ml) or 

CpG (100nM) for 1, 6 or 24 hours. 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 ug/ml aprotinin and 5 
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ug/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 ug/ml aprotinin and 5 

ug/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 [45, 46]. 

Briefly, nuclear extracts were incubated 38 bp spanning double-stranded 

oligonucleotides labeled with 32P containing two consensus κB sites (κB 

probe) and left at room temperature for 15 min prior to complex separation on 

a nondenaturing acrylamide gel. Bands were visualized by autoradiography. 

 

4.2.4 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. 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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4.2.5 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 4.2). 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 ∆(∆Cq) method as previously described [44]. 

 

4.2.6 RNA-seq 

 RNA sequencing was performed as previously described [68, 69]. In 

brief, mRNA was extracted from 2 µg total RNA using oligo(dT) magnetic 

beads and fragmented at high temperature using divalent cations. Next a 

cDNA library was generated using the Illumina TruSeq kits and quantitation 

was performed using the Roche Light Cycler 480. Sequencing was performed 

on Illumina's HiSeq 2000, according to the manufacturer’s recommendations 

by the University of California, San Diego Biogem facility. Paired-end 100 bp 

reads were aligned to the mouse mm10 genome and RefSeq genes (PMID 

12045153, PMID 12466850) with Tophat (PMID 19289445). Cufflinks was 



 

 

77

used to ascertain differential expression of genes. Gene differential FPKMs 

were obtained with Cuffdiff, and analyzed with the CummeRbund package 

[70]. In R, we took the log base 2 of the FPKM values and used the wild type 

zero hour to normalize.  

The subset of genes that showed ≥2-fold induction or repression in 2 

consecutive time points or showed ≥4-fold induction or repression in one time 

point in pathogen infected BMDMs compared to PAMP stimulated BMDMs 

were considered significant. Using R’s gplots package heat maps were 

created and significant genes were clustered hierarchically. 

 

4.3 Results 

4.3.1 Optimal TLR agonist concentration and microbial MOI for transcription 

factor activation 

 To optimize stimuli concentrations which allow for robust and similar 

levels of NF-κB activation, BMDMs were left unstimulated or stimulated with 

cytokines, PAMPs, or pathogens for up to 24 hours. Nuclear extracts were 

collected at the time points indicated. We tested serial dilutions of stimuli and 

pathogens to determine comparable levels of transcription factor activity 

across multiple conditions. Previous studies indicated small but detectable 

gene program induction differences when different MOIs of E. coli were used 

to stimulate macrophages [18].  
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 We found that after stimulation with PAMPs, strong NF-κB activation 

was observed at most concentrations (Figures 4.1 and 4.2). Concentrations 

which demonstrated similar level of NF-κB activation (100 ng.ml FSL-1, 1 

µg/ml Pam3CSK4, 1 µg/ml R848, and 107 CFU/ml heat-killed L. 

monocytogenes) were reconfirmed and directly compared in Figure 4.3. 

Additionally, NF-κB and ISGF3 activity after MCMV infection was assessed 

and an MOI of 5 demonstrated robust transcription factor activation as early as 

1 hour after virus addition. 

 

4.3.2 Optimal TLR agonist concentration and microbial MOI for gene 

expression 

As with transcription factor activity, we wished to optimize stimuli 

concentrations which allow for robust and similar levels of inflammatory gene 

activation. To achieve this, BMDMs were left unstimulated or stimulated with 

cytokines, TLR agonists, or pathogens for 1, 3, 8, or 24 hours and RNA was 

extracted for analysis by qPCR. We tested serial dilutions of stimuli and 

pathogens to determine comparable levels of gene expression of inflammatory 

genes across several conditions. Fold induction of A20 (tnfaip3), Gbp3, IFN-β, 

IκBα, and TNF-α were compared for serial dilutions of each stimulus (data not 

shown for all dilutions). While some stimuli induced significantly higher gene 

expression than others for specific genes (for example, Poly(I:C) and LPS 

induce high levels of IFN-β compared to other stimuli, Figure 4.5), we 
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determined optimal concentration for each stimulus considering both 

transcription factor activation and gene expression, with optimal stimulus gene 

expression displayed in Figures 4.5 and 4.6 (see Methods for final 

concentrations chosen for RNA-seq analysis). 

 

4.3.3 RNA-seq  

To assess genome-wide gene expression, BMDMs were left 

unstimulated or stimulated with cytokines, TLR agonists, or pathogens for 1, 3, 

8, or 24 hours and RNA was extracted for analysis by RNA-seq. Overall, we 

found that 4,664 genes were significantly induced or repressed after 

stimulation compared to unstimulated BMDMs (Figure 4.7). Significant genes 

were clustered hierarchically, and though many stimuli did demonstrate a core 

innate gene activation program, stimulus-specific gene activation clusters were 

still apparent. These stimulus-specific clusters were examined in more detail 

below by determining the genes which demonstrated viral- or bacterial-specific 

induction or repression (Figures 4.8 and 4.9). 

 

4.3.4 Viral pathogens compared to PAMPs 

 In order to compare gene expression after TLR agonists or cytokines to 

live viral infection, BMDMs were exposed to virally related stimuli (Poly(I:C), 

transfected Poly(I:C), CpG DNA, R848 or IFN-β) or MCMV or VSV for 1, 3, 8 

or 24 hours and gene expression was analyzed via RNA-seq. We examined 
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genes with either ≥2-fold repression in 2 consecutive time points (or ≥4-fold 

repression in one time point) in virally infected BMDMs compared to PAMP 

stimulated BMDMs, or genes with ≥2-fold induction in 2 consecutive time 

points (or ≥4-fold induction in one time point) in virally infected BMDMs 

compared to PAMP stimulated BMDMs. We observed 17 genes which were 

significantly repressed and 22 genes which were significantly induced after 

MCMV infection compared to PAMPs (Figure 4.8 A and B); we also observed 

39 genes which were significantly repressed and 64 genes which were 

significantly induced after VSV infection compared to PAMPs (Figure 4.9 A 

and B). Genes which are differentially expressed after live viral infection but 

not PAMP stimulation represent possible virus-targeted genes which may be 

manipulated by the live virus to enhance infection. Further studies would be 

necessary to determine if these observed expression effects were directly 

controlled by the virus and what effect they have on infection outcome. 

