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Abstract 
 

Evolutionary Insights into Innate Immunity to Bacterial Pathogens 
 

by 
 

Shally R Margolis 
 

Doctor of Philosophy in Molecular and Cell Biology 
 

University of California, Berkeley 
 

Professor Russell E. Vance, Chair 
 

 
All living organisms have some form of innate immunity, which serves as the first line of 
defense against pathogen infection. Immune systems are under substantial selective 
pressure given that pathogens that can evade these defenses will be more 
evolutionarily successful; therefore studying the evolution of immune systems can 
inform our knowledge of both host-pathogen interactions and evolutionary forces. 
Examining immune systems in a variety of extant species can shed light on fundamental 
properties of innate immunity and also important ways in which mechanisms of 
immunity diverge under different selective pressures. In this thesis I will explore two 
innate immune pathways and discuss the evolutionary histories that may have led to 
their current state.  
 
In chapter 1, I review the literature on the origin and functions of the cGAS-STING 
pathway. In mammals, this pathway is crucial for sensing viral infection and initiating an 
anti-viral interferon response. cGAS and STING are highly conserved genes that 
originated in bacteria and are present in most animals. By contrast, interferons only 
emerged in vertebrates; thus, the function of STING in invertebrates was unclear. In 
chapter 2, I introduce the model cnidarian, Nematostella vectensis, and describe my 
attempts to examine the ancestral functions of the cGAS-STING pathway. Here, I use 
the STING ligand 2′3′-cGAMP and RNA-sequencing to probe the consequences of 
pathway activation, and find a conserved role in immunity via the induction of both anti-
viral and anti-bacterial genes. I then perform a series of knockdown experiments and 
discover a role for the conserved transcription factor NF-κB in specifically inducing anti-
bacterial genes downstream of 2′3′-cGAMP. I go on to characterize the protein product 
of one of the putative anti-bacterial genes and demonstrate its conserved anti-bacterial 
activity. This work describes an unexpected role of a 2′3′-cGAMP sensing pathway in 
anti-bacterial immunity, and further implications of this work are discussed in chapter 3. 
 
In chapter 4, I pivot to a different model system to understand the more recent evolution 
of the NAIP-NLRC4 inflammasome in mammals. Here I describe redundant outputs 
downstream of Legionella pneumophila detection by NAIP–NLRC4, either of which is 
sufficient for pathogen clearance. I speculate that redundancy is an important safeguard 
against pathogen immune evasion. Overall, this thesis expands our knowledge of how 
innate immune systems evolve. 
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Chapter 1: Innate immune systems across evolution 
 
Portions of this chapter were adapted from the following publication (Margolis et al., 
2017):  
 
S. R. Margolis, S. C. Wilson, R. E. Vance, Evolutionary Origins of cGAS-STING 
Signaling. Trends Immunol 38, 733-743 (2017). 
 
1.1 Innate immunity through the lens of evolution  

All living organisms, from bacteria to sea anemones to humans, are under 
constant threat of infection by pathogens, and thus have had to evolve a range of 
defense strategies in order to persist on Earth. Innate immunity is the term given to the 
set of inherited, germ-line encoded protection mechanisms that operate as the first line 
of defense for pathogen sensing and host response. Innate immune receptors must be 
able to distinguish “self” from “non-self,” and this is achieved through recognition of 
pathogen-associated molecular patterns (PAMPs) and/or microbe-specific behaviors. 
For example, lipopolysaccharide (LPS) is an outer membrane component found 
exclusively in Gram-negative bacteria, and the mammalian innate immune system has 
at least two pattern-recognition receptors (PRRs), TLR4 and Caspase-11, dedicated to 
sensing this molecule (Mazgaeen and Gurung, 2020). Microbe sensing via PRRs 
initiates a signaling cascade that aims to eliminate the pathogen. This can be achieved 
through a variety of mechanisms, including expression of genes whose protein products 
can directly attack the pathogen (e.g. RegIIIγ (Cash et al., 2006)); global translation 
inhibition to block viral replication (e.g. PKR activation (Gal-Ben-Ari et al., 2018)); 
recruitment of dedicated immune cells (Sokol and Luster, 2015); and cell death to 
eliminate the pathogen niche (e.g. inflammasome activation leading to pyroptosis (Broz 
and Dixit, 2016)).  

A pathogen that acquires the ability to avoid immune detection or elimination by 
host factors will be able to survive and reproduce more than its “wild-type” counterparts; 
conversely, a host that can survive infection will also be more evolutionarily successful; 
therefore, the host-pathogen interface is subject to extreme selective pressure 
(Brockhurst et al., 2014). Successful innate immune mechanisms that are difficult for 
pathogens to evade will likely be widespread in nature; on the other hand, as different 
species and populations encounter different pathogenic threats, there is likely an 
enormous diversity of immune mechanisms in nature, the surface of which we have 
barely scratched through studies of a few species of model organisms. The recent 
availability of thousands of sequenced genomes (63697 as of this writing (NCBI)) and 
increasingly sophisticated gene and structure predication algorithms are beginning to 
shed light on the conservation, diversification, and origins of many different innate 
immune pathways. However, functional studies are needed to confirm that conserved 
genes do in fact play a role in immunity, and understand how their mechanisms of 
action may differ. A particularly fascinating case of immune gene conservation and 
evolution is that of the cGAS-STING pathway. In this chapter, I will describe what is 
known about the functions of this pathway in vertebrates, what we have learned about 
its evolutionary history and role in other organisms, and finally introduce the divergent 
organism, Nematostella vectensis, with which I will further probe its functions. 
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1.2 Evolution of the cGAS-STING pathway 
 
1.2.1 Innate immune detection of nucleic acids 

Sensing of nucleic acids is a central strategy by which the innate immune system 
detects many pathogens (Barbalat et al., 2011). Nucleic acid sensors appear to be 
especially critical for the innate detection of viruses, as this class of pathogen is 
synthesized from host cell components, and therefore lacks many PAMPs such as LPS, 
flagellin or peptidoglycan that can be used to detect bacteria. Several nucleic acid 
sensors have been described, including TLR9 that detects single-stranded DNA, AIM2 
and cGAS that detect double-stranded DNA (dsDNA), and TLR3, TLR7, TLR8, RIG-I, 
MDA5, and OAS that detect various forms of RNA (Barrat et al., 2016; Hornung et al., 
2014). 
 The lynchpin of antiviral immune responses is the production of type I interferons 
(IFNs), a family of cytokines that orchestrates complex cell-intrinsic and cell-extrinsic 
antiviral defenses (Garcia-Sastre and Biron, 2006; Stetson and Medzhitov, 2006). Mice 
deficient in the type I IFN receptor are highly susceptible to most viral infections (Muller 
et al., 1994). As might be expected, given their important role in viral detection, 
activation of most nucleic acid sensors is coupled to robust production of type I IFNs. 
For example, the cytosolic RNA sensors RIG-I and MDA5 are broadly expressed and 
induce type I IFN in most cell types (Goubau et al., 2013; Yoneyama et al., 2015). The 
RNA-sensing TLRs exhibit a more restricted expression pattern and TLR7/8 induce type 
I IFN primarily in the highly specialized plasmocytoid dendritic cell (pDC) subset (Gilliet 
et al., 2008). By contrast to RNA sensing, the signaling pathways activated downstream 
of dsDNA sensors are more varied. For example, the AIM2 sensor is coupled to 
inflammasome activation and production of pro-inflammatory cytokines (Bauernfeind 
and Hornung, 2013). TLR9 induces type I IFN in pDCs, but in most cell types 
predominantly induces inflammatory cytokines rather than type I IFN. Indeed, genetic 
evidence indicates that in most cell types the cytosolic DNA sensor cGAS is essential 
for induction of type I IFNs in response to dsDNA viruses and retroviruses (Gao et al., 
2013a; Gray et al., 2016; Li et al., 2013b), although in some cell types it may act with 
other DNA-sensing cofactors (Chen et al., 2016). As such, cGAS appears to represent a 
potentially vulnerable hub in antiviral immunity to DNA viruses. It is not clear why 
vertebrates do not encode an alternative broadly expressed pathway for the induction 
type I IFNs in response to dsDNA, but the general lack of such sensors suggests there 
may be considerable constraints on their evolution. 
 
1.2.2 The cGAS-STING pathway in vertebrates 

Cyclic GMP–AMP synthase (cGAS), and its homologues in the OAS family, are 
atypical among innate immune sensors in being both receptors and biosynthetic 
enzymes (Kranzusch et al., 2013; Sun et al., 2013). Upon binding to dsDNA via its zinc-
ribbon domain, the active site of cGAS rearranges and becomes competent to 
synthesize a second messenger, cyclic GMP–AMP (cGAMP), an unusual member of a 
small family of second messengers called cyclic dinucleotides (CDNs) (Civril et al., 
2013; Gao et al., 2013b; Kranzusch et al., 2013; Li et al., 2013a; Zhang et al., 2014a) 
(Figure 1.1). CDNs were first described in bacteria where they play diverse roles in 
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regulating cellular physiology and gene expression (Danilchanka and Mekalanos, 2013), 
and have recently been identified as playing a role in anti-phage immunity (discussed 
further below). The CDN produced by cGAS is the only known CDN produced by 
vertebrates and is chemically distinct from bacterial CDNs by containing one non-
canonical 2′–5′ phosphodiester bond, joining G→A, and one canonical 3′–5′ 
phosphodiester bond, joining A→G (Ablasser et al., 2013; Diner et al., 2013; Gao et al., 
2013b; Zhang et al., 2013). For this reason, the cGAS product is sometimes called 2′3′-
cGAMP to distinguish it from bacterial cGAMP (3′3′-cGAMP). Despite its unusual 
asymmetry, 2′3′-cGAMP signals by binding to a homodimeric receptor, the ER-resident 
protein stimulator of IFN genes (STING). The ability of a single molecule of cGAS 
enzyme to produce multiple molecules of cGAMP provides a mechanism by which 
detection of a small amount of cytosolic dsDNA can produce a rapidly amplified antiviral 
signaling response. 
 STING encodes 4 transmembrane domains followed by the CDN-binding STING 
domain that presumably faces into the cytosol (Burdette and Vance, 2013) (Figure 1.1). 
The STING domain represents a unique fold that is not structurally homologous to any 
other known protein (Huang et al., 2012; Ouyang et al., 2012; Shang et al., 2012; Shu et 
al., 2012; Yin et al., 2012). In the absence of ligand, apo-STING is a pre-formed dimer, 
and cGAMP binding leads to a 180° “unwinding” of the cytoplasmic portion of the 
dimers, which allows for STING oligomerization and recruitment of the downstream 
kinase TBK1 (Shang et al., 2019; Zhang et al., 2019). Oligomerized TBK1 in turn 
phosphorylates the CTT domain of STING, leading to recruitment of the transcription 
factor IRF3 (Liu et al., 2015). TBK1 then phosphorylates IRF3, resulting in IRF3 
dimerization and translocation to the nucleus, where IRF3 then mediates transcription of 
IFN-β and other co-regulated genes. Importantly, STING is also able to induce several 
other signaling pathways, including NF-κB, MAP kinase, STAT6 (Abe and Barber, 2014; 
Chen et al., 2011; McWhirter et al., 2009), and autophagy-like pathways (Fischer et al., 
2020; Gui et al., 2019; Watson et al., 2015; Watson et al., 2012), as well as senescence 
(Gluck and Ablasser, 2019) and cell death (Gaidt et al., 2017; Gulen et al., 2017; 
Paludan et al., 2019; Sze et al., 2013; Wu et al., 2019). The molecular mechanisms by 
which these other non-IFN responses are induced remain relatively poorly understood. 
In addition, cGAS and STING are subject to extensive regulation by post-translational 
modifications and interactions with other proteins (Chen et al., 2016), perhaps indicating 
the importance of tight regulation of this pathway. 
 Although the primary function of STING in mammals appears to be to respond to 
CDNs produced by cGAS, the first CDN discovered to bind and activate STING was 
actually the bacterial CDN c-di-GMP (Burdette et al., 2011). Indeed, several bacterial 
pathogens have been reported to stimulate STING signaling via secreted CDN ligands 
(Barker et al., 2013; Dey et al., 2015; Woodward et al., 2010). The best characterized 
example is activation of STING by the intracellular bacterial pathogen Listeria 
monocytogenes, which in mice depends almost entirely on secretion of bacterial c-di-
AMP (Hansen et al., 2014; Kaplan Zeevi et al., 2013; Louie et al., 2020; Witte et al., 
2013; Woodward et al., 2010). The evolutionary significance of this observation remains 
unclear. STING deficient mice were initially found to have no increase in susceptibility to 
intravenous L. monocytogenes infection (Jin et al., 2011; Sauer et al., 2011). However, 
a recent study mimicking the natural oral route of infection revealed a protective role of 



	 4	

STING signaling, likely via recruitment of monocytes (the authors note that in some 
contexts this recruitment could allow for pathogen dissemination and thus may not be 
completely protective to the host) (Louie et al., 2020). Interestingly, this study found that 
while STING deficient mice are more permissive to infection, type I IFN deficient mice 
are actually protected, confirming previous findings (Archer et al., 2014; Auerbuch et al., 
2004; Carrero et al., 2004; O'Connell et al., 2004). Indeed, the pro-bacterial effect of 
type I IFN has been observed with other pathogens (e.g. Mycobacterium tuberculosis (Ji 
et al., 2019)), and it therefore remains curious that the STING pathway couples bacterial 
sensing to a type I IFN response. It is possible that engagement of STING by bacterial 
CDNs is an evolutionary ‘accident’, or perhaps even evolved as a strategy used by 
bacteria to exploit an antiviral signaling pathway for their benefit. In this regard, it is 
interesting that STING exhibits a ~10-fold higher affinity for 2′3′-cGAMP as compared to 
other (bacterial) CDNs (Gao et al., 2013c), perhaps reflecting evolution of a host 
counterstrategy to specifically increase the responsiveness of STING to cGAS signaling 
as opposed to bacterial CDNs. However, ancestral STING homologs also preferentially 
bind 2′3′-cGAMP (Kranzusch et al., 2015) calling such speculation into question (see 
below). It is also worth noting that cGAS- and CDN-independent activation of STING by 
viral membrane fusion has recently been reported (Holm et al., 2016), and therefore 
there may be other, as yet not well-understood, mechanisms of STING activation.  
 Importantly, cGAS is activated by dsDNA in the cytosol regardless of its source 
or sequence, including by self DNA. The inability of cGAS to distinguish pathogen-
derived dsDNA from self dsDNA thus poses a risk of inappropriate autoimmune 
responses to self dsDNA. Indeed, cGAS has been shown to mediate autoimmune 
pathology in mice and humans that carry mutations that result in an aberrant cytosolic 
accumulation of self dsDNA (Barrat et al., 2016; Roers et al., 2016). Bacterial 
pathogens are another source of dsDNA, and several bacterial pathogens have been 
shown to induce type I IFNs via cGAS (Andrade et al., 2016; Collins et al., 2015; 
Hansen et al., 2014; Storek et al., 2015; Wassermann et al., 2015; Watson et al., 2015; 
Zhang et al., 2014b). This too might have detrimental consequences for the host, as 
mentioned above. Thus, although the need to produce type I IFNs in response to 
dsDNA viruses was certainly a powerful force driving the evolution of the cGAS-STING 
pathway, it also seems likely that the evolution of cGAS-STING signaling was 
constrained by the difficulty in distinguishing the source of dsDNA and by the 
detrimental effects of inappropriate IFN induction. Understanding the evolutionary 
origins of the cGAS-STING pathway may therefore provide insight into how this critical 
innate immune pathway has evolved to balance these risks.  
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Figure 1.1: Schematic representation of the cGAS-STING pathway in mammals. Upon 
detection of dsDNA in the cytosol, cGAS synthesizes the non-canonically linked cyclic 
dinucleotide 2′3′-cGAMP. 2′3′-cGAMP binds to STING dimers residing in the ER membrane, 
leading to STING activation and trafficking to an ER-Golgi intermediate compartment, where 
TBK1 is recruited to phosphorylate the CTT of STING. This phosphorylation then recruits IRF3 
for phosphorylation by TBK1, which leads to IRF3 dimerization, nuclear translocation, and 
transcription of target genes, including IFN-β. NF-κB and other signaling outputs are also 
observed downstream of STING activation, but the mechanisms of activation of these pathways 
are not well understood. Cyclic dinucleotides of bacterial origin can also activate STING; 
however, they bind to STING with lower affinity than 2′3′-cGAMP. 
 
 
1.2.3 cGAS-STING signaling originated in bacteria 
	 As discussed above, bacteria use CDNs as signaling molecules for a range of 
processes, and it was recently discovered that this also includes anti-viral immunity. 
This finding arose through the observation that bacterial homologs of cGAS are often 
found near known anti-phage defense genes in bacterial genomes (Cohen et al., 2019), 
which had previously been a good predictor of function in phage resistance (Doron et 
al., 2018; Goldfarb et al., 2015; Ofir et al., 2018). Indeed, expression of the operon 
encoding DncV, the Vibrio cholerae homolog of cGAS, renders E.coli resistant to 
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infection by a range of phages. Mechanistically, DncV produces 3′3′-cGAMP upon 
infection, which in turn activates the phospholipase CapV that degrades host 
membranes and leads to cell death (Cohen et al., 2019; Severin et al., 2018). This 
death is termed “abortive infection,” as this mode of immunity sacrifices the infected cell 
in order to save the bacterial population from infection (Lopatina et al., 2020). Over 10% 
of sequenced bacterial genomes appear to encode operons that contain cGAS/DncV-
like nucleotidyltransferases (CD-NTases), and these have been named cyclic-
oligonucleotide-based antiphage signaling system (CBASS) (Cohen et al., 2019). 
Interestingly, not all of the CD-NTases produce CDNs made from purines; both cyclic 
trinucleotides and pyrimidine-containing CDNs have been identified as products of 
these enzymes, substantially broadening the potential repertoire of second messengers 
in bacterial immunity (Whiteley et al., 2019). In addition, a variety of downstream 
abortive infection mechanisms have been described, including DNA cleavage leading to 
genome destruction (Lau et al., 2020; Lowey et al., 2020) and hydrolysis of NAD+, a 
molecule crucial for metabolism (Morehouse et al., 2020). How CBASS senses phage 
infection largely remains an open question. DncV is inhibited by folate molecules (Zhu 
et al., 2014), which could perhaps be depleted during infection. It seems unlikely that 
bacteria would use cGAS-like enzymes as broad DNA sensors given that these 
organisms do not compartmentalize their genome, and it will therefore be very 
interesting to discover the novel ways they have evolved to sense viral infection.  
 Remarkably, several CBASS systems contain proteins structurally homologous 
to STING (Fig 1.2) (Morehouse et al., 2020). While a few bacterial STING proteins do 
have transmembrane domains similar to their mammalian counterparts, the majority 
instead have TIR domains appended to the core STING domain. Sphingobacterium 
faecium STING is one of these STING-TIR proteins, and binding to c-di-GMP (the 
product of the associated CD-NTase) causes oligomerization and NAD+ degradation, 
leading to growth arrest of the bacteria. Interestingly, the authors identified residues 
conferring 3′3′ vs. 2′3′ CDN binding specificity, the latter of which were only found in 
metazoan STING sequences, indicating that STING binding to 2′3′ CDNs is a eukaryotic 
innovation. A subsequent report used a distinct bioinformatic pipeline to identify several 
other prokaryotic STING architectures, including STING fusion to deoxyribohydrolases 
and trypsin peptidases, indicating even more effector functions of ancient STING 
proteins (Burroughs and Aravind, 2020). Despite the distinct outputs, it is quite 
remarkable that cGAS-STING functions in anti-viral immunity in both bacteria and 
mammals, and therefore understanding the evolutionary trajectory of this pathway is of 
great interest.    
 
1.2.4 cGAS-STING acquisition in animals 

Bioinformatic analyses have revealed the presence of eukaryotic cGAS and 
STING homologs in most animal phyla and even in unicellular choanoflagellates, the 
closest living relatives of animals (Figure 1.2) (Burroughs and Aravind, 2020; Irazoqui et 
al., 2010; Schaap, 2013; Wu and Chen, 2014; Wu et al., 2014). It is now believed that 
metazoan STING was acquired once in a horizontal gene transfer event from bacteria 
into the last common ancestor of choanoflagellates and animals (Burroughs and 
Aravind, 2020). cGAS was likely acquired at the same time, as cGAS and STING exhibit 
nearly identical distribution in extant choanozoa species, but due to the abundance of 
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cGAS-like enzymes (discussed more below) it is difficult to confirm a single transfer 
event (Burroughs and Aravind, 2020; Kranzusch, 2019). Despite most sequenced 
bacteria having STING-TIR fusions, and the presence of these in one lineage of animals 
(discussed in section 1.2.7) the ancestral STING acquired by animals was likely one 
containing transmembrane domains (Burroughs and Aravind, 2020). Interestingly, 
bacterial STINGs have also been acquired by two different lineages of fungi, but in 
neither of these lineages do there appear to be cGAS enzymes, perhaps indicating an 
ability of STING proteins to evolve CDN-independent functions (Burroughs and Aravind, 
2020). 

 
 

 
 
Figure 1.2: A subset of cGAS-STING signaling components are conserved in Metazoa. 
Previously published homologs (Schaap, 2013; Wu and Chen, 2014; Wu et al., 2014) of cGAS, 
STING, and downstream targets are represented on a well-established phylogenetic tree made 
using the NCBI Taxonomy Common Tree (branches are not to scale). These were confirmed by 
searching public databases of annotated genomes and reciprocal BLAST searches when the 
gene was not annotated. Darker blue ovals for cGAS indicates clear mammalian cGAS 
homology, while lighter blue indicates proteins that cluster somewhere between human 
MAB21L2 and cGAS. CDN binding function was determined in reference (Kranzusch et al., 
2015). Note that while the C. elegans genome contains an annotated IKKε homolog (Gene ID: 
176278), this clusters separately from all other TBK1/IKKε homologs presented here and thus 
was omitted. 

 
The ancient origin of STING in animals is not only evident in its genetic 

sequence, but also in its molecular function. Indeed, analysis of STING homologs from 
diverse metazoans revealed a deeply ancestral ability to bind CDNs (Kranzusch et al., 
2015). The most divergent CDN-binding STING homolog identified was in the starlet 
sea anemone, Nematostella vectensis, a cnidarian with whom vertebrates share a most 
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recent common ancestor >600 million years ago (Kranzusch et al., 2015; Putnam et al., 
2007). Despite only a 29% amino acid sequence identity, the crystal structure of 
Nematostella STING (nvSTING) is essentially identical to that of human STING 
(hSTING) (Figure 1.3). Both nvSTING and hSTING appear to be structurally dynamic in 
their apo forms, crystallizing in distinct “open” and “closed” conformations, intermediates 
of which are stabilized by CDN binding leading to formation of a beta-strand lid domain. 
Interestingly, 2′3′-cGAMP binding induces a similar unique conformation of both human 
and nvSTING that is distinct from some h/nvSTING conformations observed upon 
binding bacterial CDNs. Like hSTING, nvSTING also preferentially binds 2′3′-cGAMP. In 
fact, the Kd of nvSTING for 2′3′-cGAMP is <1 nM, an affinity that exceeds even that of 
hSTING for 2′3′-cGAMP. These results suggest that the ability of STING to distinguish 
between different CDNs and its preference for 2′3′-cGAMP is not a recent evolutionary 
innovation.  

