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Department of Immunology 

 

Interleukin-1 beta (IL-1β) is a pleiotropic mediator of inflammation and is produced in response to a wide 

range of stimuli. During infection, IL-1β production occurs in parallel with the onset of innate antimicrobial 

defenses, but the contribution of IL-1β signaling to cell-intrinsic immunity is not defined. Induction of 

interferon (IFN), IFN-stimulated genes (ISG) and inflammatory responses are critical for control of viral 

infection. We recently identified an essential linkage between stimulation of the inflammatory cytokine IL-

1β and induction of ISGs that function as host restriction pathways against the emerging flavivirus, West 

Nile virus (WNV), in vivo. We utilized ex vivo global transcriptome analysis of primary dendritic cells, 

known targets of WNV replication, to define gene signatures required for this IL-1β-driven antiviral 

response. Dendritic cells that were deficient in IL-1 receptor signaling showed dysregulation of cell-

intrinsic defense genes and loss of viral control during WNV infection. We found that IL-1β treatment, in 

the absence of infection, drove transcription of IFN and ISGs at late times following treatment. In 

delineating the mechanism of IL-1β-to-IFN signaling crosstalk, we found that exogenous IL-1β induces 

interferon regulatory factor 3 (IRF3) activation in human myeloid, fibroblast and epithelial cells. IRF3 

activation by IL-1β is dependent upon the DNA sensing pathway adaptor, stimulator of interferon genes 

(STING), through the recognition of cytosolic mitochondrial DNA by cyclic GMP-AMP synthase (cGAS). 

IL-1β treatment results in IFN production and activation of IFN signaling to direct a potent innate immune 

response that also restricts Dengue virus infection. This study identifies a new function for IL-1β in the 



onset or enhancement of cell-intrinsic immunity, with important implications for cGAS-STING in 

integrating inflammatory and microbial cues for host defense. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Ever tried. Ever failed. No matter. Try again. Fail again. Fail better.  

   - Samuel Beckett 
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1. Introduction 

1.1 Infection and immunity 

An important role of the immune system is to limit infectious disease caused by microorganisms. 

These microbes may live on or inside the host to drive a broad spectrum of disease outcomes. Obligate 

intracellular parasites rely on host cells to replicate and include all viruses and select bacteria, protozoa, 

and fungi. Extracellular microbes utilize host cells or tissues at various stages of their life cycle. Microbe 

entry, trafficking, replication and release present several opportunities for recognition by the host immune 

system. For example, viral infection can involve fusion with the host cell plasma membrane or receptor-

mediated endocytosis, followed by uncoating and replication of the viral genome. Both the cellular changes 

associated with the manipulation of host membranes and the direct recognition of viral components alert 

the host cell to infection and initiate an immune response. The early response to infection, termed innate 

immunity, is generally not pathogen-specific and can result in the expression of antimicrobial molecules 

and cytokines for the recruitment and activation of immune cells. Inflammation is a common feature of 

innate immunity and is characterized by dilation and permeability of blood vessels for increased blood flow 

and edema at the site of infection. Inflammatory responses potentiate immune cell influx and facilitate the 

uptake and presentation of pathogen-derived motifs, termed antigens, to cells of the adaptive immune 

system. Adaptive immunity, in contrast to innate immunity, develops during infection, is pathogen-specific, 

and ideally provides lifelong immunity against reinfection. B and T lymphocytes of the adaptive immune 

system can recognize nearly any antigen due to complex rearrangements of their receptor genes, yet they 

still rely on antigen-presenting cells, co-stimulation and a guiding cytokine milieu for their activation and 

differentiation. All these processes begin with the recognition of a microbe or infection-associated damage, 

highlighting the importance of innate immune sensing in protection against infectious disease. 

1.2 Initiation of innate immune responses 

1.2.1 Recognition of pathogen-associated molecular patterns (PAMPs) 

Innate immunity serves to stop the spread of infection, direct adaptive immune responses and 

mediate tissue repair. Innate immune responses can be initiated by several classes of germline-encoded 

pattern recognition receptors (PRRs), which include Toll-like receptors (TLRs), retinoic acid-inducible gene 

I (RIG-I)-like receptors (RLRs), nucleotide-binding oligomerization domain and leucine-rich-repeat-
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containing receptors (NLRs), C-type lectin receptors (CLRs) and cytosolic DNA sensors such as cyclic 

GMP-AMP synthase (cGAS) and absent in melanoma 2 (AIM2)-like receptors (ALRs). Different classes of 

pathogens express distinct PAMPs, such as nucleic acids, viral envelope proteins or bacterial flagellin, 

which can activate specific PRRs. Microbial detection initiates intracellular signaling cascades that 

culminate in cellular defense programs such as production of pro- and anti-inflammatory cytokines, 

phagocytosis, autophagy and cell death. Coincident detection by multiple PRRs, in combination with local 

cytokines, can lead to the integration of signaling pathways to tailor an appropriate immune response.  

Critical to innate immune signaling are the adaptor proteins that link PRRs and cytokine receptors 

to effector molecules. These adaptors are comprised of domains that allow them to interact with both the 

receptor and downstream signaling components. In addition, intracellular signaling cascades are frequently 

modulated by protein kinases, which phosphorylate specific residues on target substrates, and ubiquitin 

ligases, which conjugate ubiquitin to lysine residues on target substrates. Signaling can be transmitted 

through several layers of sequentially activated kinases and ubiquitin ligases, some of which may require 

multiple residue modifications. Likewise, phosphatases and deubiquitinating enzymes provide regulatory 

support. Multiple steps of modification can provide more control and higher specificity in signaling events. 

Indeed, most pathways of innate immune activation converge on a handful of transcription factors [nuclear 

factor kappa B (NF-κB), activator protein 1 (AP-1), interferon regulatory factor (IRF) and signal transducer 

and activator of transcription (STAT) family members] but drive surprisingly diverse cellular outcomes with 

subtle differences in signal transduction (Häcker, 2006; Martin, 2002). 

1.2.2 Toll-like receptors (TLRs) 

TLRs are transmembrane proteins that exist as loosely associated dimers at the cell surface or 

within membrane-enclosed intracellular compartments, termed endosomes. Surface-localized TLR1, TLR2, 

TLR4, TLR5 and TLR6 recognize bacterial products, amyloid beta and oxidized low-density lipoproteins; 

endosomal TLR3, TLR7, and TLR8 recognize viral and host RNA; endosomal TLR9 recognizes 

unmethylated CpG-containing bacterial and viral DNA, as well as host DNA (De Nardo, 2015). As occurs 

with many receptor-mediated signalosomes, TLR ligand binding induces conformational changes to create 

a signaling platform for adaptor recruitment via homotypic interaction domains (O'Neill, 2007). All but TLR3 

require the signaling adaptor myeloid differentiation factor 88 (MyD88) for activation of NF-κB and AP-1 
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transcription factors (see 1.3 IL-1R signaling). TLR3 directly engages the signaling adaptor Toll/interleukin-

1 receptor domain-containing adaptor inducing interferon beta (TRIF) for activation of IRF3 and downstream 

interferon (IFN) expression (Oshiumi, 2003a). TLR4 is the only TLR to engage both MyD88 and TRIF and 

does so in sequential order from two different cellular locations (Fitzgerald, 2003a; Kagan, 2008; Oshiumi, 

2003b; Yamamoto, 2003). Endosomal TLRs can also induce IFN expression in a cell type-restricted manner 

via MyD88 and IRF7 (Honda, 2005; Kawai, 2004). TLR expression is tissue-, cell-, and temporally-restricted 

in vivo, with important implications for their access to activating ligands and roles in disease (Price, 2018). 

1.2.3 Retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) 

RIG-I and melanoma differentiation-associated gene 5 (MDA5) are unbound, intracellular PRRs 

that detect cytoplasmic viral RNA or modified host RNA through their central helicase domains (Yoneyama, 

2005). RIG-I preferentially binds RNA with a 5’triphosphate group, which is not present in host RNA, and 

polyuridine-rich RNA, while MDA5 binds long, double stranded RNA with blunt ends (Hornung, 2006; Saito, 

2008). Although RIG-I and MDA5 display unique ligand specificity and activation requirements (Loo, 2011), 

both RLRs signal through the adaptor molecule mitochondria antiviral signaling protein (MAVS), which is 

anchored to the outer membranes of mitochondria, peroxisomes and the endoplasmic reticulum (ER) 

(Kawai, 2005; Seth, 2005). MAVS acts as a signaling platform to facilitate the assembly of a number of 

ubiquitin ligases and serine kinases for expression of NF-κB- and IRF3-responsive antiviral genes (Liu, 

2013; Paz, 2006). RIG-I signaling is autoregulated by interactions between its tandem caspase recruitment 

domains (CARDs) and repressor domain (RD) (Saito, 2007). Upon binding stimulatory RNA, RIG-I 

undergoes a conformational change coincident with ubiquitin- and CARD-dependent oligomerization and 

migration to MAVS (Kowalinski, 2011; Liu, 2012; Luo, 2011). MDA5 is not autoregulated by its RD-like motif 

but requires ubiquitination, phosphorylation and association with cofactors for activation of IFN responses 

(Loo, 2011). The third RLR, laboratory of genetics and physiology 2 (LGP2), lacks CARDs and has 

demonstrable positive and negative regulatory roles in RLR antiviral responses that may be expression-

dependent (Saito, 2007; Satoh, 2010; Yoneyama, 2005). Though widely expressed, the RLRs can be 

induced during infection in IFN-dependent and -independent manners (Kang, 2004; Yount, 2007). This is a 

common feature of innate immune PRRs and underlies the spatiotemporal requirement for each PRR 

during innate immune activation. 
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1.2.4 Cytosolic DNA sensors 

Several candidate cytosolic DNA sensors have been described in the literature and most require 

the adaptor protein stimulator of IFN genes (STING) for downstream signaling to NF-κB and IRF3 (Abe, 

2014; Ishikawa, 2009). The first reported DNA sensor was DNA-dependent activator of IRFs (DAI), with 

conflicting evidence for its requirement in innate responses to transfected DNA and viral infection (Ishii, 

2008; Lippmann, 2008; Takaoka, 2007; Wang, 2008). Since its discovery in 2013, cGAS has been shown 

to be essential for IFN programs stimulated by cytosolic delivery of DNA, aberrant accumulation of 

undigested cytosolic DNA, liberated mitochondrial DNA, DNA virus infection, RNA virus infection, retrovirus 

infection and bacterial infection (Costa Franco, 2018; Gao, 2013; Gray, 2015; Li, 2013; Rongvaux, 2014; 

Schoggins, 2014; Sun, 2013; Watson, 2012; White, 2014). The preponderance of evidence on cGAS has 

guided the field to accepting it as the cytosolic DNA sensor involved in interferon responses (Vance, 2016). 

Two members of the ALR family, AIM2 and IFNγ-inducible 16 (IFI16), have distinct immunostimulatory roles 

upon activation. Upon binding double stranded DNA, AIM2 forms a large signaling complex, termed 

inflammasome, that mediates caspase-1-dependent proteolytic activation of interleukin-1 (IL-1)β and IL-18 

as well as the inflammatory form of cell death, pyroptosis (Bürckstümmer, 2009; Fernandes-Alnemri, 2009; 

Hornung, 2009). IFI16 is also shown to bind dsDNA, but instead induces STING-dependent IFN responses 

(Unterholzner, 2010). Later studies described a cooperative role of IFI16 and cGAS in STING signaling 

(Almine, 2017; Jønsson, 2017). The aspartate-glutamate-any amino acid-aspartate/histidine (DExD/H)-box 

helicases DDX3, DHX9, DHX36, and DDX41 have likewise been associated with innate DNA sensing, but 

their specific roles independent of, upstream of, or in tandem with cGAS-STING are understudied 

(DeFilippis, 2010; Kim, 2010; Zhang, 2011). As interferon-inducible genes and transcriptional regulators, 

these candidates may be vital downstream of STING activation (Fullam, 2013). Redundancies, 

spatiotemporal expression, and ligand specificity dictate the role of each of these sensors in the responses 

to cytosolic DNA (Unterholzner, 2013). 

STING is perhaps unique in that it functions as both an adaptor (described above) and as a direct 

innate immune sensor of cyclic dinucleotides (CDN) produced by bacteria (Burdette, 2011; Yin, 2012). 

Upon binding CDNs synthesized by cGAS or bacteria, ER-localized STING traffics via the Golgi to 

autophagosome-like puncta where it can activate IRF3 for expression of IFN (Ishikawa, 2009; Konno, 2013; 
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Saitoh, 2009). Interestingly, the cGAS-CDN-STING pathway predates the evolution of IFN-based immunity 

(Margolis, 2017) and has been implicated in cell-autonomous defense mechanisms involving autophagy 

(Costa Franco, 2018; Liu, 2018; McFarlane, 2011; Moretti J., 2017; Rasmussen, 2011; Watson, 2012). 

1.2.5 Nucleotide-binding oligomerization domain- and leucine-rich-repeat-containing 

receptors (NLRs) 

NLRs respond to a broad range of stimuli that emerge during infection or tissue damage, including 

microbial products, peptide aggregates, ATP, uric acid crystals, reactive oxygen species and oxidized 

mitochondrial DNA (Latz, 2013; Malik, 2017). These unbound, intracellular PRRs are linked to multiple 

signaling pathways via structurally variable effector domains. NLR members contain a C-terminal leucine 

rich repeat (LRR) domain and a central nucleotide-binding oligomerization domain (NOD). Based on their 

N-terminal domains, NLRs are categorized as NOD- LRR- and pyrin domain (PYD)-containing (NLRP) 

receptors or NOD-, LRR- and CARD-containing (NLRC) receptors. As described above for AIM2, NLRP 

activation can result in the formation of an inflammasome complex consisting of apoptosis-associated 

speck-like protein containing a caspase recruitment domain (ASC) and caspase-1 to initiate autocatalytic 

activation of caspase-1, cleavage of pro-IL-1β and pro-IL-18, and pyroptotic cell death (Malik, 2017). The 

NLRC subgroup act as important intracellular bacteria sensors for activation of inflammatory responses. 

NLRP1 was the first sensor identified to form an inflammasome and is unusual in that it contains a 

function-to-find domain (FIIND) and a C-terminal CARD (Martinon, 2002). NLRP1 is activated by bacterial 

peptidoglycan and the murine ortholog NLRP1B can be activated by anthrax lethal toxin (Boyden, 2006; 

Faustin, 2007). NLRP3 inflammasome activation usually requires two distinct steps: priming and 

inflammasome assembly. Priming can occur downstream of TLR stimulation and other NF-κB and AP-1 

activating pathways for increased expression of inflammasome components and pro-IL-1β. Subsequent 

cellular distress signals trigger inflammasome assembly via mechanisms that are not fully defined but 

frequently involve mitochondrial stress (Zhou, 2011). Other NLRs identified as NLRP6 and NLRP12 have 

inflammasome-independent functions that may negatively regulate inflammatory responses (Allen, 2012; 

Anand, 2012). NOD1 and NOD2 of the NLRC family recognize bacterial peptidoglycan and signal via 

homotypic CARD-CARD interactions with the inflammatory kinase, receptor interacting serine/threonine 

protein kinase 2 (RIPK2), for activation of NF-κB and AP-1 (Moreira, 2012). NLRC4 is the only NLRC 
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member shown to form an inflammasome. Its activation depends on NLR family apoptosis inhibitory protein 

(NAIP)-mediated sensing of bacterial flagellin and components of the type III secretion system (Kofoed, 

2011; Malik, 2017; Zhao, 2011). In addition to the maturation and release of IL-1β and IL-18, NLRC4 

promotes the production of inflammatory eicosanoids and pyroptosis-mediated shedding of infected 

epithelial cells (Sellin, 2014; von Moltke, 2012). 

Interestingly, IFN signaling is required for the activation of some inflammasomes in bacterial 

infection. IFN signaling induces the expression of guanylate binding proteins (GBPs) and immunity-related 

GTPase family member B10 (IRGB10), which mediate bacterial lysis and release of inflammasome-

stimulating PAMPs into the cytosol (Man, 2016, 2015; Meunier, 2014, 2015). In other contexts, IFN is shown 

to inhibit inflammasome activation and IL-1 production, highlighting the complicated crosstalk between IFN 

and inflammation in aseptic and sterile disease (Guarda et al., 2011; Lopez de Padilla and Niewold, 2016; 

Novikov et al., 2011). 

1.2.6. C-type lectin receptors (CLRs) 

Myeloid cells and subsets of lymphocytes express members of the CLR family on their cell surface 

or as soluble opsonins for the recognition of mannose, fucose and glucan carbohydrate structures 

(Geijtenbeek, 2009; Patin, 2018). While CLRs are largely studied in antifungal immunity, their ability to bind 

diverse carbohydrate structures also allows for their recognition of viruses, bacteria and helminths 

(Geijtenbeek, 2009). CLRs signal via association with the immunoreceptor tyrosine-based activation motif 

(ITAM)-containing Fc receptor gamma-chain (FcRγ) or through direct activation of protein kinases or 

phosphatases that complex with their cytoplasmic tails (Geijtenbeek, 2009; Patin, 2018). Some CLRs 

initiate NF-κB and AP-1 activation, while other CLRs have not been shown to induce gene expression in 

the absence of additional PRR signaling (Geijtenbeek, 2009). A proposed ‘phagocytic synapse’ formed by 

CLR clustering may allow cells to differentiate between direct binding of a microbe versus detection of shed 

surface components, thereby determining the appropriate immune response (Goodridge, 2011). CLR 

signaling can therefore impact TLR signaling and modulate antigen uptake and presentation by dendritic 

cells, with important consequences for adaptive immunity. 
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1.2.7. Recognition of pathogen-associated activities and damage-associated molecular 

patterns (DAMPs) 

PRRs can also detect a broad array of host-derived structural and biochemical motifs that are 

produced in response to infection or stress-induced damage, termed DAMPs. Under homeostatic 

conditions, DAMPs are present below an activation threshold, are sequestered from PRRs, or are otherwise 

structurally unrecognizable, and do not stimulate immune responses. Liberation or modification of the 

DAMP can result in its recognition by PRRs (Schaefer, 2014). DAMPs can originate from the extracellular 

or intracellular space and include a diverse range of molecules, from ATP to nucleic acids, oxidized 

lipoproteins to whole mitochondria. Extracellular DAMPs are typically proteolytically liberated from the 

extracellular matrix by host or microbial enzymes. Cell death is a major driver of the release of intracellular 

DAMPs, which can originate from mitochondria (mitochondrial DNA, N-formyl peptides, molecules modified 

by reactive oxygen species) (Krysko, 2011),  the nucleus [redox-modified high mobility group protein B1 

(HMGB1), complexed DNA, histones] (Pisetsky, 2014), and the cytosol (uric acid, S100 calcium-binding 

proteins, heat shock proteins) (Schaefer, 2014). Some DAMPs are recognized without release from the 

cell. Detection of self-nucleic acids is implicated in several autoinflammatory and autoimmune diseases but 

is largely avoided by compartmentalization of nucleic acids from nucleic acid-sensing receptors as well as 

the presence of cytosolic nucleases (Crowl, 2017). Stimulatory endogenous nucleic acids can arise from 

transcriptionally active retroelements (Volkman, 2014), damaged genomic DNA (Chatzinikolaou, 2014) and 

liberated mitochondrial DNA (Rongvaux, 2014; White, 2014). The major PRRs that recognize DAMPs are 

TLRs, NLRs, cGAS and receptor for advanced glycation endproducts (RAGE). DAMP-dependent crosstalk 

between PRRs and accessory molecules has been shown to differentiate signaling outcomes from those 

of PAMP-dependent PRR signaling, though the details of these effects are far from defined (Chun, 2010; 

Frey, 2013; Schaefer, 2014).  