 

4.5.5 Bacterial pathogens compared to PAMPs 

In order to compare gene expression after TLR agonists or cytokines to 

live bacterial infection, BMDMs were exposed to bacteria-derived stimuli 

(Pam3SCK4, LPS, rFlagellin, FSL-1, or CpG) or L. monocytogenes or S. 

pneumoniae for 1, 3, 8 or 24 hours and gene expression was analyzed via 

RNA-seq. We examined genes with either ≥2-fold repression in 2 consecutive 

time points (or ≥4-fold repression in one time point) in bacteria-infected 



 

 

81

BMDMs compared to PAMP stimulated BMDMs, or genes with ≥2-fold 

induction in 2 consecutive time points (or ≥4-fold induction in one time point) in 

bacteria-infected BMDMs compared to PAMP stimulated BMDMs. We 

observed 40 genes which were significantly repressed and 146 genes which 

were significantly induced after S. pneumoniae infection compared to PAMPs 

(Figure 4.10 A and B); we also observed 43 genes which were significantly 

repressed and 93 genes which were significantly induced after L. 

monocytogenes infection compared to PAMPs (Figure 4.11 A and B). Like with 

viral infection, genes which are differentially expressed after live bacterial 

infection but not PAMP stimulation represent possible bacteria-targeted genes 

which may be manipulated by the live bacteria to enhance infection. Further 

studies would be necessary to determine if these observed expression effects 

were directly controlled by the bacteria and what effect they have on infection 

outcome 

 

4.4 Discussion 

Although a handful of studies have endeavored to investigate the gene 

expression profiles of macrophages after challenge with live pathogens [64], 

many neglected to examine gene expression after viral challenge and all were 

previously performed using microarray analysis. Here we used unbiased next-

generation RNA-sequencing to interrogate the transcriptome of BMDMs which 

were stimulated with an extensive panel of cytokines, PAMPs, or live 
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pathogens. While many stimuli did display a core innate immune gene 

activation program, stimulus-specific activation clusters were still apparent. 

To illustrate this, we determined which genes were uniquely induced or 

repressed after MCMV, VSV, L. monocytogenes or S. pneumoniae infection 

compared to PAMP stimulation. Genes which are differentially expressed after 

live viral or bacterial infection but not PAMP stimulation represent possible 

pathogen-targeted genes which may be manipulated by the live microbes to 

enhance infection. Further studies would be necessary to determine if these 

observed expression effects were directly controlled by the pathogens and 

what effect they have on infection outcome. These subsets of genes represent 

putative virulence factors, although additional characterization and analysis 

would be needed to confirm this.  

Our results indicate the early innate immune gene expression is 

capable of stimulus-specific responsiveness. Future directions for this study 

include GO analysis on stimulus-specific or differentially expressed gene 

clusters and splice variant analysis. 

 

4.5 Acknowledgements 

Chapter 4 is original work performed under the guidance of A. 

Hoffmann. The dissertation author was the primary investigator and author of 

this material. 

 



 

 

83

Table 4.1 Stimuli concentrations for RNA-seq. This table lists the various 
TLR agonists, pathogens, and cytokines used to stimulate BMDMs. These 
concentrations were determined to give robust and comparable levels of 
transcription factor activation and gene expression. 
 

Pathway Ligand/Pathogen Conc/Titers 
TLR2/1 Pam3CSK4 3.0 ug/ml 
TLR3 Poly(I:C) 50 ug/ml 
RIG-I Transfected Poly(I:C) 50 ug/ml 
TLR4 LPS 100 ng/ml 
TLR5 rFlagellin 30 ng/ml 

TLR2/6 FSL-1 50 ng/ml 
TLR7/8 R848 5.0 ug/ml 
TLR9 CpG DNA 100 nM 

Type I IFN IFN-β 100 U/ml 
TNFR TNF-α 10ng/ml 

DNA virus MCMV MOI 5.0 
RNA virus VSV MOI 1.0 

Gram+ S. pneumoniae MOI 1.0 
Gram+ L. monocytogenes MOI 1.0 
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Table 4.2 Primers used for qPCR 
 

Gene 
Accession 
Number Name Sequence 

Ifnb NM_010510.1 IFNb.f GGTCCGAGCAGAGATCTTCA 
IFNb.r CTGAGGCATCAACTGACAGG 

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

A20 NM_001166402.1 Tnfaip3.f GCACACTCGGAAGCACCATG 
Tnfaip3.r ATGCTGGCTTGATCTCAGCTG 

IκBa NM_010907.2 ikba.f AGACTCGTTCCTGCACTTG 
ikba.r AGTCTGCTGCAGGTTGTTC 

TNFa NM_013693.2 Tnf.f CACCACGCTCTTCTGTCTAC 
Tnf.r AGAAGATGATCTGAGTGTGAGG 

Gbp3 NM_018734 Gbp3.f GATGGAGAGAGAGCCATAGCA 
Gbp3.r CCTTCTGTCTCTGCCTCAGC 
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Figure 4.1 NF-κB activity after various TLR stimuli. BMDMs were left 
unstimulated or were stimulated with various TLR ligands for the times and 
concentrations indicated. NF-κB activity was assessed by EMSA. 
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 Figure 4.2 NF-κB activity after various TLR stimuli. BMDMs were left 
unstimulated or were stimulated with various TLR ligands for the times and 
concentrations indicated. NF-κB activity was assessed by EMSA. 
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 Figure 4.3 NF-κB activity after various TLR stimuli. BMDMs were left 
unstimulated or were stimulated with various TLR ligands for the times and 
concentrations indicated. NF-κB activity was assessed by EMSA. 
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Figure 4.4 Transcription factor activity after MCMV infection. BMDMs 
were infected with MCMV (MOI 0.1, 1.0, or 5.0). NF-κB activity and ISGF3 
activity were assessed after the timepoints (in hours) indicated. Robust 
transcription factor activity was observed with an MOI of 5.0. 
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Figure 4.5 Gene expression after stimulus. BMDMs were stimulated with 
the 10 PAMPs, pathogens or cytokines indicated and several inflammatory 
and control genes of interest were assessed by qPCR to determine if 
comparable levels of gene expression were observed. Concentrations were as 
follows: Pam3CSK4, 3.0 ug/ml; Poly(I:C), 50 ug/ml; LPS, 100 ng/ml; rFlagellin, 
30 ng/ml; FSL-1, 50 ng/ml; R848, 5.0 ug/ml; CpG, 100 nM; IFN-β, 100 U/ml; 
TNF-α, 10ng/ml; heat-killed L. monocytogenes, MOI 1.0. 
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Figure 4.6 Gene expression after infection or stimulus. BMDMs were 
stimulated with the 10 PAMPs, pathogens or cytokines indicated and several 
inflammatory and control genes of interest were assessed by qPCR to 
determine if comparable levels of gene expression were observed 
Concentrations were as follows: MCMV, MOI 0.5 and 5.0; rFlagellin, 3 ng/ml or 
30 ng/ml; or S. pneumoniae, MOI 0.1 or 1.0. 
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Figure 4.7 Gene expression or repression after TLR stimulation or 
pathogen infection in BMDMs. BMDMs were exposed to stimuli or 
pathogens for 1, 3, 8 or 24 hours and gene expression was analyzed via RNA-
seq. Genes with ≥4-fold induction or repression in 2 consecutive time points 
were clustered hierarchically and are shown here. See Table 4.1 for stimuli 
and pathogen concentrations. 