 

 
Figure 1.3: Structural similarities of nvSTING (blue) and hSTING (purple) bound to 2′3′-
cGAMP. PDB IDs: hSTING 4KSY, nvSTING 5CFQ. Left: side view, right: top view, with β-strand 
lid above the bound ligand. 
 

While cGAS homologs have been identified in a variety of metazoan lineages 
(Schaap, 2013; Wu and Chen, 2014; Wu et al., 2014), whether these homologs exhibit 
a conserved ability to sense DNA and synthesize CDNs is difficult to predict, as 
homology is inferred based on the presence of a Mab21 domain that exists in numerous 
other nucleotidyltransferase (NTase) family proteins. Many of these MAB21 family 
members are required during embryonic development and are not known to produce 
CDNs (de Oliveira Mann et al., 2016; Huang et al., 2016; Wong and Chow, 2002). Thus, 
functional assays are necessary to determine whether a cGAS-like gene has the 
capacity to produce CDNs. Nematostella has at least 12 Mab21 containing genes with 
predicted catalytic activity, but only one of these was found to synthesize a CDN, at 
least in the context of a human cell (Kranzusch et al., 2015). Interestingly, this particular 
cGAS from Nematostella (nv-cGAS) seems to produce 2′3′-cGAMP (Gui et al., 2019), 
but as this protein does not have a DNA-binding domain, and is constitutively active in 
human cells, it unknown what triggers cGAMP production by this enzyme in vivo. 
Regardless, it appears that the entire cGAS-2′3′-cGAMP-STING signaling module was 
present in a common ancestor of humans and cnidarians >600 million years ago. 
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While both the structural conservation of STING and the ancient 2′3′-cGAMP 
synthesizing function of cGAS are striking, they do not necessarily mean their function 
in innate immunity is also conserved. Like STING and cGAS, Toll-like receptor (TLR) 
orthologs are found in many animal genomes, but some invertebrate TLRs function in 
development (Anderson et al., 1985), and in many cases it is unclear whether those that 
are involved in innate immunity are activated by direct detection of PAMPs (Chu and 
Mazmanian, 2013; Levashina et al., 1999; Wang et al., 2015). Thus, it is remarkable 
that the unique CDN-binding function of STING has been conserved over 600 million 
years. However, it remains to be seen whether STING activation in Nematostella 
triggers antiviral and/or antibacterial signaling. 
 
1.2.5 Novel features of STING and cGAS in vertebrates 

Despite extensive conservation of STING across animal phyla, the carboxy-
terminal tail (CTT) of STING is notably only apparently present in vertebrates (Figure 
1.2). The CTT (residues 341–379 of human STING) is critical for TBK1 recruitment and 
IRF3 phosphorylation in response to STING activation, and therefore for type I IFN 
signaling (Liu et al., 2015; Tanaka and Chen, 2012). The CTT also appears critical for 
IFN induction by zebrafish STING (Ge et al., 2015). As expected from its lack of a CTT, 
nvSTING is unable to induce an IFN-β reporter in mammalian cells in response to CDNs 
(Kranzusch et al., 2015). However, a chimeric STING in which the human CTT is 
appended to the C-terminus of nvSTING is competent for IFN-β induction, albeit at low 
levels (Kranzusch et al., 2015). These data indicate that a CTT-mediated IFN-signaling 
competent vertebrate STING could evolve relatively easily from ancestral STING. Of 
note, certain amphibians (e.g., Xenopus tropicalis and Xenopus laevis), appear to have 
lost the CTT domain of STING (Wu et al., 2014). X. tropicalis STING can bind 2′3′-
cGAMP (Kranzusch et al., 2015), but does not seem to express well in mammalian cell 
culture and therefore the consequences of this binding are unknown (de Oliveira Mann 
et al., 2019).  

The role of the CTT in inducing other signaling outputs of STING, e.g., NF-κB 
activation or autophagy, is less clear. In zebrafish, the CTT contains a signaling module 
that greatly increases STINGs ability to induce NF-κB, and in fact this is the only 
vertebrate STING for which NF-κB responses are enhanced relative to type I IFN (de 
Oliveira Mann et al., 2019). Recently, multiple labs have made mice in which 
endogenous STING has been mutated to either replace the residue that is critical for 
type I IFN induction (serine 365; deemed STING S365A mice) or to introduce a stop 
codon prior to the CTT (STING ΔCTT mice) (Wu et al., 2019; Yamashiro et al., 2020; 
Yum et al., 2021). S365A mice can still induce autophagy and NF-κB but not type I IFN 
as predicted, but interestingly, NF-κB responses were also impaired in ΔCTT mice, 
suggesting that the CTT is required for NF-κB induction downstream of STING 
(Yamashiro et al., 2020; Yum et al., 2021). This is interesting in light of new data 
showing NF-κB-dependent responses to STING signaling in invertebrates that do not 
have the CTT (discussed further in section 1.2.6 and chapters 2 and 3). Conflicting 
results were observed with regards to autophagy, so it is unclear whether this output is 
CTT-dependent (Gui et al., 2019; Yamashiro et al., 2020; Yum et al., 2021). These 
studies found that S365A mice were protected from viral infection (Wu et al., 2019; 
Yamashiro et al., 2020; Yum et al., 2021) and cancer (Yum et al., 2021), suggesting that 
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in vertebrates there are crucial IFN-independent STING functions, which could perhaps 
be further elucidated by studying organisms lacking interferon.  

Just as STING acquired the CTT in vertebrates, so too did cGAS gain a novel 
domain in this lineage, namely the zinc-ribbon domain (Figure 1.2). This domain is 
required for DNA binding and cGAMP synthesis in response to cytosolic DNA (Civril et 
al., 2013; Gao et al., 2013b; Kranzusch et al., 2013; Li et al., 2013a; Zhang et al., 
2014a), and thus it is currently believed that the key ability to bind and detect dsDNA is 
a vertebrate innovation. As expected due to the absence of this domain, nv-cGAS does 
not bind, nor is activated, by dsDNA in vitro (Kranzusch et al., 2015). DncV, the CD-
NTase from Vibrio cholerae (Davies et al., 2012; Kranzusch et al., 2014), appears to 
bind and be inhibited by folates (Zhu et al., 2014), and Drosophila cGAS-like enzymes 
bind double-stranded RNA (discussed further in section 1.2.6, (Holleufer et al., 2021; 
Slavik et al., 2021)), so there are a range of possible ligands for ancestral cGAS 
enzymes, and uncovering these will be key in furthering our understanding of the 
evolution of this pathway. The more recent evolutionary history of cGAS has also been 
studied in primates, and it appears that cGAS has undergone rapid evolution in this 
lineage. Strikingly, homologous sites between cGAS and OAS1 have experienced 
positive selection, suggesting similar selective pressures, perhaps by common 
pathogens (Hancks et al., 2015; Mozzi et al., 2015).  Further understanding these 
common selective pressures may shed light on the mechanisms of evolution of nucleic 
acids sensors.   
 Although cGAS seems to have emerged as the key cytosolic DNA sensor that is 
required for type I IFN production in response to pathogens in mammals and birds (Gao 
et al., 2013a; Li et al., 2013b) (Vitak et al., 2016), there may be distinct essential DNA 
sensors in other vertebrates (Ge et al., 2015). Nevertheless, it seems clear that both 
cGAS and STING have acquired novel features and therefore functions in the 
vertebrate lineage: specifically, cGAS evolved the zinc-ribbon to detect DNA, and 
STING evolved the CTT, expanding its signaling capacity. However, the ancient origins 
of these proteins suggest that there may be important conserved functions that predate 
those that emerged in vertebrates. 
 
1.2.6 cGAS-STING in insects 
 The last few years have seen a great expansion in our knowledge of the cGAS-
STING pathway in Drosophila. In initial studies, while it was found that most insect 
genomes (e.g., those of flies, bumblebees, wasps, and silkworms) do contain STING 
homologs, in in vitro assays none of these proteins were found to bind 2′3′-cGAMP or 
3′3′ CDNs (Kranzusch et al., 2015). However, in vivo experiments with STING mutant 
insects soon revealed roles for this protein in anti-bacterial (Martin et al., 2018) and anti-
viral (Goto et al., 2018; Liu et al., 2018) immunity in Drosophila, and in anti-viral 
immunity in the silkworm Bombyx mori (Hua et al., 2018). STING mutant flies may be 
more susceptible to L. monocytogenes infection, likely due to the loss of NF-κB-
dependent antimicrobial peptide expression (Martin et al., 2018); however, other groups 
have not been able to repeat these results (Cai et al., 2020), perhaps due to differences 
in the microbiota. The more convincing data have pointed to a role for STING in anti-
viral immunity. Flies infected with Zika, a neurotropic virus, were found to induce STING 
in an NF-κB-dependent manner in the brain, where STING then went on to induce 
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protective autophagy, similar to what has been reported with STING and other 
neurotropic viruses in mice (Liu et al., 2018; Yamashiro et al., 2020). Additionally, 
STING mutant Drosophila were found to be more susceptible to several types of viruses 
(Cai et al., 2020; Goto et al., 2018). Mechanistically, STING was found to induce anti-
viral genes in an IKK and NF-κB-dependent manner (Goto et al., 2018), and 2′3′-
cGAMP injection into flies activated the same anti-viral pathway (Cai et al., 2020). In 
these studies, autophagy was not required for the anti-viral effects of the STING 
pathway. Despite the discrepancies, all of these studies support the notion that STING 
and NF-κB function in the same pathway and contribute to pathogen control in 
Drosophila, and it will be very interesting in the coming years to learn exactly how 
Drosophila STING activates NF-κB in the absence of a CTT, and how anti-viral genes 
are induced downstream of this activation. 
 Further bolstering the hypothesis that the insect STING pathway functions in anti-
viral immunity was the discovery of poxins, a family of nucleases that specifically 
degrade 2′3′-cGAMP and are present in viruses that infect mammals, viruses that infect 
insects, and in the insect hosts of these viruses (Eaglesham et al., 2020; Eaglesham et 
al., 2019). Viral acquisition of poxin genes is likely only beneficial if 2′3′-cGAMP signals 
anti-viral immunity. Interestingly, poxins are extremely specific for 2′3′-cGAMP and do 
not degrade 3′3′ CDNs (Eaglesham et al., 2020).  
 A very recent breakthrough in our understanding of the STING pathway in 
Drosophila was reported by two studies characterizing cGAS-like receptors in these 
organisms. The Drosophila melanogaster genome encodes one obvious cGAS 
homolog, but null animals had no increased susceptibility to infection (Martin et al., 
2018). The authors of these studies uncovered two previously unidentified Drosophila 
CD-NTases: cGAS-like receptor (cGLR) 1 and cGLR2 (Holleufer et al., 2021; Slavik et 
al., 2021). Remarkably, cGLR1 is activated not by dsDNA but by dsRNA, and does not 
produce 2′3′-cGAMP, but 3′2′-cGAMP, with the 2’ linkage joining A>G rather than G>A, 
as in 2′3-′cGAMP (Slavik et al., 2021). 3′2′-cGAMP induces strong anti-viral immunity 
(Slavik et al., 2021), and cGLR1 and/or cGLR2 deficient flies are impaired in their ability 
to induce anti-viral immunity and survive viral infection (Holleufer et al., 2021). It is 
unclear what the ligand for cGLR2 is, but regardless, this work establishes several 
important properties of the STING pathway in animals: one, animal CD-NTases can 
sense PAMPs other than DNA; two, these can produce CDNs other than 2′3′-cGAMP; 
and three, invertebrate cGAS-STING pathways function in anti-viral immunity.  
 
1.2.7 Evolutionary loss and diversification of the cGAS–STING pathway in 
animals 

While STING is clearly an ancient protein, it is not universally conserved (Figure 
1.2). For example, STING is absent from the genomes of all Nematoda that have been 
searched (Wu et al., 2014). Interestingly, most components of vertebrate immune 
signaling (e.g., NF-κB) are also absent from nematodes (Irazoqui et al., 2010). C. 
elegans relies heavily on RNAi for antiviral immunity (Ding and Voinnet, 2007; 
Ermolaeva and Schumacher, 2014; Wang et al., 2015); thus, if ancestral eukaryotic 
STING has an antiviral function, perhaps losses in this pathway could be functionally 
compensated for by RNAi.  
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 Another interesting divergence of STING can be seen in Lophotrochozoa. This 
phylum includes the oyster Crassostrea gigas and the annelid worm Capitella teleta, 
whose genomes appear to contain several unusual STING domain architectures, 
including fusion of a STING domain to a TIR domain (Figure 1.4). As we now know that 
many bacterial STING homologs have TIR domains, it is tempting to hypothesize that 
Lophotrochoza horizontally acquired these from bacteria. However, sequence analyses 
have demonstrated that this is likely not the case, as the eukaryotic TIR domains are 
much more similar to other eukaryotic TIR domains, such as those in TLRs and 
interleukin-1 receptors that play key roles in innate immune signaling in diverse 
organisms (Jones et al., 2016; Narayanan and Park, 2015), than to the bacterial TIR 
domains (Burroughs and Aravind, 2020). This suggests a remarkable instance of 
convergent evolution, and it will be interesting to understand the function of these 
eukaryotic TIR-STING fusions in vivo. In vitro studies have shown that C. gigas STING 
retains CDN binding abilities (Kranzusch et al., 2015; Morehouse et al., 2020), but does 
not seem to cleave NAD+ like its bacterial STING counterparts (Morehouse et al., 
2020), consistent with the idea that the TIR domains are unrelated. 
 

 
 
Figure 1.4: STING domain structure in different Choanozoan lineages. The STING protein 
from representative species of each taxon is diagramed. Domains are represented as noted in 
the key. Note that each lophotrochozoa genome analyzed contains at least two of the four 
domain architectures shown. Abbreviations used: TM: transmembrane, STING: stimulator of 
interferon genes, TIR: Toll and IL-1 receptor, CTT: C-terminal tail.  
Accession numbers: Choanoflagellete XP_001744186.1(M. brevicolis); Cnidarians 
XP_001627385.1 ((N. vectensis); Arthropods NP_001286256.1 (D. melanogaster); Fish 
NP_001265766.1 (D. rerio); Amphibians NP_001106445.2 (X. tropicalis), XP_018110460.1 (X. 
laevis); Mammals NP_082537.1 (M. musculus), NP_938023.1 (H. sapiens). Lophotrocozoans: 
C. gigas has variants 1 (XP_011450604.1), 2 (EKC21350.1, XP_011429536.1, 
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XP_011430837.1, XP_011430838.1, XP_011430842.1, XP_011433982.1) and 3 (EKC26620.1, 
XP_011418724.1); C. teleta has variants 2 (ELT89677.1, ELT89678.1) and 4 (ELT87374.1) 
 
 
1.2.8 Evolution of signaling components downstream of STING 

Although the major antiviral output of STING signaling in mammals is the 
transcription of type I IFN genes, these genes have only been identified in vertebrates 
(Figure 1.2) (Gan et al., 2017; Schultz et al., 2004; Zou et al., 2007). IRF3, the 
transcription factor downstream of STING activation that leads to type I IFN 
transcription, is also only present in this lineage (Wu et al., 2014). And, as discussed 
above, both the CTT of STING and the DNA-binding domain of cGAS are also 
vertebrate specific. Thus, many of the STING pathway components required for antiviral 
immunity are unique to vertebrates. 
 Two other, less well-understood downstream consequences of cGAS-STING 
signaling are NF-κB activation and initiation of autophagy (Ishikawa and Barber, 2008; 
Konno et al., 2013; Liang et al., 2014; McWhirter et al., 2009; Saitoh et al., 2009). Key 
components of these two pathways are conserved in highly divergent organisms, 
including the kinase TBK1 which acts directly downstream of STING to activate these 
pathways (Abe and Barber, 2014)(Figure 1.2). NF-κB and IκB homologs have been 
identified in most animal lineages (Gilmore and Wolenski, 2012), and mammalian NF-
κB acts as an important transcription factor that induces a wide range of genes including 
pro-inflammatory cytokines. In Nematostella, NF-κB pathway components are 
expressed and function very similarly at the molecular level as they do in mammals 
(Wolenski et al., 2011). As discussed in section 1.2.5, in mammals it seems that NF-κB 
activation requires the CTT of STING, leading to the hypothesis that ancestral STING 
responses may not be induced via NF-κB. However, it has become clear that the 
Drosophila STING signals via NF-κB, as discussed in section 1.2.6. Understanding how 
CTT independent induction of NF-κB occurs in other organisms could lead to a better 
understanding of how this activation occurs in mammals. 
 The autophagy machinery is found in all eukaryotes, including yeast, and is 
important for the degradation and recycling of cellular contents in response to a variety 
of stimuli (Feng et al., 2014). In mammalian cells, autophagy seems to be an important 
innate immune pathway that appears to target and kill intracellular bacteria and viruses 
[reviewed in (Kimmey and Stallings, 2016; Levine et al., 2011). Upon binding to 2′3′-
cGAMP, STING translocates to the endoplasmic reticulum–Golgi intermediate 
compartment (ERGIC), and the STING-containing membranes seem to serve as the 
course for LC3 conversion and autophagosome formation (Gui et al., 2019). The role of 
cGAS-STING induced autophagy during infection has been best characterized with 
Mycobacterium tuberculosis (Dey et al., 2015; Watson et al., 2015; Watson et al., 2012), 
where activation of STING targets bacteria to the autophagy pathway. However, mice 
lacking most autophagy components are not impaired in their ability to control 
Mycobacterium tuberculosis infection (Kimmey et al., 2015); indeed, many pathogens 
have evolved ways to counter autophagy (Kimmey and Stallings, 2016; Levine et al., 
2011). Therefore, the function of STING-induced autophagy in anti-bacterial responses 
remains unresolved. Autophagy has also been shown to degrade viral DNA 
downstream of cGAS activation (Gui et al., 2019; Liang et al., 2014). Several reports 
have suggested that not only is autophagy induced by cGAS and STING; it also 
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negatively regulates STING activity (Konno et al., 2013; Liang et al., 2014; Saitoh et al., 
2009), adding another layer of regulation to this pathway. The deep conservation of 
autophagy leaves open the possibly that activation of this pathway is an ancestral 
function of STING. Indeed, Nematostella STING can induce LC3 conversion in 
mammalian cell culture (Gui et al., 2019), although its role in vivo has never been 
tested.  
 
1.3 Nematostella vectensis as a model for studying innate immunity  
 As discussed in the previous section, several components of the cGAS-STING 
pathway in Nematostella vectensis have been functionally characterized in vitro; 
specifically, nv-cGAS produces 2′3′-cGAMP, and nvSTING binds to this ligand with high 
affinity. This led us to try to undercover the role of this pathway in this organism in vivo.  
N. vectensis (Figure 1.5) is a species of burrowing sea anemone present in estuaries 
along both the Atlantic and Pacific coasts. Sea anemones are the phylum Cnidaria, the 
sister clade to Bilateria that is characterized by the presence of “stinging-cells” called 
cnidocytes (other members of this phylum include jellyfish and corals). N. vectensis 
have increasingly become attractive model cnidarians due to the ease with which they 
can be maintained in culture, ability to induce sexual reproduction year-round, and 
availability of traditional molecular biology tools (Layden et al., 2016). In addition, their 
sequenced genome revealed remarkably conserved and complex genomic architecture 
that has been lost in other traditional invertebrate models like flies and worms (Putnam 
et al., 2007), making them attractive models for studying ancient pathways.  
 

 
 

Figure 1.5: Lab culture of Nematostella vectensis. Red arrowheads point to spawned egg 
masses.  
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When we began this project, the vast majority of N. vectensis researchers were 
studying development; however, over the past few years there have been several 
studies on innate immunity in these animals. N. vectensis has a single Toll-like receptor 
(TLR), which was reported to activate NF-κB in human cell lines, and perhaps bind 
flagellin (Brennan et al., 2017). Double-stranded RNA (dsRNA) injection into N. 
vectensis embryos leads to transcriptional induction of genes involved in the RNAi 
pathway as well as genes with homology to ISGs, and this is partially dependent on 
RIG-I-like receptors (Lewandowska et al., 2020). These studies indicate that despite 
over 600 million years of divergent evolution, at least some innate immune mechanisms 
are highly conserved between mammals and anemones.  

In order to carry out experiments on these animals, I developed several protocols for 
our lab based on previously published work, including maintenance, induction of 
spawning, feeding (Stefanik et al., 2013), and injecting shRNAs for genetic manipulation 
(Karabulut et al., 2019; Layden et al., 2013). I also successfully established conditions 
for bacterial infections, and tried and failed to create mutant animals with CRISPR, 
culture cells, and infect with viruses. Despite Nematostella not being the most 
genetically tractable system, I believe my work revealed some important insights into 
the evolutionary functions of CDN sensing, which I will discuss in the next chapter.  
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Chapter 2: The STING ligand 2′3′-cGAMP induces an NF-κB-dependent anti-
bacterial innate immune response in the starlet sea anemone Nematostella 
vectensis 
	
This chapter was adapted from the following preprint (Margolis et al., 2021) 
 
S.R. Margolis, P.A. Dietzen, B.M. Hayes, S.C. Wilson, B.C. Remick, S. Chou, R.E. 
Vanc. “The STING ligand 2′3′-cGAMP induces an NF-κB dependent anti-bacterial innate 
immune response in the sea anemone Nematostella vectensis.” bioRxiv (2021). 
	
 
2.1 Abstract 

In mammals, the cGAS-cGAMP-STING pathway is crucial for sensing viral 
infection and initiating an anti-viral type I interferon response. cGAS and STING are 
highly conserved genes that originated in bacteria and are present in most animals. By 
contrast, interferons only emerged in vertebrates; thus, the function of STING in 
invertebrates is unclear. Here, we use the STING ligand 2′3′-cGAMP to activate immune 
responses in a model cnidarian invertebrate, the starlet sea anemone Nematostella 
vectensis. Using RNA-Seq, we found that 2′3′-cGAMP induces robust transcription of 
both anti-viral and anti-bacterial genes, including the conserved transcription factor NF-
κB. Knockdown experiments identified a role for NF-κB in specifically inducing anti-
bacterial genes downstream of 2′3′-cGAMP, and some of these genes were also found 
to be induced during Pseudomonas aeruginosa infection. Furthermore, we 
characterized the protein product of one of the putative anti-bacterial genes, the N. 
vectensis homolog of Dae4, and found that it has conserved anti-bacterial activity. This 
work describes an unexpected role of a cGAMP sensing pathway in anti-bacterial 
immunity and suggests that a broad transcriptional response is an evolutionarily 
ancestral output of 2′3′-cGAMP signaling in animals.		