Beyond the recognition of structural motifs in PAMPs and DAMPs, cellular stress is an important 

indicator of infection that will modulate immune signaling. Such stress can include nutrient starvation, redox 

imbalance, cytoskeleton disruption, ER stress and the unfolded protein response. These “patterns of 

pathogenesis” indicate the presence of a pathogenic microbe and thereby control the quality of the 

response to PAMPs and DAMPs (Vance, 2009).   
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1.3 Interleukin-1 receptor (IL-1R) signaling 

IL-1 cytokines are produced upon PAMP and DAMP recognition to initiate or amplify inflammatory 

responses. All forms of innate immune recognition can contribute to IL-1R signaling; transcriptional 

responses downstream of TLRs, RLRs, cytosolic DNA sensors, or CLRs are required for the transcription 

of inflammasome components and pro-IL-1β; post-translational responses downstream of NLRs are 

typically required for the maturation and release of bioactive IL-1β. The diversity of IL-1 inducers and the 

potency of IL-1 responses accounts for their central role in chronic inflammatory diseases (Dinarello, 2011). 

Primary sources of IL-1β are blood monocytes, macrophages, dendritic cells, and neutrophils while pre-

formed IL-1α is released from damaged keratinocytes and endothelial cells (Dinarello, 2009a; Sims, 2010). 

Signal transduction downstream of IL-1R results in the activation of NF-κB and AP-1 transcription 

factors to cooperatively induce the expression of canonical inflammatory genes (i.e. IL6, IL8, CCL2, and 

IL1B itself). The Toll/interleukin-1 receptor (TIR) homology domain of IL-1R1 is shared with IL-1 receptor 

accessory protein (IL-1RAcP), TLRs and cytoplasmic adaptor molecules that mediate TLR and IL-1R 

signaling (Martin, 2002). TIR-TIR interactions upon ligand-induced association of IL-1R1 and IL-1RAcP 

allows for the recruitment of MyD88, which then facilitates the phosphorylation and activation of the IL-1 

receptor-associated kinases (IRAK)-4, -1 and -2 (Greenfeder S.A., 1995; Huang, 1997; Muzio, 1997; 

Suzuki, 2002; Wesche, 1997). Tumor necrosis factor (TNF) receptor-associated factor (TRAF)6 is recruited 

and phosphorylated TRAF6 migrates with IRAK1 to associate with transforming growth factor (TGF)β-

activated kinase 1 (TAK1) and TAK1-binding proteins (TAB)-1 and -2/3 (Cao, 1996; Ishitani, 2003; Muzio, 

1997; Ninomiya-Tsuji, 1999; Takaesu, 2000). This complex formation allows for the ubiquitination of TRAF6 

and phosphorylation of TAK1 (Wang, 2001). Phosphorylated TAK1 activates inhibitor of NF-κB kinases 

(IKK)α and β, which can then phosphorylate IκB, leading to its ubiquitin-mediated degradation (Beg, 1993; 

Mercurio, 1997; Ninomiya-Tsuji, 1999; Wang, 2001; Zandi, 1997). Loss of IκB releases NF-κB/Rel family 

members (NF-κB1/p50, NF-κB2/p52, c-Rel, RelA/p65 and RelB) to form an assortment of heterodimers of 

active, DNA-binding transcription factors (Karin, 2000). TAK1 also activates mitogen-activated protein 

kinase (MAPK) signaling for control of AP-1 transcription factors. 

TRAF family member-associated NF-κB activator (TANK) binding kinase 1 (TBK1) and IKKε were 

identified as novel IKK-related kinases and were originally studied in the context of NF-κB activation 
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(Pomerantz, 1999; Shimada, 1999). Conflicting evidence for roles of TBK1 and IKKε in the regulation of 

NF-κB gave way to studies that firmly established these kinases in the activation of IFN responses through 

phosphorylation and activation of IRF3 and IRF7 (Fitzgerald, 2003b; Sharma, 2003). As TBK1 and IKKε 

are now believed to be activated by ligands that lead to IRF activation and the production of IFN, their roles 

in IL-1R signaling remain undefined. 

1.4 Unanswered questions 

IL-1 cytokines are widely studied for their cell-extrinsic roles in propagating inflammation in infection 

and autoinflammatory disease. While a few early studies of IL-1α and IL-1β described their antiviral capacity 

in vitro (Fujita, 1989; Van Damme, 1983), the mechanisms and consequences of IL-1-induced cell-intrinsic 

immunity were not defined. Moreover, IL-1β induction and IL-1R signaling are shown to be integral to host 

immunity against pathogens such as Influenza A virus, West Nile virus, Japanese encephalitis virus, 

Legionella pneumophila and mycobacterium tuberculosis in vivo, but the intracellular mechanisms by which 

IL-1β regulates antimicrobial control are lacking (Copenhaver, 2015; Das et al., 2008; Durrant, 2013; 

Fremond, 2007; Ichinohe, 2009; King et al., 2007; Ramos, 2012).  

PRRs and cytokine receptors are selectively expressed at sites that intersect with processes of 

microbial entry and replication (Sato, 2000). Additionally, localization within the cell dictates the functional 

purpose of a PRR (e.g. cell surface PRRs can direct phagocytosis while cytoplasmic PRRs can direct cell 

death) (Brubaker, 2015). During infection, PRRs do not act in isolation to induce antimicrobial defenses and 

cues that accompany PRR ligands (e.g. cytokines and cellular stress) indicate the severity of a microbial 

threat. As inflammasome activation and the synthesis of IL-1β are common features of the immunological 

response to infection we sought to study how IL-1R signaling influences pathogen recognition and resultant 

innate immune activation (Figure 1.1).   

In the studies presented here, we provide evidence for IL-1β-mediated cell-intrinsic immune 

protection through the upregulation of antimicrobial genes. In Chapter 2 we address the role of IL-1R 

signaling in infection of primary macrophages and dendritic cells, known target cells of West Nile virus 

infection. We demonstrate that ex vivo cultures of Il-1r-/- macrophages and dendritic cells are unable to fully 

control WNV at late times post-infection, and that this lack of antiviral control is associated with a loss of 

effective IFN responses in these cells. Significantly, we show that IL-1β treatment, in the absence of 
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infection, results in the induction of IFNβ and ISGs. In Chapter 3 we present the molecular mechanisms by 

which IL-1β induces cell-intrinsic immunity and antiviral response genes in human myeloid and epithelial 

cells. IL-1R signaling results in the release and cytosolic sensing of mitochondrial DNA in these cells. We 

demonstrate that IL-1β activates a cGAS-STNG-IRF3 axis for potentiated responses to PAMPs and 

Dengue virus infection. This newly defined pathway of innate immune cytokine crosstalk describes a means 

for indirect sensing of microbial threats and illustrates an important function for IL-1β in host defense. 

 

  

Figure 1.1. Pattern recognition receptors drive expression of antimicrobial response genes. TLRs, RLRs and cytosolic 

DNA sensors, among other PRRs not shown, utilize adaptor proteins and complex intracellular signaling pathways for the 

activation of NF-κB and IRF transcription factor families. These transcription factors coordinately drive expression of 

proinflammatory cytokines, IFN, antimicrobial response genes, and intermediary signaling molecules for potentiated microbial 

recognition and immune responses. Autocrine cytokine signaling by IL-1β and IFN modulate these processes. 
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2. Interleukin-1β signaling in dendritic cells induces antiviral interferon responses 

Lauren D. Aarreberg, Courtney Wilkins, Hilario J. Ramos, Richard Green, Michael A. Davis, Kwan Chow, 

Michael Gale, Jr. (Aarreberg, 2018) 

2.1 Introduction 

Virus infection initiates innate immune and inflammatory responses that function to restrict viral 

replication and spread while serving to modulate the adaptive immune response for effective viral 

clearance. Type I interferon (IFN) and interleukin (IL)-1β  are central mediators driving innate antiviral 

immunity and inflammation, respectively (Dinarello, 2009a; Sen, 2001; Sims, 2010; Stetson, 2006). Though 

both cytokines are typically induced during acute virus infection, the temporal nature of their induction over 

the course of specific virus infection, and how each cytokine influences the actions of the other to drive 

downstream gene expression are not well-understood. Evidence for positive and negative co-regulation of 

each can be found in pathogen- and cell-specific contexts (Mayer-Barber, 2017). Several studies have 

demonstrated that both IFN and IL-1β are critical cytokines for defense against West Nile virus (WNV), with 

distinct and concerted roles in directing host immunity (Durrant, 2013; Lazear et al., 2011; Ramos, 2012; 

Suthar et al., 2010).  

WNV is a member of the single-stranded RNA virus family flaviviridae. Over the past 18 years, 

WNV has emerged into North America and continues to cause infection and disease (Gubler, 2007; Krow-

Lucal, 2017). While the virus is normally maintained between mosquito and avian reservoirs, incidental 

infection of humans occurs through the bite of infected mosquitoes (Hayes et al., 2005; Suthar et al., 2013b). 

WNV initially replicates at the site of infection before spreading to the draining lymph nodes and spleen, 

where it replicates in subsets of macrophages and dendritic cells (DCs) (Samuel and Diamond, 2006). WNV 

is neurotropic, and although the virus is usually controlled in the periphery, it can spread to the central 

nervous system (CNS) where infection of neurons and induction of inflammation can lead to encephalitis 

and death (Davis et al., 2006; Samuel and Diamond, 2006; Sejvar et al., 2003). While inflammatory cell 

recruitment and function is necessary for limiting WNV pathogenesis, inflammation must be tightly 

controlled to prevent inflammatory-mediated destruction of CNS tissue and disease (Basu, 2004; Dinarello, 

2009a, b; Shrestha et al., 2008). 
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The type I IFN response is a major component of antiviral innate immunity. Induction of IFNβ is 

triggered downstream of pattern recognition receptors (PRRs), including the RIG-I like receptors (RLRs) 

and toll-like receptors (TLRs) (Akira, 2001; Wilkins and Gale, 2010). PRRs recognize components of the 

virus and signal through conserved pathways to activate transcription factors belonging to the NF-κB and 

interferon regulatory factor (IRF) families to induce expression of IFNβ (Lazear et al., 2013; Mamane, 1999; 

Suthar et al., 2013b). IFNβ is secreted from the cell and acts in an autocrine and paracrine manner through 

the ubiquitous IFNα/β receptor (IFNAR) to activate its receptor-associated kinases. These kinases can in 

turn phosphorylate and activate signal transducer and activator of transcription (STAT)1 and STAT2 for the 

assembly of the ISGF3 complex, which acts to induce transcription of hundreds of ISGs that include known 

antiviral effector molecules (Wilkins and Gale, 2010). Components of the RLR-signaling pathway are 

absolutely required for host clearance of WNV, as mice deficient in RIG-I, MDA5, MAVS or IFNβ are unable 

to control WNV infection and are highly susceptible to WNV-induced mortality (Errett et al., 2013; 

Fredericksen et al., 2008; Lazear et al., 2011; Suthar et al., 2010). 

IL-1β is one of a family of cytokines that include IL-1α, IL-18 and IL-33 (Dinarello, 2009a; Sims, 

2010). Its primary receptor, IL-1 receptor (IL-1R), is homologous to the TLRs in its downstream signaling 

components and is constitutively expressed in most cell types (Dinarello, 1996). IL-1β signals through IL-

1R to activate MyD88 and NF-κB and drive the expression of genes required for immune-mediated 

inflammation, effective adaptive immunity and antiviral control (Ben-Sasson et al., 2011; Dinarello, 1996; 

Kanneganti, 2010). IL-1β induction and secretion is stimulated by a number of viruses, including influenza 

A virus, herpes simplex virus, Sendai virus, vesicular stomatitis, hepatitis C virus, Dengue virus and St. 

Louis encephalitis virus (Chang, 1994; Kanneganti, 2010; Negash et al., 2013). Additionally, IL-1β-

regulated inflammation in the brain is required for clearance of neurotropic viruses including WNV and 

Japanese encephalitis virus (Das et al., 2008; Durrant, 2013; King et al., 2007).  

Inflammatory molecules such as IL-1β and type I IFN are generally considered to be mutually 

antagonistic (Mayer-Barber, 2017). IFNβ regulates inflammatory homeostasis by decreasing IL-1β 

production and inflammasome-mediated IL-1β processing, thereby preventing uncontrolled tissue 

destruction by inflammatory cytokines (Guarda et al., 2011; Hu et al., 2005; Mayer-Barber et al., 2011). 
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IRF3 was shown to suppress the expression of pro-inflammatory genes such as IL-1 and TNF in microglia 

(Tarassishin et al., 2011), while IL-1β was conversely found to decrease the ability of IRF3 to accumulate 

in the nucleus and bind to the interferon-sensitive response element (ISRE) in liver cells (Hisaeda et al., 

2004). Additionally, IL-1β-induced eicosanoids were found to limit type I IFN production in an in vivo model 

of mycobacterium tuberculosis (Mayer-Barber, 2014). However, the cross-regulation of inflammatory and 

IFN responses is not entirely antagonistic, as mice defective in IL-1R or IFNAR show defects in both 

responses (Goritzka et al., 2014; Ichikawa et al., 2002; Ramos, 2012). 

IL-1β induction through the NLRP3 inflammasome was recently identified as a key component in 

host immunity against WNV infection (Durrant, 2013; Ramos, 2012). WNV infection induced the acute 

production of IL-1β both in vivo and in ex vivo cortical neuron isolates. Loss of IL-1β signaling in IL-1R-

deficient (Il-1r-/-) mice led to enhanced accumulation of WNV in the CNS but not the periphery of infected 

mice, resulting in increased pathogenesis and mortality (Ramos, 2012). Importantly, we found that type I 

IFN levels were reduced in the draining lymph nodes and delayed in the CNS of WNV-infected mice in the 

absence of IL-1R signaling. Additionally, IL-1β and IFNβ acted synergistically to control WNV in ex vivo 

cultures of cortical neurons, suggesting cross-regulation between these cytokines that is required for 

effective antiviral control. As it has been suggested that myeloid cells promote WNV entry into the CNS via 

a “Trojan horse” mechanism (Samuel and Diamond, 2006), it is likely that the defect in viral control in Il-1r-

/- mice may be partially due to the reduced IFN levels in the draining lymph nodes, allowing for decreased 

control of virus in macrophages and dendritic cells that go on to infiltrate the CNS and enhance encephalitic 

disease. 

In this study we address the role of IL-1R signaling in infection of primary macrophages and 

dendritic cells, known target cells of WNV infection. We demonstrate that ex vivo cultures of Il-1r-/- 

macrophages and dendritic cells are unable to fully control WNV at late times post-infection, and that this 

lack of antiviral control is associated with a loss of effective type I IFN responses in these cells. Significantly, 

we show that IL-1β treatment of bone marrow derived dendritic cells (BMDCs) results in induction of IFNβ 

and ISGs at late time points post-treatment and in the absence of infection. Our data suggest that the cross-

regulation between IL-1β and IFNβ is required to effectively clear WNV infection. 
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2.2 Results 

2.2.1 IL-1β signaling is 

required for control of WNV 

infection in myeloid cells 

Induction of type I IFN and the 

programming of an antiviral ISG 

response are critical for control of WNV 

replication (Errett et al., 2013; 

Fredericksen et al., 2008; Lazear et al., 

2011; Suthar et al., 2010). Recently, 

we identified NLRP3 inflammasome 

activation and IL-1β signaling as key 

host restriction pathways important in 

maintaining optimal IFN and ISG 

responses to control WNV replication 

in neurons and the infected CNS 

(Ramos, 2012). In contrast to neurons, 

which are highly permissive to WNV 

replication, myeloid cells can control 

WNV replication in a type I IFN-

dependent manner (Lazear et al., 2011). Therefore, in order to understand the mechanism by which IL-1β 

regulates antiviral control of WNV, we examined a requirement for this pathway in the control of WNV in 

primary myeloid cells. Bone marrow derived dendritic cells (BMDCs) and macrophages (BMM) were 

prepared from wildtype (WT) and IL-1R-deficient (Il-1r-/-) mice and challenged with WNV. WNV replicated 

to similar titer in WT and Il-1r−/− at 24 hours post-infection in both BMDCs (Figure 2.1A) and BMMs (Figure 

2.1B). However, while WT cells controlled WNV by 48 hours post-infection, Il-1r-/- cells showed increased 

viral replication and lack of viral control at this time (Figures 2.1A, 2.1B).   

Figure 2.1. IL-1 signaling is required for WNV control. BMDCs (A, C) or 
BMMs (B, D) from WT or Il-1r-/- mice were infected with WNV at an MOI of 2.5 
and compared with mock-infected cells. At 24 and 48hrs, WNV titers were 
determined by plaque assay (A, B) and IFNβ levels were measured by ELISA 
(C, D). (E) IL-1β (0, 10, or 100 ng/ml) was titrated onto WT BMDCs 24hrs prior 
to infection with WNV at an MOI of 2.5. WNV RNA was measured by qRT-
PCR at 48hrs p.i. The data are averages of three (A to D) or five (E) 
independent experiments. Asterisks indicate differences that are statistically 
significant by Mann-Whitney U test (A, B) or by unpaired t test (C to E). MK, 
mock treatment. *p <0.05, **p <0.01, ***p <0.001 
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The lack of viral control in IL-1R 

signaling-deficient cells suggested a similar 

defect in cell intrinsic immunity to the virus as 

we previously observed in neurons (Ramos, 

2012). Therefore, we next examined type I IFN 

production in BMDCs and BMMs after WNV 

challenge. In accordance with the lack of viral 

control, both Il-1r−/− BMDCs and BMMs 

displayed a reduction in IFNβ secretion 

(Figures 2.1C, 2.1D). These data further 

identify IL-1β as a key host restriction factor 

involved in regulating antiviral immunity by 

modulating type I IFN responses.  

We next examined whether IL-1β 

exposure was sufficient to mediate antiviral 

activity in myeloid cells. BMDCs were prepared 

from WT animals and pre-treated with 0, 10 or 

100 ng/mL IL-1β. After 24hrs, cells were either 

challenged with WNV or left as uninfected controls. IL-1β treatment reduced WNV RNA levels by 2-5 fold 

compared to untreated cells (Figure 2.1E). Virus reduction was comparable to levels of inhibition observed 

in neurons, suggesting a global contribution for IL-1β in eliciting antiviral immunity against WNV (Ramos, 

2012).   

2.2.2 IL-1β drives antiviral gene signatures in dendritic cells 

To examine the mechanism by which IL-1β participated in controlling WNV infection, we utilized 

global transcriptome analysis in BMDCs to define the gene signature associated with WNV infection and 

induction of host defense. BMDCs were prepared from WT or Il-1r-/- mice and were infected with WNV or 

left untreated as time-matched, mock controls. Total RNA was harvested at 24 and 48 hours post-infection 

Figure 2.2. Genome-wide expression analysis of IL-1R-
regulated genes. WT or Il-1r-/- BMDCs were mock infected or 
infected with WNV at an MOI of 2.5. Total RNA was extracted at 24 
and 48hrs p.i. and subjected to Agilent Whole Mouse Genome 
Microarray analysis. Gene expression levels were determined as 
fold changes with respect to matched, mock-treated controls. A 
significant change is defined as a >1.5-fold increase or decrease 
with respect to mock treatment, with a BH-adjusted p value of <0.05. 
IL-1R-regulated genes were defined as those whose fold changes 
with respect to mock treatment in Il-1r-/- BMDCs were >1.5-fold 
decreases compared with WT cells, with a BH-adjusted p value of 
<0.05. WNV-induced expression of IL-1R-regulated genes was 
plotted on a heat map with hierarchical clustering by Euclidean 
distance. Gene clusters are labeled with the most significantly 
enriched biological process in that group. 
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and relative gene expression levels were determined by 

Agilent Whole-Genome mouse microarray (4x44K chip). 

Significant up- or down-regulation over mock controls was 

defined as a greater than 1.5-fold change in expression with 

a Benjamini-Hochberg corrected p-value < 0.05 (Table S1). 

Gene expression patterns driven by WNV infection of 

BMDCs were then compared between WT and Il-1r-/- cells to 

define genes whose expression is regulated by IL-1R 

signaling. Gene expression changes that differed 

significantly between the two genotypes (as defined by the 

same statistical criteria above) were visualized by heatmap 

for both 24 and 48 hour  samples (Figure 2.2). Interestingly, 

genes dysregulated in Il-1r-/- BMDCs are involved in 

response to virus and response to other organisms (as 

determined by Enrichr analysis of Gene Ontology biological 

process (Chen, 2013)), indicating loss of antiviral control in 

Figure 2.3. IL-1R signaling is necessary for induction of antiviral 

response genes. Antiviral response genes whose expression is more up- 

or downregulated during WNV infection in WT BMDCs as determined by a 

>1.5-fold increase or decrease with respect to IL-1R knockout BMDCs, with 

a BH-corrected p value of <0.05, in a microarray analysis. IL-1R-regulated 

genes were plotted on a heat map with hierarchical clustering by Euclidean 

distance. 