Pam      PIC       LPS FLA      FSL      R848        CpG      TNFα   IFNβ MCMV   VSV     Strep   Lister θ     tPIC 
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Figure 4.8 Gene expression or repression after TLR stimulation or MCMV 
infection in BMDMs. BMDMs were exposed to stimuli or MCMV for 1, 3, 8 or 
24 hours and gene expression was analyzed via RNA-seq. (A) Genes with ≥2-
fold repression in 2 consecutive time points or ≥4-fold repression in MCMV 
infected BMDMs compared to PAMP stimulated BMDMs are shown. (B) 
Genes with ≥2-fold induction in 2 consecutive time points or ≥4-fold induction 
in MCMV infected BMDMs compared to PAMP stimulated BMDMs are shown. 

Poly(I:C) tPoly(I:C) R848 CpG IFN-β MCMV 

Poly(I:C) tPoly(I:C) R848 CpG IFN-β MCMV 
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Figure 4.9 Gene expression or repression after TLR stimulation or VSV 
infection in BMDMs. BMDMs were exposed to stimuli or VSV for 1, 3, 8 or 24 
hours and gene expression was analyzed via RNA-seq. (A) Genes with ≥2-fold 
repression in 2 consecutive time points or ≥4-fold repression in MCMV 
infected BMDMs compared to PAMP stimulated BMDMs are shown. (B) 
Genes with ≥2-fold induction in 2 consecutive time points or ≥4-fold induction 
in VSV infected BMDMs compared to PAMP stimulated BMDMs are shown. 

Poly(I:C) tPoly(I:C) R848 CpG IFN-β VSV 

Poly(I:C) tPoly(I:C) R848 CpG IFN-β VSV 



 

 

94

A 

 
 
B 

 
 
Figure 4.10 Gene expression or repression after TLR stimulation or S. 
pneumoniae infection in BMDMs. BMDMs were exposed to stimuli or VSV 
for 1, 3, 8 or 24 hours and gene expression was analyzed via RNA-seq. (A) 
Genes with ≥2-fold repression in 2 consecutive time points or ≥4-fold 
repression in S. pneumoniae infected BMDMs compared to PAMP stimulated 
BMDMs are shown. (B) Genes with ≥2-fold induction in 2 consecutive time 
points or ≥4-fold induction in S. pneumoniae infected BMDMs compared to 
PAMP stimulated BMDMs are shown. 

Pam3SK4 LPS rFlagellin FSL-1 CpG S. pneumo. 

Pam3SK4 LPS rFlagellin FSL-1 CpG S. pneumo. 
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Figure 4.11 Gene expression or repression after TLR stimulation or L. 
monocytogenes infection in BMDMs. BMDMs were exposed to stimuli or 
VSV for 1, 3, 8 or 24 hours and gene expression was analyzed via RNA-seq. 
(A) Genes with ≥2-fold repression in 2 consecutive time points or ≥4-fold 
repression in L. monocytogenes infected BMDMs compared to PAMP 
stimulated BMDMs are shown. (B) Genes with ≥2-fold induction in 2 
consecutive time points or ≥4-fold induction in L. monocytogenes infected 
BMDMs compared to PAMP stimulated BMDMs are shown. 

Pam3SK4 LPS rFlagellin FSL-1 CpG L. mono. 

Pam3SK4 LPS rFlagellin FSL-1 CpG L. mono. 
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Chapter 5: Ex Vivo Innate Immune Cytokine Signature of Enhanced Risk 

of Relapsing Brucellosis 

 

5.1 Introduction 

Brucellosis in humans is a zoonotic infection caused by Gram-negative 

facultative intracellular bacteria of the Brucella genus. Four species are 

typically responsible for human infections, B. abortus, B. melitensis, B. suis, 

and B. canis, and are transmitted from animal reservoirs including infected 

cows, goats or sheep, pigs, and dogs, respectively. Infection occurs by 

ingestion of contaminated unpasteurized milk or cheese or through contact 

with blood or materials from infected animals [15]. B. melitensis is recognized 

as not only the most virulent species, needing only a few organisms (10-100) 

to establish infection, but also the predominant species responsible for the 

brucellosis burden in Perú [71, 72]. Brucella spp. are of particular interest 

because they are easily aerosolized, which is underscored by the designation 

of brucellosis as the most common laboratory-acquired infection [73] and 

Brucella spp. as a category B agent on the Centers for Disease Control 

bioterrorism hazard list. 

Approximately 5-40% of patients treated for brucellosis suffer a relapse, 

with the wide variation in risk historically being attributed to the duration and 

combination of antibiotic treatment [74]. However, few investigations have 

focused on the variation of the innate immune reaction to Brucella spp. and its 
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impact on the rate of relapse. While studies have examined the association of 

genetic polymorphisms in cytokines and other immunity-related genes with 

brucellosis susceptibility [75, 76], less emphasis has been placed on the 

overall functional cytokine reaction of patients who demonstrate brucellosis 

susceptibility or relapse. 

Brucella spp. are able to survive and replicate within macrophages, and 

effective control of brucellosis requires a potent Th1 response to activate 

cellular mediated immunity which is driven by the production of IFN-γ, IL-2, 

and TNF-α [77-81]. A Th2 response, driven by IL-4 and IL-10, is detrimental to 

combating brucellosis as it promotes humoral immunity and suppresses 

macrophage activation [82, 83]. 