	
2.2 Introduction 

The innate immune system is an evolutionarily ancient system that detects 
pathogens and initiates their elimination. In mammals, the cGAS-STING pathway is 
critical for sensing and responding to intracellular DNA, which is particularly important 
for innate responses to DNA viruses (Ablasser and Chen, 2019; Ahn and Barber, 2019). 
The sensor protein in this pathway, cyclic-GMP-AMP synthase (cGAS), is an enzyme 
that binds directly to cytosolic DNA and produces 2′3′-cGAMP, a cyclic dinucleotide 
(CDN) second messenger that binds and activates STING (Ablasser et al., 2013; Diner 
et al., 2013; Gao et al., 2013b; Ishikawa and Barber, 2008; Sun et al., 2013; Zhang et 
al., 2013). Active STING uses its C-terminal tail (CTT) to recruit TBK1, which then 
phosphorylates and activates the transcription factor IRF3 to induce the expression of 
type I interferons (IFNs) (Liu et al., 2015; Tanaka and Chen, 2012; Zhang et al., 2019; 
Zhao et al., 2019). Type I IFNs are secreted cytokines that signal via JAK-STAT 
signaling to induce transcription of hundreds of anti-viral genes known as interferon-
stimulated genes (ISGs) (Schoggins, 2019; Stetson and Medzhitov, 2006). STING also 
activates NF-κB, MAP kinase (Abe and Barber, 2014), STAT6 (Chen et al., 2011), and 
autophagy-like pathways (Fischer et al., 2020; Gui et al., 2019; Watson et al., 2015; 
Watson et al., 2012), as well as senescence (Gluck and Ablasser, 2019) and cell death 
(Gaidt et al., 2017; Gulen et al., 2017; Paludan et al., 2019; Sze et al., 2013; Wu et al., 
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2019), although the mechanism of activation of these pathways, and their importance 
during infection, are less well understood.  

Type I IFNs are thought to be a relatively recent evolutionary innovation, with 
identifiable interferon genes found only in vertebrates (Margolis et al., 2017). In contrast, 
STING and cGAS are conserved in the genomes of most animals and some unicellular 
choanoflagellates. Remarkably, CDN to STING signaling seems to have originated in 
bacteria, where it may be important in bacteriophage defense (Cohen et al., 2019; 
Morehouse et al., 2020). Studies on the function of STING in animals that lack type I 
IFN have been mostly limited to insects, where STING seems to be protective during 
viral (Cai et al., 2020; Goto et al., 2018; Hua et al., 2018; Liu et al., 2018), bacterial 
(Martin et al., 2018), and microsporidial (Hua et al., 2021) infection. In insects, STING 
may promote defense through activation of autophagy (Hua et al., 2021; Liu et al., 
2018) and/or induction of NF-κB-dependent defense genes (Cai et al., 2020; Goto et al., 
2018; Martin et al., 2018); however, the biochemical mechanisms of STING activation in 
insects remain poorly understood. Biochemically, perhaps the best-characterized 
invertebrate STING is that of the starlet sea anemone, Nematostella vectensis, a 
member of one of the oldest animal phyla (Cnidaria). N. vectensis encodes a 
surprisingly complex genome that harbors many gene families found in vertebrates but 
absent in other invertebrates such as Drosophila (Putnam et al., 2007). N. vectensis 
STING (nvSTING) and human STING adopt remarkably similar conformations when 
bound to 2′3′-cGAMP, and nvSTING binds to this ligand with high affinity (Kd < 1nM) 
(Kranzusch et al., 2015). The N. vectensis genome also encodes a cGAS enzyme that 
produces 2′3′-cGAMP in mammalian cell culture (Gui et al., 2019). In vertebrates, 
STING requires its extended CTT to initiate transcriptional responses (Yamashiro et al., 
2020; Yum et al., 2021); however, nvSTING lacks an extended CTT and thus its 
signaling mechanism and potential for inducing transcriptional responses is unclear. 
Based on experiments with nvSTING in mammalian cell lines, CTT-independent 
induction of autophagy has been proposed as the ‘ancestral’ function of STING (Gui et 
al., 2019), but the endogenous function of STING in N. vectensis has never been 
described.  

Despite the genomic identification of many predicted innate immune genes (Miller et 
al., 2007; Reitzel et al., 2008), few have been functionally characterized in N. vectensis. 
The sole N. vectensis Toll-like receptor (TLR) is reported to bind flagellin and activate 
NF-κB in human cell lines, and is expressed in cnidocytes, the stinging cells that define 
cnidarians (Brennan et al., 2017). N. vectensis NF-κB (nvNF-κB) binds to conserved κB 
sites, is inhibited by N. vectensis IκB (Wolenski et al., 2011), and seems to be required 
for the development of cnidocytes (Wolenski et al., 2013a). However, no activators of 
endogenous nvNF-κB have yet been identified. Work probing the putative anti-viral 
immune response in N. vectensis found that double-stranded RNA  (dsRNA) injection 
into N. vectensis embryos leads to transcriptional induction of genes involved in the 
RNAi pathway as well as genes with homology to ISGs (Lewandowska et al., 2020). 
This response is partially dependent on a RIG-I-like receptor, indicating deep 
conservation of anti-viral immunity (Lewandowska et al., 2020). However, no anti-viral 
or anti-bacterial effectors from N. vectensis have been functionally tested. 

Here, we characterize the response of N. vectensis to 2′3′-cGAMP stimulation. 
Similar to the response of vertebrates to 2′3′-cGAMP, we find robust transcriptional 
induction of putative anti-viral genes with homology to vertebrate ISGs. In addition, we 
observed induction of numerous anti-bacterial genes that are not induced during the 
vertebrate response to 2′3′-cGAMP. We found a selective requirement for nvNF-κB in 
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the induction of some of the anti-bacterial genes, and many of these genes are also 
induced during Pseudomonas aeruginosa infection, suggesting a functional role in anti-
bacterial immunity. Of these induced genes, we selected and characterized the anti-
bacterial activity of a Nematostella domesticated amidase effector (nvDae4), a 
peptidoglycan cleaving enzyme that kills Gram-positive bacteria. This work 
demonstrates an evolutionarily ancient role of a cGAMP-sensing pathway in the 
transcriptional induction of anti-bacterial immunity.	
 
2.3 Results 
 
2.3.1 Transcriptional response to 2′3′-cGAMP in Nematostella vectensis 

To assess the in vivo role of 2′3′-cGAMP signaling in Nematostella vectensis, we 
treated 2-week-old polyps with 2′3′-cGAMP for 24 hours and performed RNA-Seq (Fig. 
2.1A, Fig. S2.1). Thousands of genes were induced by 2′3′-cGAMP, many of which are 
homologs of genes known to function in mammalian immunity. Despite the lack of 
associated gene ontology (GO) terms for many of the differentially regulated genes, 
unbiased GO term analysis revealed significant enrichment of immune-related terms 
(Fig. 2.1B). We confirmed the RNA-Seq results by performing quantitative reverse 
transcription PCR (qRT-PCR) on 48-hour-embryos treated for 4 hours with 2′3′-cGAMP 
(Fig. 2.1C), and found that these genes were also induced at this early developmental 
stage after a much shorter treatment. We also treated animals with 3′3′-linked cyclic 
dinucleotides, which are thought to be produced exclusively by bacteria, and which also 
bind to nvSTING in vitro, albeit at lower affinity (Kranzusch et al., 2015). Both 3′3′-
cGAMP and cyclic-di-AMP treatment also induced some smaller number of genes, 
although all of these genes were induced more strongly by 2′3′-cGAMP (Fig. S2.1). 
Interestingly, cyclic-di-GMP treatment led to almost no transcriptional induction, despite 
having relatively high affinity for nvSTING in vitro. This discrepancy may be due to 
differences in cell permeability among different CDNs, as the ligands were added 
extracellularly.  

Several interesting classes of genes were found to be upregulated in response to 
2′3′-cGAMP. For example, several genes involved in the RNAi pathway were induced, 
including homologs of Argonaute (AGO2), Dicer, and RNA-dependent RNA polymerase 
(Rdrp1). In addition, many genes that are considered ISGs in mammals were also 
induced in N. vectensis, including Viperin, RNase L, 2'-5'-oligoadenylate synthase 
(OAS), interferon regulatory factors (IRFs), guanylate-binding proteins (GBPs), and the 
putative pattern recognition receptors RIG-I-like receptor a (RLRa) and RLRb. These 
results suggest a conserved role for 2′3′-cGAMP signaling in anti-viral immunity, despite 
an apparent lack of conservation of type I interferons in N. vectensis. Interestingly, we 
also found that many putative anti-bacterial genes were upregulated in response to 2′3′-
cGAMP, including homologs of LPS-binding protein (LBP), lysozyme, perforin-2, Dae4, 
and mucins. These results indicate that 2′3′-cGAMP stimulation leads to a broad 
immune response in N. vectensis.  

To determine whether 2′3′-cGAMP signaled via nvSTING to induce these genes, 
we injected shRNAs targeting nvSTING into 1-cell embryos and treated with 2′3′-
cGAMP 48 hours later. We extracted RNA and performed RNA-Seq on these samples, 
and surprisingly, while nvSTING transcripts were reduced by ~50%, there was no 
significant impact on 2′3′-cGAMP-induced gene expression (Fig. S2.2A, S2.2B). These 
negative results were recapitulated in numerous independent qRT-PCR and Nanostring 
experiments using 9 different shRNAs (3 shown in 2. S2.2C). There are several 
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possible explanations for the failure to observe a requirement for nvSTING in 2′3′-
cGAMP signaling : (1) a 2-fold reduction in STING transcript levels may not result in a 
reduction in STING protein levels if the protein is very stable; (2) even if STING protein 
levels are reduced 2-fold, the reduction may not affect STING signaling due to threshold 
effects; or (3) nvSTING may not be required for signaling downstream of 2′3′-cGAMP 
due the presence of a redundant 2′3′-cGAMP sensor in N. vectensis. We generated an 
anti-nvSTING antibody to validate knockdown efficiency at the protein level, but this 
reagent did not appear to specifically detect nvSTING in anemone lysates. We also 
tested whether an nvSTING translation-blocking morpholino could inhibit induction of 
genes in response to 2′3′-cGAMP, but this also had no effect (Fig. S2.2D). Lastly, we 
made multiple attempts to generate nvSTING mutant animals using CRISPR, using 
multiple different guide RNAs, but the inefficiency of CRISPR in this organism and 
issues with mosaicism prevented the generation of nvSTING null animals. We 
previously solved the crystal structure of nvSTING bound to 2′3′-cGAMP and showed 
that binding occurs with high affinity (Kd < 1nM) and in a similar mode as compared to 
vertebrate STING (Kranzusch et al., 2015). In addition, we found that when expressed 
in mammalian cells, nvSTING forms puncta only in the presence of 2′3′-cGAMP, 
indicating some functional change induced by this ligand (Fig. S2.2E). Thus, we 
hypothesize that 2′3′-cGAMP signals via nvSTING, but technical issues and possible 
redundancy with additional sensors prevent formal experimental evidence for this 
hypothesis. 
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Figure 2.1: 2′3′-cGAMP induces many putative immune genes in Nematostella vectensis 
A) Volcano plot showing differential gene expression (DE) in N. vectensis polyps untreated vs. 

treated with 2′3′-cGAMP for 24 hours.  A positive fold-change indicates higher expression in 
polyps treated with 2′3′-cGAMP. Genes of interest with homologs known to be involved in 
immunity in other organisms are labeled.   

B) Breakdown of DE genes into categories based on known GO terms. Gene set enrichment 
analysis shows a clear enrichment of GO terms associated with immunity. 

C) qRT-PCR measuring genes of interest in 48-hour-old N. vectensis embryos untreated or 
treated with 2′3′-cGAMP for 4 hours. Fold changes were calculated relative to untreated as 
2-ΔΔCt and each point represents one biological replicate. Unpaired t test performed on ΔΔCt 
before log transformation. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001;  ****p ≤ 0.0001. 

 
 
2.3.2 The N. vectensis NF-κB homolog plays a role in the 2′3′-cGAMP response 
 We next tested the role of conserved transcription factors that are known to 
function downstream of STING mammals in the N. vectensis response to 2′3′-cGAMP. 
Interestingly, many of these transcription factors are themselves transcriptionally 
induced by 2′3′-cGAMP in N. vectensis (Fig. 2.1A). In mammals, the transcription 
factors IRF3 and IRF7 induce type I IFN downstream of STING activation. While the 
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specific function of these IRFs in interferon induction are thought to have arisen in 
vertebrates, other IRF family members, with conserved DNA binding residues, are 
present in N. vectensis (Fig. S2.3). We microinjected 1-cell embryos with short hairpin 
RNAs (shRNAs) targeting each of the 5 nvIRFs or a GFP control, treated with 2′3′-
cGAMP, and assessed gene expression by qRT-PCR and/or Nanostring. Knockdown of 
IRF transcripts by 40-60% did not measurably impact gene induction by 2′3′-cGAMP 
(Fig. S2.4). We similarly tested the role of the single N. vectensis STAT gene, as 
mammalian STATs both induce anti-viral genes downstream of Type I IFN signaling, 
and may even be directly activated by STING (Chen et al., 2011). Similar to the nvIRFs, 
we did not observe a significant loss of gene induction by 2′3′-cGAMP in nvSTAT 
knockdown embryos by both RNA-Seq and Nanostring (Fig. S2.4). There are several 
explanations for these findings: (1) sufficient IRF or STAT protein may remain in 
knockdown animals to transduce the signal, either due to low efficiency of the 
knockdowns, or to protein stability; (2) the IRFs may act redundantly with each other, 
and therefore no effect will be seen in single knockdown experiments; or (3) nvIRFs and 
nvSTAT may not play a role in the response to 2′3′-cGAMP. 
 NF-κB is also known to act downstream of mammalian STING, and appears to 
be functionally conserved in N. vectensis (Wolenski et al., 2011). We found that NF-κB 
signaling components are transcriptionally induced by 2′3′-cGAMP (Fig. 2.1A). To test 
the role of nvNF-κB in the 2′3′-cGAMP response, we microinjected embryos with 
shRNAs targeting nvNF-κB, treated with 2′3′-cGAMP, and performed RNA-Seq (Fig. 
2.2A). 241 genes were transcribed at significantly lower levels in the nvNF-κB 
knockdown embryos, and of these, 98 were genes induced by 2′3′-cGAMP. Of these 
genes, 40 are uncharacterized, and no GO terms were significantly enriched (data not 
shown). Of the induced genes that were annotated in NCBI, we noticed many were 
homologs of anti-bacterial proteins, including homologs of perforin-2/Mpeg-1, LPS-
binding protein (LBP), linear gramicidin synthase, and mucins. We confirmed that 2′3′-
cGAMP-mediated induction of these putative anti-bacterial genes was NF-κB dependent 
by performing qRT-PCR and Nanostring (Fig. 2.2B; Fig. S2.5A). Of note, the induction 
of nvLysozyme was not nvNF-κB dependent (both by RNA-Seq and qRT-PCR; Fig. 
S2.5B), indicating either the existence of another pathway for anti-bacterial gene 
induction, or that our knockdown experiment was not able to affect expression of all 
nvNF-κB dependent genes. In addition, all of the putative anti-viral genes we examined 
appeared to be induced independent of nvNF-κB (Fig. S2.5). 

We performed BLAST searches of unannotated 2′3′-cGAMP-induced, nvNF-κB-
dependent genes and identified several other genes with predicted anti-bacterial 
activity, including two homologs of bacterial tae4 genes, and a putative guanylate 
binding protein (GBP) (N. vectensis LOC5515806, hereafter nvGBP-806). The Tae4 
homologs had been previously identified and will be referred to as nvDae4 proteins 
(discussed further below; (Chou et al., 2015)). To confirm the identity of nvGBP-806 as 
a true GBP homolog, we performed phylogenetic analysis. We identified four conserved 
N. vectensis proteins harboring an N-terminal GBP GTPase domain with conserved 
GBP-specific motifs, including nvGBP-806 (Fig. S2.6). All of the nvGBP homologs 
cluster with vertebrate IFN-inducible GBPs and are themselves induced by 2′3′-cGAMP. 
Finally, we identified several unannotated nvNF-κB dependent, 2′3′-cGAMP-induced 
genes that appeared to be cnidarian-specific with no identifiable homologs in other 
animal phyla (Table S2.1).  
 To test directly whether nvNF-κB is activated in N. vectensis upon 2′3′-cGAMP 
treatment, we treated polyps with cGAMP and performed immunostaining for nvNF-κB 
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(Fig. 2.2C). Inactive NF-κB is localized to the cytosol, and we observed sparse, 
cytosolic staining of ectodermal cells in untreated animals, as has been previously 
reported (Wolenski et al., 2011). In contrast, in 2′3′-cGAMP treated animals, we found 
many more nvNF-κB-positive cells, and in almost all of these, nvNF-κB was found in the 
nucleus. We performed automated quantification of nuclear nvNF-κB staining, and 
found that ~3-20% of nuclei captured in our images were positive for nvNF-κB (Fig. 
2.2D). In sum, 2′3′-cGAMP leads to nvNF-κB nuclear localization, and nvNF-κB appears 
to be required for expression of many putative anti-bacterial, but not anti-viral, genes. 
Our results demonstrate the first NF-kB agonist in N. vectensis, and indicate a 
conserved immune function for NF-kB in this organism. 
  

  
 
Figure 2.2:  The induction of many anti-bacterial genes by 2′3′-cGAMP is nvNF-κB 
dependent 
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A) Heatmap showing all genes that are significantly (padj < 0.05, log2FC<-1) downregulated in 
2′3′-cGAMP -treated embryos microinjected with NF-κB shRNA vs. GFP shRNA. Genes with 
predicted antibacterial function are labeled  

B) qRT-PCR of antibacterial genes in nvNF-kB shRNA or control GFP shRNA treated samples 
after induction by 2′3′-cGAMP. Fold change was calculated relative to untreated, GFP 
shRNA injected as 2-ΔΔCt and each point represents one biological replicate. Unpaired t test 
performed on ΔΔCt before log transformation. *p ≤ 0.05; **p ≤ 0.01. 

C) Whole mount immunofluorescence of polyps stained with anti-nvNF-κB antiserum. Right two 
panels are enlargements of the boxed regions indicated in the left two panels.. 

D) Quantification of cells with nuclear localization of nvNF-kB after treatment with cGAMP 
(representative images shown in C).  Each point represents a single polyp, in which at least 
1500 cells were analyzed. Statistical analysis was performed by unpaired t test; *p = 0.0481.  

 
 
2.3.3 Gene induction during Pseudomonas aeruginosa challenge 
 In order to test whether the putative anti-bacterial, NF-κB-dependent genes may 
indeed be important for anti-bacterial immunity, we tested whether these genes were 
induced during bacterial challenge of N. vectensis. Pseudomonas aeruginosa is a 
pathogenic Gram-negative bacterium that can infect a range of hosts, including plants, 
mammals, and hydra (Franzenburg et al., 2012; Rahme et al., 2000), though infections 
of N. vectensis have not previously been reported. Infection of N. vectensis polyps with 
the P. aeruginosa strain PA14 led to polyp death in a dose and temperature dependent 
manner (Fig. 2.3A). 48 hours after infection, we isolated RNA from infected polyps and 
assayed gene expression. Interestingly, nvSTING expression was induced during PA14 
infection (Fig. 2.3B), and many of the putative anti-bacterial genes we identified as 2′3′-
cGAMP-induced were also induced during infection (Fig. 2.3C). Importantly, PA14 only 
produces c-di-GMP and not other CDNs. Since c-di-GMP was not sufficient to robustly 
activate gene expression in N. vectensis, we believe that it is likely that the response to 
PA14 is independent of bacterial CDNs, although we cannot rule out an effect from 
PA14-produced c-di-GMP. Nevertheless, taken together, these results indicate that the 
putative anti-bacterial genes we identified as induced by 2′3′-cGAMP are also induced 
after bacterial challenge.  
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Figure 2.3: Pseudomonas aeruginosa infection induces putative anti-bacterial genes 
A) Survival curves of N. vectensis polyps infected with P. aeruginosa at indicated dose and 

temperature. 
B+C) qRT-PCR of nvSTING (B) or putative antibacterial genes (C) assayed at 48 hours post Pa 
infection (2x107 CFU/ml). Each point represents one biological replicate; unpaired t test 
performed on ΔΔCt before log transformation. **p ≤ 0.01; ***p ≤ 0.001;  ****p ≤ 0.0001.        
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2.3.4 nvDae4 is a peptidoglycan-cleaving enzyme with anti-bacterial activity 
 We decided to investigate directly whether any of the genes induced by both 2′3′-
cGAMP and bacterial infection are in fact anti-bacterial. Type VI secretion amidase 
effector (Tae) proteins are bacterial enzymes that are injected into neighboring cells to 
cleave peptidoglycan, an essential component of bacterial cell walls, leading to rapid 
cell death (Russell et al., 2011). While the tae genes originated in bacteria, they have 
been horizontally acquired multiple times in evolution by eukaryotes, and at least one of 
these so-called “domesticated amidase effectors” (Daes) also has bactericidal activity 
(Chou et al., 2015; Hayes et al., 2020). The N. vectensis genome has two tae4 
homologs, both of which were upregulated by 2′3′-cGAMP in an nvNF-κB-dependent 
manner. However, only one of the N. vectensis Dae proteins is predicted to encode a 
conserved catalytic cysteine (Chou et al., 2015) required for peptidoglycan hydrolysis. 
Therefore, we focused our efforts on this homolog, which we call nvDae4 (GI: 5507694). 
We first tested whether nvDae4 has conserved bactericidal properties by expressing 
nvDae4 in E. coli either with or without a periplasm-targeting signal sequence and 
measuring bacterial growth (assessed by OD600) over time (Fig. 2.4A). E. coli are Gram-
negative bacteria and thus have peptidoglycan compartmentalized within the 
periplasmic space. Consistent with the predicted peptidoglycan-cleaving function of 
nvDae4, only periplasmic wild-type (WT) but not catalytic mutant (C63A) nvDae4 
expression led to bacterial lysis. In order to test directly whether nvDae4 cleaves 
peptidoglycan, we produced recombinant protein in insect cells. Since nvDae4 encodes 
a secretion signal, recombinant nvDae4 was secreted by the insect cells and purified 
from the cell supernatant. Purified nvDae4 protein was incubated with purified 
peptidoglycan from either E. coli or Staphylococcus epidermis. Analysis by high 
performance liquid chromatography (HPLC) showed that nvDae4 cleaves both Gram-
negative (Fig. 2.4B) and Gram-positive (Fig. S2.7) derived peptidoglycan. Finally, we 
wondered whether nvDae4 could directly kill Gram-positive bacteria, as these bacteria 
contain a peptidoglycan cell wall that is not protected by an outer membrane and is 
therefore accessible to extracellular factors. We treated B. subtilis with recombinant 
nvDae4 and found that bacteria treated with WT but not C63A nvDae4 protein were 
killed (Fig. 2.4C) in a dose-dependent manner (Fig. 2.4D). Overall these results show 
that the 2′3′-cGAMP-induced protein nvDae4 is a peptidoglycan-cleaving enzyme with 
the capacity to kill bacteria. 
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Figure 2.4: 2′3′-cGAMP induced, nvNF-κB-dependent proteins have anti-bacterial activity  
A) Growth of E. coli expressing either periplasmic (Peri-) or cytosolic (Cyto-) nvDae4 (WT or 

C63A) induced with 250µM IPTG. Error bars +/- SD; n=3. Unpaired t test; **p = 0.0063. 
B) Partial HPLC chromatograms of E. coli peptidoglycan sacculi after overnight incubation with 

buffer only (no enzyme), or 1 µM nvDae4 WT or C63A enzyme. 
C) Bacillus subtilis CFU after 2 hour incubation with buffer alone, nvDae4 WT or catalytic 

mutant C63A (25 µM). Error bars +/- SEM; n=3. Unpaired t test performed on log-tranformed 
values; **p ≤ 0.01. 