Figure 2.4. IL-1 signaling enhances antiviral 
responses. (A) WT or Il-1r-/- BMDCs were mock infected 
or infected with WNV at an MOI of 2.5. Expression of IFNβ 
and IFIT1 was measured by qRT-PCR at 24 and 48hrs 
p.i. relative to that in matched, mock-treated controls. (B) 
Total cell WNV NS3, STAT1, and IFIT3 protein levels 
were measured by immunoblotting with GAPDH as a 
loading control (left). Densitometry analyses of STAT1 
and IFIT3 protein abundance were compared against 
GAPDH abundance for each condition (right). The data 
are the averages of three independent experiments. 
Asterisks indicate differences that are statistically 
significant between WT and Il-1r-/- cells by unpaired t test. 
MK, mock treatment. *p <0.05, **p <0.01, ***p <0.001 
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the absence of IL-1R signaling (Figure 2.3, Table S2). These data demonstrate that IL-1β signaling 

regulates innate immune response genes during WNV infection of DCs.   

2.2.3 IL-1β signaling enhances ISG responses after WNV infection 

To understand the effect of IL-1R signaling requirements on ISG induction following WNV infection, 

we examined ISG expression by qRT-PCR and immunoblot. The WNV-driven expression of IFNβ, an IRF3 

and IRF7 target gene, is slightly reduced in Il-1r-/- BMDCs at 24 hours p.i. as compared to WT, but this 

difference in expression is exacerbated by 48 hours (Figure 2.4A, left). IFIT1 is regulated by both IRF3 

and IFN-responsive promoter sites, and it shows depressed expression in the absence of IL-1R at both 

times by qRT-PCR (Figure 2.4A, right) (Grandvaux N., 2002; Guo, 2000). Additionally, protein expression 

of the ISGs STAT1 and IFIT3 is not maintained during WNV infection in the absence of IL-1R signaling 

(Figure 2.4B). Together, these results confirm that ISG expression is negatively altered by the lack of IL-

1β signaling in WNV-infected BMDCs. 

Moreover, curtailed expression of  

these genes appears to associate with 

the lack of control of WNV in Il-1r-/- 

BMDC at 48 hours post-infection (see 

Figure 2.1A).  

Figure 2.5. IL-1β treatment drives 

inflammatory response genes. (A) Genes 

mapping to the Gene Ontology biological 

process term inflammatory response 

(GO:0006954) whose expression is up- or 

downregulated by IL-1β treatment at 24 or 

48hrs posttreatment as determined by a >1.5-

fold increase or decrease with respect to 

matched, mock-treated cells, with a BH-

corrected p value of <0.05, in a microarray 

analysis. (B) Genes upregulated at 24 and 

48hrs after IL-1β treatment were assessed for 

enrichment of Gene Ontology biological 

processes. Significant enrichment is defined as 

a BH-adjusted p value of <0.05. Enrichment E 

scores refer to the negative log of the 

adjusted p value. The enrichment score top five 

significantly enriched categories in each 

direction are plotted for 24 (top) or 48 (bottom) 

hrs of IL-1β treatment. 
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 2.2.4 IL-1β drives expression of 

IFNβ and ISGs in the absence of infection 

The surprising dysregulation of ISGs 

in Il-1r-/- BMDCs during WNV infection led us 

to examine how IL-1R signaling affects gene 

expression in the absence of infection. As 

expected, WT BMDCs treated with IL-1β for 

24 or 48 hours results in the increase (up-

regulation) or decrease (down-regulation) in 

the expression of a number of genes mapping 

to inflammatory responses (Figure 2.5A) 

(Chen, 2013). An analysis of all genes whose 

expression is regulated by IL-1β treatment in 

WT BMDCs demonstrated that modules of 

genes enriched in inflammatory response 

genes and response to other organisms are 

upregulated at both 24 and 48 hours post-

treatment, while genes involved in cytokine regulation and cellular response to IFNβ are induced at the later 

time point (Figure 2.6A, Table S3). Consistent with these results, Gene Ontology analysis of biological 

processes upregulated following IL-1β treatment revealed an increased enrichment of genes involved in 

response to virus, as well as a loss of enrichment of type I IFN signaling pathways from the downregulated 

gene sets (Figure 2.5B). 

To determine whether any of these innate immune genes were  ISGs, we compared the list of IL-

1β driven genes to a published list of genes found to be induced following IFNβ treatment of WT BMDC 

(Lazear et al., 2015). We found that while a few ISGs are expressed at 24 hours post-treatment, many more 

were driven by IL-1β after 48 hours of treatment (Figure 2.6B, Table S4). Interestingly, a portion of the IL-

1β-driven ISGs appear to be downregulated at 24 hours post-treatment but are then either back to baseline 

Figure 2.6. IL-1β treatment drives expression of IFNβ and ISGs. 
WT BMDCs were mock treated or treated with 100ng/ml IL-1β. Total 
RNA was extracted at 24 and 48hrs posttreatment and subjected to 
Agilent Whole Mouse Genome Microarray analysis. (A) Gene 
expression levels were determined as fold changes with respect to 
matched, mock-treated controls. A significant change is defined as a 
>1.5-fold increase or decrease with respect to mock treatment, with a 
BH-adjusted p value of <0.05. IL-1β-regulated genes were plotted on 
a heat map with hierarchical clustering by Euclidean distance. Gene 
clusters are labeled with the most significantly enriched biological 
process in that group. The abbreviation ns signifies no significantly 
enriched categories in that cluster. (B) IL-1β-driven genes were 
compared against genes found to be induced upon IFNβ treatment of 
WT BMDCs. ISGs regulated by IL-1β as defined for panel A were 
plotted on a heat map. 
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or upregulated by 48 hours post-treatment. qRT-PCR 

analysis confirmed that IFNβ and several ISGs were 

transcriptionally silent or even downregulated at 24 

hours after IL-1β treatment but were upregulated at 48 

hours following IL-1β treatment alone (Figure 2.7). 

These results demonstrate that IL-1β signaling in 

BMDCs leads to expression of ISGs in BMDCs at late 

times post-treatment.  

2.2.5 Signaling requirements of IL-1β driven responses 

To identify the transcription factors linked with IL-1β signaling to drive ISGs and inflammatory 

molecules, we assessed the enrichment of promoter regions among lists of genes up- or down-regulated 

Figure 2.7. IL-1β treatment drives the expression of ISGs. WT 

BMDCs were mock treated or treated with 100ng/ml IL-1β for 24 or 

48hrs. Total RNA was harvested and subjected to qRT-PCR to 

determine relative levels of gene expression. The data are the 

averages of three independent experiments. Asterisks indicate 

values that are statistically significantly different between mock-

treated controls and IL-1β-treated cells by unpaired t test. *p <0.05, 

**p <0.01, ***p <0.001 

Figure 2.8. Signaling requirements of 
IL-1β-driven ISG responses. (A) Genes 
upregulated (red) or downregulated 
(blue) after 24 or 48hrs of IL-1β treatment 
were assessed for enriched transcription 
factor binding sites. Significantly 
enriched sites are considered those with 
an adjusted p value of <0.05. Enrichment 
scores are defined as the negative log of 
the adjusted p value. (B) WT, Myd88-/-, 
and Irf3-/- BMDCs were mock treated or 
treated with 100ng/ml IL-1β for 48hrs. 
Gene expression levels were measured 
by qRT-PCR and are displayed relative 
to those of matched, mock-treated 
controls. (C) WT BMDCs were mock 
treated (No Tx) or pretreated with the 
IKKβ inhibitor TPCA-1 at 50nM or the 
TBK1/IKKε inhibitor MRT67307 at 2uM 
for 1hr and then mock treated or treated 
with 100ng/ml IL-1β for 48hrs. The data 
are averages of three independent 
experiments and represent fold changes 
with respect to respective mock-treated 
controls. Asterisks indicate differences 
that are statistically significant between 
the indicated groups by unpaired t test. 
*p <0.05, **p <0.01, ***p <0.001 



20 

 

following 24 or 48 hours of IL-1β treatment (Figure 2.8A). We found that the general IRF binding site and 

the IRF3/7 binding site are enriched within the list of downregulated genes at 24 hours post-IL-1β treatment 

but the IRF motifs are remarkably enriched in the list of 48 hour upregulated genes post-IL-1β treatment, 

consistent with IL-1β driving a distinct crosstalk toward an innate immune antiviral response at 48 hours 

post-treatment. The ISRE binding factor, ISGF3, is also enriched at 48 but not 24 hours post-treatment. 

Binding sites for the NF-κB family members cRel and RelA, as well as the general NF-κB binding site, are 

enriched at both 24 and 48 hours post-IL-1β treatment, although the enrichment pattern appears to be 

altered slightly at 48 hours. This overall pattern is consistent with a shift in IL-1β signaling from an NF-κB-

driven inflammatory response to an IRF-driven antiviral response.  

To confirm the role of IRF signaling in ISG induction after IL-1β treatment, we treated BMDCs from 

WT or Irf3-/- mice with IL-1β and assessed the expression of genes identified in our transcriptomics analysis 

(Figure 2.8B). While the induction of NF-κB-responsive IL-6 was not affected by the loss of IRF3, Irf3-/- 

BMDCs were unable to express IFNβ. Similarly, ISGs IFIT1 and IFIT2 were largely reduced in expression 

upon IL-1β treatment of IRF3 KO BMDCs compared to WT cells. These data demonstrate that the induction 

of ISGs by IL-1β is indeed through an IRF-dependent mechanism. NF-κB- and IRF-mediated transcriptional 

activity depends on their regulation by the canonical and non-canonical IκB kinases (IKKs) (DiDonato, 1997; 

Fitzgerald, 2003b; Sharma, 2003). The canonical IKKs, IKKα and IKKβ, activate NF-κB via phosphorylation 

and subsequent degradation of the NF-κB inhibitory molecule, IκBα (DiDonato, 1997). The non-canonical 

IKKs include TBK1 and IKKε and are essential for the phosphorylation and activation of IRF3 (Fitzgerald, 

2003b; Sharma, 2003). Additionally, IKKε can regulate innate immune effector genes via modulation of 

STAT1 (Perwitasari O., 2011; tenOever B.R., 2007). We examined the contribution of these kinases in IL-

1β-induced gene expression through the use of pharmacological inhibitors against the canonical IKKs,  

(TPCA-1 (Podolin, 2005)) or the non-canonical IKKs (MRT67307 (Clark, 2011)). Interestingly, inhibition of 

either the canonical or the non-canonical IKKs completely prevented IL-1β-induced expression of IFNβ, 

IFIT1 and IFIT2 (Figure 2.8C). Additionally, both IKK families influence expression of the NF-κB- and 

ISGF3-responsive gene, IL-6. As NF-κB is necessary for the induction of IFNβ in this context, inhibition of 

the canonical IKKs could affect secondary response genes downstream of IFN (ie ISGF3-driven genes) 

(Thanos, 1992).  
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To define the signaling requirements of IL-1β-driven responses, we assessed whether the Toll-

interleukin 1 receptor domain-containing adaptor protein MyD88 mediated this signature. WT and Myd88-/- 

BMDC were treated with IL-1β and gene expression was assessed by qRT-PCR. As expected, NF-κB- and 

IRF-mediated transcriptional changes induced by IL-1β are entirely dependent upon this essential signaling 

adaptor (Figure 2.8B). These results show that IL-1R/MyD88 signaling can activate both canonical and 

non-canonical IKKs to coordinately induce antiviral response genes through the actions of the NF-κB and 

IRF transcription factor families. 

2.2.6. Model of IL-1β signaling 

Finally, we used network analysis to examine the interplay between inflammatory and anti-

inflammatory molecules following IL-1β treatment. As shown in Figure 2.9, we identified distinct regulatory 

nodes of IL-1β signaling according to our transcriptomics and kinase inhibitor data sets. At 24 hours post-

treatment, mRNA expression of pro-inflammatory genes is high while expression of antiviral ISGs like 

interferon regulatory factor 7 (IRF7), a prominent biomarker of the antiviral/IFN response (Honda K., 2005), 

is notably repressed. However, by 48 hours post-treatment, expression of inflammatory genes is either 

reduced or not substantially increased as compared to 24 hours. This change is concomitant with the 

upregulation of genes with known inhibitory functions toward inflammatory cytokines (Couper K.N., 2008; 

Dinarello, 1996; Wong P.K., 2006). At 48 hours, IRF7 mRNA expression is induced, correlating with an 

increase in IRF3/7-responsive IFNβ and antiviral genes at later times post-IL-1β exposure. Together, these 

data sets demonstrate a dynamic regulation of IL-1β signaling outcome between inflammatory and antiviral 

in a cell-intrinsic manner.  
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2.3 Discussion 

West Nile virus is an emerging mosquito-borne flavivirus that can result in serious illness, 

neuropathology, and death in a subset of infected individuals. Currently there are no vaccines or therapies 

for human use against West Nile virus. Immune control of West Nile infection requires inflammatory and 

antiviral responses, though the effect that each arm of this response has on the other is unclear. Our study 

reveals that loss of the IL-1R has a detrimental effect on antiviral responses to WNV in bone marrow derived 

dendritic cells and macrophages, leading to reduced type I IFN and increased viral replication. Additionally, 

multiple functional classes of ISGs are disrupted in Il-1r-/- cells in the induction and/or the maintenance of 

expression throughout infection. Bioinformatic modeling suggests that the pattern of response to ISGs in 

the presence or absence of IL-1 signaling may be determined by the temporal regulation of distinct 

transcription factors, and that the host transcription machinery is not optimally coordinated without some 

level of IL-1 signaling. Additionally, we found that IL-1β treatment of BMDCs led to early induction of pro-

inflammatory genes but shifted at later times to inducing anti-inflammatory genes that serve to dampen the 

inflammatory response following IL-1β treatment. Our previous study demonstrated that cortical neurons 

lacking IL-1R actually produce more IFNβ in response to WNV (Ramos, 2012), suggesting that the specifics 

of cross-regulation between these pathways differs from that found in monocyte-derived cells.  

Figure 2.9. Model of IL-1β-driven ISG responses. (A) Network analysis of inflammatory and anti-inflammatory genes during IL-
1β treatment. Nodes represent either genes induced by IL-1β treatment or signaling molecules and transcription factors regulating 
their expression. Circular nodes are considered inflammatory, whereas square nodes are considered anti-inflammatory. Diamond-
shaped nodes represent signaling molecules and transcription factors involved in this network. Edges between nodes were 
curated from the InnateDB database and represent either activation (arrows) or inhibition (bars). Node fill colors represent log2-
fold changes in expression following IL-1β treatment with respect to mock-treated cells at the times indicated. 
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Type I IFN and pro-inflammatory cytokines are known to each downregulate the production and 

function of the other (Mayer-Barber, 2017), suggesting that the induction of IFNβ at late times after IL-1β 

treatment may serve as a mechanism to balance antimicrobial inflammatory function with pathological 

inflammatory-mediated tissue damage. In our previous report, we found that subsets of microglia appear 

to become activated upon WNV entry to the CNS in infected mice (Ramos, 2012). However, these microglia 

did not return to basal states at late times of infection in Il-1r-/- mice as they did in WT mice. This outcome 

implies a role for the IL-1 signaling pathway in maintaining homeostatic balance of inflammation in the CNS, 

particularly in macrophage or DC-like cells. Consistent with this notion, IRF3 activation has been reported 

to act as a switch from pro-inflammatory “M1-like” to immunomodulatory “M2-like” phenotypes in microglia 

(Tarassishin et al., 2011), and IFN has been defined to have a role in homeostatic defense against IL-1-

mediated inflammation and tissue damage (Hu et al., 2005).  

Our data sets support a model of IL-1β to IRF3 crosstalk signaling in which at earlier times following 

IL-1β exposure of BMDCs, signaling through IL-1R and MyD88 to NF-κB leads to a canonical and well-

described response of upregulation of inflammatory genes and cytokines to direct the classic inflammatory 

response to IL-1β. The opposing anti-inflammatory/antiviral response, including IRF3/7-mediated induction 

of IFNβ expression, is silent at these times after IL-1β to allow for efficient inflammatory responses. At later 

times post-treatment, IL-1β continues to drive gene expression of inflammatory cytokines through NF-κB, 

albeit at lower levels as compared to earlier times post-treatment. However, by this time following IL-1β 

exposure, signaling has begun a regulatory anti-inflammatory response, including the expression of type I 

IFN and ISGs. Coordinate activation of NF-κB and IRF transcription factors results in the expression of 

critical antiviral genes. This dynamic crosstalk of IL-1β and IFN pathways may serve to both control 

inflammatory responses as well as to sustain antiviral responses against WNV. 

The crosstalk signaling by IL-1β to type I IFNs in cellular homeostasis is likely of particular 

importance beyond virus infection to impact autoimmune development and immune regulation. Depending 

on the particular autoimmune disease and stage of development, type I IFNs can promote disease through 

chemokine expression and antigen presentation or protect against damage through regulation of pro-

inflammatory cytokines, including IL-1β and TNFα (Ivashkiv and Donlin, 2014). In clinical settings, inhibition 
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of IL-1β through specific agonists or through IFNβ therapy is useful in limiting development and progression 

of autoimmune and inflammatory-mediated diseases, including rheumatoid arthritis and multiple sclerosis 

(Dinarello, 2009b; Guarda et al., 2011; Lopez de Padilla and Niewold, 2016).  

One of the best studied scenarios of IL-1β cross-regulation with type I IFN is in the context of 

Mycobacterium tuberculosis (Mtb) infection. IL-1β is absolutely required for effective host responses to Mtb 

infection (Mayer-Barber et al., 2011). However, virulent strains of Mtb selectively trigger induction of type I 

IFN that inhibits the expression of protective IL-1β expression (Novikov et al., 2011). Although this may also 

reflect an attempt by the host to limit inflammatory-mediated tissue damage, Mtb is able to utilize the 

response to enhance its own infection and pathogenesis. This response is also relevant during viral 

infections in Mtb patients, as type I IFN production during influenza infection exacerbates Mtb infection and 

disease progression (Redford et al., 2014). Conversely, IL-1β-induced eicosanoids were shown to inhibit 

the actions of type I IFN during influenza (Coulombe, 2014) or Mtb (Mayer-Barber, 2014) infection, with 

opposite outcomes for disease. These studies highlight the complicated interplay between inflammation 

and IFNs during microbial infection. 

Other groups have also observed connections between IL-1β signaling and IFN induction. IL-1β 

was found to activate IRF3 in cultured human fetal astrocytes that then induced the expression of IRF7 and 

IFNβ (Rivieccio, 2005). The authors suggested that IL-1β produced by activated microglia may trigger IRF3 

activity in astrocytes to amplify innate immune responses and provide a second line of defense against 

infection in the CNS. Additionally, TLR9-dependent activation of type I IFN and the anti-inflammatory 

cytokine IL-10 was found to be lacking in the absence of IL-1R, and BMDCs from Il-1r-/- mice failed to mount 

protective type I IFN responses following TLR9 or TLR3 stimulation (Gonzalez-Navajas et al., 2010). 

Another group found that Huh7 hepatoma cells co-treated with IFNα and IL-1β show potentiated ISG 

expression and phosphorylation of STAT1 but no ISG induction with IL-1β alone (Ichikawa et al., 2002), 

which may be a demonstration of enhanceosome activity in these cells (Wienerroither, 2015). IL-1R-

mediated IFN production may not be limited to IL-1β, as IL-1α has also been shown to induce transcription 

of IFNβ mRNA in human foreskin fibroblasts (Fujita, 1989). These studies provide additional support to our 
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finding that IL-1β signaling can be intricately linked to the induction of IFNβ and ISGs in a cell-specific 

manner. 