In this study, we examined the ex vivo cytokine profiles of patients with 

a history of brucellosis in the absence of stimuli and after toll-like receptor 

(TLR) and heat-killed Brucella melitensis (HKBM) stimulation. This approach is 

unique because we assessed human cytokine expression and secretion in 

fully recovered patient blood cells to determine if there is a brucellosis cytokine 

signature. While previous studies employ animal models, cell lines, or look at 

post-treatment serum cytokine levels [84], we assessed the ex vivo immune 

reaction of primary cells from human patients. We found that several cytokines 

showed altered expression and secretion in both unstimulated and stimulated 

conditions. Patients with a history of acute or relapsing brucellosis can be 

accurately identified by a robust inflammatory cytokine signature, months and 
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even years after successful treatment. This signature consists of increased 

secretion of TNF-α and IL-2 in response to HKBM and LPS, IL-1β in response 

to Rev1 and LPS, IFN-γ in response to HKBM, and basal IL-6. 

In summary, this work demonstrates that cytokine variations in 

brucellosis patients can be detected using an ex vivo assay system and can 

be used to distinguish between relapse and acute patients. Targeted 

diagnosis of this signature may allow for improved treatment of brucellosis by 

identifying patients at risk for relapse. 

 

5.2 Materials and Methods 

5.2.1 Ethics 

 Human blood was obtained from patients enrolled in a clinical study of 

brucellosis in Lima, Peru in 2010. The study was approved by the Human 

Research Protection Program of the University of California, San Diego, and 

the Comité de Ética of Universidad Peruana Cayetano Heredia (UPCH), Lima, 

Peru. All patients provided written informed consent prior to enrollment in the 

study, and signed consent forms have been stored in locked files in study 

offices at UPCH. 

 

5.2.2 Patients and healthy volunteers 

Sixteen patients with a previously confirmed history of acute brucellosis 

(6 males and 10 females; 44.8 ± 12.5 years, “acute”) and 6 patients previously 
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diagnosed with relapsing brucellosis (2 male and 5 females; 39 ± 15.2 years, 

“relapse”) were enrolled in the study. Brucellosis was confirmed by serology, 

positive culture, or both methods (Table 5.1). At the time of sample collection 

all patients were 18 years of age or older, had completed treatment and were 

asymptomatic for brucellosis for 6 months or more, had a normal physical 

examination, and showed no signs or symptoms of other illness. 11 healthy 

volunteers with no history of brucellosis were also enrolled as negative 

controls (5 males and 6 females; 30.8 ± 7.3 years, “control”). 

Volunteers provided 120 ml of venous blood or underwent 

leukapheresis. Peripheral blood mononuclear cells (PBMCs) were isolated 

using Ficoll Paque (GE Healthcare) as previously described [85]. 

 

5.2.3 Ex vivo cell culture 

 Isolated PBMCs were cultured in RPMI-1640 (Sigma) with 10% fetal 

bovine serum at a density of 2.5 x 106 cells per well of a 24-well plate at 37°C 

with 5% CO2. After isolation, cells were allowed to rest for 4 hours and were 

then stimulated with either PBS (resting, basal), a TLR4 agonist, 

lipopolysaccharide B5:055 from Escherichia coli (LPS, 1 µg/ml, Sigma), a 

TLR2/1 agonist, the synthetic triacylated lipoprotein Pam3CSK4 (1 µg/ml), a 

TLR3 agonist, low molecular weight polyinosine-polycytidylic acid (Poly(I:C), 

10 µg/ml), a TLR7/8 agonist, the imidazoquinoline compound R848 (3 µg/ml), 

a TLR9 agonist, the synthetic CpG ODN 1668 (CpG, 5 mM), heat-killed 
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Brucella melitensis vaccine strain Rev1 (Rev1, 65 CFU/ml) or a heat-killed, 

virulent B. melitensis patient isolate (HKBM, 65 CFU/ml). After 18 hours of 

stimulation, the supernatant was removed and preserved at -80°C and the 

cells were washed with PBS and frozen for subsequent RNA isolation. 

 

5.2.4 RNA Extraction and cDNA synthesis 

After the culture supernatant was removed, PBMCs were washed in 

PBS, centrifuged, and the cell pellets were frozen at -80°C. Cells were 

thawed, lysed, homogenized, and total RNA was extracted using the 

QIAshredder and RNeasy kits per the manufacturer’s instructions (Qiagen). 

RNA was eluted in 30 µl 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). 

 

5.2.5 Quantitative real-time PCR and gene expression 

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

mRNA expression level of the housekeeping gene GAPDH, and several 

inflammatory cytokines (GM-CSF, IFN-γ, IL-1β, IL-10 and TNF-α). 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 
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using Primer3 (Table 5.2). After amplification, threshold cycle (CT) values were 

generated using the Bio-Rad CFX Manager Software 1.6. The fold change of 

gene expression was calculated as previously described [44]. 

 

5.2.6 Cytokine protein secretion levels 

A multiplex bead-based immunoassay was used to quantify cytokine 

levels secreted into the culture supernatant after stimulation. Using the Human 

Cytokine 10-Plex Panel for the Luminex® platform, the following cytokines 

were measured according to the manufacturer’s instruction: GM-CSF, IFN-γ, 

IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10 and TNF-α (Invitrogen). Briefly, either 

recombinant protein standards or 50 µl of each culture supernatant sample 

were first incubated, in duplicate, with antibody-conjugated fluorophore beads, 

and then with protein-specific biotinylated antibodies. Finally, following the 

addition of Streptavidin-RPE, samples were analyzed using the Bio-Plex 200 

system (Bio-Rad). Data analysis was performed using the manufacturer 

provided software and the included recombinant proteins were used to 

generate standard curves to determine the sensitivity of the assay. 

 

5.2.7 Statistical analysis 

 Significance values were calculated using the R software environment 

for statistical computing. For each pairwise comparison, Welch's t-test was 

used to estimate the probability that the two samples have equal mean. 
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Probabilities less than 0.05 suggest significant differences between the two 

samples and are indicated by an asterisk. 