D) Dose dependent killing of B. subtilis by WT nvDae4 enzyme (same assay as in C). 
 
 
2.4 Discussion  
 In this study, we identified hundreds of N. vectensis genes that are induced by 
the STING ligand 2′3′-cGAMP. Despite over 600 million years of divergence and the 
absence of interferons, N. vectensis responds to 2′3′-cGAMP similarly to mammals by 
inducing a variety of anti-viral genes. Similarly, Lewandowska et al. (Lewandowska et 
al., 2020) reported that N. vectensis responds to the synthetic double-stranded RNA 
poly(I:C), a viral mimic and pathogen-associated molecular pattern (PAMP). In N. 
vectensis, poly(I:C) induced both RNAi pathway components and genes traditionally 
thought of as vertebrate ISGs. Our combined findings indicate that the pathways linking 
PAMP detection to ISG expression existed prior to the vertebrate innovation of type I 
IFNs. Interestingly, some invertebrate species have protein-based anti-viral signaling 
pathways that perform similar functions to type I IFNs in vertebrates. For example, 
mosquito cells secrete the peptide Vago upon viral infection, which signals through the 
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JAK-STAT pathway to activate anti-viral immunity (Paradkar et al., 2012). Additionally, 
the oyster Crassostrea gigas is thought to have an IFN-like system, but no secreted 
proteins have yet been identified in this organism (Green and Speck, 2018). N. 
vectensis may also encode an undiscovered IFN-like protein; at a minimum, N. 
vectensis encodes several IRF-like genes (Fig. S2.3). One attractive hypothesis is that 
these IRFs are important for the anti-viral response of N. vectensis; however, we were 
unable to see any impact of single knockdown experiments on the induction of genes by 
2′3′-cGAMP, though this may be explained by redundancy or technical limitations of our 
knockdown approach. Nevertheless, an important conclusion of our work is that 
induction of a broad transcriptional program is an ancestral function of 2′3′-cGAMP 
signaling, similar to what has been seen in Drosophila (Cai et al., 2020) and 
choanoflagellates (Woznica et al., 2021). This ancestral transcriptional response 
complements an additional autophagy response to 2′3′-cGAMP that was previously 
reported to be induced by nvSTING in mammalian cells (Gui et al., 2019), and has now 
also been shown to be induced by 2′3′-cGAMP and STING in choanoflagellates 
(Woznica et al., 2021).  

We found that in addition to an anti-viral response, N. vectensis responds to 2′3′-
cGAMP by inducing a variety of anti-bacterial genes, including lysozyme, Dae4, 
perforin-2-like, LPB, and GBPs. With the exception of GBPs, which have dual anti-viral 
and anti-bacterial activity, these anti-bacterial genes are not induced by 2′3′-cGAMP in 
vertebrates; thus, the anti-bacterial response appears to be a unique feature of 2′3′-
cGAMP signaling in N. vectensis, and it will be interesting to see whether this proves 
true in other invertebrates, or in additional cell types or contexts in vertebrates. Several 
of the anti-bacterial genes are also induced by poly(I:C) (Lewandowska et al., 2020), 
perhaps indicating a broader anti-pathogen response to PAMPs in N. vectensis. 
Interestingly, we found that nvNF-κB was specifically required for the induction of many 
of these anti-bacterial genes. This suggests that nvNF-κB activation downstream of 2′3′-
cGAMP signaling may have been present in the most recent common ancestor of 
cnidarian and mammals, and confirms a role for nvNF-κB in N. vectensis immunity. 
Consistent with this speculation, Drosophila STING also appears to activate NF-κB (Cai 
et al., 2020; Goto et al., 2018; Martin et al., 2018).  

To further establish that 2′3′-cGAMP induces proteins with anti-bacterial activity, we 
functionally characterized one of the 2′3′-cGAMP-induced, nvNF-κB-dependent 
proteins, nvDae4. We found that nvDae4 is a peptidoglycan-cleaving enzyme with direct 
bactericidal activity against Gram-positive bacteria. Many of the 2′3′-cGAMP-induced 
NF-kB dependent genes are not recognizable homologs of proteins of known function; 
thus, they represent good candidates for the discovery of novel anti-bacterial genes in 
N. vectensis.  

Using shRNAs to knockdown nvSTING failed to confirm an essential role for 
nvSTING in the response to 2′3′-cGAMP. However, our previous biochemical and 
structural studies showed nvSTING binds 2′3′-cGAMP with high affinity (Kd < 1nM) and 
in a very similar manner as vertebrate STING (Kranzusch et al., 2015). STING is 
essential for the response to 2′3′-cGAMP in diverse organisms, including vertebrates, 
choanoflagellates (Woznica et al., 2021), and insects (Cai et al., 2020). In addition, 
nvSTING is highly induced by 2′3′-cGAMP. So despite our negative results, we favor the 
idea that nvSTING is at least partially responsible for the response of N. vectensis to 
2′3′-cGAMP. It is possible that N. vectensis encodes a redundant 2′3′-cGAMP sensor, 
but such a sensor would have had to evolve specifically in Cnidarians, or lost 
independently from choanoflagellates, insects and vertebrates. It is likely that technical 
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limitations of performing shRNA knockdowns in N. vectensis accounts for our inability to 
observe a role for nvSTING in the response to 2′3′-cGAMP, though we cannot exclude 
the possibility that N. vectensis utilizes a distinct 2′3′-cGAMP-sensing pathway. 

If indeed 2′3′-cGAMP is signaling via nvSTING, this presents several mechanistic 
questions. First, in mammals, all known signaling downstream of STING, including NF-
κB activation, requires the CTT (Yamashiro et al., 2020), leading to the question of how 
invertebrate STING proteins, which lack a discrete CTT, can activate this pathway. Also, 
nvNF-κB knockdown did not impact the vast majority of 2′3′-cGAMP-induced genes, 
which may imply the existence of other signaling pathways downstream of nvSTING. 
How these unidentified pathways become activated is another interesting question and 
one that could also shed light on mammalian STING signaling. Finally, mammalian 
STING can also be activated by direct binding to bacterial 3′3′-linked CDNs (Burdette et 
al., 2011), and nvSTING also binds to these ligands, albeit with lower affinity 
(Kranzusch et al., 2015). We found that treatment of N. vectensis with these ligands 
also led to induction of many of the same genes, likely through the same pathway. This 
perhaps indicates a role for the nvSTING pathway in bacterial sensing, though our 
preliminary attempts to observe an impact of 2′3′-cGAMP-induced gene expression on 
bacterial colonization of N. vectensis were unsuccessful. Further development of a 
bacterial infection model for N. vectensis will be required to study the anti-bacterial 
response of this organism in vivo. 

A crucial remaining question is what activates nv-cGAS to produce 2′3′-cGAMP. 
Double-stranded DNA did not seem to activate this protein in vitro (Kranzusch et al., 
2015), but this could be due to the absence of cofactors. This protein is also 
constitutively active when transfected into mammalian cells, but this could be due to 
overexpression.  
Unlike human cGAS, nv-cGAS does not have any clear DNA-binding domains, although 
this does not necessarily exclude DNA as a possible ligand. The Vibrio cGAS-like 
enzyme DncV is regulated by folate-like molecules (Zhu et al., 2014), so there is a 
diverse range of possible nv-cGAS activators. Understanding the role of the cGAS-
cGAMP-STING pathway in diverse organisms can shed light on the mechanisms of 
evolution of viral and bacterial sensing, and on unique ways divergent organisms have 
evolved to respond to pathogens.   
 
2.5 Materials and Methods 
 
Nematostella vectensis culture and spawning  

N. vectensis adults were a gift from Mark Q. Martindale (University of Florida) 
and were cultured and spawned as previously described (Stefanik et al., 2013). Briefly, 
animals were kept in 1/3x seawater (12ppt salinity) in the dark at 17°C and fed freshly 
hatched Artemia (Carolina Biological Supply Company) weekly. Spawning was induced 
every two weeks by placing animals at 23°C under bright light for 8 hours, followed by 2 
hours in the dark, and then finally moved to the light where they were monitored for 
spawning. Egg masses were de-jellied in 4% L-Cysteine (pH 7-7.4) in 1/3x sea water for 
10-15 minutes and washed 3 times with 1/3x sea water. Water containing sperm was 
added to the washed eggs and these were either used immediately for microinjection or 
allowed to develop at room temperature. 
 
CDN treatment 
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For the RNA sequencing experiment on polyps (Fig. 2.1 and Fig. S2.1), ~4 week 
old polyps were treated in duplicate in a bath of 500µM c-di-AMP, c-di-GMP, 2′3′-
cGAMP, or 3′3′-cGAMP (all InvivoGen) in 1/3x sea water for 24 hours. For remaining 
cGAMP treatment experiments, 50-100 48-hour old embryos were treated with 100µM 
2′3′-cGAMP (InvivoGen) in 1/3x sea water for 4 hours.  
 
RNA sequencing 

For the initial CDN treatment experiment using polyps, total RNA was extracted 
using Qiagen RNeasy Mini kits according to the manufacturer’s protocol. Libraries were 
prepared by the Functional Genomics Laboratory at UC Berkeley using WaferGen 
PrepX library prep kits with oligo dT beads for mRNA enrichment according to the 
manufacturer’s protocol, and 50 nt single-end sequencing was carried out on the 
HiSeq4000 (Illumina) by the Vincent J.Coates Genomics Sequencing Laboratory. For all 
other RNA sequencing experiments on 48 hour embryos, RNA was extracted using 
Trizol (Thermo Fisher Scientific) according to the manufacturer’s protocol. Libraries 
were prepared by the Functional Genomics Laboratory at UC Berkeley as follows: oligo 
dT beads from the KAPA mRNA Capture Kit (KK8581) were used for mRNA 
enrichment; fragmentation, adapter ligation and cDNA synthesis were performed using 
the KAPA RNA HyperPrep kit (KK8540). Libraries were pooled evenly by molarity and 
sequenced by the Vincent J.Coates Genomics Sequencing Laboratory on a 
NovaSeq6000 150PE S4 flowcell (Illumina), generating 25M read pairs per sample. 
Read quality was assessed using FastQC. Reads were mapped to the N. vectensis 
transcriptome (NCBI: GCF_000209225.1) using kallisto and differential expression was 
analyzed in R with DESeq2. Differential expression was deemed significant with a log2 
fold change greater than 1 and an adjusted p-value less than 0.05. GO term analysis 
was performed using goseq with GO annotations from 
https://figshare.com/articles/dataset/Nematostella_vectensis_transcriptome_and_gene_
models_v2_0/807696. The EnhancedVolcano package 
(https://github.com/kevinblighe/EnhancedVolcano) was used to generate volcano plots. 
Heatmaps are based on regularized log-transformed normalized counts and Z-scores 
are scaled by row. All RNA-Seq results can be found in Supplementary Dataset 1. Raw 
sequencing reads and normalized gene counts can be found at the NCBI GEO under 
accession GSE175984.  
 
Quantitative Real-Time PCR (qRT-PCR)  

Embryos and polyps were lysed in TRIzol (Invitrogen) and RNA was extracted 
according to the manufacturer’s protocol. 500ng of RNA was treated with RQ1 RNase-
free DNase (Promega) for and reverse transcribed with Superscript III (Invitrogen). 
Quantitative PCR was performed using SYBR Green (Thermo Fisher Scientific) with 0.8 
µM of forward and reverse primers on a QuantStudio 5 Real-Time PCR System 
(Applied Biosystems) with the following cycling conditions: 50°C 2 min; 95°C 10 min; 
[95°C 15 sec, 60°C 1 min] x 40; 95°C 15 sec; 60°C 1 min; melt curve: step 0.075 °C/s to 
95°C. Fold changes in expression levels were normalized to actin and calculated using 
the 2-∆∆Ct method. Student’s t-tests were performed on ∆Ct values. All primer sequences 
used in this study can be found in Supplementary Dataset 2. 
 
shRNA microinjection 

Short hairpin RNAs for microinjection were prepared by in vitro transcription as 
previously described (Karabulut et al., 2019). Briefly, unique 19 nucleotide targeting 
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motifs were identified and used to create oligonucleotides with the following sequence: 
T7 promoter—19nt motif—linker—antisense 19nt motif–TT. RNA secondary structure 
was visualized using mfold (http://www.unafold.org/mfold/applications/rna-folding-
form.php) to ensure a single RNA conformation. Both sense and anti-sense 
oligonucleotides were synthesized and mixed to a final concentration of 25µM, heated 
to 98°C for 5 minutes and cooled to 24°C before use as template for in vitro 
transcription using the Ampliscribe T7-Flash Transcription Kit (Lucigen). Reactions were 
allowed to proceed overnight, followed by a 15 minute treatment with DNase and 
subsequent purification with Direct-zol™ RNA MiniPrep Plus (Zymo Research). All 
shRNAs used in this study can be found in Supplementary Dataset 2. 

Microinjections of one-cell embryos were carried out as previously described 
(Layden et al., 2013). shRNAs were diluted to a concentration of 500-900 ng/µl (ideal 
concentrations were determined experimentally) in RNase-free water with fluorescent 
dextran for visualization. Injected embryos were monitored for gross normal 
development at room temperature and used for experiments 48 hours later unless 
otherwise indicated. Knockdowns for each gene were performed using at least two 
different shRNAs and phenotypes were confirmed in at least 3 independent 
experiments.  

 
Immunohistochemistry, imaging, and quantification 

Polyps treated for 4 hours with 100µM 2′3′-cGAMP were stained for nvNF-κB as 
previously described (Wolenski et al., 2013b). Briefly, polyps were fixed in 4% 
paraformaldehyde in 1/3x sea water overnight at 4°C with rocking, and subsequently 
washed 3 times with wash buffer (1× PBS, 0.2% Triton X-100). Antigen retrieval was 
performed by placing anemones in 95°C 5% urea for 5 minutes and allowing them to 
cool to room temperature before washing 3 times in wash buffer. Samples were blocked 
overnight at 4°C in blocking buffer (1× PBS, 5% normal goat serum, 1% bovine serum 
albumin, 0.2% Triton X-100). Samples were stained with anti-nvNF-κB (1:100; gift of 
Thomas Gilmore, Boston University) in blocking buffer for 90 minutes at room 
temperature and washed 4 times in wash buffer. Samples were then incubated in FITC-
anti-Rabbit IgG (1:160; F9887, Sigma-Aldrich) in blocking buffer for 90 minutes at 37°C. 
Finally, samples were washed in wash buffer, stained with 1 µg/mL of DAPI for 10 
minutes, washed again, and mounted in Vectashield HardSet Mounting medium and 
imaged on a Zeiss LSM 710 AxioObserver. Imaris 9.2 (Bitplane) was used to create 3D 
surfaces based on DAPI expression, and surface statistics were exported and analyzed 
in FlowJo (BD) to quantify nuclear nvNF-κB expression as previously described (Kotov 
et al., 2019). 
 
Bacterial infection 
 Single colonies of Pseudomonas aeruginosa strain PA14-GFP were cultured 
overnight in LB with 50µg/ml of carbenicillin, centrifuged for 5 minutes at 3000 x g, 
resuspended to an OD600 of 0.1, 0.01, or 0.001 in 1/3x sea water and used to infect 
polyps, which were kept at room temperature or 28°C as indicated. Inputs were plated 
to calculate CFU/ml. Polyp survival was monitored daily. For expression analysis, 
polyps were homogenized in Trizol and RNA extraction and qPCR were performed as 
indicated above. 
 
Protein purification 
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 nvDae4 lacking its signal peptide was cloned from cDNA and cloned into the 
pAcGP67-A baculovirus transfer vector for secreted, His-tagged protein expression. The 
plasmid for expressing mutant nvDae4 (C63A) was made from the pAcGP67-A-nvDae4 
plasmid using Q5 site-directed mutagenesis (NEB) according to the manufactures 
protocol. Plasmids were transfected into Sf9 insect cells (2x106 cells/ml in 2ml) using 
Cellfectin II Reagent (Gibco) along with BestBac 2.0 v-cath/chiA Deleted Linearized 
Baculovirus DNA (Expression Systems) for 6 hours, after which media was replaced 
and cells were left for 1 week at 25°C. Supernatants were harvested and 50 µL were 
used to infect 7x106 Sf9 cells in 10ml of media for 1 week at 25°C. Supernatants 
containing secondary virus were harvested, tested, and used to infect High Five cells (2 
L at 1.5x106 cells/ml) for 72 hours at 25°C with shaking. Supernatants containing protein 
were harvested by centrifuging for 15 min at 600 x g at 4°C and subsequently passing 
through a 0.45 µm filter to remove all cells. Supernatants were buffered to 1x HBS 
(20mM HEPES pH 7.2, 150mM NaCl), mixed with 2 mL of Ni-NTA agarose were per 
liter, and rotated at 4°C for 2 hours. Ni-NTA resins with bound protein were collected on 
a column by gravity-flow and washed with 30x column volume of wash buffer (20mM 
HEPES, 1M NaCl, 30mM imidazole, 10% glycerol). Protein was eluted in 1 mL fractions 
using 1xHBS supplemented with 200mM imidazole. Buffer was exchanged to 1xHBS+ 
2mM DTT using Econo-Pac10DG Desalting Prepacked Gravity Flow Columns (Bio-rad) 
according to the manufacturers protocol, and proteins were concentrated using 10kDa 
for nvDae4 concentrators (Millipore).   
 
Bacterial killing assays 
 For expression in E. coli, nvDae4 WT and C63A lacking the endogenous signal 
sequence were cloned into the pET28a vector for inducible cytosolic expression, or the 
pET22b vector for inducible periplasmic expression. E. coli (BL21 DE3 strain) were 
freshly transformed with the vectors and grown overnight in LB with 50 µg/mL 
carbenicillin shaking at 37°C. Overnight cultures were backdiluted in LB to the same 
OD600 and grown to log phase before induction with 0.25mM IPTG. Plates were kept 
shaking at 37°C and OD600 was read every 5 minutes for 3 hours.   
 Bacillus subtilis-GFP (derivative of strain 168; BGSC accession #1A1139) was 
grown to log-phase in LB with 100 µg/mL spectinomycin, centrifuged, resuspended in 
0.5xHBS, and incubated alone or with nvDae4 WT or C63A at indicated concentrations 
for 2-3 hours at 37°C. Serial dilutions were plated on LB agar with 100 µg/mL 
spectinomycin to determine CFU.  
 
Peptidoglycan cleavage assays 
 Peptidoglycan (PG) was purified and analyzed as previously described (Hayes et 
al., 2020). Briefly, Escherichia coli BW11325 (from Carol Gross, UCSF) and 
Staphylococcus epidermis BCM060 (from Tiffany Scharschmidt, UCSF) were grown to 
an OD600 of 0.6, harvested by centrifugation, and boiled in SDS (4 % final 
concentration) for 4 hours with stirring. After washing in purified water to remove SDS, 
the peptidoglycan was treated with Pronase E for 2 h at 60°C (0.1 mg/ml final 
concentration in 10 mM Tris-HCl pH7.2 and 0.06 % NaCl; pre-activated for 2 h at 60 
°C). Pronase E was heat inactivated at 100°C for 10 min and washed with sterile filtered 
water (5 x 20 min at 21k × g). PG from Gram-positive bacteria (Se) was also treated 
with 48% HF at 37°C for 48 h to remove teichoic acids, followed by washes with sterile 
filtered water. nvDae4 enzyme (WT and C63A) was added (1-10 µM in 10 mM Tris-HCl 
pH 7.2 and 0.06% NaCl) and incubated O/N at 37°C. Enzymes were heat inactivated at 
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100°C for 10 min. Mutanolysin (Sigma M9901, final concentration 20 µg/ml) was added 
to the purified peptidoglycan and incubated overnight at 37 °C. The peptidoglycan 
fragments were reduced, acidified, analyzed via HPLC (0.5 ml/min flow rate, 55°C with 
Hypersil ODS C18 HPLC column, Thermo Scientific, catalog number: 30103-254630). 
 
Supplemental methods 
 
Phylogenetic analysis 

Protein sequences containing domains of interest were downloaded from NCBI, 
with the exception of nvGBP6 and nvGBP7, for which RNA-seq data showed additional 
nucleotide usage relative to the reference sequence (all sequences can be found in 
Supplementary Dataset 2). These were aligned using on phylogeny.fr using MUSCLE 
and manipulated in Geneious. For the GBP and IRF alignments, only the domain of 
interest was used for phylogenetic analysis. Maximum likelihood phylogenetic trees 
were generated with PhyML using 100 bootstrap replicates. Alignments shown were 
made in Geneious using Clustal Omega.  
 
Nanostring gene expression analysis 

A custom codeset targeting 36 genes of interest and 4 housekeeping genes for 
normalization (Supplementary Dataset 2) was designed by NanoString Technologies 
(Seattle, WA) for use in nCounter XT CodeSet Gene Expression Assays run on an 
nCounter SPRINT Profiler (NanoString Technologies). RNA was isolated as it was for 
qRT-PCR experiments, and hybridized to probes according to the manufacturer’s 
protocol using 50ng/µL of total RNA. Quality control, data normalization, and 
visualization was performed in nSolver 4.0 analysis software (NanoString Technologies) 
according to the manufacturer’s protocol.  
 