There are several potential mechanisms by which IL-1β signaling may shift to induction of IFNβ at 

late times post-treatment. One such mechanism may be shunting signaling between the adaptor molecule 

TNF receptor associated factor 3 (TRAF3). TRAF3 is essential for the induction of type I IFNs and IL-10 in 

BMMs, but is dispensable for the expression on pro-inflammatory cytokines (Hacker et al., 2006). TRAF3 

must be ubiquitinated at lysine (K)48 residues and subsequently degraded for MyD88-dependent TLR 

signaling to produce pro-inflammatory cytokines, while non-degradative K63-linked self-ubiquitination of 

TRAF3 leads to IFNβ induction (Tseng et al., 2010). In other systems, IL-1 signaling has been shown to 

trigger the downregulation of Deubiquitinating Enzyme A (DUBA), which selectively cleaves K63-linked 

ubiquitin chains from TRAF3 to limit type I IFN responses (Gonzalez-Navajas et al., 2010). Although we 

have not detected this phenomenon in our system, the possibility remains that DUBA expression or function 

may be altered over the course of IL-1β treatment to manage the switch toward anti-inflammatory gene 

induction. Another possibility by which IL-1β treatment may lead to IRF-dependent IFNβ expression is by 

signaling through phosphoinositide-3-kinase (PI3K)-Akt. In microglia, overexpression of IRF3 via adenoviral 

vectors activated PI3K and Akt to induce the anti-inflammatory genes IL-1RN, IL-10 and IFNβ (Tarassishin 

et al., 2011). The authors suggested that Akt signaling may suppress miR-155 to modulate cytokine 

production. IFN and inflammatory cytokine signaling have in other circumstances been found to induce 

cellular miRNAs that target components of IFN signaling (Ivashkiv and Donlin, 2014), so modulation of 

miRNA expression and function may be another mechanism by which IL-1β and IFNβ may cross-regulate 

each other. Certainly, there may be yet other mechanisms induced by IL-1β signaling that function to de-

repress IRF-mediated signaling at late times after exposure as a means of inflammatory resolution. 

In summary, our studies demonstrate a cell-intrinsic cross-regulation between IL-1β signaling and 

type I IFN responses in myeloid cells that is required for optimal control of WNV infection. Further defining 

the mechanisms by which pro-inflammatory signaling switches to activate anti-inflammatory cytokines and 

antiviral ISG responses may reveal novel targets for controlling dysregulated immune responses in 
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autoinflammatory disease as well as in response to pathogens with potential efficacy against other 

neuroinvasive viruses. 

2.4 Methods   

Materials. Recombinant murine IL-1β was purchased from Miltenyi Biotec Inc., reconstituted in sterile 

water, and stored as at a concentration of 100ug/ml at -20°C. TPCA-1 (Tocris) was reconstituted in ethanol, 

and stored at 10mM at -20°C.  MRT67307 (Sigma) was reconstituted in sterile water and stored at a 

concentration of 15mg/ml at -20°C. Working concentrations are indicated in figure legends. 

Viruses and cell lines. WNV isolate, TX 2002-HC (WNV-TX), was titered by a standard plaque assay on 

BHK-21 cells and working stocks of WNV-TX were generated as previously described (Suthar et al., 2010). 

BHK-21 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS), HEPES, L-glutamine, sodium pyruvate, antibiotic-antimycotic solution, and 

nonessential amino acids. 

Primary cell isolation and infection. C57BL/6 wild-type (WT), IL-1R deficient (Il-1r-/-), and MyD88 deficient 

(Myd88-/-) mice were described previously (Ramos, 2012). Irf3-/- mice were a kind gift from Dr. T. Taniguchi. 

All mice were genotyped for positive identification and were bred in specific pathogen-free conditions in the 

animal facility at the University of Washington. Experiments were performed in accordance with the 

University of Washington Institutional Animal Care and Use Committee guidelines. Bone marrow derived 

dendritic cells (BMDCs) were generated as follows: cells were isolated from the bone marrow of WT, Il-1r-

/-, Myd88-/- or Irf3-/- mice and cultured for 7 days in Roswell Park Memorial Institute (RPMI) 1640 medium 

supplemented with 10% FBS, L-glutamine, sodium pyruvate, antibiotic-antimycotic solution and 

nonessential amino acids in the presence of 20ng/ml granulocyte-macrophage colony-stimulating factor 

and 20ng/ml interleukin-4 (PeproTech Inc.). Bone marrow derived macrophages (BMMs) were generated 

as follows: cells were isolated from the bone marrow of WT or Il-1r-/- mice and cultured for 7 days in DMEM 

supplemented with 10% FBS, L-glutamine, sodium pyruvate, antibiotic-antimycotic solution and 

nonessential amino acids in the presence of 40ng/ml macrophage colony-stimulating factor (PeproTech 

Inc.). 5x105 BMDC or BMM were infected with WNV-TX at an MOI of 2.5 for 1 hour, washed and 

subsequently incubated for 24 or 48 hours in the appropriate medium before downstream analyses.  
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IFNβ ELISA. For detection of IFNβ in cell culture supernatants, 100ul of UV-inactivated supernatant was 

tested using mouse-specific ELISA kits from PBL Biomedical Laboratories according to the manufacturer’s 

protocol. 

Immunoblotting. Protein extracts (20ug) were analyzed by immunoblotting. The following primary 

antibodies were used to probe blots: goat anti-WNV NS3 (R&D systems), rabbit anti-ISG49 (IFIT3) kindly 

provided by Dr. G. Sen, rabbit anti-GAPDH (FL-335) (Santa Cruz) and rabbit anti-STAT1 (Cell Signaling). 

Secondary antibodies included peroxidase-conjugated goat anti-rabbit and donkey anti-goat (Jackson 

Immunoresearch). Densitometry analysis was performed using Image Studio Lite software (LI-COR). 

RNA extraction and analysis. Total RNA was isolated from BMDCs using RNA extraction buffer (RLT, 

Qiagen), and the RNeasy kit according to the manufacturer’s protocol (Qiagen). DNase treated RNA 

(Qiagen) was then reversed transcribed to cDNA using a 1:1 mixture of random hexamers and oligodT 

primers with the iScript select cDNA synthesis kit (Biorad). WNV-specific RNA copy number was measured 

by single-step Real Time-quantitative PCR (qRT-PCR) using Taqman technology via specific primer sets 

and probes as previously described (Suthar et al., 2010). Gene expression was assessed by one-step 

SYBR Green qRT-PCR using an ABI 7800 machine.  

Specific primer sets for mouse GAPDH, IFNβ, IL-1β, IL-6, Ms4a4b, Ms4a4c, Iigp1, and Tgtp1, are as 

follows: mGAPDH forward: CAACTACATGGTCTACATGTTC, mGAPDH reverse: 

CTCGCTCCTGGAAGATG; mIFNb forward: GGAGATGACGGAGAAGATGC mIFNb reverse: 

CCCAGTGCTGGAGAAATTGT; mIL1b forward: ACGGACCCCAAAAGATGAAG; mIL1b reverse: 

CACGGGAAAGACACAGGTAG; mIL6 forward: GTTCTCTGGGAAATCGTGGA, mIL6 reverse: 

TGTACTCCAGGTAGCTATGG; mMs4a4b forward: TGCAGCAGGAGTGACACCTACAAA, mMs4a4b 

reverse: ACAGCCACACTGACTACACCCATT; mMs4a4c forward: CCTGTCAATTGCAGCAGGAGTGAA, 

mMs4a4c reverse: TGCAGCCAACACAGAGGTGATAGT; mIigp1 forward: 

AGTGTGCTCAATGTTGCTGTCACC, mIigp1 reverse: TTCATTCCCAATGCCTCTCAGGGT; mTgtp1 

forward: TGCAAGTCTTACTGAGGCCACC, mTgtp1 reverse: ATGCTCCAGCCTTCATGGCTTCTA; 

mIFIT1 and mIFIT2 were purchased as pre-mixed SuperArray primer sets (Qiagen). 
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RNA preparation and oligonucleotide microarray processing. Total RNA was harvested for array 

analysis using Trisol LS. Samples were prepared and hybridized to Agilent mouse whole-genome 

oligonucleotide 4-by-44 microarrays as previously described (Suthar et al., 2013a). 

Microarray analysis and bioinformatics. Microarray data were analyzed using the R statistical 

programming language and Bioconductor (Gentleman et al., 2004; R Development Core Team, 2012). Raw 

data were quantile normalized followed by linear modeling using the limma package (Smyth, 2004). Genes 

with significant changes following WNV infection or IL-1β treatment were defined by those with a >1.5-fold 

increase or decrease over genotype and time-matched controls with a Benjamini-Hochberg (BH) corrected 

p-value <0.05. WT and Il-1r-/- WNV responses over mock were quantitatively compared using the limma 

package with the same criteria as above. Microarray data have been deposited in the NCBI Gene 

Expression Omnibus under GEO Series accession number GSE109069 according to Minimum Information 

About a Microarray Experiment (MIAME) standards. Network analysis was run by manual curation using 

the InnateDB curated database and analysis tools (Lynn et al., 2010), and network images were created 

using Cytoscape (Cline et al., 2007; Shannon et al., 2003). Transcription factor binding site (based on 

Genome Browser PWMs) and Gene Ontology Biological Process enrichment was performed using Enrichr 

(Chen, 2013). Ranking of significant processes was determined by sorting on the Combined Score followed 

by sorting on the adjusted p-value. 

Statistical analysis. Unpaired t-test was used to determine significant differences between the groups 

indicated in each figure for qRT-PCR and ELISA analyses. Virus titers were analyzed by Mann-Whitney U 

test to assess significance between genotypes at each time. All quantifications are displayed as mean ± 

standard deviation and were analyzed using Prism software (GraphPad Prism 7). 
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3. Interleukin-1β induces mitochondrial DNA release to activate innate immune signaling via 

cGAS-STING 

Lauren D. Aarreberg, Katharina Esser-Nobis, Connor Driscoll, Andrey Shuvarikov, Justin A. Roby and 

Michael Gale, Jr. 

3.1 Introduction 

A timely and potent response to pathogens is critical for host defense against infection. Microbial 

and cellular cues of infection are detected by immune and non-immune cells via pattern recognition 

receptors (PRRs) to initiate innate and inflammatory cascades. PRRs include Toll-like receptors (TLRs), 

RIG-I-like receptors, nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) and cytosolic 

DNA sensors such as cyclic GMP-AMP synthase (cGAS) (Paludan, 2013; Takeuchi, 2010). Differential 

expression of PRRs across cell types directs cell-specific innate immunity. PRRs recognize a broad array 

of structural and biochemical motifs that originate from the pathogen itself (pathogen-associated molecular 

patterns, PAMPs) or are products that are produced in response to infection or stress-induced damage 

(danger-associated molecular patterns, DAMPs). Under normal conditions, DAMPs are sequestered from 

PRRs, or are otherwise structurally unrecognizable, and do not stimulate immune responses. Liberation or 

modification of the DAMP can result in its recognition by PRRs (Schaefer, 2014). The spectrum of PPRs 

engaged during infection and responses to stress serve to direct the outcome of infection and immunity 

(Brubaker, 2015). For example, which PRRs are engaged can communicate the makeup (bacterial, fungal, 

viral), location (extracellular, endosomal) and pathogenicity (damage-inducing) of the offending microbe. 

PRR signaling converges on latent transcription factors such as nuclear factor kappa B (NF-κB), interferon 

regulatory factors (IRFs) and signal transducer and activator of transcription (STAT) proteins for the 

induction of gene expression involved in immune cell recruitment, signal transduction and direct 

antimicrobial activities (Paludan, 2013; Takeuchi, 2010).  

Cytokine production and response comprise an important arm of host defense. Interferon beta 

(IFNβ), interferon lambda (IFNλ) and interleukin-1β (IL-1β) are pivotal cytokines of innate immunity and 

inflammation in the control of microbial infection. IFNs are produced as a result of PRR signaling that drives 

IRF3 activation. Upon binding its ubiquitously expressed, heterodimeric receptor comprised of IFNαβ 

receptor (IFNAR)1 and IFNAR2, IFNβ induces Janus kinase (JAK) activation and the assembly of IFN-
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stimulated gene factor 3 (ISGF3; a heterotrimer of phosphorylated STAT1, STAT2 and IRF9) for the 

transcriptional upregulation of IFN-stimulated genes (ISGs). ISG products promote an antimicrobial state 

in infected and bystander cells (Brierley, 2002; Schneider, 2014). IFNλ initiates a largely analogous 

program, but its effects are limited to the few cell types expressing its unique receptor, namely epithelial, 

neuronal and myeloid cells (Hemann, 2017). IL-1β, a product of inflammasome activation, is a potent 

inducer of NF-κB-dependent gene transcription and can propagate inflammation, recruit immune cells and 

modulate adaptive immune responses (Dinarello, 2009a; Sims, 2010). The heterodimeric IL-1 receptor (IL-

1R) consists of IL-1 receptor type I (IL-1R1) and IL-1 receptor accessory protein (IL-1RAcP) and is 

expressed at different levels across cell types. 

IL-1β can initiate cell-intrinsic host restriction pathways against bacterial and viral infections but the 

intracellular mechanisms thereof are not fully defined (Copenhaver, 2015; Mayer-Barber, 2014; Ramos, 

2012; Van Damme, 1983). We recently demonstrated that IL-1R signaling in primary murine myeloid cells 

regulates transcriptional activation to initiate or maintain ISG expression and limit West Nile virus infection 

(Aarreberg, 2018). Moreover, an intriguing recent study by Orzalli et al. defined the presence of an IL-1-

induced, IRF1-dependent antiviral program in human fibroblasts and endothelial cells (Orzalli, 2018). Here 

we examined innate immune defense programs downstream of IL-1R in various cell types and reveal that 

exogenous IL-1β triggers TBK1-mediated IRF3 activation and autophagic flux through the DNA sensing 

pathway components cGAS and Stimulator of IFN genes (STING). This response depends upon the 

liberation and cytosolic sensing of mitochondrial DNA (mtDNA) and functions to potentiate pathogen-

induced IFN production, IFN signaling and ISG expression. We also found that IL-1R1 is required for 

maximal IRF-directed immune responses to inflammasome-activating microbial products and Dengue virus 

infection. Our observations present a new mechanism in which IL-1β modulates STING activity for cell-

intrinsic protection against microbial pathogens. 

3.2 Results 

3.2.1 Exogenous IL-1β activates IRF3 

To determine the impact of IL-1β on the cell-intrinsic innate immune response, we analyzed IRF3 

activation and immune gene expression upon IL-1β treatment of various cell types. Treatment of human 
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A549 epithelial cells with exogenous IL-1β resulted in phosphorylation of IRF3 at the essential activating 

phosphoacceptor reside Serine-386 (S386) (Mori, 2004), followed by increased abundance of  IFIT1, a 

known IRF3 target gene (Grandvaux, 2002) (Figure 3.1A). Transcriptional induction of antiviral response 

genes IFIT1 and MX1 by IL-1β was lost in CRISPR-targeted A549 cells lacking IRF3 expression, but 

induction of the NF-κB-responsive gene, CCL4, was unaffected by the loss of IRF3 (Figure 3.1B). 

Additionally, we found that IRF3 is phosphorylated in response to IL-1β treatment in primary human foreskin 

fibroblasts (Figure 3.1C).   

In PMA-differentiated, macrophage-like THP-1 cells, IL-1β treatment resulted in the delayed 

phosphorylation of IRF3 at S386 (Figure 3.1D). In THP-1 cells we found that IL-1β-induced CCL4 

expression occurs rapidly after IL-1β treatment and then subsides over 36 hours while antiviral response 

genes increase in expression over this period (Figure 3.1E). Of note, CXCL10 is both IRF3- and NF-κB-

responsive (Ohmori, 1995). Consistent with this dual induction program, CXCL10 demonstrates a bimodal 

expression pattern in IL-1β-treated THP-1 macrophages (Figure 3.1E) and is only partially reduced in IRF3-

deficient, IL-1β-treated A549 cells (Figure 3.1B). These responses were absent in IL-1R1-deficient cells, 

demonstrating that pathways of IRF3 and NF-κB activation are induced in response to IL-1β engagement 

of IL-1R (Figure 3.2).  

We then evaluated the response to IL-1β in primary human monocyte-derived dendritic cells 

(moDC). MoDC treated with exogenous IL-1β express antiviral genes in a dose-response manner, with 

similar trends of immediate NF-κB activation that wanes over time and a gradual increase in IRF3 target 

genes and ISGs over 36 hours (Figure 3.1F). Notably, IL-1β induces concentration-dependent 

phosphorylation of IRF3 in primary moDC at 36 hours post-treatment (Figure 3.1G). The delayed kinetics 

of IRF3-responsive gene expression in human macrophages and dendritic cells match the kinetics of IL-

1β-induced antiviral gene expression that occur in primary murine macrophages and dendritic cells  

(Aarreberg, 2018). Together, these observations demonstrate that exogenous IL-1β induces functional 

IRF3 activation in human cell lines of epithelial and myeloid origin as well as primary human fibroblasts and 

myeloid cells.  
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Figure 3.1 Exogenous IL-1β activates IRF3. (A) A549 were treated with media (0) or 10ng/ml IL-1β for 3-24hrs before protein 
analysis by immunoblot, n=4. (B) A549 transduced with lentiCRISPR/Cas9 and off target gRNA or IRF3-gRNA were treated with 
media (0) or 10ng/ml IL-1β for 3-12hrs before qRT-PCR analysis. Statistical analysis was performed using student’s T test and 
Holm-Sidak to compare genotypes, n=6 with mean ± SEM. (C) Human foreskin fibroblasts were treated with media (0) or 10ng/ml 
IL-1β for 1-6hrs before protein analysis by immunoblot, n=3. (D) THP-1 were treated with media (0) or 10ng/ml IL-1β for 3-36hrs 
before protein analysis by immunoblot, n=4. (E) THP-1 were treated with media or 10ng/ml IL-1β for 3-36hrs before qRT-PCR 
analysis. Statistical analysis was performed using student’s T test and Holm-Sidak to compare treatments, n=3 with mean ± SEM. 
(F) Primary human monocyte-derived dendritic cells (moDC) were treated with media or the indicated concentrations of IL-1β for 
6-36hrs before qRT-PCR analysis. Statistical analysis was performed using two-way ANOVA and Dunnett’s to compare mock to 
IL-1β treatments, n=3 with mean ± SEM. (G) moDC were treated with media or the indicated concentrations of IL-1β for 36hrs 
before protein analysis by immunoblot, n=2. *p<0.05, **p<0.01, ***p<0.001  
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3.2.2 Differential IRF requirements 

for IL-1β-induced antiviral gene programs 

 To characterize IL-1β-induced antiviral 

gene programs, we utilized droplet-based 

single-cell RNA-sequencing (scRNA-seq), 

wherein we identified heterogeneous 

responses in A549 cells treated with IL-1β over 

3, 6 or 12 hours (Figure 3.3A). In total, we 

sequenced 7547 cells that passed knee filtering 

(1825 cells at 3 hours post-treatment, 3278 

cells at 6 hours, and 2444 cells at 12 hours; see 

Methods). Of interest, scRNA-seq revealed that 

several ISGs, protein modifier genes involved 

in innate intracellular signaling, and apoptosis-

regulating genes are induced or “upregulated” 

by IL-1β (Figure 3.3B, Table S5). Upregulated 

genes follow four general patterns of expression: 1) immediate and transient (e.g. BCL3, IRF1) 2) 

immediate and sustained (e.g. CXCL1, CXCL2) 3) delayed and transient (e.g. GBP1, ISG20) or 4) gradual 

(e.g. B2M, CCL5). We next examined predicted activation of upstream transcriptional regulators associated 

with significant change in measured gene expression at each time point. Transcriptional repressors such 

as Estrogen Receptor 1 (ESR1) and Nuclear Subfamily 3 Group C Member 1 (NR3C1) were predicted as 

inactivated upon IL-1β treatment (Figure 3.3C). Consistent with our signaling data (see Figure 3.1), NF-

κB family members, IRF3 and other IFNβ enhanceosome members (Wathelet, 1998) are predicted to be 

active by three hours post-IL-1β treatment in A549 cells. While STAT1 is a predicted positive regulator at 

all three time points, STAT3 is predicted to be active late in the response to IL-1β.  