 

5.2.8 Classification and Model Selection 

Prior to classification, all response variables were log10 transformed, 

centered, and scaled to unit variance. Unless otherwise stated, variables for 

which more than four patients were missing, or for which two or more patients 

belonging to the same category were missing, were discarded. Missing values 

in the remaining 70 response variables were imputed from their conditional 

means [86]. Specifically, for each missing value, a linear regression model 

was identified by forward model selection using Akaike's information criterion 

(AIC). Regressors were chosen from the 32 response variables for which no 

data was missing, including patient category. Forward selection was 

terminated when there was no further reduction in the AIC, or when the 

complexity of the model reached 12 regressors. Imputation by conditional 

means was chosen because of the relatively high correlation observed 

between variables [87, 88]. 

Linear discriminant analysis (LDA) was performed in R using the ‘lda’ 

function. Accuracy of the resulting linear discriminant function, or classifier, 

was then assessed using the ‘predict’ function in conjunction with leave-one-

out cross-validation. To identify the optimal classifier for a given cross-section 

of the data, LDA was performed using all pairwise combinations of variables 
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contained in the cross-section. Top-performing pairs, defined as those pairs of 

variables that trained a classifier with the highest accuracy, were then used to 

seed model selection. During model selection, a variable was chosen at each 

step whose inclusion in the classifier resulted in the greatest increase in 

accuracy, up to a backtracking factor of 0.03 (1 patient). Since a multiplicity of 

models could satisfy this selection criteria, each selection was performed 20 

times. The model ultimately identified by forward selection was taken to be 

that which yielded the highest classification accuracy while using the fewest 

number of variables. 

 

5.3 Results  

5.3.1 Inflammatory cytokine gene expression is increased in brucellosis 

relapse patients 

To quantify the induction of cytokine gene expression in response to 

inflammatory stimuli, we first measured the resting, or basal, expression in 

unstimulated PBMCs. We found that basal expression of IL-1β and GM-CSF 

was significantly higher in relapse patients than in control patients, while TNF-

α was significantly higher in both acute and relapse patients compared to 

control (Figure 5.1).  

Next, PBMCs were stimulated overnight with LPS, heat-killed B. 

melitensis (HKBM) or R848. In response to LPS, relapse patients exhibited 

higher expression of GM-CSF and IL-10 and significantly higher TNF-α and 
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IFN-γ than either control or acute patients (Figure 5.2A). This trend was also 

observed in response to HKBM, except relapse and acute patients exhibited 

similarly and significantly elevated levels of GM-CSF, TNF-α, and IL-10 

(Figure 5.2B). Thus while cytokine gene expression in response to LPS 

appears to discriminate well between relapse and either acute or control 

patients, the response to HKBM appears to discriminate between control 

patients and either acute or relapse patients. 

In summary, relapse patients uniquely demonstrated elevated basal IL-

1β and GM-CSF expression compared to control donors. In comparison to 

both acute and control donors, relapse patients exhibit increased IFN-γ 

expression after HKBM stimulation and increased TNF-α expression after 

LPS. 

 

5.3.2 Inflammatory cytokine secretion is elevated in brucellosis relapse 

patients 

To test whether the differences observed in cytokine gene expression 

were also manifest in the synthesis and secretion of cytokine proteins, we 

used a multiplex bead-based immunoassay to quantify ex vivo cytokine 

secretion in the culture supernatant of unstimulated and stimulated PBMCs. 

We measured the concentrations of GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-

6, IL-8, IL-10, and TNF-α. In unstimulated cells we found that the basal 

secretion of IL-6, IL-8, and TNF-α was elevated in both acute and relapse 
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patients compared to control patients. IL-8 was higher in relapse patients than 

in acute patients, while basal IL-2 was increased in relapse patients compared 

to control patients (Figure 5.3). All differences were significant (p<0.05).  

Next we stimulated PMBCs with LPS, heat-killed B. melitensis (HKBM) 

or heat-killed B. melitensis vaccine strain Rev1 (Rev1). As observed in our 

gene expression data, after stimulating with HKBM, Rev1, or LPS, secretion of 

GM-CSF, IFN-γ, and TNF-α was significantly elevated in relapse patients 

compared to control patients (Figure 5.4). Additionally, IL-1β and IL-2 

secretion was significantly elevated in acute and relapse patients compared to 

control donors after both HKBM and Rev1, but not LPS, stimulation. Several of 

the cytokine concentrations measured in response to other stimuli fell out of 

the observable range of the assay (Figure 5.7). 

 

5.3.3 A robust cytokine signature accurately distinguishes relapsing from non-

relapsing patients and controls 

To test whether the differences observed in cytokine gene expression 

and protein secretion were sufficient to accurately discriminate between 

patients that did and did not experience a relapse in brucellosis, we trained a 

linear discriminant classifier using different cross-sections of the data and 

assessed its accuracy by leave-one-out cross validation. Linear discriminant 

analysis (LDA) is a supervised learning method that maximizes separation in 

the data -- defined here as the ratio of variances between patient categories to 
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the variance within -- using a linear recombination of response variables, in 

this case our observed gene expression or cytokine secretion measurements. 

Using LDA in conjunction with a model selection strategy allowed us to ask 

whether a subset of the response variables that we assayed could accurately 

classify patients as control, acute, or relapse. 

First, cross-sections of the cytokine gene expression and protein 

secretion data were chosen such that all response variables were of the same 

cytokine or generated using the same stimulus. We refer to these as 

"cytokine" and "stimulus" cross-sections, respectively. A classifier trained on a 

cytokine cross-section is said to be trained "across stimuli", and vice versa. 

Response variables for which more than four patients were missing, or for 

which two or more patients belonging to the same category were missing, 

were discarded. Missing values in the remaining 70 response variables were 

imputed from their conditional means  [86]. Linear discriminant functions were 

then identified for each cross-section using a forward model selection strategy 

with backtracking (see Methods). 

On average, we found that higher classification accuracy was achieved 

by training across stimuli than across cytokines. Training across the four gene 

expression or eight protein secretion stimuli yielded accuracies of 0.679±0.073 

and 0.642±0.119, respectively, compared to 0.598±0.045 and 0.606±0.116 

across cytokines (Figures 5.8-5.10). This result is likely due to the higher 

cross-correlation observed between cytokines in response to a single stimulus, 
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compared to the cross-correlation observed in a single cytokine in response to 

multiple stimuli. 