Mammalian cell immunofluorescence and confocal microscopy 

Glass coverslips were seeded with 293T cells and grown to ~50% confluency. 
Cells were transfected for 24-48 hours with a total of 1.25 µg of DNA and 3 µL 
Lipofectamine 2000. Each well contained the following: pcDNA4-STING (10 ng), 
pEGFP-LC3 (5 ng) and either empty vector or pcDNA4 with the indicated cyclic-
dinucleotide synthase (1,235 ng). Cells were washed once in PBS, fixed for 15 minutes 
in 4% paraformaldehyde, washed once in PBS, and permeabilized for 5 minutes in 
0.5% saponin in PBS. Cells were then washed once in PBS, and treated with 0.1% 
sodium borohydride/0.1% saponin/PBS for 5 – 10 minutes in order to consume any 
remaining paraformaldehyde. Cells were then washed 3 times in PBS, and blocked with  
blocking buffer (1% BSA/0.1% saponin/PBS) for 45 minutes. Cells were then incubated 
HA antibody (1:200 dilution, Sigma 11867423001 rat IgG from Roche) in blocking buffer 
for one hour and washed 3 times in PBS. Each well was then incubated with 0.1% 
saponin/PBS and secondary antibody (1:500 dilution, Jackson ImmunoResearch, Cy3 
affinipure donkey anti-rat IgG, 712-165-153) for 45 minutes. Finally, cells were washed 
3 times in PBS, mounted using VectaShield with DAPI, and dried overnight. Images 
were acquired using a Zeiss LSM 780 NLO AxioExaminer. 
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2.6 Supplemental Figures 
 
	

	
	
Figure S2.1: Treatment with other CDNs leads to some gene induction 
A) Heatmap showing differentially expressed genes in response to c-di-AMP, c-di-GMP, and 

3′3′-cGAMP. Almost all of these are also significantly induced by 2′3′-cGAMP.  
B-D)	Volcano	plots	of	differential	gene	expression	in	N.	vectensis	polyps	untreated	vs.	treated	
with	cyclic-di-AMP	(B),	cyclic-di-GMP	(C)	and	3ʹ3ʹ-cGAMP	(D)	for	24	hours.		
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Figure S2.2: nvSTING knockdown does not impact the induction of genes by 2′3′-cGAMP 
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A) Volcano plot showing differential gene expression in 48 hour embryos treated with 2′3′-
cGAMP that were injected with GFP shRNA or nvSTING shRNA. Positive fold-change 
indicates higher expression in GFP shRNA injected embryos. 

B) Clustered heatmap showing the expression of the top 1000 varied genes by RNA-Seq 
between embryos injected with either GFP or nvSTING shRNA and either untreated or 
treated with 2′3′-cGAMP. 

C) Fold change of nvSTING, nvOAS, and nvLBP assayed by Nanostring from experiments 
using 3 different shRNAs to knock down nvSTING expression.  

D) qRT-qPCR measuring genes of interest in 48-hour-old embryos injected with a control 
(ctrl) or nvSTING translation-inhibiting morpholino (MO) and treated with 2′3′-cGAMP. 
Fold changes were calculated as 2-ΔΔCt and each point represents one biological 
replicate. Unpaired t test performed on ΔΔCt before log transformation; no significant 
differences.  

E) Immunofluorescence images of 293T cells transfected with plasmids encoding 
nvSTING-HA, LC3-GFP, and either empty vector, human cGAS or V. cholera DncV. 
Human cGAS is activated by the transfected DNA to produce 2′3′-cGAMP, and DncV, 
which produces 3′3′-cGAMP, is constitutively active in 293T cells. 
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Figure S2.3: Phylogenetic study of N. vectensis IRFs 
A) Phylogenetic tree of all human and N. vectensis IRF proteins. 3 nvIRFs cluster with 

members of the human IRF1 supergroup, while the other 2 nvIRFs cluster with the IRF4 
supergroup.  

B) Full protein alignment of sequences in A). The DNA-binding domain is highly conserved 
between all N. vectensis and human IRFs. Only nvIRF5 contains an IAD1 domain. 

C) Alignment of all nvIRF DNA-binding domains with conserved tryptophan pentad outlined in 
red 
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Figure S4: Knockdowns of nvIRFs or nvSTAT have no effect on 2′3′-cGAMP-induced 
gene expression 
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A) Fold changes in gene expression as determined by Nanostring in embryos microinjected 
with shRNAs targeting EGFP, nvIRF1, or nvIRF5 either untreated or treated with 2′3′-
cGAMP.  

B) Fold changes in gene expression as determined by qRT-PCR in samples microinjected with 
shRNAs targeting EGFP, nvIRF2, nvIRF-67, or nvIRF4 either untreated or treated with 2′3′-
cGAMP. Note that IRF2 is not induced by cGAMP and was mostly undetected in all 
samples; therefore it is possible that the knockdowns were unsuccessful.  

C) Volcano plot showing differential gene expression as determined by RNA-Seq in 48 hour 
embryos treated with 2′3′-cGAMP that were injected with GFP shRNA or nvSTAT shRNA. 
Positive fold-change indicates higher expression in GFP shRNA injected embryos. The GFP 
shRNA samples here are the same as those shown in Figure 2A.  

D) Fold changes in gene expression as determined by Nanostring in embryos microinjected 
with shRNAs targeting EGFP or nvSTAT either untreated or treated with 2′3′-cGAMP.  
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Figure S5: Anti-viral gene induction is not dependent on nvNF-κB 

A) Fold changes in gene expression as determined by Nanostring in embryos microinjected 
with shRNAs targeting EGFP or nvNF-κB, either untreated or treated with 2′3′-cGAMP. 
The GFP shRNA samples here are the same as those shown in Figure S4. GBP-806 
expression included to show anti-bacterial gene induction is lower in these samples.  

B) Fold changes in nvLysozyme expression as determined by qRT-PCR in embryos 
microinjected with shRNAs targeting EGFP or nvNF-κB, either untreated or treated with 
2′3′-cGAMP. 

A+B) No significant differences in gene expression are observed between any cGAMP 
treated samples. 
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Figure S6: Phylogenetic study of N. vectensis GBPs 

A) Phylogenetic tree of mammalian GTPases and putative N. vectensis GBPs made with 
the full protein sequences. Branches with mammalian interferon-induced GTPases and 
cGAMP-induced N. vectensis GBPs are colored red; these tend to cluster together. 
Domain structures of N. vectensis GBPs are displayed.  

B) Alignment of the GTPase domains of all N. vectensis GBPs and select mammalian 
GTPase. Conserved GBP and atlastin specific residues are highlighted in red.  
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Figure S7: nvDae4 cleaves peptidoglycan from Gram-positive bacteria. Partial HPLC 
chromatograms of Staphylococcus epidermis peptidoglycan sacculi products resulting from 
incubation with buffer only (no enzyme), or 1 µM nvDae4 WT or C63A enzyme.	
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Table S2.1: Cnidarian-specific genes that are induced by 2′3′-cGAMP in an 
nvNF-κB-dependent manner 
 
NCBI 
Gene ID 

Domains Only in 
Cnidaria? 

Only in 
Anthozoa? 

Homolog 
found in 
immune 
cells in 
Stylophora 
pistillata 
(Levy et al., 
2021)? 

Structural 
predictions? 
(Fernando 
Bazan, 
Minnesota, 
personal 
communication) 

5501851 none yes yes no 

Similar to 
5504224, 
116616875, 
116620239. All 
have 
amphipathic 
helical module at 
N-terminus. 
Some similarity 
to human 
FAM89A/B, 
FAM167A/B, 
C20orf202, A-R-
rich prot, Glu-rich 
prots, Leu-rich 
prots, and DACT 
or Dapper 
homologs. 

5504224 none yes yes no 

Similar to 
5501851,  
116616875, 
116620239 

5516219 none yes yes no 

double-crossover 
4-helix bundle 
fold with 
similarities to 
hemopoietic 
cytokines 

5518710 none yes yes no 

membrane-
attached 
receptor-like 
protein full of 
helical repeats; 
related to human 
mesothelin 
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116603205 none yes yes 

No homolog 
in Stylophora 
pistillata 

type 1 
transmembrane 
(TM) protein with 
small globular 
extracellular 
domain (ECD); 
short helices 
packed against a 
beta-sheet 

116603727 none yes yes 

No homolog 
in Stylophora 
pistillata 

type 1 TM 
protein with 
globular ECD; 
beta- rich fold 
with potential 
binding groove 

116604070 none 

yes; 
except 
Bacillus 
spore 
coat 
proteins 

yes; except 
Bacillus 
spore coat 
proteins 

No homolog 
in Stylophora 
pistillata 

secreted protein 
with a deep-
pocketed beta-
rich fold related 
to evolutionarily 
conserved 
ependymins 

116604505 none yes yes 

No homolog 
in Stylophora 
pistillata 

intracellular 
globular protein 
with an intriguing 
fold that 
suggests a helix-
lined binding 
groove on a 
beta-sheet 
platform, faintly 
reminiscent of an 
MHC structure 

116612667 none yes yes no 

a compact 4TM 
molecule that’s 
related to 
CALHM (Ca2+ 
homeostasis 
modulator) & 
FAM26 protein 
families––that 
are pore-forming 
subunits of 
voltage-gated ion 
channels 
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116613998 none yes yes no 

intracellular 
protein with 
distinct beta-
sheet & helical 
halves; Domain1 
is an elaborated 
Fn3 fold (Ig-like), 
while Domain2 is 
a helical solenoid 
fold comprised of 
TPR repeats; 
odd fusion of 
domain types, 
nothing similar in 
human proteome 
or PDB 

116616875 none yes 

yes; similar 
to 
116620239 

No homolog 
in Stylophora 
pistillata 

Similar to 
5501851, 
5504224, 
116620239 

116619128 none yes no yes type 1 TM 
protein with large 
ECD featuring an 
N-term b-rich 
module,  
& C-term a+b 
domain––both 
with hits to 
existing folds 

116620239 none yes yes; similar 
to 
116616875 

No homolog 
in Stylophora 
pistillata  

Similar to 
5501851, 
5504224, 
116616875,  
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Chapter 3: Innate immunity in Nematostella vectensis – concluding remarks and 
future directions 
 

In chapter 2, we identified and characterized a broad transcriptional response 
induced by 2′3′-cGAMP in the cnidarian Nematostella vectensis. Many of the induced 
genes appear to have roles in immunity, and we were able to confirm the anti-bacterial 
function of one NF-kB- dependent gene. These observations lead to the fascinating 
conclusion that transcriptional responses to cGAMP signaling are ancestral, and that 
autophagy is not the sole ancestral function as has previously been proposed (Gui et 
al., 2019). Indeed, our work showing that cGAMP-to-NFkB signaling likely originated 
prior to the last common ancestor of mammals and sea anemones, along with the work 
of Woznica et. al showing STING-dependent transcriptional responses to cGAMP in a 
unicellular choanoflagellate (Woznica et al., 2021), begin to piece together the 
evolutionary history of this pathway. There are many intriguing questions that arise from 
this work, which I shall discuss and speculate on in this chapter. 
 
3.1 The role of nvSTING in the response to 2′3′-cGAMP 
 We were unable to show that the response to cGAMP in N. vectensis is 
dependent on nvSTING. As discussed in chapter 2, we favor the idea that our inability 
to do so is due to the current technical limitations of Nematostella as a model organism; 
we were only ever able to achieve ~50% knockdown of nvSTING transcripts, which may 
leave sufficient protein to respond to cGAMP challenge and induce transcription. In 
every eukaryote tested, including choanoflagellates, which diverged from vertebrates 
much longer ago than cnidarians, the response to 2′3′-cGAMP is dependent on STING, 
so we predict this would also be true in Nematostella. However, the only way to 
definitively show this is through global knockout via disruption at the endogenous 
nvSTING locus. CRISPR-mediated genome editing in Nematostella has been reported, 
but the efficiencies of knockout are extremely low and lead to mosaic animals (Ikmi et 
al., 2014), which take at least a year to reach sexual maturity in the current conditions in 
the Vance lab. However, we are hopeful that in the next few years, these technologies 
will improve, and as more labs are becoming interested in ancestral immune responses, 
perhaps someone will create nvSTING knockout animals to test this. Of course, another 
possible explanation (that these experiments would address) is that Nematostella 
encodes another 2′3′-cGAMP sensor. This would lead to many more fascinating 
questions; what types of selective pressures could have led to the evolution of a second 
sensor? How has the function of nvSTING diverged? Is the unknown sensor dedicated 
to the transcriptional response, while nvSTING induces autophagy? Are there 
localization differences between these sensors? Is the other sensing mechanism unique 
to Cnidaria, or is it present in other animal phyla? Perhaps answering some of these 
questions could even lead to new understandings of STING functions in mammals. 
 Part of the reason that I believe nvSTING has been so hard to knock down is that 
it is transcriptionally upregulated by 2′3′-cGAMP. This transcriptionally induction is also 
observed in other invertebrate species, including Drosophila (Cai et al., 2020), and 
perhaps points towards some interesting biology. Traditionally we do not think of a 
protein that is expressed at steady state and serves solely as a signal transducer as 
being heavily regulated at the transcriptional level. One reason to induce more 
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transcription could be if STING is directly participating in some anti-pathogen process, 
such as autophagy or cell death. Or, perhaps STING is only expressed in a small 
subset of cells at steady state (contrary to its expression in mammals), and is induced in 
other cells to protect them only once an insult is sensed.  

One final point worth noting here is that while the Drosophila response to 2′3′-
cGAMP was shown to be STING dependent, 2′3′-cGAMP does not bind to Drosophila 
STING is several assays tested (Kranzusch et al., 2015; Slavik et al., 2021). I find this 
very puzzling as in at least one of these assays, Drosophila STING does clearly bind to 
3′2′-cGAMP (Slavik et al., 2021), so the protein is clearly properly folded. The most 
likely explanation is that slight differences in vivo, such as weak transient binding or the 
presence of cofactors, could allow for enough 2′3′-cGAMP-induced STING activation to 
induce anti-viral responses. However, it remains formally possible that there is another 
2′3′-cGAMP sensor in Drosophila that still induces its protective anti-viral effects via 
STING. If such a sensor exists, it could also exist in other organisms, such as 
Nematostella, but exert its effects via some other mechanism. Again, experiments with 
STING null animals could easily address this.  
 
3.2 Breadth of immune response to 2′3′-cGAMP in Nematostella 
 Another interesting finding from our work is that 2′3′-cGAMP induces both anti-
viral and anti-bacterial genes in Nematostella. There are multiple possible explanations 
for this result. The first is that in this organism, immune responses are just generally 
broader. Indeed, several of the genes we identified as being anti-bacterial were also 
induced by poly(I:C), a dsRNA mimic and a decidedly viral ligand, in another study 
(Lewandowska et al., 2020). In mammals we often think of viral and bacterial responses 
as being distinct, and with good reason; as discussed in chapter 1, anti-viral type I IFN 
responses can be beneficial to some bacteria (McNab et al., 2015). However, one can 
imagine that in some evolutionary contexts, it may be beneficial to induce responses 
targeting multiple types of pathogens simultaneously. For an organism like Nematostella 
that lives in water and has minimal separation between thin cell layers, perhaps sensing 
any pathogenic invasion could be a signal that a barrier has been breached and 
exposure to other pathogens is likely. Further studies on the immune responses of other 
non-model organisms may help change our view of the properties of immune systems 
that have mostly been shaped by mammalian studies.  
 The second explanation for the broad response to CDNs in N. vectensis is 
related to specific features of the CDN sensing pathway. Since bacteria are the major 
CDN producers in the world, the early eukaryote that inherited the cGAS-STING 
cassette from prokaryotes would immediately have a selective advantage if infected 
with CDN producing bacteria. For example, if the transmembrane domains of bacterial 
STING serve to insert into bacterial membranes and cause abortive infection, as is the 
outcome of activation of other CBASS systems, then the ancestral eukaryote that 
acquired STING would require very few modifications for STING activation during 
bacterial infection to be beneficial by targeting and killing the bacterium. Thus, an 
ancestral anti-bacterial STING response makes intuitive sense. Indeed, both N. 
vectensis (chapter 2) and choanoflagellates (Woznica et al., 2021) increase levels of 
STING transcription when infected with P. aeruginosa. However, all current evidence 
points to STING and cGAS being acquired together in the ancestral eukaryote. In this 
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regard, it is interesting that the preference for CDNs with 2’5’ linkages is present in all 
eukaryotic STING homologs. As we do not know what is sensed during phage infection 
by STING-containing CBASS, or what ligands activate N. vectensis or choanoflagellates 
cGAS, it is difficult to speculate how easily anti-viral detection by cGAS could have 
evolved in the choanozoa ancestor. Further studies on the function of genes induced 
downstream of 2′3′-cGAMP in choanoflagellates will help illuminate the most ancient 
functions of STING activation. Regardless, it seems that the cGAS-STING pathway may 
be unique in its potential to induce beneficial responses during both viral and bacterial 
infections, and therefore to evolve to perform such functions. 
 A third trivial explanation for the broad immune response we observed is simply 
that the manner with which we performed these experiments exposed the animals to 
both bacterial and viral ligands. For example, we observed death of anemones at high 
doses of 2′3′-cGAMP, which may happen in some cells at lower doses, which could lead 
to a disruption of a barrier and exposure of anemones to PAMPs from the microbiota, 
thus causing both anti-viral gene induction from 2′3′-cGAMP, and anti-bacterial gene 
induction from other PAMPs. We cannot fully rule out this possibility, but I performed 
experiments with a range of bacterial PAMPs and never observed gene induction. In 
addition, we observe transcriptional responses very quickly after treatment, while death 
is observed much later, making the above scenario less likely. In sum, further studies on 
N. vectensis immune responses and choanoflagellates effector proteins are needed to 
be able to conclude that a broad anti-pathogen response is an ancestral function of 
cGAS-STING signaling.      
 
3.3 Functions of ancestral cGAS enzymes 
	 A fascinating outstanding question is what is the function of the cGAS homologs 
in N. vectensis. As discussed in chapter 1, we know that the protein encoded by the nv-
cGAS gene does produce 2′3′-cGAMP in cultured mammalian cells, but multiple 
attempts by myself and others have failed to discover what activates it. I speculate that 
this is partially due to improper folding of recombinant protein, or lack of important 
cofactors. Of course, we do know that nv-cGAS is active in mammalian cell culture, and 
while my initial attempts to purify the enzyme from these cells did not reveal any 
activation by the ligands tested, I recommend that someone try crystallizing the protein 
purified from these mammalian cells where we know it is active. Perhaps it would even 
purify or crystallize with its ligand, although I suspect the constitutive activity is simply 
due to ligand-independent activity driven by overexpression. Understanding the 
activating ligand for nv-cGAS could fundamentally change our interpretation of the 
function of the cGAS-STING pathway in Nematostella. Subsequent experiments treating 
animals with the ligand in vivo and using nv-cGAS knockout animals (or a the very least 
knockdowns) would then be required. Importantly, while we do know that N. vectensis 
has a gene whose protein product is capable of producing 2′3′-cGAMP, we have no 
evidence that this molecule is produced in vivo. Identifying conditions where CDNs are 
produced, such as bacterial or viral infection, could also go a long way in convincing us 
that the pathway is involved in anti-bacterial vs. anti-viral immunity.  
 Interestingly, N. vectensis has at least 12 cGAS-like genes, and several of these 
seem to be induced by cGAMP, unlike nv-cGAS. The new study identifying structural 
motifs of cGAS-like enzymes in Drosophila that allow for dsRNA sensing, and future 
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studies like it, may help us predict the functions of some of these proteins. The 
emerging picture in this field, however, is that a broad range of cyclic-oligonucleotide 
second messengers can be produced by a broad range of stimuli. Understanding the 
diverse activators of cGAS-like genes in different species could perhaps reveal similar 
recognition mechanisms in mammalian immunity.  
  
3.4 Final speculations and questions on the evolution of the cGAS-STING 
pathway 
	 I believe our work, along with that of Woznica et al., points to an early anti-
bacterial function of the cGAS-STING pathway. This is a novel finding that makes sense 
in an evolutionary context. At the same time, many genes that could be involved in anti-
viral immunity are also induced in Nematostella, and this leads to the question of what 
mechanisms are inducing anti-viral immunity in an organism that does not have obvious 
interferon genes. Perhaps there are interferon-like genes in invertebrates, and 
discovering these could open up a whole new area of study in invertebrate immunity. 
We in fact have perhaps discovered an ancestral cytokine, as discussed in the next 
section. Another possibility, however, is that cGAMP itself is acting like an ancestral 
cytokine. We know that it can enter cells and quickly induce immune responses, so why 
does the immune system need to evolve a whole additional means of transmitting the 
signal? Indeed, we know that cGAMP serves as an immunotransmiter in mammalian 
systems, and perhaps this is an ancient function. 
 A few other important questions remain that are worth addressing here. Both in 
Drosophila and Nematostella, STING activation leads to NF-κB activation, but neither of 
these organisms have STING with a CTT, which in mammals is required for NF-κB 
induction. Figuring out the mechanism of NF-κB activation in these organisms may help 
us understand other mechanisms of activation of this key immune transcription factor. 
The choanoflagellate species that have STING do not have NF-κB genes, or any 
recognizable transcription factors downstream of STING, yet still manage to induce a 
transcriptional response. Figuring out what genes mediate this response may 
additionally lead us to discover new pathways downstream of STING in mammals.  
In sum, we have found important similarities and differences between cnidarians and 
mammals a key innate immune pathway.  
 
3.5 Potential identification of an ancestral cytokine 
 I identified several cnidarian-specific genes that were both NF-κB and 2′3′-
cGAMP dependent (Table S2.1), and speculated that these are likely involved in anti-
bacterial immunity against pathogens that are specific to this phylum. In analyzing this 
gene set, our collaborator Fernano Bazan (Minnesota) discovered that one of these 
genes (NCBI Gene ID: 5516219) encodes for a protein with predicted structural 
homology to mammalian cytokines. Importantly, it is currently believed that cytokine 
signaling emerged in Bilateria, so confirming the existence of a functional cytokine in a 
cnidarian would change the current dogma of cytokine evolution (Liongue et al., 2016). I 
have produced recombinant protein and treated N. vectensis embryos, and as of this 
writing I am awaiting RNA-Seq results. Quantitative RT-PCR for previously identified 
immune genes did not show any induction of these by the putative cytokine, but it may 
induce some yet-to-be-identified set of genes.  
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Chapter 4: Gasdermin-D and Caspase-7 are the key Caspase-1/8 substrates 
downstream of the NAIP5–NLRC4 inflammasome required for restriction of 
Legionella pneumophila 
 
Portions of this chapter were adapted from the following publication (Goncalves et al., 
2019): 
A. V. Goncalves*, S.R. Margolis*, G.F.S. Quirino, D.P.A. Mascarenhas, I. Rauch, R.D. 
Nichols, E. Ansaldo, M.F. Fontana, R.E. Vance, D.S. Zamboni, Gasdermin-D and 
Caspase-7 are the key Caspase-1/8 substrates downstream of the NAIP5/NLRC4 
inflammasome required for restriction of Legionella pneumophila. PLoS Pathogens 15, 
e1007886 (2019). 
 