 

Figure 3.2. IL-1R1 is required for IL-1β signaling to IRF3. (A) 
THP-1 transduced with lentiCRISPR/Cas9 and off target gRNA or 
IL-1R1-gRNA were treated with media (0) or 10ng/ml IL-1β for 12-
36hrs before protein analysis by immunoblot. (B) THP-1 transduced 
with lentiCRISPR/Cas9 and off target gRNA or IL-1R1-gRNA were 
treated with media (0) or 10ng/ml IL-1β for 3-36hrs before qRT-PCR 
analysis. Statistical analysis was performed using student’s T test 
with Holm-Sidak to compare genotypes, n=4 with mean ± SEM.  
**p<0.01, ***p<0.001 
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Figure 3.3. IL-1β initiates antiviral gene programs (A) A549 were treated with media or 10ng/ml IL-1β for 3, 6 or 12hrs before 
single cells were isolated and prepared for sequencing. tSNE analysis of scRNA-seq expression with each point representing a 
single cell treated with media (blue) or IL-1β (orange). (B) Left: Gene expression heatmap of selected differentially expressed 
genes comparing media and IL-1β treatment. Right: Violin plots representing normalized gene expression of select genes per 
cell. (C) Activation z-score heatmap of predicted transcription factor activity upon treatment with IL-1β. 
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The IRF family of transcription factors IRF1, IRF3, IRF5 and IRF7 have redundant promoter binding 

sites (Harada, 1989; Taniguchi, 2001) and we found that IRF1 is highly upregulated by IL-1β treatment (see 

Figure 3.3B). We therefore ablated the expression of each IRF to determine their relative contributions to 

this IL-1β-induced antiviral gene signature. CRISPR-targeting of each IRF member in A549 cells revealed 

that both IRF1 and IRF3 contribute to IL-1β-mediated antiviral transcriptional responses, with also a partial 

reduction of IFIT1 transcription observed in IRF7-deficient cells (Figure 3.4B). Of note, basal IRF1 

expression is hardly detectable in A549 cells, and basal expression of IRF7 was dampened in IRF1 and 

IRF3 CRISPR-targeted A549 cells (Figure 3.4A). Additionally, CRISPR-targeting of IRF5 resulted in 

enhanced expression of IL-1β-induced genes, revealing a potential negative regulatory role for IRF5 in 

these cells. Immunoblot analysis revealed that exogenous IL-1β results in increased abundance of IRF1, 

IRF7 and IFIT1, but neither IRF7 or IFIT1 are produced in the absence of IRF3 (Figure 3.4C). Similarly, 
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CRISPR-targeting of each IRF member in THP-1 macrophages showed differential requirements for each 

in the induction of antiviral response genes and a complete loss of signaling in the absence of IRF3 (Figure 

3.4E). Of note, IRF3 CRISPR-targeted THP-1 cells express less IRF7 protein, which may impact antiviral 

responses gene expression in these cells (Figure 3.4D). Our data also indicate that IRF1 plays a role in 

the induction of CXCL10 by IL-1β in either cell type, which is consistent with previous reports on the 

transcriptional regulation of this gene (Yarilina, 2008; Zaheer, 2010). These observations confirm that 

exogenous IL-1β can orchestrate complex transcriptional changes, including the activation of IRF1 (Orzalli, 

2018) and IRF3, wherein IRF3 plays an essential role to direct the expression of target genes and ISGs in 

both human epithelial and myeloid cells.  

3.2.3 IRF3 activation in response 

to IL-1β is cGAS- and STING-dependent  

During PRR signaling IRF3 

activation is conferred by the TBK1 and 

IKKε protein kinases, which coordinate with 

adaptor molecules MAVS, STING or TRIF 

to gain proximity to downstream substrates 

(Liu, 2015). These kinases are essential for 

phosphorylation of IRF3 (Fitzgerald, 

2003b; Sharma, 2003), which then 

dimerizes and translocates to the nucleus 

to initiate transcription of IFNB1, IFIT1, and other IRF3-responsive genes. In our previous examination of 

signaling requirements during the murine myeloid response to IL-1β, we demonstrated a potent loss of 

antiviral response genes when cells were co-treated with a TBK1/IKKε inhibitor (Aarreberg, 2018). 

Figure 3.4. Differential IRF requirements for IL-1β-induced antiviral gene induction. (A) A549 were transduced with 
lentiCRISPR/Cas9 and off target gRNA or IRF1-, IRF3-, IRF5- or IRF7-gRNA before protein analysis by immunoblot. (B) A549 
transduced with lentiCRISPR/Cas9 and off target gRNA or IRF1-, IRF3-, IRF5- or IRF7-gRNA were treated with media (0) or 
10ng/ml IL-1β for 3-6hrs before qRT-PCR analysis. Statistical analysis was performed using two-way ANOVA with Dunnett’s to 
compare knockouts to control cells, n=3 with mean ± SEM. (C) A549 transduced with lentiCRISPR/Cas9 and off target gRNA or 
IRF3-gRNA were treated with media (0) or 10ng/ml IL-1β for 3-12hrs before protein analysis by immunoblot. (D) THP-1 were 
transduced with lentiCRISPR/Cas9 and off target gRNA or IRF1-, IRF3-, IRF5- or IRF7-gRNA before protein analysis by 
immunoblot. (E) THP-1 transduced with lentiCRISPR/Cas9 and off target gRNA or IRF1-, IRF3-, IRF5- or IRF7-gRNA were treated 
with media (0) or 10ng/ml IL-1β for 36hrs before qRT-PCR analysis. Statistical analysis was performed using two-way ANOVA 
with Dunnett’s to compare knockouts to control cells, n=4 with mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 

Figure 3.5. TBK1/IKKε mediate IL-1β-induced IRF3 phosphorylation. 
(A) A549 were treated with media (0) or 10ng/ml IL-1β for 3-12hrs before 
protein analysis by immunoblot. (B) THP-1 were treated with media (0) 
or 10ng/ml IL-1β for 6-36hrs before protein analysis by immunoblot (C) 
A549 were treated with media (0) or 10ng/ml IL-1β for 3hrs +/- 1hr 
pretreatment with DMSO or 1uM BX795 before protein analysis by 
immunoblot. (D) THP-1 were treated with media (0) or 10ng/ml IL-1β for 
36hrs or 0.5ug/ml LPS for 12hrs +/- 1hr pretreatment with DMSO or 1uM 
BX795 before protein analysis by immunoblot. 
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Therefore, we examined IL-1β-induced 

activation of TBK1 and IKKε in human 

epithelial cells and macrophages. 

Coincident with detectable 

phosphorylation of IRF3 (See Figures 

3.1A, 3.1D), we observed sustained 

activation of TBK1 and IKKε in 

response to IL-1β treatment, as shown 

by phosphorylation at the activating 

phosphoacceptor residue Ser-172 on each protein (Figures 3.5A, 3.5B) (Kishore, 2002; Shimada, 1999). 

We also observed phosphorylation of TBK1 after 1 hour, but not 3 hours, of IL-1β treatment in HFF (Figure 

3.6), which correlates with peak IRF3 activation in these cells (see Figure 3.1C). To confirm the role of 

these kinases in IL-1β-mediated IRF3 phosphorylation, we used a pharmacological inhibitor of TBK1/IKKε 

kinase activity, BX795 (Clark, 2009). Control cells treated with LPS exhibited robust activation of IRF3 that 

was suppressed by inhibitor treatment (Figure 3.5D). Pre-treatment with BX795 also prevented IL-1β-

induced phosphorylation of IRF3 at S386, thereby expanding the critical role for these kinases to include 

IL-1β-induced IRF3 phosphorylation (Figures 3.5C, 3.5D).  

Next, we tested whether the innate immune adaptor proteins MAVS, STING or TRIF were 

necessary to engage TBK1/IKKε-mediated activation of IRF3  in response to IL-1β. Remarkably, we found 

that macrophages lacking STING were unable to express IRF3-responsive genes upon IL-1β treatment, 

while MAVS- or TRIF-deficient cells were unaffected and fully respond to IL-1β (Figure 3.7A). STING is 

activated by cyclic dinucleotides synthesized by the cytosolic DNA sensor cGAS (Sun, 2013). We therefore 

treated cGAS and STING CRISPR-targeted THP-1 macrophages with IL-1β and examined phosphorylation 

Figure 3.6. TBK1 activation in HFF. HFF were treated with media, 
transfected with 10ug/ml cGAMP, or treated with 10ng/ml IL-1β for the time 
indicated on coverslips. Cells were fixed and stained for confocal imaging of 
pTBK1 S172 (green). Nuclei were counterstained with DAPI (blue). 

Figure 3.7. IRF3 activation in response to IL-1β is cGAS- and STING-dependent. (A) THP-1 transduced with 
lentiCRISPR/Cas9 and off target gRNA or MAVS-, STING- or TRIF-gRNA were treated with media or 10ng/ml IL-1β for 30hrs 
before qRT-PCR analysis. Statistical analysis was performed using two-way ANOVA and Bonferroni’s to compare treatments, 
n=3 with mean ± SEM. (B) THP-1 transduced with lentiCRISPR/Cas9 and off target gRNA or cGAS- or STING-gRNA were treated 
with media or 10ng/ml IL-1β for 6-36hrs before protein analysis by immunoblot, n=2. (C) THP-1 transduced with lentiCRISPR/Cas9 
and off target gRNA or cGAS- or STING-gRNA were treated with media (0) or 10ng/ml IL-1β for 3-36hrs before qRT-PCR analysis. 
Statistical analysis was performed using two-way ANOVA with Bonferroni’s to compare knockouts to control cells, n=4 with mean 
± SEM. (D) A549 transduced with lentiCRISPR/Cas9 and off target gRNA or STING-gRNA were treated with media (0) or 10ng/ml 
IL-1β for 3-6hrs before qRT-PCR analysis. Statistical analysis was performed using student’s T test and Holm-Sidak to compare 
genotypes, n=3 with mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 
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of IRF3 by immunoblot to assess the role of these DNA sensing pathway components in IL-1β-induced 

IRF3 activation. cGAS-deficiency resulted in greatly reduced phosphorylation of IRF3 compared to control 

cells, while STING-deficient cells showed a complete loss of IRF3 phosphorylation in response to IL-1β 

(Figure 3.7B). Importantly, cGAS- or STING-deficiency significantly reduced IL-1β-induced IRF3 target 

gene expression compared to control cells (Figure 3.7C). Activation of NF-B was apparent in cGAS- and 

STING-deficient cells at 6 and 12 hours post treatment with IL-1, with no detection of phosphorylated NF-

B by 24 hours (Figure 3.7B). Of note, cGAS-deficient cells demonstrated prolonged NF-B 

phosphorylation and enhanced expression of CCL4 compared to control cells, while STING-deficient cells 
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showed delayed phosphorylation of NF-B and slightly reduced 

expression of CCL4. The difference in responses between cGAS 

and STING CRISPR-targeted cells may reflect a non-linear 

relationship between the two (Costa Franco, 2018; Holm, 2016). 

We also confirmed the requirement for STING in the non-myeloid 

response to IL-1β. STING CRISPR-targeted A549 cells showed a 

slight decrease in NF-κB-responsive gene, CCL4, a complete loss 

of ISGs IFIT1 and MX1, and a partial loss of CXCL10 induction 

compared to control cells (Figure 3.7D). In agreement with these 

data, IL-1β signaling results in the phosphorylation of STING at the 

critical 

phosphoacceptor residue Ser-366 (Liu, 2015) 

and a temporary loss of cGAS and STING 

protein levels in A549, indicative of their 

activation-induced degradation (Chen, 2016; 

Hu, 2016; Konno, 2013; Prabakaran, 2018) 

(Figure 3.8).  

Upon activation, STING migrates from 

the endoplasmic reticulum (ER) through the 

ER-Golgi intermediate compartments (ERGIC) 

to autophagosome-like vesicles (Dobbs, 2015; 

Ishikawa, 2009; Konno, 2013; Saitoh, 2009). 

To examine whether IL-1β treatment drives 

translocation of endogenous STING as 
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Figure 3.8. IL-1β induces STING 
activation. HFF or A549 were treated with 
media (0) or 10ng/ml IL-1β for 1-6hrs 
before protein analysis by immunoblot, n=2 
per cell type. 

Figure 3.9. STING translocation upon IL-1R signaling. Above: HFF were treated with 
media or 10ng/ml IL-1β, transfected with 1ug/ml calf thymus DNA, or transfected with 10ug/ml 
cGAMP for 3hrs on coverslips. Cells were fixed and stained for confocal imaging of STING 
(green). Nuclei were counterstained with DAPI (blue). Below: Quantification of cells positive 
for STING puncta where each dot represents one field of view. Statistical analysis was 
performed using one-way ANOVA and Holm-Sidak, n=4 with mean ± SD. 



40 

 

another indicator of its activation, we utilized human foreskin fibroblasts (HFF), which express high levels 

of STING protein. As shown in previous reports, cytosolic DNA or exposure to the second messenger cyclic 

GMP-AMP (cGAMP) resulted in perinuclear relocalization of STING (Figure 3.9). Importantly, the 

aggregation of STING also occurred following IL-1β treatment (Figure 3.9), concurrent with phosphorylation 

of IRF3 at Ser-386 (See Figure 3.1C) and phosphorylation of STING at Ser-366 (see Figure 3.8). Together, 

these data show that IL-1β drives cGAS- and STING-dependent innate immune activation.  

3.2.4 IL-1β initiates STING-dependent autophagic flux 

We noticed that IL-1β-driven STING puncta are distinct in size and structure from canonical 

activators (see Figure 3.9), reminiscent of STING-containing autophagosome-like vesicles described 

previously (Dobbs, 2015; Ishikawa, 2009; Konno, 2013; Saitoh, 2009). STING-dependent autophagosomes 

are reported to function in antibacterial and antiviral defense 

(Liu, 2018; McFarlane, 2011; Moretti J., 2017; Rasmussen, 

2011; Watson, 2012), as well as in the resolution of STING 

signaling (Prabakaran, 2018). Previously, Pilli et al. 

demonstrated that IL-1β induces autophagic killing of M. 

tuberculosis and that TBK1 is essential for autophagic 

maturation in this context (Pilli, 2012). We hypothesized that this 

process may be mediated by STING. The initiation of autophagy 

is indicated by the lipidation of microtubule-associated protein 

1A/1B-light chain 3 (LC3), which can be detected as LC3-II by 

immunoblot (Kabeya, 2000; Klionsky, 2012). In agreement with 

Pilli et al., we observed that exogenous IL-1β drives an increase in LC3-II levels (Figure 3.10). Importantly, 

IL-1β-induced LC3-II levels are further elevated by co-treatment with the autophagy maturation inhibitor 

bafilomycin A1. This demonstrates that the accumulation of LC3-II is due to increased autophagic flux and 

not a block in the completion of baseline autophagy (Klionsky, 2012). Notably, STING-deficient cells do not 

display increased levels of LC3-II upon treatment with IL-1β in the presence or absence of bafilomycin A1. 

Results from our scRNA-seq analysis also revealed that IL-1β induces the expression of guanylate binding 

Figure 3.10. IL-1β initiates STING-
dependent autophagic flux. A549 were 
treated with media or 10ng/ml IL-1β for 3hrs +/- 
1hr pre-treatment with Bafilomycin A1 (BafA1). 
Above: Protein analysis by immunoblot. Below: 
Densitometry analysis of LC3-II protein 
abundance was compared against actin for 
each condition, n=3. *p <0.05 
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protein (GBP) 1 and 3 (see Figure 3.3B, Table S5), which can act to couple autophagic machinery to 

pathogen-containing vacuoles (Costa Franco, 2018; Kim, 2011). Together, these data support a role for 

STING in IL-1β-mediated autophagic flux, which could function in innate antimicrobial defense as well as 

inflammatory resolution (Shi, 2012; Takahama, 2018; Zhong, 2016). 

3.2.5 IL-1R signaling induces release of mitochondrial DNA to initiate innate immune 

activation 

Previous studies have described a role for the DNA sensing pathway in the immunological 

response to dying cells (Ahn, 2012; Marichal, 2011). To determine if the IL-1β-cGAS-STING axis was a 

response to IL-1β-induced cell 

death, we assessed cell viability 

over a time course of IL-1β 

treatment in real-time using 

IncuCyte live cell imaging. While 

cell death was readily induced by 

pyroptotic or apoptotic stimuli, we 

observed no cell death in response 

to IL-1β treatment of either THP-1 

macrophages or A549 epithelial 

cells (Figure 3.11).  

Noting that liberated 

mitochondrial DNA (mtDNA) is 

shown to induce STING-dependent 

innate immune activation in 

response to microbial products and 

virus infection (Aguirre, 2017b; Rongvaux, 2014; Sun, 2017; West, 2015; White, 2014), we examined the 

possibility that IL-1β treatment induced mtDNA release to the cytoplasm as a DAMP sensed by cGAS. Cells 

were treated with IL-1β then subsequently fractionated to examine cytosolic mtDNA content (Figure 3.12A). 

Figure 3.11. Exogenous IL-1β does not cause cell death. (A) THP-1 were 
treated with media, the indicated concentrations of IL-1β or 0.5ug/ml LPS + 5mM 
ATP and imaged by IncuCyte live cell imaging to quantify cell death over 36hrs. 
Left: Cell death number was quantified by counting Sytox-positive cells. Right: 
Percentage cell death was quantified by dividing Sytox-positive cells by Syto-
positive cells. Data represent technical triplicates with mean ± SEM. (B) A549 were 
treated with media, the indicated concentrations of IL-1β or 10ng/ml TNFα + 10uM 
Cycloheximide (CHX) and imaged by IncuCyte live cell imaging to quantify cell 
death over 24hrs. Left: Cell death number was quantified by counting Sytox-
positive cells. Right: Percentage cell death was quantified by dividing Sytox-
positive cells by Syto-positive cells. Data represent technical triplicates with mean 
± SEM. 
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Immunoblot analysis confirmed the isolation of pure subcellular fractions of cytosolic, crude mitochondria 

and nuclear compartments, with no cross-contamination of mitochondria-associated proteins in the 

cytosolic or nuclear fractions (Figures 3.12B, 3.13). Cytosolic and nuclear fractions were then used to 

quantitate the level of DNA containing specific mitochondrial (MT-ND1, D-loop, MT-CO2, MT-ATP6) and 

nuclear (RPL13A) genes by qPCR. IL-1β-treated cells demonstrated a significant 3-6-fold enrichment of 

mtDNA in the cytosolic fraction compared to mock treated cells, indicating IL-1β induced the release of 

mtDNA (Figure 3.12C). A549 cells treated with IL-1β reached peak enrichment of cytosolic DNA 
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accumulation by 3 hours post-treatment while detection at 6 hours was inconsistent between experiments 

(Figure 3.13B). THP-1 cells demonstrated a bimodal release of mtDNA into the cytoplasm; the earliest 

detection coincided with phosphorylation of IRF3 at 6 hours post-treatment (See Figure 3.1D) and peak 

enrichment was observed at 36 hours post-treatment (Figure 3.13D). Of note, the mitochondrial 

intermembrane space-resident protein, cytochrome c, was not detectable in the cytosol upon treatment with 

IL-1β, which is consistent with IL-1β-mediated release of mtDNA in the absence of cell death.  