Second, we observed that the cytokine secretion assay was superior at 

discriminating between acute and relapse patients compared to gene 

expression. With expression, only the IFN-γ cross-section correctly classified 

more than one relapse patient (Figure 5.8D). Conversely, four cytokine 

secretion cross-sections (IL-1, IL-6, IL-10, and TNF-α) and two stimulus cross-

sections (Pam3CSK4 and R848) correctly classified half or more relapse 

patients (Figures 5.9-5.10). This result is likely due to better separation in the 

response variables between acute and relapse patients in the cytokine 

secretion data compared to gene expression (Figure 5.11). 

Indeed, clustering the patients hierarchically by Euclidean distance in 

their gene expression or cytokine secretion profiles, we found that the gene 

expression profile for every relapse patient most closely matches that of an 

acute patient (Figure 5.5A). Similarly, control patient 70005 and acute patient 

10288 cross-cluster with acute and control patients, respectively. 

Consequently, these seven patients are misclassified in over half of the 20 

qPCR models identified by forward selection. In contrast, five of the six relapse 

patients cluster together according to their cytokine secretion profile, resulting 

in significantly better classification performance (Figure 5.5B). Among the 

other patients, control patient 70005 and acute patient 10288 were again the 
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most often misclassified, suggesting that these two may be outliers in their 

respective patient categories. 

Examining the optimal gene expression model identified by forward 

selection, we found that it classified 28 of 33 patients correctly. Distinguishing 

between acute and relapse patients was the primary source of 

misclassification, with 83% relapse sensitivity (one false negative), but 71% 

precision (two false positives) (Figure 5.6A). In contrast, four cytokine 

secretion models correctly classified 32 of 33 patients. These models also 

classified five of six relapse patients correctly, but with perfect precision and 

fewer variables than gene expression (Figure 5.6B). Interestingly, these 

models all share the following eight response variables: TNF-α and IL-2 in 

response to HKBM and LPS, IL-1β in response to Rev1 and LPS, IFN-γ in 

response to HKBM, and basal IL-6. Pairing these variables with, for example, 

IL-1β and GM-CSF in response to HKBM, or TNF-α and GM-CSF in response 

to Rev1, achieves 97% patient classification accuracy. We therefore propose 

that these variables constitute an innate immune cytokine signature for 

accurate identification of patients at risk for brucellosis relapse. 

 

5.4 Discussion 

Here we present evidence that patients with a history of acute-and-

cleared or relapsing brucellosis can be distinguished with a robust 

inflammatory cytokine signature even months or years after successful 
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treatment. Currently, under standard treatment, many patients experience 

relapsing brucellosis, the cause of which remains poorly understood. In this 

study we stimulated PBMCs from patients with a past history of acute or 

relapsing brucellosis and measured ex vivo innate inflammatory cytokine 

expression and secretion to determine if at a clinically normal baseline there 

was a cytokine signature that might be associated with relapsing infection. 

Brucella spp. are intracellular pathogens whose effective control and 

elimination requires a potent cell-mediated Th1 immune response [78, 89, 90]. 

We found that relapse brucellosis patients demonstrated higher basal IL-1β 

and GM-CSF gene expression compared to control donors, increased IFN-γ 

expression after heat-killed B. melitensis (HKBM) stimulation and higher TNF-

α expression after LPS stimulation compared to both acute brucellosis patients 

and control donors. Surprisingly, this indicates relapse patients are capable of 

inducing the expression of cytokines needed to mount a Th1 response. 

However increased IL-10 gene expression after stimulation with HKBM in both 

acute and relapse brucellosis patients, but not after LPS stimulation, may 

suggest a possible Brucella spp. specific elevated Th2 response. Th2 

cytokines like IL-10 have been shown to downregulate immunity to Brucella 

spp [91, 92]. 

Additionally, relapse patients produced more TNF-α protein compared 

to control donors and secrete more GM-CSF compared to both groups. 

Indeed, previous studies indicate GM-CSF secretion can stimulate IL-1β and 
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TNF-α secretion by monocytes after in vitro B. abortus challenge [93]. Taken 

together, the ex vivo innate immune cytokine expression and secretion of 

acute or relapse patients indicates a functional and Th1-dominated response. 

IL-2, TNF-α, and IFN-γ secretion have previously been shown to be increased 

during brucellosis [94, 95], and recent studies also suggest that adequate 

levels are required for control of the infection as genetic polymorphisms in 

these genes may increase susceptibility to, or duration of, disease [75, 96]. In 

accordance with our findings, others have shown elevated IFN-γ after ex vivo 

B. melitensis antigen stimulation in patients less than one year after diagnosis  

[97]. Here we confirm that this remains true even several years after the 

resolution of infection. 

Though gene expression of the Th2 cytokine IL-10 was elevated in 

some brucellosis patients, IL-10 protein secretion was not significantly altered 

in these patients under any stimulation condition; IL-4, another important Th2 

cytokine, was not highly secreted in any condition (Figure 5.7). However, one 

key limitation of the study was the multiplex approach used to determine 

cytokine protein levels: several of the cytokines measured in the assay fell 

above or below the standard range defined in the manufacturer’s protocol and 

some concentration values were extrapolated or not detected. Due to the 

limited quantity of patient sample and culture supernatant, individual 

optimization for each cytokine and standard in the 10-cytokine kit was not 

possible. To address this issue in future studies, multiplex kits with improved 
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standard ranges could be used or individual conventional ELISA assays might 

be useful for key cytokines which still fall outside the detection of the multiplex 

assay.  

In summary, this study demonstrates that innate immune cytokine 

variations can be detected between patients with a history of acute or 

relapsing brucellosis and control donors using an ex vivo assay system. 

Standard clinical methods for monitoring brucellosis treatment outcomes 

remain unreliable: antibody titers used for serological diagnosis of brucellosis 

and circulating B. melitensis DNA load used for diagnosis by PCR, have been 

shown to persist for years after successful treatment [98-102]. In contrast, we 

show that an ex vivo cytokine signature can accurately distinguish between 

relapse and acute patients, and may provide a novel approach to monitor 

clinical outcomes. Further work would be required to validate this ex vivo 

assay as a method for predicting or confirming actively relapsing infections. 
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Figure 5.1 Basal PBMC cytokine gene expression. Relative basal amounts 
of IL-1β, GM-CSF, TNF-α, IFN-γ, and IL-10 mRNA compared to the 
housekeeping gene GAPDH (∆CT) in unstimulated PBMCs from control 
donors or acute or relapse brucellosis patients (asterisk indicates p≤0.05). 
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Figure 5.2 PBMC cytokine gene expression after stimulation. Fold change 
of gene expression for IL-1β, GM-CSF, TNF-α, IFN-γ and IL-10 in PBMCs 
from control donors or acute or relapse brucellosis patients after stimulation 
with (A) LPS (B) Heat-killed B. melitensis or (C) R848 (asterisk indicates 
p≤0.05). 