4.1 Introduction 
 As discussed in chapter 1, immune systems are under intense selective pressure 
due to the arms race at play between hosts and pathogens. In chapters 2 and 3, we 
explored one conserved pathway in a highly divergent organism and found important 
similarities and differences in how this pathway operates between mammals and 
Nematostella. This study and others like it provide important insights into how immune 
pathways evolve. In this chapter, I describe my efforts to take another approach to 
understand the evolution of a different immune pathway –	the NAIP–NLRC4 
inflammasome. Here, we will leverage the model bacterial pathogen, Legionella 
pneumophila, to understand redundant innate immune pathways in mammals. L. 
pneumophila is a great tool for probing mammalian immune responses because it is an 
“accidental” human pathogen; its natural hosts are unicellular freshwater protozoa, and 
only in the last few decades, with the advent of aerosolizing technologies such as hot 
tubs and cooling towers, has this pathogen encountered human alveolar macrophages 
(Boamah et al., 2017), which it infects using conserved pathways between humans and 
protozoa (Richards et al., 2013). Additionally, infected humans rarely spread these 
bacteria, making humans an irrelevant host on the evolutionary scale (Boamah et al., 
2017). Therefore, Legionella bacteria have not evolved ways to evade mammalian 
immune systems, allowing us to study pathways that may normally be masked by 
pathogen avoidance mechanisms.  

Inflammasomes are multi-protein complexes that assemble in the cytosol of 
infected or damaged cells and initiate host defense by functioning as a platform for the 
recruitment and activation of caspase proteases (Broz and Dixit, 2016; Schroder and 
Tschopp, 2010). The NAIP–NLRC4 family of inflammasomes is especially well-
characterized and has been shown to be activated upon detection of specific bacterial 
proteins, such as flagellin, via direct binding to various NAIP family members (von 
Moltke et al., 2013). Ligand-activated NAIPs recruit and co-oligomerize with NLRC4, 
which in turn recruits and activates Caspase-1 directly, or indirectly via the adaptor 
protein ASC. Recently it was shown that ASC can also recruit and activate Caspase-8 
downstream of NAIP–NLRC4 (Mascarenhas et al., 2017; Rauch et al., 2017). 
 The NAIP5–NLRC4 inflammasome was originally discovered as an essential host 
component to restrict intracellular replication of several bacterial pathogens, including L. 
pneumophila, the causative agent of a severe pneumonia called Legionnaires’ Disease 
(Diez et al., 2003; Wright et al., 2003). NAIP5 binds directly to L. pneumophila flagellin 
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(Kofoed and Vance, 2011; Tenthorey et al., 2017; Zhao et al., 2011), resulting in NLRC4 
and CASP1/8 activation. Flagellin-deficient L. pneumophila evade detection by NAIP5–
NLRC4 (Molofsky et al., 2006; Ren et al., 2006) and NAIP5-deficient or NLRC4-deficient 
cells or mice also fail to detect or restrict the intracellular replication of flagellated L. 
pneumophila (Amer et al., 2006; Lightfield et al., 2008; Zamboni et al., 2006), but the 
underlying effectors downstream of NAIP5–NLRC4 required for resistance to L. 
pneumophila remain unclear. Caspase-1 cleaves dozens of host proteins (Agard et al., 
2010; Lamkanfi et al., 2008; Shao et al., 2007), but two key substrates suggested to 
participate in host defense are Gasdermin-D (GSDMD) (reviewed in (Kovacs and Miao, 
2017)) and the pro-inflammatory cytokines interleukin-1β (IL-1β) and IL-18. Cleaved 
Gasdermin-D oligomerizes and inserts into the plasma membrane to form large pores 
(Kayagaki et al., 2015; Shi et al., 2015), leading to release of IL-1β/-18, as well as to a 
characteristic form of cell death called pyroptosis. In vitro, pyroptotic cell death, but not 
IL-1β/-18, is believed to restrict the intracellular replication of L. pneumophila in 
macrophages, presumably by elimination of the intracellular niche required for bacterial 
replication. However, CASP1-deficient macrophages are only partially susceptible to L. 
pneumophila (Mascarenhas et al., 2017; Pereira et al., 2011b) and the CASP8 
substrates that contribute to inflammasome-mediated host defense remain unclear. 
 Caspase-11 (CASP11) and Caspase-7 (CASP7) are additional caspases 
previously implicated in resistance to L. pneumophila. CASP11 detects L. pneumophila 
lipopolysaccharide (LPS) and triggers GSDMD cleavage to activate pyroptosis 
independent of NAIP5–NLRC4 activation. Although CASP11 is activated by L. 
pneumophila (Aachoui et al., 2013; Akhter et al., 2012; Case et al., 2013; Casson et al., 
2013), CASP11 does not appear to play a major role in restricting bacterial replication in 
bone marrow macrophages, as Casp11–/– macrophages fully restrict L. pneumophila 
replication, and Nlrc4–/– macrophages, which still harbor functional CASP11, are fully 
permissive (Cerqueira et al., 2015). The lack of a discernable role for CASP11 in 
restricting L. pneumophila is likely due to a requirement for ‘priming’ signals to induce 
CASP11 expression, as well as to redundancy with the NAIP5–NLRC4 inflammasome.  
 CASP7 has also been reported to be activated downstream of flagellin detection 
and CASP1 activation by the NAIP5–NLRC4 inflammasome (Akhter et al., 2009). 
NAIP5–NLRC4-dependent CASP7 activation was reported to require CASP1 and, 
consistent with previous work (Lamkanfi et al., 2008), CASP7 was suggested to be 
cleaved directly by CASP1. In fact, Casp7–/– macrophages were reported to phenocopy 
the susceptibility of Casp1–/– macrophages, and CASP7 was thus proposed to be 
required for CASP1-dependent resistance to L. pneumophila (Akhter et al., 2009). 
Although GSDMD was not known at the time of this work, in retrospect it is surprising 
Casp7–/– cells would recapitulate the susceptibility of Casp1–/– cells given the clear role 
for GSDMD as a direct CASP1 substrate that is sufficient to mediate pyroptosis. 
Moreover, given that NAIP5–NLRC4 activates CASP8 (Man et al., 2013; Mascarenhas 
et al., 2017; Rauch et al., 2017), and that CASP8 cleaves CASP7 (Hirata et al., 1998), it 
is surprising that CASP1 would be required for CASP7 activation.  
 Here we sought to define the key effectors downstream of the NAIP5–NLRC4 
inflammasome that are required to restrict bacterial replication. Consistent with prior 
studies, we find that both CASP1 and CASP8 are activated by the NAIP5–NLRC4 
inflammasome. Importantly, we find that mice doubly deficient in both enzymes fully 
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recapitulate the susceptibility of NAIP5–NLRC4-deficient mice. We further find that 
CASP7 activation downstream of NAIP5–NLRC4 is mediated by CASP8 in addition to 
CASP1. Thus, mice singly deficient in CASP1, CASP7 or GSDMD are not fully 
susceptible to L. pneumophila, whereas Casp7/1/11–/– and Gsdmd/Casp7–/– mice 
phenocopy the full susceptibility of Nlrc4–/– mice to L. pneumophila. Taken together our 
results identify CASP7 and GSDMD as the key mediators downstream of NAIP5–
NLRC4 inflammasome activation. 
 
4.2 Results 
 
4.2.1 CASP8 is activated in the absence of GSDMD and CASP1/11 for restriction 
of L. pneumophila replication in macrophages 

We have previously shown that CASP8 is activated in response to L. 
pneumophila infection when we silence GSDMD or in the absence of CASP1 
(Mascarenhas et al., 2017). To confirm these data, we infected macrophages deficient 
in GSDMD (Gsdmd–/–) with L. pneumophila and measured CASP8 activation using 
immunoblot and a substrate that detects CASP8 activity. We found that infection with 
wild type bacteria and fliI mutants (that express cytosolic flagellin, but do not assembly 
the flagellum), but not with flaA mutants, triggers robust CASP8 activation in Casp1/11–

/– and Gsdmd–/– macrophages (Figure 4.1A and 4.1B). CASP8 did not appear to be 
robustly activated in C57BL/6 or Casp11–/– macrophages, possibly because these 
macrophages undergo rapid pyroptosis. In addition, CASP8 activation was not observed 
in Asc/Casp1/11–/– macrophages (Figure 4.1A and 4.1B). These data support previous 
findings indicating that CASP8 is activated by inflammasomes, particularly when CASP1 
or GSDMD is absent, in a process that requires ASC (Mascarenhas et al., 2017; Rauch 
et al., 2017; Schneider et al., 2017).  

Next, we tested the role of CASP8 in restricting L. pneumophila replication in 
macrophages in the absence of CASP1/11. We have previously shown that Nlrc4–/– 
macrophages are more permissive than Casp1/11–/– (Pereira et al., 2011b), implying 
that CASP1 is not the sole caspase activated by NAIP5–NLRC4. Thus, to discern a role 
for CASP8, we compared macrophages deficient in Casp8/1/11/Ripk3 with those 
deficient in Casp1/11/Ripk3. Experiments were conducted in a Ripk3 mutant 
background because Casp8-deficiency is embryonically lethal except in the absence of 
Ripk3 (Oberst et al., 2011). We found that whereas Casp1/11/Ripk3–/– macrophages are 
slightly more permissive to L. pneumophila replication than the C57BL/6 macrophages, 
the Casp8/1/11/Ripk3–/– cells are highly susceptible, similar to Nlrc4–/– macrophages.  
This was shown using both very low MOI (MOI=0.015) and high MOI (MOI=10) 
infections (Figure 4.1C and 4.1D). We also assessed bacterial replication in 
macrophages using a L. pneumophila strain stably expressing the Photorhabdus 
luminescens luxCDABE (lux) operon as described previously (Coers et al., 2007). We 
generated a JR32 strain of L. pneumophila expressing the lux operon and detected 
robust bacterial replication in Casp8/1/11/Ripk3–/– and Nlrc4–/– macrophages (Figure 
4.1E). In contrast, C57BL/6 and Casp1/11/Ripk3–/– macrophages were restrictive to 
bacterial replication (Figure 4.1E). This was observed using wild type JR32 L. 
pneumophila (Figure 4.1E) and fliI mutants (Figure 4.1F). As expected, isogenic flaA 
mutants expressing the lux operon robustly replicate in all macrophages used (Figure 
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4.1G). We also tested the importance of CASP8 for bacterial growth restriction using the 
wild type Lp02 strain of L. pneumophila and obtained comparable results (Figure Figure 
S4.1.1A). As expected, flagellin mutants of Lp02 L. pneumophila effectively replicated in 
all macrophages used (Figure S4.1B), whereas dotA mutants were defective for 
intracellular replication (Figure S4.1C).  
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Figure 4.1. CASP8 is activated in the absence of GSDMD and CASP1/11 and it is 
important for restriction of L. pneumophila replication in macrophages. (A) Bone marrow-
derived macrophages from C57BL/6, Casp1/11–/–, Casp11–/–, Gsdmd–/– and Asc/Casp1/11–/– 
mice were left uninfected or infected with wild type L. pneumophila (WT Lp; grey bars), fliI 
mutants (hatched bars) or flaA mutants (flaA; black bars) at an MOI of 10 for 8 hours and the 
activation of CASP8 was measured using the Caspase-Glo® 8 Assay kit. (B) Macrophages 
were infected at an MOI of 10 for 8 hours and the cleavage of CASP8 was measured by 
immunoblot using the anti-Casp8 and anti-α-actin antibody. (C-G) Macrophages from C57BL/6, 
Casp1/11/Ripk3–/–, Casp8/1/11/Ripk3–/– or Nlrc4–/–mice were infected with L. pneumophila and 
the bacterial replication was measured for up to 4 days of infection. (C, D) Cells were infected 
with wild type L. pneumophila at an MOI of 0.015 (C) or 10 (D) and bacterial replication was 
estimated by CFU counting. (E-G) Cells were infected with wild type L. pneumophila (E), fliI 
mutants (F) or flaA mutants (G) expressing luciferase at an MOI of 0.015 and bacterial 
replication was estimated by measuring the luminescence (RLU) of each well over 4 days of 
infection. *, P<0.05: compared to C57BL/6. #, P<0.05: compared to Casp1/11/Ripk3–/–. Data are 
presented for one representative experiment of three (A- D) and four (E-G) experiments 
performed with similar results. 



	 54	

4.2.2 In the absence of CASP1/11, CASP7 is activated downstream of CASP8 and 
accounts for macrophage cell death 

CASP7 was previously proposed to require CASP1 for activation downstream of 
NAIP5–NLRC4 (Akhter et al., 2009). However, since CASP7 is also known to be a 
substrate of CASP8 (Denault and Salvesen, 2003; Hirata et al., 1998), we decided to re-
assess CASP7 activation in CASP1-deficient cells where CASP8 is still active. We 
infected Casp1/11–/– macrophages with wild type L. pneumophila (or with flaA mutants 
as control) and assessed CASP7 processing by immunoblot using an antibody specific 
for CASP7 p18. We found that CASP7 is processed in response to flagellin in 
Casp1/11–/– macrophages (Figure 4.2A). In Casp1/11–/– cells, CASP7 processing in 
response to flagellin requires CASP8 because we detect no CASP7 p18 in 
Casp8/1/11/Ripk3–/– macrophages (Figure 4.2A). In this experiment, Casp7/1/11–/– 
macrophages were used to confirm the specificity of the anti-CASP7 p18 antibody 
(Figure 4.2A). Next, we used the same macrophages to test if CASP7 is required for 
CASP8 activation. By assessing CASP8 activation by immunoblot and by the 
chemiluminescent substrate, we found that CASP8 is activated in Casp1/11–/– and in 
Casp7/1/11–/– macrophages, but not in Asc/Casp1/11–/– or Casp8/1/11/Ripk3–/– 
macrophages (Figure 4.2B and 4.2C). These data indicate that CASP7 is not required 
for CASP8 activation in the absence of CASP1/11. Experiments performed with 
immortalized macrophages confirmed that ASC but not CASP7 is important for CASP8 
activation in the absence of CASP1/11 (Figure S4.2).  
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Figure 4.2. CASP7 is activated downstream of CASP8 in the NAIP5–NLRC4 
inflammasome. Bone marrow-derived macrophages from Casp1/11–/–, Asc/Casp1/11–/–, 
Casp8/1/11/Ripk3–/– and Casp7/1/11–/– mice were left uninfected (NI, open bars) or infected with 
wild type L. pneumophila (WT Lp, grey bars) or flaA mutants (black bars) at an MOI of 10 for 8 
hours. (A) Caspase-7 cleavage was measured by immunoblot using anti-Casp7 p18 and anti-α-
actin antibody. (B and C) Caspase-8 cleavage was measured by immunoblot using anti-Casp8 
p18 and anti-α-actin antibody (B) and Caspase-Glo 8 Assay kit (C). *, P<0.05. Data are 
presented for one representative experiment of four (A) and three (B) and two (C) experiments 
performed with similar results. 
 

We and others have previously shown that L. pneumophila infection triggers pore 
formation and pyroptosis that is dependent on CASP1 and CASP11 (Case et al., 2013; 
Molofsky et al., 2006; Ren et al., 2006; Silveira and Zamboni, 2010). We also showed 
that in the absence of CASP1 and CASP11, L. pneumophila induces pore formation 
dependent on flagellin, ASC and CASP8 (Mascarenhas et al., 2017). Thus, we tested if 
CASP7 accounts for pore formation downstream of CASP8. We measured pore 
formation in real time by assessing the uptake of propidium iodide into the nuclei of 
permeabilized macrophages as described (Case et al., 2013). We confirmed that pore 
formation occurs in Casp1/11–/– macrophages in response to L. pneumophila infection 
(Figure 4.3A and 4.3B). The Caspase-1/11-independent pore formation is abolished in 
Asc/Casp1/11–/– and Casp8/1/11/Ripk3–/– macrophages and is reduced in Casp7/1/11–/– 
macrophages (Figure 4.3B). As previously demonstrated, Figure 4.3B shows that pore 
formation in wild type C57BL/6 cells is very robust because it occurs through CASP1 
and CASP11 (Case et al., 2013). We also measured LDH release after infection as a 
readout for membrane leakage. As suggested by the pore formation assay, we found 
that LDH release occurs in C57BL/6 and Casp1/11–/– but not in Asc/Casp1/11–/– or 
Casp8/1/11/Ripk3–/– macrophages (Figure 4.3C). Although reduced, we still detected 
cell death in Casp7/1/11–/– cells in response to infection (Figure 4.3C). We measured 
CASP3 activation by immunoblot and confirmed that CASP3 is activated in response to 
flagellin in Casp7/1/11–/– cells, but not in C57BL/6, Casp1/11–/– and Nlrc4–/– 
macrophages (Figure 4.3D). These data suggest that CASP3 does not play a significant 
role downstream of NAIP5–NLRC4 inflammasome as previously reported (Amer et al., 
2006; Lightfield et al., 2008; Zamboni et al., 2006), but can account to explain the 
modest levels of cell death detected in Casp7/1/11–/– cells. Collectively, these data 
suggest that in the absence of CASP1/11, macrophages are still able to respond to 
flagellin and trigger pore formation and pyroptosis via ASC and CASP8 and partially via 
CASP7.  
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Figure 4.3. CASP7 accounts for pore formation and pyroptosis. Bone marrow-derived 
macrophages from C57BL/6, Casp1/11–/–, Casp7/1/11–/–, Casp8/1/11/Ripk3–/– and 
Asc/Casp1/11–/– mice were left uninfected (NI) or infected with wild type L. pneumophila (WT 
Lp) or flaA mutants at an MOI of 10. (A and B) Pore formation in uninfected (A) and WT Lp-
infected (B) macrophages was assessed by Propidium Iodide (PI) uptake. Data are expressed 
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as a percentage of total PI uptake (estimated using Triton-X100). (C) LDH release was 
assessed 7 hours after infection using CytoTox 96® Non-Radioactive Cytotoxicity Assay. (D) 
Lysates from C57BL/6, Casp1/11–/–, Casp7/1/11–/– and Nlrc4–/– macrophages were assessed for 
CASP3 cleavage using anti-Casp3 antibodies. Data are expressed as a percentage of LDH 
release induced by Triton-X100. Statistical significance was calculated using Student’s t test. *, 
P<0.05. ns: non-significant. Data are presented for one representative experiment of four (A-B) 
and two (C-D) experiments performed with similar results.  
 
 
4.2.3 CASP7 activation downstream of CASP8 is important for restriction of L. 
pneumophila replication in macrophages and in vivo  

Next, we tested the importance of CASP7 for restriction of L. pneumophila 
replication in macrophages. To address this we used macrophages from Casp7–/– single 
mutants and also from mice triple deficient for CASP7/1/11 (Casp7/1/11–/–). In contrast 
to a previous report (Akhter et al., 2009), we found that Casp7–/– macrophages 
efficiently restrict the replication of wild type L. pneumophila as measured by luciferase 
and CFU (Figure 4.4A and 4.4B). In contrast, Casp7/1/11–/– macrophages are highly 
permissive for bacterial replication and phenocopy cells deficient for Nlrc4–/– and 
Casp8/1/11/Ripk3–/– (Figure 4.4A and 4.4B). These data support a role of CASP8 and 
CASP7 for restriction of bacterial replication in the absence of CASP1/11. As expected, 
flaA mutants evaded NAIP5–NLRC4 and effectively replicated in all macrophages 
regardless of the genotype (Figure 4.4C and 4.4D). We performed additional 
experiments comparing the replication of wild type L. pneumophila and isogenic flaA 
mutants in each macrophage genotype and found that flaA replicated significantly better 
than flagellin-positive bacteria in C57BL/6, Casp1/11–/–, Casp7–/– macrophages (Figure 
S4.3A-S4.3C). The flaA mutants phenocopy the wild type bacteria in Nlrc4–/– and 
Casp8/1/11/Ripk3–/– (Figure S4.3D-S4.3E) and flaA replicated slightly better than wild 
type bacteria in Casp7/1/11–/– macrophages (Figure S4.3F). These data indicate that 
NLRC4, CASP1, CASP8 and CASP7 are important for flagellin-mediated restriction of 
bacterial replication. 
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Figure 4.4. CASP7 is important for restriction of L. pneumophila replication in vivo in the 
absence of CASP1/11. Bone marrow-derived macrophages from C57BL/6, Casp7–/–, 
Casp1/11–/–, Casp7/1/11–/–,Casp8/1/11/Ripk3–/– and Nlrc4–/– mice were infected with wild type L. 
pneumophila (WT Lp, A, B) or flaA mutants (C, D). Macrophages were infected at an MOI of 
0.015 and bacterial replication was assessed by measurement of luminescence (RLU) emitted 
by luciferase-expressing bacteria (A, C) or by estimating bacterial CFU (B, D). *, P<0.05: 
compared to C57BL/6. #, P<0.05: compared to Casp1/11–/–.  Data are presented for one 
representative experiment of four (A, C) and three (B, D) experiments performed with similar 
results.  
 
 

We have previously shown that Nlrc4–/– mice are more susceptible than 
Casp1/11–/– mice in vivo (Pereira et al., 2011a; Pereira et al., 2011b). Thus, we tested if 
CASP7 accounts for the CASP1/11-independent mechanisms of restriction of bacterial 
replication. To test this, we infected mice with L. pneumophila and measured CFU in the 
lungs after 48 and 96hs. Strikingly, we found that Casp7/1/11–/– mice are as susceptible 
as the Nlrc4–/– mice and significantly more susceptible than Casp1/11–/– mice (Figure 
4.5A). As expected the C57BL/6 and heterozygote control Casp7+/–/1+/–/11+/– are highly 
restrictive (Figure 4.5A). Next, we crossed the Casp7/1/11–/– x Casp1/11–/– to generate 
Casp7+/–/1–/–/11–/– progeny and infected these mice together with Casp7/1/11–/– mice. 
We confirmed that Casp7/1/11–/– mice are more susceptible than the Casp7+/–/1–/–/11–/– 
mice, suggesting that CASP7 accounts for restriction of L. pneumophila replication in 
the absence of CASP1/11 (Figure 4.5B).  
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Figure 5. CASP7 is important for restriction of L. pneumophila replication in vivo in the 
absence of CASP1/11. (A and B) C57BL/6, Casp1/11–/–, Casp7/1/11–/–, Casp7+/–/1–/–/11–/–, 
Casp7+/–/1+/–/11+/– and Nlrc4–/– mice were infected intranasally with 105 wild type L. 
pneumophila, lungs were harvested at the indicated time points and homogenates were plated 
for CFU determination. Each dot represents a single animal, and the horizontal lines represent 
the averages. *, P<0.05. Data are presented for one representative experiment of four (A) and 
two (B) experiments performed with similar results. 
 