To determine if mtDNA served as a DAMP to stimulate STING activation in response to IL-1β, A549 

cells were depleted of mtDNA using the DNA entercalating dye ethidium bromide to inhibit mtDNA 

replication (Hashiguchi, 2009; Rongvaux, 2014; White, 2014). After confirming by confocal microscopy and 

qPCR that ethidium bromide treated cells were depleted of mtDNA (Figure 3.12.E), we exposed both 

treated and untreated cells to IL-1β and examined the induction of NF-κB- and IRF3-responsive genes. 

mtDNA-deficient cells exposed to IL-1β show a significant reduction in IRF3-responsive genes while 

expression of the NF-κB-responsive gene, CCL4, was fully induced by IL-1β (Figure 3.12F). Importantly, 

mtDNA-deficient cells responded normally to cytosolic DNA treatment, indicating the DNA sensing 

pathways were intact. mtDNA encodes 13 polypeptide components of the mitochondrial respiratory chain 

and 2 rRNAs and 22 tRNAs necessary for their translation. Cells depleted of mtDNA retain mitochondrial 

structure as most mitochondrial genes are encoded in the nuclear genome (see Figure 3.12E). However, 

mtDNA depletion leads to dysfunctional oxidative phosphorylation and consequently may affect signaling 

processes linked to mitochondrial reduction-oxidation (redox) potential or superoxide generation (Chandel, 

Figure 3.12. IL-1R signaling induces release of mitochondrial DNA to initiate innate immune activation. (A) Schematic of 
cell lysis and centrifugation for subcellular fractionation. (B) Left: A549 were treated with media, 10ng/ml IL-1β or 4ug/ml 
tunicamycin (TN) for 3hrs before fractionation and protein analysis by immunoblot. Right: THP-1 were treated with media or 
10ng/ml IL-1β for 36hrs before fractionation and protein analysis by immunoblot. (C) Total DNA was harvested from cytosolic and 
nuclear fractions of A549 (left) or THP-1 (right) treated as in B and analyzed by qPCR. Cytosolic mtDNA genes were normalized 
to respective nuclear RPL13A and presented as fold enrichment over media-treated controls. Statistical analysis was performed 
using student’s T test and Holm-Sidak to compare treatments, n=3 with mean ± SEM. (D) A549 were treated with media or 
10ng/ml IL-1β for 0.5, 1 or 3.5hrs before incubation with Mitotracker Green or JC-1 dye for an additional 0.5hr. Cells were analyzed 
by flow cytometry to determine median fluorescence intensity (MFI) of the indicated dyes, n=3 with mean ± SEM. (E) A549 were 
cultured for 4 days +/- ethidium bromide (EthBr) to deplete mtDNA. Left: Untreated and treated cells were fixed on coverslips and 
stained for confocal imaging of mitochondria (TOM20, green) or DNA (magenta). Nuclei were counterstained with DAPI (blue). 
Right: Treated and untreated cells were subjected to total DNA extraction followed by qPCR analysis for quantification of mtDNA 
genes. Statistical analysis was performed using student’s T test and Holm-Sidak to compare treatments, n=4 with mean ± SEM. 
(F) EthBr treated and untreated A549 were exposed to media or 10ng/ml IL-1β or transfected with 1ug/ml calf thymus DNA for 
6hrs before qRT-PCR analysis. Statistical analysis was performed using two-way ANOVA and Bonferroni’s to compare the 
indicated treatments, n=4 with mean ± SEM. Sup, supernatant. Cyto, cytoplasm. Mito, mitochondria. Nuc, nucleus. Tf, transfection 
*p<0.05, **p<0.01, ***p<0.001 
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1999; Hashiguchi, 2009). To test the importance of mitochondrial ROS in this pathway, which may also 

Figure 3.13. Temporal release of mitochondrial DNA upon IL-1β treatment. 
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have been reduced with mtDNA depletion, we utilized a specific scavenger of mitochondrial superoxide, 

MitoTEMPO. Pre-treatment with MitoTEMPO indeed ablated IL-1β-induced expression of CXCL10 and 

MX1, but it also inhibited the expression of NF-κB-responsive gene, CCL4 (Figure 3.14). Surprisingly, 

MitoTEMPO pre-treatment had no effect on IL-1β-induced expression of IFIT1. As mtDNA depletion 

coincided with the ablation of IL-1β-induced IRF3-responsive genes without perturbing CCL4 expression, 

we concluded that mtDNA served as a DAMP to activate cGAS-STING-IRF3. Though we cannot 

conclusively rule out the contribution of mitochondrial ROS to this pathway.       

To define the mechanism of mtDNA release, we examined mitochondrial morphology and 

association with mitophagy factors. Thorough immunofluorescence analyses if A549 cells and HFFs did 

not reveal stark differences in mitochondrial morphology or association with mitophagy factors between 

untreated and IL-1β-treated cells. However, we did note an association between mitochondria and STING 

aggregates in IL-1β-treated HFFs that could potentially represent a mechanism of STING-mediated quality 

control (Figure 3.15).  
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Figure 3.14. Mitochondrial ROS inhibition partially ablates IL-1R-induced antiviral gene expression. A549 were pre-treated 

with media, DMSO or increasing concentrations of MitoTEMPO (MT) for 1hr before treatment with media or 10ng/ml IL-1β for 

3hrs and qRT-PCR analysis, n=3. No Tx = media alone; all other treatments include IL-1β. 

Figure 3.15. STING associates with mitochondria upon IL-1β treatment. HFF treated with media or 10ng/ml IL-1β for 3hrs 

were fixed on coverslips and stained for confocal imaging of mitochondria (TOM20, red) or STING (green). Nuclei were 

counterstained with DAPI (blue). 
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Our observations of IL-1β-mediated autophagic flux (possibly mitophagy) led us to hypothesize that 

IL-1β treatment would drive a loss of mitochondrial mass. We therefore assessed mitochondrial mass by 

Figure 3.16. IL-1β-induced mtDNA release is NF-B-dependent. (A) A549 were treated with media (0) or 10ng/ml IL-1β for 

3hrs +/- 1hr pretreatment with DMSO or 10uM IKK/ inhibitor (ACHP, BMS) before fractionation and protein analysis by 

immunoblot. (B) A549 were treated as in A with 500nM IKK inhibitor (PF184, TPCA1). (C) A549 were treated as in A with 1uM 

TBK1/IKK inhibitor (BX795). (D) A549 were treated with media or 10ng/ml IL-1β for 3hrs +/- 1hr pretreatment with DMSO or the 
indicated inhibitors before protein analysis by immunoblot. (E) Total DNA was harvested from cytosolic and nuclear fractions of 
A549 treated as in A-C and analyzed by qPCR. Cytosolic mtDNA genes were normalized to respective nuclear RPL13A and 
presented as fold enrichment over media-treated controls. Statistical analysis was performed using two-way ANOVA with 

Bonferroni’s to compare each treatment to mock, n=3 with mean ± SEM. (F) A549 were treated with media or 10ng/ml TNF for 
3hrs before fractionation and protein analysis by immunoblot. (G) Total DNA was harvested from cytosolic and nuclear fractions 
of A549 treated as in F and analyzed by qPCR. Statistical analysis was performed using student’s T test and Holm-Sidak to 
compare treatments, n=3 with mean ± SEM. Cyto, cytoplasm. Mito, mitochondria. Nuc, nucleus. **p<0.01, ***p<0.001 
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flow cytometry analysis of Mitotracker Green (MTG) dye in A549 cells treated with IL-1β over time. To our 

surprise, we found that mtDNA detection in the cytosol at 3 hours post-treatment with IL-1β (see Figures 

3.12C, 3.13B) followed an increase in mitochondrial mass, which was detectable as early as 1 hour post- 

treatment with IL-1β (Figure 3.12D). Additionally, we measured mitochondrial membrane potential (MMP) 

as a surrogate measure of mitochondrial membrane integrity. MMP was determined using JC-1 dye, which 

exhibits potential-dependent accumulation in mitochondria. At high MMP, JC-1 forms red fluorescent 

aggregates, whereas it becomes green fluorescent monomers at low MMP. Change in the ratio of red:green 

fluorescence intensity is used to determine a shift from high to low MMP. IL-1β treatment resulted in a 

decrease in mitochondrial membrane potential, which trailed an increase in mitochondrial mass but 

preceded detection of cytosolic mtDNA accumulation (Figure 3.12D). 

To examine whether canonical IL-1R signaling via NF-B contributes to mtDNA release, cells were 

pre-treated with inhibitors of IKK/ (Figure 3.16A), IKK (Figure 3.16B) or TBK1/IKK (Figure 3.16C) 

before exposure to IL-1, subcellular fractionation and cytosolic mtDNA quantification. All IKK/ and IKK 

inhibitors reduced NF-B phosphorylation while TBK1/IKK inhibition had no effect (Figure 3.16D). Loss of 

NF-B activity resulted in a significant reduction in mtDNA release (Figure 3.16E), coincident with a 

reduction in phosphorylation of IRF3 (see Figures 3.16D). Use of the TBK1/IKK inhibitor also reduced 

mtDNA release, suggesting a dual role for IKK/ and TBK1/IKK in this process. Of note, treatment with 

another NF-B activator, TNF, induced the release of cytochrome c to the cytosol without detectable 

enrichment of mtDNA (Figures 3.16F, 3.16G). Collectively, these results show that IL-1β induces the NF-

B-dependent release of mtDNA to the cytosol, which can then be detected by cGAS for activation of 

STING and IRF3. 

3.2.6 IL-1β treatment drives IFN production and ISG expression 

The interferon regulatory factor family of transcription factors play an integral role in the 

transcriptional induction of IFN (Honda, 2006; Osterlund, 2007). IRF3 is constitutively expressed in most 

cell types while IRF7 expression is induced by IFN (Marié, 1998; Sato, 1998). IRF3 therefore acts to induce 

small amounts of IFNβ and IFNλ, which then bind and activate their respective receptors and ISGF3 for 
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autocrine induction of IRF7 and other 

innate signaling components that 

facilitate  secondary transcriptional 

responses (Brierley, 2002; Sato, 

2000). In line with our observation of 

IRF3 activation, exogenous IL-1β 

treatment resulted in the transcriptional 

induction of IFNβ and IFNλ in a STING- 

and IRF3-dependent manner (Figures 

3.17A, 3.17B). We also noted a partial 

role for IRF1 in the induction of these 

transcripts, consistent with recent 

observations by Orzalli et al. (Orzalli, 2018). Immunoblot analysis of STAT1 and STAT2 revealed IL-1β-

induced phosphorylation at the activating phosphoacceptor residues Tyrosine-701 and Tyrosine-690, 

respectively. Phosphorylation of each STAT occurs with distinct kinetics in different cell types. In A549 cells, 

Figure 3.17. IL-1β treatment drives IFN 
production and ISG expression. (A) A549 
transduced with lentiCRISPR/Cas9 and off 
target gRNA or STING-gRNA were treated 
with media (0) or 10ng/ml IL-1β for 3-6hrs 
before qRT-PCR analysis. Statistical analysis 
was performed using student’s T test and 
Holm-Sidak to compare genotypes, n=3 with 
mean ± SEM. (B) A549 transduced with 
lentiCRISPR/Cas9 and off target gRNA or 
IRF1-, IRF3-, IRF5- or IRF7-gRNA were 
treated with media (0) or 10ng/ml IL-1β for 3-
6hrs before qRT-PCR analysis. Statistical 
analysis was performed using two-way 
ANOVA with Dunnett’s to compare knockouts 
to control cells, n=3 with mean ± SEM. (C) 
A549 (left) or THP-1 (right) were treated with 
media (0) or 10ng/ml IL-1β for the indicated 
time before protein analysis by immunoblot, 
n=2 (A549) or n=3 (THP-1).  (D) THP-1 were 
treated with media, 10ng/ml IL-1β or 0.5ug/ml 
LPS in the presence of 0.5ug/ml IgG control or 
0.5ug/ml anti-IFNAR2 for 12hrs before protein 
analysis by immunoblot, n=2. Lanes 1 and 5 
are redundant. (E) A549 transfected with 
CRISPR/Cas9 and off target gRNA or 
IFNAR1-gRNA were treated with media (0) or 
10ng/ml IL-1β for 1-6hrs before qRT-PCR 
analysis. Statistical analysis was performed 
using student’s T test and Holm-Sidak to 
compare genotypes, n=3 with mean ± SEM. 
*p<0.05, **p<0.01, ***p<0.001 
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phosphorylation of STAT1 occurs by 3 hours post-treatment and is reduced by 12 hours post-treatment, 

while phosphorylation of STAT2 is delayed and maintained at 12 hours in A549 cells (Figure 3.17C). In 

contrast, THP-1 macrophages treated with IL-1β demonstrate sustained STAT1 phosphorylation and 

transient STAT2 phosphorylation (Figure 3.17D). These observations may reflect a cell-specific response 

to IL-1β-induced cytokines that differentially regulate STAT1 and STAT2. 

To affirm that STAT phosphorylation in IL-1β-treated cells was occurring in response to IFNβ 

production, cells were co-treated with IL-1β and neutralizing antibody against IFNAR2. Treatment with 

neutralizing antibody reduced, but did not fully prevent, IL-1β-induced phosphorylation of STAT1, 

supporting roles for IFN and other molecules (e.g. IL-6 (Hirahara, 2015)) in IL-1β- induced STAT modulation 

(Figure 3.17E). In contrast, STAT2 phosphorylation is completely inhibited by IFNAR2 neutralization. 

IFNAR2 neutralization completely ablated STAT phosphorylation in control cells co-treated with LPS. 

Although IL-1β-induced STAT1 phosphorylation may not be entirely IFNβ-dependent, IFNAR1-deficient 

cells treated with IL-1β 

completely lost IFIT1 and MX1 induction and exhibited a 

partial reduction in CCL4 and CXCL10 expression compared 

to control cells (Figure 3.17F).  

To further characterize cell-intrinsic versus -extrinsic 

signaling events, conditioned media from IL-1β-treated cells 

was transferred onto IL-1R-sufficient or -deficient cells. qRT-

Figure 3.18. IL-1R and 
IFNAR signaling 
synergize for antiviral 
gene induction. (A) Left: 
qRT-PCR analysis of WT 
A549 “Donor” cells mock 
treated or treated with IL-
1β for 3hrs with mean ± 
SEM; n=3. Right: qRT-
PCR analysis of non-
targeted or IL-1R1 
CRISPR-targeted A549 
“Recipient” cells cultured 
with supernatants (sup) 
from Donor cells for 3 or 
6 hours with mean ± 
SEM; n=3. (B) 
Immunoblot analysis of 
Recipient cells after 6 
hours with conditioned 
media (sup) from Donor 
cells. 
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PCR analysis revealed a marked requirement for IL-1R signaling in antiviral response gene induction 

(Figure 3.18A). This may indicate that even though IFN is present, there could be insufficient IFN to induce 

these genes without synergy between IFNAR and IL-1R signaling. Indeed, while conditioned media 

transferred onto IL-1R-sufficient and -deficient cells results in phosphorylation of STAT1, phosphorylation 

Figure 3.19. Synergistic response to IL-1β and PAMPs. (A) THP-1 were treated with media or 10ng/ml IL-1β for 30hrs before 
the addition of media or 0.1ug/ml PAMP RNA (left, transfected), 25ug/ml cGAMP (middle, exogenous) or 0.5ug/ml LPS (right) for 
6hrs followed by qRT-PCR analysis. Statistical analysis was performed using one-way ANOVA and Holm-Sidak to compare the 
sum of monotreatments to cotreatment, n=4 (PAMP RNA) or n=3 (cGAMP, LPS) with mean ± SEM. THP-1 transduced with 
lentiCRISPR/Cas9 and off target gRNA or IL-1R1-gRNA were treated with media (0) or 0.5ug/ml LPS (B) or transfected with 
1ug/ml Poly(I:C) (C) for 12-24hrs. (Left) The indicated transcripts were analyzed by qRT-PCR. Statistical analysis was performed 
using student’s T test and Holm-Sidak to compare genotypes, n=4 with mean ± SEM. (Right) Cell-free supernatants were analyzed 
for IL-1β secretion by ELISA. Statistical analysis was performed using two-way ANOVA and Bonferroni’s to compare the indicated 
treatments, n=4 with mean indicated. GOI, gene of interest *p<0.05, **p<0.01, ***p<0.001 
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of IRF3 and increased levels of IFIT1 are only observable in IL-1R-sufficient cells (Figure 3.18B). Thus IL-

1β drives mtDNA DAMP accumulation to activate cGAS-STING for the production and autocrine response 

to IFN, modulation of STAT activity, and expression of ISGs. 

3.2.7 Synergistic response to IL-1β and PAMPs 

As IL-1β is produced in response to inflammatory stimuli, including microbial infection, (Jorgensen, 

2015, 2017; Martinon, 2002), we hypothesized that the release of IL-1β may serve to prime or amplify IRF3-

directed immune responses against pathogens. We therefore assessed the response to various PAMPs in 

combination with IL-1β to examine how IL-1β modulates pathogen recognition and response. We found 

that while IL-1β alone induces low levels of antiviral gene expression, IL-1β treatment in combination with 

PAMP activates NF-κB and IRF3 signaling at levels significantly above an additive response to IL-1β or 

PAMP. This innate activation synergy is observed when IL-1β treatment accompanies stimulation with 

cytosolic RNA, which signals through MAVS, cGAMP, which signals through STING, and LPS, which 

signals through TRIF (Figure#). 

To evaluate how IL-1R imparts regulation of innate immune signaling when IL-1β and IFN are 

induced by microbial products, we examined the response to PAMPs that induce both cytokines in IL-1R1-

sufficient or -deficient macrophages. Expression of IRF3- and IFN-responsive genes driven by LPS (Figure 

#) or cytosolic Poly(I:C) (polyinosinic-polycytidylic acid, used as an analog of viral double-stranded RNA, 

Figure #) were significantly reduced in the absence of IL-1R1, despite the production of comparable 

amounts of IL-1β. Notably, TNFA expression, which is not regulated by IRF3, was not affected by the 

absence of IL-1R1. These data demonstrate that IL-1R signaling is required for maximal IRF3-mediated 

immune activation against PAMPs that induce both IL-1β and IFN. These actions are consistent with 

observations that IL-1β enhances the innate response against West Nile virus infection in vivo and in vitro 

(Aarreberg, 2018; Ramos, 2012). 

3.2.8 IL-1β-cGAS-STING-IRF3 axis restricts Dengue virus infection 

RNA viruses produce no DNA intermediate but have been shown to be sensitive to STING signaling 

(Aguirre, 2017a; Ishikawa, 2009; Sun, 2017). To examine this newly defined IL-1β-cGAS-STING-IRF3 
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innate immune program in the control of 

viral infection, we assessed this pathway 

in Dengue virus 2 (DENV-2) infection. In particular, DENV-2 induces both IL-1β production and STING 

signaling linked with the accumulation and sensing of mtDNA DAMPs (Aguirre, 2017a; Chang, 1994; Sun, 

2017; Wu, 2013a, b). Exposure of A549 cells to IL-1β before infection was protective against DENV-2, as 

indicated by reduced infectious virus production at 24 and 48 hours post-infection (Figure 3.20A). IL-1β-

mediated protection against DENV-2 infection was comparable to IFN pre-treatment at 24 hours but was 

less effective by 48 hours, confirming the importance of this signaling axis in early viral control. Of note, 

Figure 3.20. IL-1β-cGAS-STING-IRF3 axis restricts Dengue virus 
infection. (A) Analysis of DENV-2 infectious virus by plaque assay using 
cell-free supernatants from A549 pretreated with media, 10ng/ml IL-1β or 
50IU/ml IFNβ for 6hrs before DENV-2 infection for 24- 48hrs (MOI=0.5). 
Statistical analysis was performed using two-way ANOVA and 
Bonferroni’s to compare media to cytokine pretreatment, n=3 with mean 
± SEM. (B) A549 pretreated with media, 10ng/ml IL-1β or 50IU/ml IFNβ 
for 6hrs were mock or DENV-2 infected (MOI=0.5) and imaged by 
IncuCyte live cell imaging to quantify cell death over 48hrs. Data 
represent technical triplicates with mean ± SEM. (C) A549 transduced 
with lentiCRISPR/Cas9 and off target gRNA or IL-1R1-gRNA (left) or 
STING-gRNA (right) were pretreated with media or 10ng/ml IL-1β for 6hrs 
before DENV-2 infection for 24-48hrs (MOI=0.5). Upper: viral RNA was 
analyzed by qRT-PCR. Statistical analysis was performed using two-way 
ANOVA and Bonferroni’s to compare the indicated treatments, n=5 (IL-
1R1) or n=3 (STING) with mean ± SEM. Lower: protein analysis by 
immunoblot, n=3 (IL-1R1) or n=2 (STING). (D) Primary human moDC 
were pretreated with media or 10ng/ml IL-1β for 6hrs before DENV-2 
infection (MOI=1). 2hrs post-adsorption, media was replaced +/- 1ug/ml 
anti-IL-1R1. Protein analysis by immunoblot 24-48hrs p.i. DENV E was 
normalized to actin and quantified relative to 24hr DENV-2 infection, n=3. 
p.i., post-infection. pfu, plaque forming unit. vRNA, viral RNA *p<0.05, 
**p<0.01, ***p<0.001 
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pre-treatment with either cytokine was slightly cytoprotective at 24 hours post-infection, but cell death was 

comparable between all groups by 48 hours post-infection despite the reduction in infectious virus 

production with cytokine pre-treatment (Figure 3.20B). Cells that were responsive to IL-1β show a 45-70% 

reduction in viral RNA and a large reduction in viral E protein, while the protective effect of IL-1β is absent 

in IL-1R1-deficient cells (Figure 3.20C). Importantly, IL-1β-mediated protection against DENV-2 is entirely 

dependent upon STING, as STING-deficient cells show no reduction in viral RNA or viral E protein with IL-

1β pre-treatment (Figure 3.20C). Primary human moDC pre-treated with IL-1β and infected with DENV-2 

showed a reduction in viral E protein production at 24 and 48 hours post-infection compared to nontreated 

controls (Figure 3.20D). Treatment with a neutralizing antibody against IL-1R1 in the absence of exogenous 

IL-1β treatment had little effect on viral production in moDC. Contrary to our previous results with WNV 

infection of BMDC (Aarreberg, 2018), moDC may not produce high enough IL-1β themselves to mediate 

protection against DENV-2 infection through IL-1β autocrine signaling in vitro (Figure 3.20D) (Chang, 1994; 

Wu, 2013b). These data provide evidence for an IL-1β-driven antiviral program that is dependent on the 

activities of STING, thereby expanding the mechanisms in which the DNA sensing pathway imparts innate 

immune protection against RNA virus infection.  