 

 

114

 
Figure 5.3 Basal PBMC cytokine secretion measured by multiplex 
immunoassay. IL-2, IL-6, IL-8, IL-10, and TNF-α secretion in unstimulated 
PBMCs from control donors or acute or relapse brucellosis patients (asterisk 
indicates p≤0.05). Concentrations indicated by open circles were extrapolated 
beyond the assay standard curve and values in the red shaded zone fell 
outside the observable range (OOR). 
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Figure 5.4 PBMC cytokine secretion after stimulation measured by 
multiplex immunoassay. IL-1β, IL-2, GM-CSF, IFN-γ, and TNF-α protein 
secretion by from control donors or acute or relapse brucellosis patients after 
stimulation with LPS, heat-killed B. melitensis (HKBM), or the heat-killed B. 
melitensis vaccine Rev1, as measured by multiplex immunoassay (asterisk 
indicates p≤0.05). Concentrations indicated by open circles were extrapolated 
beyond the assay standard curve and values in the red shaded zone fell 
outside the observable range (OOR).  
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Figure 5.5 Hierarchical clustering of patients by gene expression or 
cytokine secretion. Control (green), acute (blue), and relapse (red) patients 
were clustered hierarchically by Euclidean distance in their scaled gene 
expression (A) or cytokine secretion (B) profiles (see Methods). Response 
variables are grouped by cytokine, indicated in the left margin, and values are 
indicated by luminosity. Misclassification rates for each patient after 20 model 
selection runs are indicated underneath the corresponding patient code (see 
Table 5.1). 
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Figure 5.6 Model selection and classification results. Response variables 
were selected and a linear discriminant classifier was trained using the 
transformed gene expression (A) or cytokine secretion data (B). The left 
panels show the results of 20 model selection runs, with the best-performing 
classifier highlighted in color. The variable included after each step in the 
forward selection is listed for the optimal model. Zero features is equivalent to 
random guessing. The center column shows all 33 patients after being 
mapped by the first (LD1) and second (LD2) linear discriminant functions used 
by the best-performing classifier. Classification performance is summarized by 
the confusion matrix on the right. This matrix gives the proportion of (C)ontrol, 
(A)cute, and (R)elapse patients that were correctly (on-diagonal) and 
incorrectly classified (off-diagonal). 
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Figure 5.7 PBMC cytokine secretion after stimulation measured by 
multiplex immunoassay. Secretion of IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, GM-
CSF, IFN-γ, and TNF-α in PBMCs from control donors or acute or relapse 
brucellosis patients without stimulation (basal) or after stimulation with 
Pam3CSK4, Poly(I:C), LPS, R848, CpG, HKBM, or Rev1. Concentrations 
indicated by open circles were extrapolated beyond the assay standard curve 
and values in the red shaded zone fell outside the observable range (OOR). 
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Figure 5.8 Classifiers identified by forward model selection using all 
cytokine (A-E) and stimulus (F-I) cross-sections in the gene expression 
data. Each panel illustrates the model selection (left) and resulting classifier 
performance (right) for cytokines (A) GM-CSF (B) IL-10 (C) TNF- α (D) IFN- γ 
and (E) IL-10 and stimuli (F) Basal (no stimulus) (G) HKBM (H) LPS and (I) 
R848. For model selection, the accuracy of the resulting classifier is given as a 
function of the number of variables incorporated. The results of 20 selections 
are shown for each cross-section, with the best-performing classifier 
highlighted in bold. The identity of each variable incorporated into the best-
performing classifier is indicated above its corresponding index. Zero features 
is equivalent to random guessing. For each cross-section, the confusion matrix 
generated by the best-performing classifier is shown at right. This matrix gives 
the proportion of the 11 (C)ontrol, 16 (A)cute, and 6 (R)elapse patients that 
were correctly and incorrectly classified. 
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Figure 5.9 Classifiers identified by forward model selection for all 
cytokine cross-sections in the cytokine secretion data. Each panel 
illustrates the model selection (left) and resulting classifier performance (right) 
for cytokines (A) IL-1β (B) IL-2 (C) IL-4 (D) IL-5 (E) IL-6 (F) IL-8 (G) IL-10 (H) 
GM-CSF (I) IFN- γ and (J) TNF- α. See Figure S2 for details. 
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Figure 5.10 Classifiers identified by forward model selection for all 
stimulus cross-sections in the cytokine secretion data. Each panel 
illustrates the model selection (left) and resulting classifier performance (right) 
for stimuli (A) Basal (no stimulus) (B) Pam3CSK4 (C) Poly(I:C) (D) LPS (E) 
R848 (F) CpG (G) HKBM and (H) Rev1. See Figure S2 for details. 
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Figure 5.11 Data separation in the gene expression and cytokine 
secretion data sets. Scaled, log10-transformed response variables were 
taken from the full gene expression data set (left) and the partial, imputed 
cytokine secretion data set (right), where no variable was missing more than 
four values and no patient category was missing more than one value (see 
Methods). Variables for which relapse patients exhibited a mean value less 
than that of control patients were inverted (multiplied by -1). The density of the 
resulting variables was estimated using the 'density' function in R, then 
overlayed by patient category: control (green), acute (blue) and relapse (red). 
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Table 5.1 Clinical characteristics of patient population.  
 