 
4.2.4 CASP7 and GSDMD operate downstream of CASP1 for restriction of L. 
pneumophila replication in macrophages and in vivo 

Our data show that CASP7 operates downstream of CASP8 for restriction of L. 
pneumophila replication in Casp1/11–/– macrophages. Thus, we investigated if CASP7 
is also activated in wild type macrophages. To test this we measured CASP7 cleavage 
in response to infection of C57BL/6 and Casp1/11–/– macrophages. We detected 
CASP7 processing both in C57BL/6 and Casp1/11–/– macrophages infected with wild 
type L. pneumophila (Figure 4.6A). In contrast, we only detected processing and 
activation of CASP8 in the Casp1/11–/– macrophages (Figure 4.6B and 4.6C). These 
data suggest that CASP7 can be activated in conditions where CASP8 is inactive, 
possibly by CASP1 as previously reported (Akhter et al., 2009; Lamkanfi et al., 2008). 
To test this hypothesis we performed experiments in macrophages that are deficient in 
CASP8 and sufficient in CASP1 and confirmed that CASP7 is cleaved in Casp8/Ripk3–/– 
cells (Figure 4.6D). In this experiment we detected a weak CASP7 cleavage in 
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response to flaA and in Nlrc4–/– cells, suggesting the participation of another pathway 
for CASP7 activation.  

We next performed growth curves in macrophages that are CASP1 positive and 
CASP8 negative to test if CASP1 activation is sufficient to trigger restriction of L. 
pneumophila replication. We found that Casp8/Ripk3–/– macrophages are as restrictive 
as C57BL/6 (and Ripk3–/–) macrophages (Figure 4.6E). As expected, Casp1/Ripk3–/– 
macrophages exhibit intermediate susceptibility and Casp8/1/Ripk3–/–, 
Casp8/1/11/Ripk3–/– macrophages are as susceptible as Nlrc4–/– macrophages (Figure 
4.6E). The flaA mutants replicated in all macrophages tested, as expected (Figure 
4.6F). These data confirm that CASP1 activation is sufficient to restrict L. pneumophila 
replication via the NAIP5–NLRC4 inflammasome despite the deficiency in CASP8.  

In addition to CASP7, GSDMD is also downstream of CASP1. We tested by 
immunoblot if GSDMD is activated in response to L. pneumophila and found that 
GSDMD is cleaved in response to wild type L. pneumophila but not flaA mutants after 6 
hs of infection (Figure S4.4). Gsdmd–/– macrophages were included to control antibody 
specificity. GSDMD activation was found in C57BL/6 and Asc–/– macrophages but not in 
Casp1/11–/– and Nlrc4–/– (Figure S4.4), indicating that GSDMD is cleaved by CASP1 
independent of CASP8 via the NAIP5–NLRC4 inflammasome. We further generated 
mice double deficient in GSDMD and CASP8 to investigate if the CASP8-independent, 
CASP1-mediated restriction of L. pneumophila replication requires GSDMD. We found 
that Gsdmd/Casp8/Ripk3–/– cells are as restrictive as the Gsdmd/Ripk3–/– and C57BL/6 
macrophages (Figure 4.6G and 4.6H). These data indicate that CASP1 activation 
triggers restriction of L. pneumophila replication in the absence of CASP8 and GSDMD, 
consistent with the participation of CASP7 downstream of CASP1.  
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Figure 4.6. CASP7 is activated and contributes to restriction of L. pneumophila 
replication in the absence of CASP8. (A – D) Bone marrow-derived macrophages were left 
uninfected (NI) or were infected with wild type (WT Lp) or flaA mutants (flaA) L. pneumophila for 
the indicated time points to assay CASP7 and CASP8 activation. (A) Lysates from C57BL/6 and 
Casp1/11–/– macrophages infected with WT Lp for 1 to 8 h were assessed by Immunoblot using 
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anti-Casp7 p18 antibodies and anti-α-actin. (B) C57BL/6 and Casp1/11–/– macrophages were 
infected with WT Lp for 5, 6, 7 and 8 h and Caspase-8 cleavage was measured by immunoblot 
anti-Casp8 p18 antibody and anti-α-actin. (C) C57BL/6 and Casp1/11–/– macrophages were 
infected for 8 h and CASP8 activation was measured using the Caspase-Glo® 8 Assay kit. (D) 
Lysates from C57BL/6, Casp1/11–/–, Casp8/Ripk3–/– and Nlrc4–/– macrophages were assessed 
for CASP7 cleavage using anti-Casp7 p18 antibodies and anti-α-actin after 6 h infection. (E – H) 
Macrophages from C57BL/6, Ripk3–/–, Casp1/Ripk3–/–, Casp8/Ripk3–/–, Casp8/1/Ripk3–/–, 
Casp8/1/11/Ripk3–/– and Nlrc4–/– mice (E-F) or from C57BL/6, Gsdmd/Ripk3–/–, 
Gsdmd/Casp8/Ripk3–/– and Nlrc4–/– mice (G-H) were infected with wild type L. pneumophila (WT 
Lp) or flaA mutants (flaA) expressing luciferase at an MOI of 0.015 and bacterial replication was 
estimated by measurement of luminescence (RLU). Student’s t test. *, P<0.05 compared to 
C57BL/6. #, P<0.05 compared to Casp1/Ripk3–/–. Data are presented for one representative 
experiment of three (C) and two (A, B, E-H) experiments performed with similar results. 
 

Therefore, we reasoned that in wild type macrophages, CASP1 activates both 
GSDMD and CASP7 when the NAIP5–NLRC4 inflammasome is activated and that 
GSDMD and CASP7 can both mediate restriction of L. pneumophila independently of 
each other. The involvement of both CASP7 and GSDMD would explain why Casp7–/– 
or Gsdmd–/– singly deficient cells are able to restrict L. pneumophila replication in 
macrophages (Figure 4.4A, 4.4B, and 4.6G). To test this hypothesis, we generated 
Casp7/Gsdmd–/– double deficient mice and tested the requirement of these molecules 
downstream of NAIP5–NLRC4 inflammasome. Initially, we tested pore formation in 
response to wild type L. pneumophila and flaA mutants and found that Casp7/Gsdmd–/–, 
Casp7/1/11–/– and Nlrc4–/– macrophages induced low pore formation in comparison to 
Casp7–/–, Gsdmd–/– and C57BL/6 macrophages (Figure 4.7A-C). Of note, the pore 
formation assay performed with live L. pneumophila in presence of CASP11 may be 
difficult to interpret because LPS effectively triggers CASP11-mediated pore formation 
(Case et al., 2013; Cerqueira et al., 2015). Therefore, we tested pore formation and 
LDH release in response to flagellin using FlaTox, a reagent that selectively activates 
NAIP5–NLRC4 without the confounding activation of CASP11 (von Moltke et al., 2012). 
We found that cytosolic flagellin triggers a response that is CASP1-dependent and 
requires both CASP7 and GSDMD. This can be observed by pore formation (Figure 
4.7D) and LDH release (Figure 4.7E).  To evaluate the effect of CASP7 and GSDMD for 
restriction of L. pneumophila replication we performed macrophage infections and found 
that Casp7/Gsdmd–/– cells are significantly more permissive than the single KOs Casp7–

/– and Gsdmd–/– (Figure 4.7F and 4.7G). Casp7/Gsdmd–/– macrophages phenocopied 
Casp7/1/11–/– and Nlrc4–/– for restriction of L. pneumophila replication (Figure 4.7F). We 
tested bacterial infection in vivo and found that the Casp7/Gsdmd–/– mice are as 
susceptible as the Nlrc4–/– mice (Figure 4.7H). In contrast, the Casp7–/– and Gsdmd–/– 
mice were significantly more restrictive, while still slightly more susceptible than 
C57BL/6, suggesting that these molecules are important for host resistance in vivo. 
Together, these data support a model that both CASP7 and GSDMD are required for 
restriction of L. pneumophila replication downstream of CASP1. When CASP1 or 
GSDMD is missing, CASP8 is activated in the NLRC4 inflammasome and triggers 
activation of CASP7, which also accounts for restriction of L. pneumophila replication in 
macrophages and in vivo (Figure 4.8). 
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Figure 4.7. CASP7 and GSDMD are important for NAIP5–NLRC4/CASP1-dependent pore 
formation and restriction of L. pneumophila replication in vivo. (A-C) Bone marrow-derived 
macrophages from C57BL/6, Casp7–/–, Gsdmd–/–, Gsdmd/Casp7–/–, Casp7/1/11–/– and Nlrc4–/– 
mice were left uninfected (NI) or infected with wild type L. pneumophila (WT Lp) or flaA mutants 
(flaA) at an MOI of 10. Pore formation was assessed by Propidium Iodide (PI) uptake. Data are 
expressed as a percentage of PI uptake induced by Triton-X100. (D and E) Bone marrow-
derived macrophages from C57BL/6, Casp1–/–, Casp7–/–, Gsdmd–/– and Gsdmd/Casp7–/– mice 
were stimulated with 4µg/ml Pa and 2µg/ml LFn-Fla (FlaTox). (D) The percentage of propidium 
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iodide uptake was estimated by assessing the fluorescence (RFU). Data is shown as 
percentage of the total PI uptake (estimated using Triton-X100). (E) LDH release was assessed 
4 hours after FlaTox treatment using CytoTox 96® Non-Radioactive Cytotoxicity Assay. (F and 
G) Bone marrow-derived macrophages from C57BL/6, Casp7–/–, Gsdmd–/–, Gsdmd/Casp7–/–, 
Casp7/1/11–/– and Nlrc4–/– mice were infected with WT Lp (F) or flaA (G) expressing luciferase at 
an MOI of 0.015 and bacterial replication was estimated by measuring the luminescence (RLU) 
of each well. *, P<0.05: compared to C57BL/6. Data are presented for one representative 
experiment of two (A-C), one (D-E) and two (F-G) experiments performed with similar results. 
(H) C57BL/6, Casp7–/–, Gsdmd–/–, Gsdmd/Casp7–/– and Nlrc4–/– mice were infected intranasally 
with 105 wild type L. pneumophila, lungs were harvested at the indicated time points and 
homogenates were plated for CFU determination. Each dot represents a single animal, and the 
horizontal lines represent the averages. *, P<0.05. ns, P>0.05. Data presented in (H) are a pool 
of two independent experiments performed.  
 
 

 
 
Figure 4.8. Schematic model illustrating that Gasdermin-D (GSDMD) and Caspase-7 are the 
key substrates of Caspase-1 and Caspase-8 downstream of the NAIP5–NLRC4 inflammasome.	  
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4.3 Discussion 
 

CASP1 activation downstream of the NAIP5–NLRC4 inflammasome is critical for 
restriction of L. pneumophila replication in macrophages and in the lungs of infected 
mice (Case et al., 2013; Cerqueira et al., 2015), but the CASP1 substrates required for 
restriction of bacterial replication are still obscure. Previous work showed CASP7 is 
activated downstream of CASP1 (Akhter et al., 2009; Lamkanfi et al., 2008) and is 
required for restriction of L. pneumophila replication via the NAIP5–NLRC4 
inflammasome (Akhter et al., 2009). Although these data provide a direct link between 
CASP1 and CASP7, our experiments performed with macrophages and mice deficient 
only in CASP7 do not suggest an essential role of CASP7 for restriction of L. 
pneumophila replication in vivo. Indeed, we detected only a modest (less than one log) 
increase in bacterial loads in Casp7–/– compared to C57BL/6 macrophages during L. 
pneumophila growth curves in macrophages (Figures. 4.4A, 4.4B, 4.7F and 4.7G). In 
this study we sought to identify the redundant pathways that operate downstream of 
CASP1 for host resistance to infection. Our data support the hypothesis that 
redundancy between CASP7 and GSDMD explains the minor phenotypes of singly 
deficient Gsdmd–/– and Casp7–/– cells for restriction of L. pneumophila infection. This 
hypothesis is strongly supported by our data indicating that Gsdmd/Casp7–/– double-
deficient mice are highly susceptible to L. pneumophila and phenocopy the Nlrc4–/– mice 
(Figure 4.7).   

We and others have previously shown that CASP8 is also activated by the 
NAIP5–NLRC4 inflammasome, particularly when CASP1 or GSDMD is inhibited or 
missing (Mascarenhas et al., 2017; Rauch et al., 2017; Schneider et al., 2017). As with 
CASP1, the CASP8 substrates required for bacterial restriction have been unclear. 
Interestingly, our data support a model indicating that CASP7 also operates 
downstream of CASP8 when the NAIP5–NLRC4 inflammasome is activated by cytosolic 
flagellin. We speculate that the kinetics of CASP8 activation in this inflammasome is 
slow compared with the quick and robust induction of pyroptosis that occurs via CASP1 
and GSDMD. Therefore, CASP8 activation is preferentially detected in the absence of 
CASP1 and GSDMD. In these conditions, CASP7 is also activated downstream of 
CASP8 and our data using the Casp7/1/11–/– (and the Casp8/1/11–/–) mice and their 
macrophages strongly support the role of CASP7 downstream of CASP8 in the NAIP5–
NLRC4 inflammasome.  Together, our data indicate that CASP1 and CASP8 are the 
primary caspases activated by the NAIP5–NLRC4 inflammasome. Downstream of 
CASP1/8 we have now identified CASP7 and GSDMD as the key substrates required 
for restriction of bacterial replication (Figure 4.8). Our data therefore suggest that there 
is considerable redundancy built into the signaling outputs of the NAIP5–NLRC4 
inflammasome: NAIP5–NLRC4 activates both CASP1 and CASP8; CASP1 can activate 
both GSDMD and CASP7; and CASP8 can activate CASP7 (Orning et al., 2018). We 
speculate that this redundancy may be a mechanism for hosts to ensure responses 
even to pathogens that inhibit specific arms of the response. The identification of the 
critical substrates involved in the restriction of bacterial infection via the NAIP/NLRC4 
inflammasomes provides important information for our understanding of the biology of 
these important platforms that operate for host protection against pathogenic bacteria. 
In response to Yersinia spp. infection, CASP8 was reported to trigger GSDMD 
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activation (Orning et al., 2018; Sarhan et al., 2018). Interestingly, it was recently 
reported that the GSDMD-mediated proinflammatory function of CASP8 is counteracted 
by CASP3-dependent cleavage and inactivation of GSDMD (Chen et al., 2019), 
suggesting that CASP3 suppresses GSDMD-mediated cell lysis during CASP8-induced 
apoptosis. We speculate that this may explain why we did not detect a CASP8-
mediated GSDMD cleavage in Casp1/11–/– macrophages (Figure S4.4) and a robust 
pore formation and LDH release in Casp7/1/11–/– (Figure 4.3 and 4.7B).  

A question that arises from our studies is how CASP7 and GSDMD operate to 
restrict L. pneumophila replication. GSDMD is known to trigger pore formation and 
pyroptosis (Kayagaki et al., 2015; Shi et al., 2015), a process that results in host cell 
death and thereby likely eliminates the intracellular replicative niche. In addition, 
pyroptosis has been proposed to result in formation of pore-induced intracellular traps 
(PITs) in macrophages infected with intracellular bacteria. The formation of PITs may 
help sequester bacteria and lead to their clearance by efferocytosis (Jorgensen et al., 
2016). Our data demonstrate that CASP7 also promotes pore formation and host cell 
death.  Although CASP7 appears to be involved in induction of cell death, the CASP7 
substrates operating to trigger pore formation are still unclear. However, our data 
showing that CASP7 deficiency exerts a significant effect on bacterial replication even 
on a Gsdmd–/– background implies that CASP7 substrates other than GSDMD 
contribute to host defense (Abdelaziz et al., 2011; Akhter et al., 2009). It will be of 
interest to identify these substrates and their mechanisms of action in future studies.  
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4.4 Materials and Methods 
 
Animals 
Mice used in this study were breed and maintained in institutional animal facilities at 
FMRP/USP or at UC Berkeley. Mice used were C57BL/6 (Jax 000664), Casp7–/– (Jax 
006237), Nlrc4–/– (Lara-Tejero et al., 2006), Casp1/11–/– (Li et al., 1995), Asc–/– 
(Sutterwala et al., 2006), Casp11–/– (Kayagaki et al., 2011), Asc/Casp1/11–/– 
(Mascarenhas et al., 2017), Casp8–/– (Rauch et al., 2017), Gsdmd–/– (Rauch et al., 
2017), Casp1–/– (Rauch et al., 2017), Ripk3–/– mice were originally from Xiaodong Wang 
(He et al., 2009) and backcrossed to C57BL/6 by Astar Winoto. Mice deficient in more 
than one gene not described above were generated in this study by intercrossing a F1 
progeny of the parental strains.  
 
Ethics statement 
The care of the mice was in compliance with the institutional guidelines on ethics in 
animal experiments; approved by CETEA (Comissão de Ética em Experimentação 
Animal da Faculdade de Medicina de Ribeirão Preto, approved protocol number 
218/2014). CETEA follow the Brazilian national guidelines recommended by CONCEA 
(Conselho Nacional de Controle em Experimentação Animal). Animal experiments at 
UC Berkeley were approved by the institutional animal care and use committee.  Mice 
were euthanized by CO2 asphyxiation with cervical dislocation as a secondary method. 
 
Bone marrow-derived macrophages 
Bone marrow-derived macrophages were obtained as previously described (Marim et 
al., 2010). Briefly, mice were euthanized and bone marrow cells were obtained from 
femurs and tibias. The cells were cultivated in RPMI 1640 (Gibco, Thermo Fisher 
Scientific, Massachussetts, USA) supplemented with 10-20% Fetal Bovine Serum (FBS) 
(Gibco) and 30% L929-Cell Conditioned Medium (LCCM) and 2 mM L-glutamine 
(Sigma-Aldrich) for 7 days, at 37°C, 5% CO2. In some experiments, instead of 20% 
LCCM it was used 10% of a conditional medium from 3T3 cells stably expressing 
mouse MCSF as a source of macrophage colony stimulation factor. Cells were 
detached with cold PBS, resuspended in RPMI 1640 supplemented with 10% FBS 
(R10) and plated as indicated. For all in vitro experiments, the plates were centrifuged 
at 300 x g for 5 min, room temperature, after cell plating and infection, to ensure 
homogeneous adherence of cells and infection synchronization, respectively. Incubation 
of non-infected and infected cells was done at 37°C, 5% CO2. 
 
Bacteria culture and preparation 
Legionella pneumophila strains used were JR32 and isogenic mutants for flaA and fliI 
as previously described (Pereira et al., 2011b; Ren et al., 2006). For some experiments, 
L. pneumophila strains stably expressing the Photorhabdus luminescens luxCDABE 
operon were used. Bacteria were cultured in Charcoal-Yeast Extract Agar (CYE, 10 g/L 
4-morpholinepropanesulfonic acid [MOPS], 10 g/L Yeast extract, 15 g/L technical agar, 
2 g/L activated charcoal, supplemented with 0.4 g/L L-cysteine and 0.135 g/L Fe(NO3)3) 
at 35-37°C, for 4 days from frozen stocks. Single colonies were streaked on fresh plates 
and allowed to grow for another 2 days. For in vitro infections, bacteria grown on solid 



	 68	

plates were resuspended in autoclaved distilled water and diluted on RPMI as indicated. 
For in vivo infections, bacteria grown on solid plates were resuspended in autoclaved 
distilled water and diluted in Phosphate-buffered saline (PBS) as needed. 
 
Bacterial replication in macrophages 
Experiments to quantify bacterial CFU in macrophages were made in 24-well plates. A 
total of 2 x 105 macrophages were plated per well in R10 and incubated overnight. The 
medium was replaced with the bacterial suspension in R10 with the indicated 
multiplicities of infection (MOIs) for 1hr before being replaced again by fresh R10 media. 
At the indicated time points, the supernatants were collected, cells were lysed with 
autoclaved distilled water and the lysate was added to the supernatants. Dilutions were 
plated on CYE and incubated for 4 days for counting of colony-forming units (CFU). 
Experiments to measure bacterial replication using a luminescence-based replication 
assays were made as previously described (Coers et al., 2007). Briefly, 105 
macrophages/well were plated on white 96-well plates and incubated overnight. The 
medium was replaced with the bacterial suspension in R10 with an MOI of 0.01 or 10. 
At the indicated time points, luminescence emission was measured at 470 nm with a 
Spectra-L plate reader (Molecular Devices, California, USA). 
 
Cell toxicity assay by LDH release 
5 x 105 macrophages/well were plated on 24-well plates in R10 and incubated 
overnight. The medium was replaced with the bacterial suspension (estimated to reach 
an MOI of 10) in RPMI without Phenol Red (3.5 g/L HEPES, 2 g/L NaHCO3, 10.4 g/L 
RPMI without Phenol Red, 1% glutamine, pH 7.2) and incubated for 7h. The 
supernatant was collected and LDH release was measured using CytoTox 96® Non-
Radioactive Cytotoxicity Assay (Promega, Winsconsin, USA) following the 
manufacturer’s instructions. 
 
Pore formation assay 
For estimation of pore formation, 105 macrophages/well were plated on black, clear 
bottom 96-well plates in R10 and incubated overnight. The medium was replaced with 
the bacterial suspension (estimated to reach an MOI of 10) in RPMI without Phenol Red 
and low on NaHCO3 (2 g/L HEPES, 0.38 g/L NaHCO3 10.4 g/L RPMI without Phenol 
Red, 1% glutamine, 2% FBS, pH 7.2), 1:1000 rabbit anti-Legionella antibody and 6 
µL/mL propidium iodide (PI). PI was excited at 538 nm and emission was measured at 
617 nm with a SpectraMax plate reader (Molecular Devices, California, USA). Triton-
X100 1.3% was used as a positive control and for normalization. 
 
Caspase-8 activation assay 
A total of 105 cells/well were plated on white 96-well plates in R10 and incubated 
overnight. The medium was replaced with the bacterial suspension in RPMI without 
Phenol Red and low on NaHCO3 (2 g/L HEPES, 0.38 g/L NaHCO3 10.4 g/L RPMI 
without Phenol Red, 1% glutamine, 2% FBS, pH 7.2) with an MOI of 10 and the plate 
was incubated for 8h. The supernatants were collected and Caspase-8 activation was 
measured using Caspase-Glo 8 Assay (Promega, Winsconsin, USA) following the 
manufacturer’s instructions. 
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Immunoblotting 
To measure caspase and GSDMD cleavage by immunoblot, 106 cells/well were plated 
on 24-well plates (for CASP7 and CASP3) or 48-well plates (for CASP8 and GSDMD) in 
R10 and incubated overnight. The medium was replaced with the bacterial suspension 
in R10 with an MOI of 10 and the plate was incubated for the indicated times. The 
supernatants were discarded (for CASP7 and CASP3) or collected (for CASP8 and 
GSDMD) and cells were lysed with 50 µL of RIPA supplemented with protease inhibitor 
(Complete Protease Inhibitor Cocktail, Roche, Basel, Switzerland). For CASP8 and 
GSDMD, lysates were added to the supernatants. Samples were immediately sonicated 
for 10 min and frozen at -80°C until analysed. A total of 50 µg of protein from each 
sample were run on a 15% acrylamide gel, transferred onto a nitrocellulose membrane 
and the membranes were incubated overnight, at 4°C under mild agitation with Anti-
cleaved CASP7 antibody (rabbit) (Cell Signaling Technologies, Massachussetts, USA) 
diluted 1:1000 in 5% BSA in TBS 1X with 0.01% Tween; or Caspase-8 (D35G2) Rabbit 
mAb (Cell Signaling Technologies, Massachussetts, USA) diluted 1:1000 in 5% non-fat 
dry milk in TBS 1X with 0.01% Tween; Caspase-3 antibody (#9662, Cell Signaling 
Technologies, Massachussetts, USA) diluted 1:1000 in 5% non-fat dry milk in TBS 1X 
with 0.01% Tween; or a rat monoclonal antibody against GSDMD (GN20-13, 
Genentech) diluted 1:1000 in 5% non-fat dry milk in TBS 1X with 0.01% Tween. Actin 
was stained with rabbit anti-α-actin (#A2066, Sigma-Aldrich, Missouri, USA) diluted 
1:5000 in 5% non-fat dry milk in TBS 1X with 0.01% Tween. The membranes were 
incubated for 1h with goat anti-rabbit or anti-rat secondary antibodies (Sigma-Aldrich, 
Missouri, USA) and analyzed using ECL™ Prime Western Blotting System (GE 
Healthcare, Illinois, EUA) and an Amersham Imager 600 (GE Healthcare, Illinois, EUA). 
Bands were quantified using ImageJ.  
 