3.3 Discussion 

Inflammasome activation and the synthesis of IL-1β are common features of the immunological 

response to bacterial and viral infections (Jorgensen, 2015, 2017; Mayer-Barber, 2017). Immune protection 

provided by IL-1β has commonly been attributed to cell-extrinsic mechanisms such as the recruitment and 

activation of neutrophils and lymphocytes or the production of acute phase proteins that mediate 

antimicrobial defense (Dinarello, 2009a; Sims, 2010). Few studies have focused on IL-1R signaling in the 

initiation of cell-intrinsic defense (Copenhaver, 2015; Mayer-Barber, 2014; Orzalli, 2018). Our observations 

support a model in which IL-1R signaling initiates innate defense programs through a cGAS-STING-IRF3 

axis to drive the expression of IRF- and IFN-responsive genes as well as increased autophagic flux. 

Importantly, we have demonstrated a cell-intrinsic, antiviral effect of IL-1β against another flavivirus, 

Dengue virus. Dengue was of interest in this study due to its known induction of IL-1β, as well as its proven 

antagonism of cGAS, STING and the IFN pathway (Aguirre, 2017a, b; Chang, 1994; Wu, 2013a). Our study 

is consistent with the concept that indirect sensing of viral infection is a critical component of innate immune 
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defense. Moreover, synergy of IL-1β and IFN in bystander cells can be essential to overcome pathogen 

subversion of innate immune signaling and suppress viral spread. 

Some evidence exists for infection-independent, inflammation-directed cytokine crosstalk. Yarilina 

et al. characterized a TNF-IRF1-IFN signaling loop in which the inflammatory cytokine TNF induces and 

synergizes with autocrine IFN to initiate expression of ISGs (Yarilina, 2008). In contrast to our data, which 

support a partial role for IRF1 and a primary role for IRF3 in IL-1β-induced ISG production in a range of cell 

types, Yarilina et al. emphasize that IRF1 is the chief driver of TNF-mediated ISG expression. However, 

their study also showed phosphorylation of IRF3 in human monocytes and a partial dependence on IRF3 

for ISG expression in bone marrow derived macrophages treated with TNF. In the report by Orzalli et al., 

IL-1-induced ISG expression is IRF1-dependent yet occurs independent of TNF (Orzalli, 2018). These data 

warrant further investigation into whether and how IL-1 and TNF signaling may converge on IRF activation. 

These studies and our current study support a model of innate immune defense in which inflammatory cues 

prime cells for detection and response to invading pathogens and DAMPs by upregulating PRRs, their key 

signaling molecules, and antimicrobial effector genes. 

IL-1β and stress-associated DAMPs can serve to contextualize stimuli perceived by the cell, and 

ultimately direct defensive or repair responses (Brubaker, 2015). We and others have shown that 

mitochondria are an important source of cellular DAMPs, and the detection of such initiates critical innate 

immune signaling programs (Krysko, 2011; Rongvaux, 2014; West, 2017, 2015; White, 2014). While our 

study demonstrates that IL-1β-driven IRF3 activation is dependent upon cytosolic detection of mtDNA, we 

note that the mechanism by which mtDNA is liberated is not yet known. Mitochondrial outer membrane 

permeabilization (MOMP) can result in the release of intermembrane space proteins and the initiation of 

intrinsic apoptosis (Tait, 2013). Three groups demonstrated that MOMP also allows for mtDNA release into 

the cytosol, which, in the absence of apoptotic caspase activation, is detected by cGAS for activation of 

STING (Riley, 2018; Rongvaux, 2014; White, 2014). Interestingly, our scRNA-seq analysis predicts that 

Forkhead box O3 (FOXO3) is activated upon IL-1β treatment; FOXO3 has been shown to induce transient 

MOMP, thus linking possible MOMP with mtDNA release (Hagenbuchner, 2013). Our study suggests that 

IL-1β can augment mitochondrial mass, decrease mitochondrial membrane potential and induce mtDNA 
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release without detectable cytochrome c release or cell death. Indeed, limited mitochondrial 

permeabilization can occur without triggering cell death (Ichim, 2015; Minamikawa, 1999; Tait, 2010). In 

our model, we might expect that IL-1R signaling results in NF-κB-dependent upregulation of inhibitor of 

apoptosis proteins (IAP) to promote cell survival (Stehlik, 1998; Wang, 1998). In fact, we found several anti-

apoptotic genes to be upregulated by exogenous IL-1β.  

Another mechanism by which IL-1β may mediate mitochondrial disruption could involve the 

production of mitochondrial reactive oxygen species (ROS). Mitochondria are a major source of ROS 

production and therefore particularly prone to oxidative damage. While high doses of ROS are generally 

considered cytotoxic, small doses can modulate early, intermediate and late events in cytokine signaling 

pathways by modifying key intermediary proteins (Brigelius-Flohé, 2004; Thannickal 2000). IL-1 stimulates 

the generation of ROS in a cell-specific manner via NAD(P)H oxidase and/or lipoxygenase (Bonizzi, 2000). 

West et al. demonstrated that a subset of TLRs (1, 2 and 4) activate a TNF receptor-associated factor 

(TRAF)6-mediated program to increase mitochondrial ROS production (West, 2011). Importantly, TRAF6 

is an essential signal transducer in the IL-1R pathway, but is dispensable for TNF signaling (Cao, 1996). In 

agreement with our observation that TNF treatment does not drive release of mtDNA to the cytosol, West 

et al. found that endosomal TLRs and TNF did not drive TRAF6 relocalization to mitochondria for 

subsequent mitochondrial ROS production (West, 2011). Although the authors of this study did not 

investigate the effects of a respiratory burst on mitochondrial integrity or mtDNA release, mitochondrial 

ROS has been associated with reversible mitochondrial depolarization and mitochondrial permeability 

transition induction (Kowaltowski, 1999; Zorov, 2000). Whether and how IL-1β may initiate mitochondrial 

membrane permeabilization still needs to be resolved.  

In conclusion, we have described a mechanism in which IL-1β signaling drives mitochondrial DNA 

release and detection by the cytosolic DNA sensor cGAS for activation of STING and IRF3 (Figure 3.21). 

Resultant signaling leads to the synthesis and autocrine response to IFN for the basal elevation of ISGs. In 

addition to the production of cell-autonomous defense proteins, the temporary upregulation of PRRs, IRFs 

and STATs may sensitize cells for subsequent pathogen detection and response. This report provides 
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mechanistic insight into a stress-induced pathway of STING activation that can restrict microbial infection, 

shape adaptive immunity and potentially exacerbate autoinflammatory and autoimmune diseases. 

3.4 Methods  

Cells and virus. A549, THP-1, HEK293T and Vero cells were obtained from the American Type Culture 

Collection (ATCC). TERT-immortalized human foreskin fibroblasts were provided by Dr. Daniel Stetson 

(University of Washington). THP-1 cells were cultured in RPMI medium supplemented with 10% heat-

inactivated fetal bovine serum (HI-FBS), 2mM L-glutamine, 1mM sodium pyruvate, 1x nonessential amino 

acids and antibiotic-antimycotic solution (Fisher), while all other cells were cultured in Dulbecco’s modified 

Eagle medium (DMEM) supplemented as above. THP-1 monocytes were differentiated to macrophages in 

40nM PMA (Sigma) for 36 hours and rested for 36 hours without PMA before experiments were performed. 

Human whole blood was collected from six independent donors using an IRB-approved protocol. Whole 

blood was centrifuged using Ficoll-Paque PLUS (Fisher) to obtain peripheral blood mononuclear cells 

Figure 3.21. Model of IL-1β-cGAS-STING-IRF3 axis. IL-1R signaling via the canonical and non-canonical IKKs (not shown) 

leads to the disruption of mitochondrial homeostasis and cytosolic release of mitochondrial DNA (mtDNA) for detection by cGAS. 
Upon stimulation, cGAS produces the second messenger 2′3′‐cGAMP, which binds to the ER‐resident protein STING. STING 

then dimerizes and translocates from the ER to the Golgi, where it activates autophagic flux (not shown) and IRF3 for 

transcriptional induction of IFN and antimicrobial response genes. cGAS‐STING signaling also induces activation of NF‐κB, 

leading to proinflammatory cytokine expression and enhanceosome activity. Synergistic signaling by IL-1β and autocrine IFN 

potentiates microbial detection and resultant immune responses. 
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(PBMCs). 6-10x106 PBMCs were rested in 15cm non-TC-treated plates (VWR) for 2 hours. After 2 hours, 

non- and semi-adherent cells were collected and cultured in complete RPMI medium supplemented with 

50ng/ml GM-CSF and 100ng/ml IL-4 (Peprotech) for 6 days, replacing 2/3 media with complete RPMI+GM-

CSF+IL-4 every other day to prepare monocyte-derive dendritic cells (MoDC). On day 6, MoDC were 

collected by gently scrapping. Cells were counted and seeded at 1x106/ml with the indicated treatments. 

Dengue virus type 2 New Guinea C (DENV-2) was propagated on Vero cells (MOI=0.05) for 5 days before 

cell-free supernatants were aliquoted and frozen at -80C. Thawed aliquots were used to determine viral 

titer by plaque assay on Vero cells.        

Cell treatment and analysis. Recombinant human IL-1β (Enzo Life Sciences) was reconstituted in sterile 

water at 100ug/ml and used at 10ng/ml unless otherwise indicated. ACHP (Tocris) was reconstituted in 

DMSO at 20mM and used at 10uM. BMS (Tocris) was reconstituted in DMSO at 100mM and used at 10uM. 

BX795 (Invivogen) was reconstituted in DMSO at 10mM and used at 1uM. PF184 (Tocris) was reconstituted 

at 100mM and used at 0.5uM. TPCA1 (Tocris) was reconstituted at 100mM and used at 0.5uM. 

Tunicamycin (Sigma) was reconstituted in DMSO at 10mg/ml and used at 4ug/ml. HCV polyU/UC PAMP 

RNA was synthesized via in vitro transcription (Saito, 2008) and transfected at 0.1ug/ml using TransIT-LT1 

Transfection Reagents (Mirus). cGAMP was a kind gift from Pingwei Li (Texas A&M University), 

reconstituted in sterile water at 1mg/ml and used exogenously at 25ug/ml (THP-1) or transfected at 10ug/ml 

using Lipofectamine 3000 reagents (A549, HFF). Calf thymus DNA solution (ctDNA, Life Technologies) 

was transfected at 1ug/ml using Lipofectamine 3000 reagents (ThermoFisher). LPS (Adipogen) was used 

on its own at 0.5ug/ml or in combination with 1mM ATP (Sigma). TNFα (Peprotech) was used on its own at 

10ng/ml or in combination with 10uM Cyclohexamide (Sigma). Anti-IFNAR2 antibody (R&D Systems) was 

used to neutralize Type I IFN at 0.5ug/ml or mouse IgG (Sigma) was used as a control antibody at 0.5ug/ml. 

Recombinant human IFNβ (gift from Toray Industries, Japan) was used at 50, 100 or 1000IU/ml. Anti-IL-

1R1 antibody (R&D Systems) was used to at 1ug/ml to neutralize endogenous IL-1. JC-1 (Invitrogen) was 

reconstituted at 5mM and used at 2.5uM. Mitotracker Green (Invitrogen) was reconstituted in DMSO at 

1mM and used at 500nM. 
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LentiCRISPR. For CRISPR-targeting of the indicated genes, DNA oligos containing off target or targeting 

gRNAs were inserted into a Cas9-t2a-puro pRRL vector using the In-Fusion HD Cloning Kit (Clontech). 

Lentivirus pseudotyped with vesicular stomatitis virus envelope glycoprotein (VSV-G) was produced by 

transfection of 2x106 HEK293T cells with the ProFection Mammalian Transfection System (Promega), 6ug 

gRNA-Cas9-t2a-puro pRRL lentivirus plasmid, 3ug psPAX-2 packaging plasmid and 1.5ug pVSV-G in 

10cm plates for 48 hours before filtration of infectious supernatants with a 0.45uM filter. Target cells were 

transduced with the filtered viral supernatants for 24 hours, washed and cultured in fresh media for 24 hours 

before selection with 1.5ug/ml Puro (A549) or 5ug/ml Puro (THP-1) for 3-4 days. Targeting was evaluated 

by immunoblot and ablated signaling downstream of relevant stimuli (Figure 3.). 

Viral infection and plaque assay. 1x105 A549 cells were seeded in 12-well dishes for 36 hours before 

mock or cytokine treatment or 2x106 moDC were seeded in 6-well dishes with mock or cytokine treatment. 

6 hours post-treatment, media was removed, cells were washed twice with 1x PBS and incubated on a 

rocker with infectious media (complete DMEM with DENV-2 at MOI=0.5 for A549 or MOI=1 for moDC) for 

2 hours. Infectious media was removed 2 hours post-adsorption and cells were incubated with fresh media 

for 24 or 48 hours before collection of infectious supernatants, total RNA or cellular lysates. 1.85x105 Vero 

cells were seeded in 6-well dishes and mock- or virus-containing supernatants were serially diluted in 

complete DMEM. Vero cell monolayers were incubated in technical duplicate with dilutions, rocking for 1 

hour. Cells were overlaid with 1% agarose and 6 days later plaques were visualized with a 1% agarose 

overlay containing 3.5% Neutral Red.  

Immunoblot. Cells were lysed in RIPA buffer (Sigma) with freshly added protease inhibitor cocktail 

(Sigma), phosphatase inhibitor cocktail (Millipore) and Okadaic acid (Thermo). Lysates were separated on 

8% Bis-Acrylamide SDS gels and transferred onto nitrocellulose membranes (Fisher Scientific).Membranes 

were blocked in Odyssey TBS Blocking Buffer (LI-COR) for 1 hour at room temperature (RT) before 

overnight 4C incubation with primary antibody diluted in blocking buffer. After washing, membranes were 

incubated for 1 hour at RT with HRP-conjugated secondary antibodies diluted in TBS-tween. Membranes 

were incubated in ECL (Fisher Scientific) and detected using a ChemiDoc XRS+ System (Bio-Rad). 
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qRT-PCR. Total RNA was isolated from cell lysates using the RNeasy Kit (Qiagen) and digested with 

DNase I (Qiagen) on column. 200ng total RNA was subjected to cDNA synthesis using the iScript cDNA 

Synthesis Kit (BioRad). cDNA was diluted 1:4 in H2O and qPCR was performed using SYBR Select Master 

Mix (Thermo) and gene specific primers on the ABI 7500 Real-Time PCR System.  

Cell death assay. THP-1 macrophages and A549 cells were seeded at 1x105 cells per well in 24-well 

dishes. 24 hours after seeding, cells were treated with 1 ng/ml or 10 ng/ml IL-1β, 0.5ug/ml LPS (Adipogen) 

Figure 3.22 CRISPR-targeting analysis. (A) THP-1 were transduced with lentiCRISPR/Cas9 and off target gRNA or gRNA 
targeting MAVS, STING or TRIF before protein analysis by immunoblot. (B) THP-1 transduced with lentiCRISPR/Cas9 and off 
target gRNA or MAVS-gRNA were mock transfected or transfected with 0.1ug/ml PAMP RNA for 6hrs. (C) THP-1 transduced with 
lentiCRISPR/Cas9 and off target gRNA or STING-gRNA were treated with media or 25ug/ml exogenous cGAMP, mock 
transfected or transfected with 1ug/ml calf thymus DNA for 6hrs. (D) THP-1 transduced with lentiCRISPR/Cas9 and off target 
gRNA or TRIF-gRNA were treated with media or 0.5ug/ml LPS for 6hrs. (E) A549 were transduced with lentiCRISPR/Cas9 and 
off target gRNA or STING-gRNA before protein analysis by immunoblot. (F) A549 transduced with lentiCRISPR/Cas9 and off 
target gRNA or STING-gRNA were mock transfected, transfected with 1ug/ml calf thymus DNA, or transfected with 10ug/ml 
cGAMP for 6hrs. (G) A549 transfected with CRISPR/Cas9 and off target gRNA or IFNAR1-gRNA were treated with media or 100 
or 1000IU/ml IFNβ for 12hrs. B-D, F-G. After treatment, the indicated transcripts were analyzed by qRT-PCR; n=3 per genotype 
with mean ± SEM. Tf, Transfection. 
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in combination with 1mM ATP (Sigma) to induce pyroptosis, or 10uM Cycloheximide (Sigma) in combination 

with 10ng/ml TNFα (Peprotech) to induce apoptosis. Alternatively, A549 cells were seeded as above and 

treated with 10ng/ml IL-1β or 50IU/ml IFNβ for 6 hours before infection with DENV-2 (MOI=0.5). 

Additionally, cells were treated with 100nM of the green fluorescent nucleic acid stains Syto or Sytox to 

quantify total number of cells or dead cells, respectively (ThermoFisher). Cells were then imaged with the 

IncuCyte imaging platform (Essen Bioscience) up to 48 hours post-treatment. At every 2 (THP-1) or 4 

(A549) hours, four images were taken per well. Each treatment was run in triplicate. The ratio of Sytox-

Green to Syto-Green counts was used to calculate percent cell death.   

Subcellular fractionation. Subcellular fractionation and mitochondrial DNA quantification was adapted 

from West et al. (West, 2015) as follows: 4x106 THP-1 or 2x106 A549 cells were lysed in 100ul/5x105 cells 

Digitonin buffer (150mM NaCl, 50mM HEPES pH7.4, 25ug/ml Digitonin, Protease and phosphatase 

inhibitors) and incubated on a rotator at 4C for 10 min. Samples were centrifuged at 2,000xg for 10 min at 

4C. Supernatants were transferred to fresh tubes and centrifuged three times at 20,000xg for 20 at 4C, 

transferring supernatants to fresh tubes between centrifugation steps to finally yield cytosolic fractions. The 

cytosolic fraction was split into two tubes (one for total DNA extraction and one for immunoblot analysis). 

The remaining pellet from the first spin was resuspended in ice-cold PBS to wash away Digitonin buffer. 

Samples were centrifuged at 2,000xg for 5 min at 4C. Wash was aspirated and samples were resuspended 

in 100ul/5x105 cells NP-40 buffer (150mM NaCl, 50mM HEPES pH7.4, 1% NP-40, protease and 

phosphatase inhibitors) and incubated on ice for 30 min. Samples were centrifuged at 7,000xg for 10 min 

at 4C to yield the crude mitochondria fraction for immunoblot analysis. The remaining pellet was 

resuspended in ice-cold PBS to wash away NP-40 buffer. Samples were split into two tubes (one for total 

DNA extraction and one for cellular lysates). One tube was centrifuged at 2,000xg for 5 min at 4C. Wash 

was aspirated and samples were resuspended in 50ul/5x105 cells RIPA buffer (Sigma) to yield nuclear 

fraction for immunoblot analysis. DNA was subsequently extracted from the appropriate cytosolic and 

nuclear fractions using the QIAmp DNA Mini Kit (Qiagen). 2ng cytosolic DNA was used for qPCR analysis 

of mitochondrial DNA using gene-specific primers (Aguirre, 2017b); nuclear gene Rpl13a was quantified 

from the respective nuclear fraction for normalization.  
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Flow cytometry. 1x105 A549 cells were seeded in 12-well dishes for 24 hours before treatment with media 

or cytokine. 30 minutes before collection, cells were treated with media containing JC-1 or Mitotracker 

Green dye and incubated at 37C. Cells were washed with 1x PBS and trypsinized, followed by another PBS 

wash before analysis by flow cytometry. Data were acquired using a FACSCanto (BD Biosciences) and 

analyzed with FlowJo 10.5.0 software. 