Patient 
Category  

Age  Sex 
Sample  

Collection  
Date 

Collected  
Patient Code  

Acute 43 F Venous blood 10/21/10 BR10101 
Acute 40 M Venous blood 10/28/10 BR10258 
Acute 19 F Leukapheresis 10/23/10 BR10268 
Acute 38 F Venous blood 11/22/10 BR10288 
Acute 40 M Venous blood 12/4/10 BR20093 
Acute 52 M Leukapheresis 10/30/10 BR20113 
Acute 50 F Venous blood 12/9/10 BR20132 
Acute 45 F Venous blood 11/29/10 BR20227 
Acute 23 M Leukapheresis 11/10/10 BR20316 
Acute 46 F Venous blood 9/23/10 BR30033 
Acute 41 M Venous blood 12/4/10 BR30069 
Acute 70 M Venous blood 11/22/10 BR30078 
Acute 48 F Venous blood 10/23/10 BR30136 
Acute 63 F Leukapheresis 11/20/10 BR30563 
Acute 50 F Leukapheresis 10/22/10 BR30614 
Acute 49 F Venous blood 12/6/10 BR90010 

Relapse 53 F Leukapheresis 12/6/10 BR10170 
Relapse 18 M Leukapheresis 11/8/10 BR30001 
Relapse 60 F Leukapheresis 10/28/10 BR30003 
Relapse 32 F Venous blood 10/13/10 BR30026 
Relapse 35 F Venous blood 9/7/10 BR30028 
Relapse 36 F Leukapheresis 10/6/10 BR30647 
Control 29 F Venous blood 10/12/10 BR70001 
Control 30 F Venous blood 10/12/10 BR70002 
Control 37 M Venous blood 10/19/10 BR70003 
Control 20 M Venous blood 10/19/10 BR70004 
Control 35 F Venous blood 10/20/10 BR70005 
Control 46 F Venous blood 11/24/10 BR70006 
Control 36 F Venous blood 12/3/10 BR70007 
Control 29 F Venous blood 11/29/10 BR70009 
Control 27 M Venous blood 11/29/10 BR70010 
Control 23 M Venous blood 11/26/10 BR70013 
Control 27 M Venous blood 12/9/10 BR70016 
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Table 5.2 Primers used for quantitative real-time PCR. 
 

Gene Accession 
number Sequence (5’ -> 3’) Product  

GAPDH NM_002046.3  F:AATCAAGTGGGGCGATGCTG             
 R:TGCAAATGAGCCCCAGCCTT 87 

IL-10 NM_000572.2  F:GACCCAGACATCAAGGCGCA        
 R:GAAATCGATGACAGCGCCGTAG 85 

GM-CSF NM_000758.2  F:AGACACTGCTGCTGAGATGAATGAA    
 R:TCTGTAGGCAGGTCGGCTCC   80 

TNF-α NM_000594.2  F:AGCCCATGTTGTAGCAAACCCT   
 R:TCTCTCAGCTCCACGCCATTG 96 

IL-1β NM_000576.2  F: ATTACAGTGGCAATGAGGATGACT 
 R:ATCCAGAGGGCAGAGGTCCAG 95 

IFN-γ NM_000619.2  F:TTGGAAAGAGGAGAGTGACAGAA 
 R:CCACACTCTTTTGGATGCTCTGG 107 
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Chapter 6: Concluding Overview 

Our findings in Chapter 2 revealed unexpected cross-regulation 

between two primary transcription factor families that coordinate innate 

immune responses. Whereas the NF-κB and IRF activators bind to their 

respective cognate sites (κB and ISRE, respectively), we report that the NF-κB 

p50-p50 repressor is able to bind to and regulate a previously unrecognized 

binding site, the ISRE. By using both in vitro biochemical assays and unbiased 

gene expression phenotyping studies, we showed that p50 homodimers are 

highly induced and can bind to a subset of IFN-inducible genes many of which 

contain the core IRE binding site in their promoters. One prominent gene 

which showed hyperexpression in the absence of p50 was IFN-β; as IFN-β 

has both autocrine and paracrine effects on ISG induction, it was difficult to 

determine whether many of the IFN-inducible hyperexpressed genes identified 

were directly controlled by p50 or were hyperexpressed a consequence of 

increased type I IFN signaling. 

To investigate this in Chapter 3, we generated IFNAR/p50ko mice, 

which lack both the nfkb1 gene and the type I IFN receptor. We observed that 

BMDMs from these mice do show hyperexpression of a number of 

inflammatory genes previously identified to be hyperexpressed in p50ko 

BMDMs. Using genome wide expression analysis, we showed that LPS- and 

CpG-responsive p50-repressed genes are enriched for ISRE and p65 binding 

motifs, which suggests that p50-p50 may be competing with these 
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transcription factors and repressing transcription in WT mice. Furthermore, we 

show that while a number of these p50-repressed genes are still 

hyperexpressed in IFNAR/p50ko BMDMs, the vast majority of the expression 

phenotype is lost in the absence if type I IFN signaling. 

 To determine if p50 was competing with IRF3, we performed ChIP 

assays and found that both p50 and IRF3 were binding to several genes 

simultaneously. Interestingly, IRF3 and p65 occupancy was observed to be 

higher in the absence of p50 on several genes examined. Taken together, our 

results and previous studies indicate that p50-p50 is regulating transcription by 

3 distinct mechanisms: competition with p65-containing dimers, competition 

with factors which bind to the ISRE, namely IRF3, and repression of IFN-β 

expression and subsequent ISG expression (Figure 6.1). 

In Chapter 4, we used unbiased next-generation RNA-sequencing to 

interrogate the transcriptome of BMDMs which were stimulated with an 

extensive panel of cytokines, PAMPs, or live pathogens. While many stimuli 

did display a core innate immune gene activation program, stimulus-specific 

activation clusters were still apparent. Genes which are differentially 

expressed after live viral or bacterial infection but not PAMP stimulation 

represent possible pathogen-targeted genes which may be manipulated by the 

live microbes to enhance infection. Further studies would be necessary to 

determine if these observed expression effects were directly controlled by the 

pathogens and what effect they may have on infection outcome. 
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 In Chapter 5 we demonstrated that innate immune cytokine variations 

can be detected between patients with a history of acute or relapsing 

brucellosis and control donors using an ex vivo assay system. We show that 

an ex vivo cytokine signature can accurately distinguish between relapse and 

acute patients, and may provide a novel approach to monitor clinical 

outcomes. Further work would be required to validate this ex vivo assay as a 

method for predicting or confirming actively relapsing infections. 

 Overall, we demonstrate the innate immune response to pathogens is 

capable of stimulus-specificity, with NF-κB playing a key role in the 

transcriptional response of immune cells like the macrophage. 
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Figure 6.1 NF-κB p50-p50 can control innate immune gene expression 
through 3 mechanisms. NF-κB p50 homodimers are highly induced and can 
bind to 1) κB sites and can subsequently block or prevent the access of other 
activating NF-κB dimers like p65-50 2) the IFN-β promoter which has both 
autocrine and paracrine effects on ISG induction and 3) a subset of IFN-
inducible genes many of which contain the core ISRE binding site in their 
promoters.  
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