Mitochondrial depletion. A549 cells were cultured with or without 150ng/ml Ethidium Bromide for 4 days 

(Hashiguchi, 2009). On Day 4, cells were washed with 1x PBS and trypsinized before counting and seeding 

for stimulation or microscopy. Total DNA was collected by alkaline extraction. 

Immunofluorescence. 1x105 HFF or A549 cells were seeded on glass coverslips in a 24-well plate. For 

visualization of STING, 24 hours after seeding HFF, cells were treated with media, treated with 10ng/ml IL-

1β, transfected with 1ug/ml calf thymus DNA or transfected with 10ug/ml cGAMP for 3 hours before fixation 

with 3% PFA for 15 min at RT. Cells were washed three times with 1x PBS before permeabilization with 

0.5% Triton-X-100 for 15 min at RT. Cells were washed three times with 1x PBS before blocking with 3% 

BSA in PBS for 30 min at RT. Cells were stained overnight at 4C with primary rabbit antibody directed 

against STING (diluted 1:100 in blocking solution). The next day, cells were washed three times with 1x 

PBS before incubation with FITC-conjugated, anti-Rabbit IgG secondary antibody (Thermo Fisher) for 1 

hour at RT. Nuclei were counterstain with DAPI (Thermo Fisher). Cells were washed four times with 1x 

PBS before coverslips were mounted onto glass slides using ProLong Gold (Thermo Fisher). STING slides 

were blinded before images were taken. Quantification of cells containing STING puncta was performed 

blinded using ImageJ software. For visualization of mitochondrial DNA, 24 hours after seeding A549, cells 

were fixed with 3% PFA for 15 min. Cells were permeabilized with 0.5% Triton-X-100 for 5 min (note the 

shorter permeabilization to prevent nuclear membrane permeabilization). Cells were washed three times 

with 1x PBS before blocking with 3% BSA in PBS for 30 min at RT. Cells were stained for 1 hour at RT 

temperature with primary mouse antibodies directed against DNA and TOM20. Cells were washed three 

times with 1x PBS before incubation with fluorophore-conjugated, isotype specific secondary antibodies 

(Thermo Fisher) for 1 hour at RT. Nuclei were counterstained with DAPI. Cells were washed and mounted 

as above. Images were acquired with a Nikon Eclipse Ti confocal microscope equipped with a 60x oil 
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immersion objective using the Nikon confocal software. Images were merged and processed using the 

Nikon confocal analysis software.  

IL-1β ELISA. Cell-free supernatants were frozen and thawed before quantification of IL-1β was performed 

using a human IL-1β ELISA kit (BioLegend). Absorbance was read at 450nm and 570nm using the Epoch 

Microplate Spectrophotometer (BioTek). The absorbance at 570nm was subtracted from the absorbance 

at 450nm before calculating IL-1β concentration based upon a standard curve. 

scRNA-seq. A549 cells were mock treated or treated with 10ng/ml IL-1β in technical duplicate for 3, 6 or 

12 hours. Cells were isolated on the ddSEQ single-cell isolator, and samples prepared for sequencing using 

the SureCell WTA 3’ Library Prep Kit (Illumina/Bio-Rad). All samples were sequenced on a NextSeq 500 

to a depth of > 20,000 reads/cell, and raw reads were submitted to GEO under accession GSE120269. 

Single-cell UMI counts were generated within Illumina’s SureCell RNA Single-Cell Basespace, where reads 

were mapped to the human genome version hg38 and only cells passing the knee-calling threshold were 

kept. All downstream filtering, normalization, and differential expression analyses were performed using the 

Seurat R package (Butler, 2018). Cells with fewer than 200 detected genes and greater than 5% of total 

reads assigned to ribosomal RNA were removed from the data, and expression was then log normalized 

with a scale factor of 10,000. Cellular counts were then batch-corrected for replicate variation and predicted 

cell cycle phase (Tirosh, 2016). At each timepoint, cells were clustered using PCA reduction with the first 

20 principal components at 0.6 resolution and tSNE analysis was performed to visually identify homogenous 

IL-1β-treated and mock-treated clusters. Differentially expressed genes between IL-1β-treated and mock-

treated clusters were identified using the Wilcoxon rank sum test (q < 0.05) where genes showed 

expression in >25% of all cells in each treatment group. Predicted transcriptional activators were identified 

using the Upstream Regulators analysis in Ingenuity Pathway Analysis (IPA; (Krämer, 2014)). 

Statistical analysis. All statistical analyses were performed as indicated in figure legends using GraphPad 

Prism 7.04 software, where n represents the number of independent experiments, except in Figures 1F, 

1G, and 7D where n represents the number of independent blood donors. 
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4. Concluding remarks 

Early work on the modulatory effects of IL-1 described its ability to induce IFN and confer antiviral 

protection (Van Damme, 1983, 1985, 1987). Due to the weak induction of IFN by IL-1, it was concluded 

that this was not the primary biological function of IL-1. Indeed, the authors postulated that some cells may 

constitutively express low levels of IFN, and exposure to TNF or IL-1 may enhance the production and 

response to IFN for antiviral protection (Van Damme, 1987). Few studies have since focused on IL-1R 

signaling in cell-autonomous defense (Copenhaver, 2015; Mayer-Barber, 2014; Orzalli, 2018). Our work is 

the first to mechanistically link IL-1β to the activation of a cGAS-STING-IRF3 axis via intrinsic sensing of 

mitochondrial stress. This program serves to prime cells for antimicrobial defense through several 

mechanisms. IRF3 activation basally elevates ISG expression, including the expression of PRRs and key 

intermediary signaling molecules, for sensitization to PAMP and DAMP recognition. IL-1R signaling also 

activates the AP-1 and NF-κB transcription factor families, which can cooperate with IRFs and STATs to 

enhance expression of IFN, antimicrobial effectors and inflammatory genes (Wathelet, 1998; Wienerroither, 

2015). Our work, and that of Pilli et al., demonstrates that IL-1R signaling can also drive the maturation of 

autophagosomes, which can serve to eliminate intracellular microbes (xenophagy), dampen inflammation, 

and facilitate antigen processing and presentation to adaptive immune cells (Deretic, 2013; Pilli, 2012).   

The involvement of mitochondria in this cell-intrinsic defense program is curious but not 

unique. A growing body of literature implicates mitochondria in the response to infection and in 

the cause of disease (Krysko, 2011; Nakahira, 2015; West, 2017). It is unclear whether this is a 

maladaptation intrinsic to the bacterial ancestry of mitochondria or if sensing of mitochondrial 

stress has been co-opted as an indirect mechanism to detect infection. As many microbes actively 

avoid and suppress PRR signaling, this program could prove to be a critical component of host 

defense. Mitochondria, apart from their bioenergetic role, participate in intracellular signaling that 

is vital to cell survival and function (Chandel, 1999). Therefore, it is essential that cells balance 

mitochondrial biogenesis with disposal and recycling of dysfunctional mitochondria. These 

processes are modulated by fusion and fission events, wherein fission generates one daughter 
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mitochondrion with intact membrane potential and a high probability of subsequent fusion and 

another mitochondrion with decreased membrane potential that will likely be removed by 

mitophagy (Twig, 2008). Our data indicate that IL-1β treatment results in increased mitochondrial 

mass and decreased mitochondrial membrane potential, leading us to speculate that IL-1R 

signaling halts mitophagy, drives fission, or a combination of the two. Any of these processes 

could be implicated in the mechanism by which mitochondrial DNA is exposed to cGAS. 

Inflammatory stimuli have been shown to drive mitochondrial fission (Baker, 2014; Katoh, 2017), 

which can induce a metabolic shift from oxidative phosphorylation to glycolysis (Nair, 2019). This 

switch to glycolysis is shown to produce metabolites that facilitate cytokine synthesis and ROS 

production (Kelly, 2015; Mills, 2016). Additionally, we question whether the differentiation status 

of a cell, which determines metabolic needs and mitochondrial biogenesis, could be a determining 

factor for IL-1-induced mitochondrial dysfunction. For example, we have demonstrated that 

terminally differentiated dendritic cells and macrophages take 24-36 hours for appreciable 

activation of IRF3 via sensing of mitochondrial DAMPs, while actively proliferating fibroblasts and 

epithelial cells respond within 3 hours of IL-1β treatment.  

While our data demonstrate that IL-1β induces IRF3 activation in murine and human cells of 

myeloid, stromal and epithelial origin, this program is not universal across cell types. Liu et al. did not 

observe phosphorylation of IRF3 in mouse embryonic fibroblasts (MEFs) treated with IL-1β for 15 minutes 

(Liu, 2015), while Orzalli et al. did not observe appreciable ISG expression in MEFs treated with IL-1β  for 

3 or 6 hours (Orzalli, 2018). In contrast, a report by Rivieccio et al. showed that cultured human fetal 

astrocytes respond to IL-1β with IRF3 activation and induction of ISGs within 3 hours (Rivieccio, 2005). 

Early studies of cytokine-mediated protection against cytomegalovirus (CMV) in stromal cells identified an 

antiviral role for IL-1 in vitro (Iwata, 1999). This group went on to demonstrate that IL-1-mediated inhibition 

of CMV spread was due to the induction of IFN (Randolph-Habecker, 2002). Indeed, blocking antibodies 

against IFN or IFNAR ablated the protective effects of IL-1. Of interest, another group found that pre-

administration of TNF, IL-1β and IFNγ all inhibited CMV replication in primary human astrocytes (Cheeran, 
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2000). Although the mechanisms of protection were not elucidated, the authors demonstrate that the 

suppressive effect of cytokine treatment occurred after viral entry to affect viral DNA synthesis and 

translation. Our current study and findings by Rivieccio et al. may provide the mechanistic link between 

these independent observations (Rivieccio, 2005). Additionally, Orzalli et al. recently defined an IRF1-

dependent antiviral program elicited by IL-1R signaling in primary human fibroblasts and endothelial cells 

(Orzalli, 2018). These cell-specific programs, and the time it takes to initiate them, offer an interesting 

illustration of the dynamic response to IL-1β and resultant immune activation. It is unclear whether the cell-

type specificity is dependent upon expression of IL-1R and DNA sensing components, or the activation of 

regulatory mechanisms that prevent or promote this pathway. Of note, cells with demonstrable IL-1R-to-

IRF signaling provide important protection at barrier surfaces and this will likely prove to be a critical 

pathway of innate immune priming at these sites.  

It is now appreciated that inflammasome-activating pathogens and immune adjuvants operate at 

the interface of innate and adaptive immunity such that they can promote adaptive immune responses 

against specific microbes (Evavold, 2018; Ichinohe, 2009; Pang, 2013; Ramos, 2012). We identified the 

upregulation of several genes involved in antigen processing and presentation by RNA-seq analysis of IL-

1β-treated murine dendritic cells and scRNA-seq analysis of human epithelial cells. Our results using 

primary murine and human dendritic cells also show that IL-1R signaling can induce IRF3 target genes, 

IFN and ISGs in DCs, which may include critical costimulatory molecules and receptors for functional 

interactions with T lymphocytes. In fact, other studies have demonstrated that exogenous IL-1β can induce 

expression of costimulatory CD86 on DCs but the regulation thereof was not explored (Copenhaver, 2015; 

Pang, 2013). In this respect, it is likely that IL-1β-induced IFN directs DC maturation during migration to the 

lymph node or throughout the T cell priming phase within lymphoid tissues (Kadowaki, 2000; Mempel, 2004; 

Pang, 2013; Sallusto, 1995).   

It is intriguing that IL-1R signaling engages cGAS and STING for IRF3 activation, rather than 

directly activating IRF3 as has been shown for TLR-MyD88-IRF7 signaling in plasmacytoid dendritic cells  

(Honda, 2005; Kawai, 2004). However, this response is not universal across cell types and may be limited 

to cells that express competent STING or other unidentified factors. We also noted that IL-1β-induced IRF3 
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phosphorylation and ISG expression are entirely STING-dependent in macrophages, while these processes 

are not completely ablated in cGAS-deficient cells. This may reflect an incomplete knockout of cGAS, in 

which case cGAS-competent cells can signal to neighboring cells with the production of cGAMP (Ablasser, 

2013). Alternatively, this may indicate that mtDNA-independent processes are also involved in IL-1β-

mediated activation of STING (Holm, 2016). Aside from IFN responses, activation of STING also drives the 

formation of autophagosomes with proven antibacterial and antiviral capacity (Costa Franco, 2018; Liu, 

2018; McFarlane, 2011; Moretti J., 2017; Rasmussen, 2011; Watson, 2012). Autophagy can limit microbial 

replication, deliver PAMPs to endosomal PRRs or antigens to MHC class II loading compartments (Deretic, 

2013; Lee, 2007; Nakagawa, 2004; Schmid, 2007; Singh, 2006). Autophagy can also limit inflammatory 

responses by sequestering the stimulus from recognition or by degrading essential signaling components 

(Takahama, 2018).  

PAMP recognition and cytokine signaling are not acting in isolation in vivo such that integrative 

signaling can have important effects on disease outcome. Here we have observed a synergistic response 

to IL-1β and diverse PAMPs, with differential effects on NF-κB and IRF signaling. Indeed, a study by 

Chiliveru et al. has described a role for inflammatory cytokines TNF and IL-1β in licensing DNA-driven 

immune responses in keratinocytes (Chiliveru, 2014). This study implies that inflammatory environments 

can lead to breakdown of tolerance for DNA in the skin. While we reveal a protective role of IL-1β in cytokine 

crosstalk against flavivirus infection, we acknowledge that both IL-1β and IFN are implicated in autoimmune 

disorders in which chronic cytokine production is linked with inflammatory disease and interferonopathies 

(Crow, 2011; Hall, 2010; Lopalco, 2015). Indeed, anti-IL-1β treatment has been effective against several 

autoimmune disorders (Lopalco, 2015), but the specific influence of IL-1β on the dysregulation of IFN has 

not been investigated in this context. Autoinflammatory diseases are characterized by chronic inflammation 

and, importantly, a rapid cessation upon treatment with IL-1 blocking agents (Dinarello, 2009b). Hereditary 

syndromes with mutations in proteins that affect inflammasome activation are commonly treated with 

therapies against IL-1R signaling, but the therapeutic mechanisms of IL-1 antagonists in some syndromes 

are unclear (Sims, 2010). Of note, hyperactivity of STING is implicated in several autoinflammatory 

diseases (Ahn, 2012; Gall, 2012; Gao, 2015; Jeremiah, 2014), as is mtDNA in inflammatory pathology 

(Nakahira, 2015; West, 2017). Our identification of another mechanism of STING activation and mtDNA-
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dependent inflammatory signaling is of great importance in understanding autoinflammatory disorders for 

which the etiology is not fully defined. 

5. Abbreviations 

AIM2 Absent in melanoma 2 

ALR AIM2-like receptor 

AP-1 Activator protein 1 

ASC Apoptosis-associated speck-like doman containing a CARD 

ATP Adenosine triphosphate 

B2M Beta-2-microglobulin 

BCL B Cell CLL/Lymphoma 

BMDC Bone marrow-derived dendritic cell 

BMM Bone marrow-derived macrophage 

CARD Caspase recruitment domain 

CCL C-C motif chemokine ligand 

CD86 Cluster of differentiation 86 

cGAMP Cyclic GMP-AMP 

cGAS Cyclic GMP-AMP synthase 

CHX Cyclohexamide 

CLR C-type lectin receptor 

CMV Cytomegalovirus 

CNS Central nervous system 

COX Cyclooxygenase 

ctDNA calf thymus DNA 

CXCL C-X-C motif chemokine ligand 

DAI DNA-dependent activator of IRFs 

DAMP Damage-associated molecular pattern 

DC Dendritic cell 

DDX DEAD-box helicase 

DENV2 Dengue virus 2 

DHX DEAH-box helicase 

D-loop Displacement loop 

DUBA Deubiquitinating enzyme A 

ER Endoplasmic reticulum 

ERGIC ER-golgi intermediate compartment 

ESR1 Estrogen receptor 1 

FcRγ Fc receptor gamma-chain 

FIIND Function-to-find domain 

FOXO3 Forkhead box O3 

GBP Guanylate-binding protein 

HCV Hepatitis C virus 
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HFF Human foreskin fibroblasts 

IAP Inhibitor of apoptosis protein 

IFI16 Interferon gamma inducible protein 16 

IFIT Interferon induced protein with tetratricopeptide repeats 

IFN Interferon 

IFNAR IFNαβ receptor 

IFNB1 Interferon beta 1 

IFNL1 Interferon lambda 1 

IκB Inhibitor of NF-κB 

IKK IκB kinase 

IL Interleukin 

IL-1R Interleukin-1 receptor 

IL-1RAcP Interleukin-1 receptor accessory protein 

IL1RN Interleukin-1 receptor antagonist 

IRAK1 IL-1R-associated kinase 1 

IRF Interferon regulatory factor 

IRGB10 Immunity-related GTPase family member B10 

ISG Interferon-stimulated gene 

ISGF3 ISG factor 3 gamma 

ISRE IFN-sensitive response element 

ITAM Immunoreceptor tyrosine-based activation motif 

JAK Janus kinase 

LC3 Microtubule-associated proteins 1A/1B light chain 3A 

LPS Lipopolysaccharide 

LRR Leucine-rich repeat 

MAPK Mitogen-activated protein kinase 

MAVS Mitochondrial antiviral signaling protein 

MDA5 Melanoma differentiation-associated protein 5 

MMP Mitochondrial membrane potential 

moDC Monocyte-derived dendritic cell 

MOMP Mitochondrial outer membrane permeabilization 

MT-ATP6 Mitochondrially encoded ATP synthase membrane subunit 6 

Mtb Mycobacterium tuberculosis 

MT-CO2 Mitochondrially encoded cytochrome c oxidase II 

mtDNA Mitochondrial DNA 

MTG MitoTracker Green 

MT-ND1 Mitochondrially encoded NADH:Ubiquinone oxidoreductase core subunit 1 

MX1 Myxovirus dynamin like GTPase 1 

MyD88 Myeloid differentiation factor 88 

NAD(P)H Nitrate reductase 

NEMO NF-κB essential modulator 

NF-kB Nuclear factor kappa B 

NLR NOD- and LRR-containing receptor 
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NLRC NLR family CARD domain containing 

NLRP NLR family pyrin domain containing 

NOD Nucleotide-binding oligomerization domain 

NR3C1 Nuclear Receptor Subfamily 3 Group C Member 1 

PAMP Pathogen-associated molecular pattern 

PGE2 Prostaglandin E2 

PI3K Phosphoinositide-3-Kinase 

Poly(I:C) Polyinosinic-polycytidylic acid 

PRR Pattern recognition receptor 

qRT-PCR Quantitative reverse transcriptase polymerase chain reaction 

RD Repressor domain 

redox Reduction-oxidation 

RIG-I Retinoic acid-inducible gene I 

RLR RIG-I-like receptor 

RNA-seq RNA sequencing 

ROS Reactive oxygen species 

RPL13A Ribosomal protein L13a 
scRNA-
seq Single cell RNA sequencing 

SOCS Supressor of cytokine signaling 

STAT Signal transducer and activator of transcription 

STING Stimulator of interferon genes 

TAB TAK1-binding protein 

TAK1 TGFβ-activated kinase 1 

TANK TRAF family member-associated NF-κB activator 

TBK1 TANK-binding kinase 1 

TGF Transforming growth factor 

TIR Toll/IL-1 receptor 

TLR Toll-like receptor 

TNF Tumor necrosis factor 

TOM20 Translocase of outer mitochondrial membrane 20 

TRAF TNF receptor associated factor 

TRIF Toll/IL-1 receptor domain-containing adaptor inducing IFNβ 

VDAC Voltage dependent anion channel 1 

WNV West Nile virus 

WT Wildtype 
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