In vivo replication assays 
All mice were matched by sex and age (all were at least 8 weeks old at the time of 
infection) and were in a C57BL/6 mouse genetic background. For the in vivo 
experiments, approximately 5–7 mice per group were used, as indicated in the figures. 
Mice were infected intranasally with 105 bacteria contained in 40 µL of PBS. The 
animals were anesthetized with ketamine (50mg/kg) and xylazine (10mg/kg) 
intraperitoneally and infected. At the indicated time points, the lungs were harvested 
and macerated for 30 seconds in 5 mL of autoclaved distilled water using a tissue 
homogenizer (Power Gen 125; Thermo Scientific). Dilutions were plated on CYE + 10 
µg/mL of streptomycin and plates were incubated for 4 days at 37°C for CFU counting. 
 
Statistical analysis 
The data were plotted and analyzed using GraphPad Prism 5.0 software. The statistical 
significance was calculated using the Student’s t-test or analysis of variance (ANOVA). 
Differences were considered statistically significant when P was <0.05, as indicated by 
an asterisk in the figures. 
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4.5 Supplemental Figures  
 

 
Figure S4.1. CASP8 is activated in the absence of CASP1/11 and it is important for 
restriction of L. pneumophila replication in macrophages. Macrophages were infected with 
Lp02 WT L. pneumophila (A), Lp02 flaA mutants (B) or Lp02 dotA– mutants (C) expressing 
luciferase at an MOI of 0.015 and bacterial replication was estimated by measuring the 
luminescence (RLU) of each well over 4 days of infection. Statistical significance was calculated 
using Student’s t test. *, P<0.05: compared to C57BL/6. #, P<0.05: compared to 
Casp1/11/Ripk3–/–. 
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Figure S4.2. CASP7 is activated downstream of CASP8 in the NAIP5–NLRC4 
inflammasome in immortalized macrophages. Immortalized macrophages from Casp1/11–/–, 
Asc/Casp1/11–/–, Casp8/1/11/Ripk3–/– and Casp7/1/11–/– mice were left uninfected or infected 
with wild type L. pneumophila (WT Lp, grey bars) or flaA mutants (black bars) at an MOI of 10 
for 8 hours. Caspase-8 activation was measured by immunoblot using anti-Casp8 p18 antibody. 
Bands were quantified using ImageJ.  
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Figure S4.3. CASP7 is important for restriction of L. pneumophila replication in vivo in 
the absence of CASP1/11. Bone marrow-derived macrophages from C57BL/6, Casp7–/–, 
Casp1/11–/–, Casp7/1/11–/–,Casp8/1/11/Ripk3–/– and Nlrc4–/– mice were infected with wild type L. 
pneumophila or flaA mutants. Macrophages were infected at an MOI of 0.015 and bacterial 
replication was assessed by measurement of luminescence (RLU) emitted by luciferase-
expressing bacteria. Statistical significance was calculated using Student’s t test. *, P<0.05.	
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Figure S4.2. GSDMD cleavage in response to L. pneumophila infection for 6 h requires 
flagellin, NLRC4 and CASP1/11. Macrophages from C57BL/6, Casp1/11–/–, Nlrc4–/–, Asc–/– and 
Gsdmd–/– mice were left uninfected (NI) or infected with wild type L. pneumophila (WT Lp) or 
flaA mutants (flaA) at an MOI of 10 for 6 hs. GSDMD cleavage in the supernatants plus cell 
lysates were measured by immunoblot using the anti-GSDMD antibody.  
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Chapter 5: Final thoughts on the evolution of innate immunity to bacteria  
 

I hope that the work in this thesis has shed light on several important concepts 
relating to the evolution of innate immunity to bacteria. The first is that horizontal 
acquisition of bacterial genes is a somewhat common and beneficial strategy employed 
by eukaryotes to both sense and defend against bacterial pathogens. Cnidarians 
acquired the Dae4 gene in order to kill bacteria, and it seems that STING may have 
been acquired initially to sense bacteria; at a minimum, we now know that its activation 
is coupled to antibacterial immunity. It appears that cGAS was also horizontally 
acquired, but it is less clear what the initial function of a newly acquired cGAS gene 
would have been; perhaps further studies elucidating how bacterial CD-NTase enzymes 
are activated will shed light on the contexts in which cGAS acquisition could be 
beneficial.  

In addition, my work shows that the separation of anti-viral and anti-bacterial 
immune responses is not necessarily the norm in nature. Nematostella induce a broad 
range of both anti-viral and anti-bacterial genes upon stimulation with pure 2′3′-cGAMP.  
Further work is required to determine whether this response is specific to the 2′3′-
cGAMP sensing pathway, to Nematostella, or whether our view of the tradeoffs between 
these responses is skewed by our studies of a few model organisms.   

Finally, my work probing the mammalian innate immune system using Legionella 
revealed another important concept in the evolution of innate immune systems: 
redundancy. It is beneficial for hosts to have multiple branching responses downstream 
of pathogen sensing, which would require multiple simultaneous avoidance strategies 
for the pathogen to evade immunity. It can be difficult to study systems with 
redundancy, as single gene knockouts may not reveal a phenotype, and future studies 
should keep this in mind.  

I believe over the next few years, with increasingly sophisticated tools for genetic 
manipulation and structural prediction, we will learn a lot more about the evolution and 
diversity of innate immune systems. A new non-model organism research institute is 
opening soon, and while we do not yet know what their focus will be, I will be surprised 
if they do not study innate immunity in non-model organisms, as innate immune genes 
are likely the most divergent between different species. Perhaps they can use similar 
approaches to what we have done; treat organisms with a range of PAMPs, attempt 
infections with a range of pathogens, and perform RNA-Seq to see what types of genes 
are induced. Structural prediction algorithms can help predict gene function; for 
example, perhaps more divergent cytokines will be unearthed. Genetic knockout 
approaches can elucidate genes important for signal transduction and anti-pathogen 
activities. Finally, recent studies of “non-model” bacterial genes have uncovered the 
bacterial origins of several mammalian immune effectors, for example, gasdermins 
(Johnson et al., 2021) and viperins (Bernheim et al., 2021). This could also work in the 
opposite direction; i.e. discovery of immune genes in non-model organisms could 
illuminate the function of homologs in mammalian systems. I believe that by studying 
the range of immune mechanisms on Earth we can simultaneously learn about 
evolution, immunity, and perhaps even discover the next CRISPR, or some other tool 
equally useful to humanity.    



	 75	

References 
	
Aachoui, Y., Leaf, I.A., Hagar, J.A., Fontana, M.F., Campos, C.G., Zak, D.E., Tan, M.H., 
Cotter, P.A., Vance, R.E., Aderem, A., et al. (2013). Caspase-11 protects against 
bacteria that escape the vacuole. Science 339, 975-978. 

Abdelaziz, D.H., Gavrilin, M.A., Akhter, A., Caution, K., Kotrange, S., Khweek, A.A., 
Abdulrahman, B.A., Hassan, Z.A., El-Sharkawi, F.Z., Bedi, S.S., et al. (2011). Asc-
dependent and independent mechanisms contribute to restriction of legionella 
pneumophila infection in murine macrophages. Front Microbiol 2, 18. 

Abe, T., and Barber, G.N. (2014). Cytosolic-DNA-mediated, STING-dependent 
proinflammatory gene induction necessitates canonical NF-kappaB activation through 
TBK1. Journal of virology 88, 5328-5341. 

Ablasser, A., and Chen, Z.J. (2019). cGAS in action: Expanding roles in immunity and 
inflammation. Science 363. 

Ablasser, A., Goldeck, M., Cavlar, T., Deimling, T., Witte, G., Rohl, I., Hopfner, K.P., 
Ludwig, J., and Hornung, V. (2013). cGAS produces a 2'-5'-linked cyclic dinucleotide 
second messenger that activates STING. Nature 498, 380-384. 

Agard, N.J., Maltby, D., and Wells, J.A. (2010). Inflammatory stimuli regulate caspase 
substrate profiles. Mol Cell Proteomics 9, 880-893. 

Ahn, J., and Barber, G.N. (2019). STING signaling and host defense against microbial 
infection. Exp Mol Med 51, 1-10. 

Akhter, A., Caution, K., Abu Khweek, A., Tazi, M., Abdulrahman, B.A., Abdelaziz, D.H., 
Voss, O.H., Doseff, A.I., Hassan, H., Azad, A.K., et al. (2012). Caspase-11 promotes 
the fusion of phagosomes harboring pathogenic bacteria with lysosomes by modulating 
actin polymerization. Immunity 37, 35-47. 

Akhter, A., Gavrilin, M.A., Frantz, L., Washington, S., Ditty, C., Limoli, D., Day, C., 
Sarkar, A., Newland, C., Butchar, J., et al. (2009). Caspase-7 activation by the 
Nlrc4/Ipaf inflammasome restricts Legionella pneumophila infection. PLoS Pathog 5, 
e1000361. 

Amer, A., Franchi, L., Kanneganti, T.D., Body-Malapel, M., Ozoren, N., Brady, G., 
Meshinchi, S., Jagirdar, R., Gewirtz, A., Akira, S., et al. (2006). Regulation of Legionella 
phagosome maturation and infection through flagellin and host Ipaf. J Biol Chem 281, 
35217-35223. 



	 76	

Anderson, K.V., Bokla, L., and Nusslein-Volhard, C. (1985). Establishment of dorsal-
ventral polarity in the Drosophila embryo: the induction of polarity by the Toll gene 
product. Cell 42, 791-798. 

Andrade, W.A., Agarwal, S., Mo, S., Shaffer, S.A., Dillard, J.P., Schmidt, T., Hornung, 
V., Fitzgerald, K.A., Kurt-Jones, E.A., and Golenbock, D.T. (2016). Type I Interferon 
Induction by Neisseria gonorrhoeae: Dual Requirement of Cyclic GMP-AMP Synthase 
and Toll-like Receptor 4. Cell reports 15, 2438-2448. 

Archer, K.A., Durack, J., and Portnoy, D.A. (2014). STING-dependent type I IFN 
production inhibits cell-mediated immunity to Listeria monocytogenes. PLoS pathogens 
10, e1003861. 

Auerbuch, V., Brockstedt, D.G., Meyer-Morse, N., O'Riordan, M., and Portnoy, D.A. 
(2004). Mice lacking the type I interferon receptor are resistant to Listeria 
monocytogenes. The Journal of experimental medicine 200, 527-533. 

Barbalat, R., Ewald, S.E., Mouchess, M.L., and Barton, G.M. (2011). Nucleic acid 
recognition by the innate immune system. Annual review of immunology 29, 185-214. 

Barker, J.R., Koestler, B.J., Carpenter, V.K., Burdette, D.L., Waters, C.M., Vance, R.E., 
and Valdivia, R.H. (2013). STING-dependent recognition of cyclic di-AMP mediates type 
I interferon responses during Chlamydia trachomatis infection. mBio 4, e00018-00013. 

Barrat, F.J., Elkon, K.B., and Fitzgerald, K.A. (2016). Importance of Nucleic Acid 
Recognition in Inflammation and Autoimmunity. Annual review of medicine 67, 323-336. 

Bauernfeind, F., and Hornung, V. (2013). Of inflammasomes and pathogens--sensing of 
microbes by the inflammasome. EMBO molecular medicine 5, 814-826. 

Bernheim, A., Millman, A., Ofir, G., Meitav, G., Avraham, C., Shomar, H., Rosenberg, 
M.M., Tal, N., Melamed, S., Amitai, G., et al. (2021). Prokaryotic viperins produce 
diverse antiviral molecules. Nature 589, 120-124. 

Boamah, D.K., Zhou, G., Ensminger, A.W., and O'Connor, T.J. (2017). From Many 
Hosts, One Accidental Pathogen: The Diverse Protozoan Hosts of Legionella. Front Cell 
Infect Microbiol 7, 477. 

Brennan, J.J., Messerschmidt, J.L., Williams, L.M., Matthews, B.J., Reynoso, M., and 
Gilmore, T.D. (2017). Sea anemone model has a single Toll-like receptor that can 
function in pathogen detection, NF-kappaB signal transduction, and development. 
Proceedings of the National Academy of Sciences of the United States of America 114, 
E10122-E10131. 



	 77	

Brockhurst, M.A., Chapman, T., King, K.C., Mank, J.E., Paterson, S., and Hurst, G.D. 
(2014). Running with the Red Queen: the role of biotic conflicts in evolution. Proc Biol 
Sci 281. 

Broz, P., and Dixit, V.M. (2016). Inflammasomes: mechanism of assembly, regulation 
and signalling. Nature reviews Immunology 16, 407-420. 

Burdette, D.L., Monroe, K.M., Sotelo-Troha, K., Iwig, J.S., Eckert, B., Hyodo, M., 
Hayakawa, Y., and Vance, R.E. (2011). STING is a direct innate immune sensor of 
cyclic di-GMP. Nature 478, 515-518. 

Burdette, D.L., and Vance, R.E. (2013). STING and the innate immune response to 
nucleic acids in the cytosol. Nature immunology 14, 19-26. 

Burroughs, A.M., and Aravind, L. (2020). Identification of Uncharacterized Components 
of Prokaryotic Immune Systems and Their Diverse Eukaryotic Reformulations. Journal 
of bacteriology 202. 

Cai, H., Holleufer, A., Simonsen, B., Schneider, J., Lemoine, A., Gad, H.H., Huang, J., 
Huang, J., Chen, D., Peng, T., et al. (2020). 2'3'-cGAMP triggers a STING- and NF-
kappaB-dependent broad antiviral response in Drosophila. Science signaling 13. 

Carrero, J.A., Calderon, B., and Unanue, E.R. (2004). Type I interferon sensitizes 
lymphocytes to apoptosis and reduces resistance to Listeria infection. The Journal of 
experimental medicine 200, 535-540. 

Case, C.L., Kohler, L.J., Lima, J.B., Strowig, T., de Zoete, M.R., Flavell, R.A., Zamboni, 
D.S., and Roy, C.R. (2013). Caspase-11 stimulates rapid flagellin-independent 
pyroptosis in response to Legionella pneumophila. Proc Natl Acad Sci U S A 110, 1851-
1856. 

Cash, H.L., Whitham, C.V., Behrendt, C.L., and Hooper, L.V. (2006). Symbiotic bacteria 
direct expression of an intestinal bactericidal lectin. Science 313, 1126-1130. 

Casson, C.N., Copenhaver, A.M., Zwack, E.E., Nguyen, H.T., Strowig, T., Javdan, B., 
Bradley, W.P., Fung, T.C., Flavell, R.A., Brodsky, I.E., et al. (2013). Caspase-11 
activation in response to bacterial secretion systems that access the host cytosol. PLoS 
Pathog 9, e1003400. 

Cerqueira, D.M., Pereira, M.S., Silva, A.L., Cunha, L.D., and Zamboni, D.S. (2015). 
Caspase-1 but Not Caspase-11 Is Required for NLRC4-Mediated Pyroptosis and 
Restriction of Infection by Flagellated Legionella Species in Mouse Macrophages and In 
Vivo. J Immunol 195, 2303-2311. 



	 78	

Chen, H., Sun, H., You, F., Sun, W., Zhou, X., Chen, L., Yang, J., Wang, Y., Tang, H., 
Guan, Y., et al. (2011). Activation of STAT6 by STING is critical for antiviral innate 
immunity. Cell 147, 436-446. 

Chen, K.W., Demarco, B., Heilig, R., Shkarina, K., Boettcher, A., Farady, C.J., Pelczar, 
P., and Broz, P. (2019). Extrinsic and intrinsic apoptosis activate pannexin-1 to drive 
NLRP3 inflammasome assembly. The EMBO journal. 

Chen, Q., Sun, L., and Chen, Z.J. (2016). Regulation and function of the cGAS-STING 
pathway of cytosolic DNA sensing. Nature immunology 17, 1142-1149. 

Chou, S., Daugherty, M.D., Peterson, S.B., Biboy, J., Yang, Y., Jutras, B.L., Fritz-Laylin, 
L.K., Ferrin, M.A., Harding, B.N., Jacobs-Wagner, C., et al. (2015). Transferred 
interbacterial antagonism genes augment eukaryotic innate immune function. Nature 
518, 98-101. 

Chu, H., and Mazmanian, S.K. (2013). Innate immune recognition of the microbiota 
promotes host-microbial symbiosis. Nature immunology 14, 668-675. 

Civril, F., Deimling, T., de Oliveira Mann, C.C., Ablasser, A., Moldt, M., Witte, G., 
Hornung, V., and Hopfner, K.P. (2013). Structural mechanism of cytosolic DNA sensing 
by cGAS. Nature 498, 332-337. 

Coers, J., Vance, R.E., Fontana, M.F., and Dietrich, W.F. (2007). Restriction of 
Legionella pneumophila growth in macrophages requires the concerted action of 
cytokine and Naip5/Ipaf signalling pathways. Cell Microbiol 9, 2344-2357. 

Cohen, D., Melamed, S., Millman, A., Shulman, G., Oppenheimer-Shaanan, Y., Kacen, 
A., Doron, S., Amitai, G., and Sorek, R. (2019). Cyclic GMP-AMP signalling protects 
bacteria against viral infection. Nature 574, 691-695. 

Collins, A.C., Cai, H., Li, T., Franco, L.H., Li, X.D., Nair, V.R., Scharn, C.R., Stamm, 
C.E., Levine, B., Chen, Z.J., et al. (2015). Cyclic GMP-AMP Synthase Is an Innate 
Immune DNA Sensor for Mycobacterium tuberculosis. Cell host & microbe 17, 820-828. 

Danilchanka, O., and Mekalanos, J.J. (2013). Cyclic dinucleotides and the innate 
immune response. Cell 154, 962-970. 

Davies, B.W., Bogard, R.W., Young, T.S., and Mekalanos, J.J. (2012). Coordinated 
regulation of accessory genetic elements produces cyclic di-nucleotides for V. cholerae 
virulence. Cell 149, 358-370. 



	 79	

de Oliveira Mann, C.C., Kiefersauer, R., Witte, G., and Hopfner, K.P. (2016). Structural 
and biochemical characterization of the cell fate determining nucleotidyltransferase fold 
protein MAB21L1. Scientific reports 6, 27498. 

de Oliveira Mann, C.C., Orzalli, M.H., King, D.S., Kagan, J.C., Lee, A.S.Y., and 
Kranzusch, P.J. (2019). Modular Architecture of the STING C-Terminal Tail Allows 
Interferon and NF-kappaB Signaling Adaptation. Cell reports 27, 1165-1175 e1165. 

Denault, J.B., and Salvesen, G.S. (2003). Human caspase-7 activity and regulation by 
its N-terminal peptide. J Biol Chem 278, 34042-34050. 

Dey, B., Dey, R.J., Cheung, L.S., Pokkali, S., Guo, H., Lee, J.H., and Bishai, W.R. 
(2015). A bacterial cyclic dinucleotide activates the cytosolic surveillance pathway and 
mediates innate resistance to tuberculosis. Nature medicine 21, 401-406. 

Diez, E., Lee, S.H., Gauthier, S., Yaraghi, Z., Tremblay, M., Vidal, S., and Gros, P. 
(2003). Birc1e is the gene within the Lgn1 locus associated with resistance to Legionella 
pneumophila. Nature genetics 33, 55-60. 

Diner, E.J., Burdette, D.L., Wilson, S.C., Monroe, K.M., Kellenberger, C.A., Hyodo, M., 
Hayakawa, Y., Hammond, M.C., and Vance, R.E. (2013). The innate immune DNA 
sensor cGAS produces a noncanonical cyclic dinucleotide that activates human STING. 
Cell reports 3, 1355-1361. 

Ding, S.W., and Voinnet, O. (2007). Antiviral immunity directed by small RNAs. Cell 
130, 413-426. 

Doron, S., Melamed, S., Ofir, G., Leavitt, A., Lopatina, A., Keren, M., Amitai, G., and 
Sorek, R. (2018). Systematic discovery of antiphage defense systems in the microbial 
pangenome. Science 359. 

Eaglesham, J.B., McCarty, K.L., and Kranzusch, P.J. (2020). Structures of diverse poxin 
cGAMP nucleases reveal a widespread role for cGAS-STING evasion in host-pathogen 
conflict. Elife 9. 

Eaglesham, J.B., Pan, Y., Kupper, T.S., and Kranzusch, P.J. (2019). Viral and 
metazoan poxins are cGAMP-specific nucleases that restrict cGAS-STING signalling. 
Nature 566, 259-263. 

Ermolaeva, M.A., and Schumacher, B. (2014). Insights from the worm: the C. elegans 
model for innate immunity. Seminars in immunology 26, 303-309. 



	 80	

Feng, Y., He, D., Yao, Z., and Klionsky, D.J. (2014). The machinery of macroautophagy. 
Cell research 24, 24-41. 

Fischer, T.D., Wang, C., Padman, B.S., Lazarou, M., and Youle, R.J. (2020). STING 
induces LC3B lipidation onto single-membrane vesicles via the V-ATPase and 
ATG16L1-WD40 domain. J Cell Biol 219. 

Franzenburg, S., Fraune, S., Kunzel, S., Baines, J.F., Domazet-Loso, T., and Bosch, 
T.C. (2012). MyD88-deficient Hydra reveal an ancient function of TLR signaling in 
sensing bacterial colonizers. Proceedings of the National Academy of Sciences of the 
United States of America 109, 19374-19379. 

Gaidt, M.M., Ebert, T.S., Chauhan, D., Ramshorn, K., Pinci, F., Zuber, S., O'Duill, F., 
Schmid-Burgk, J.L., Hoss, F., Buhmann, R., et al. (2017). The DNA Inflammasome in 
Human Myeloid Cells Is Initiated by a STING-Cell Death Program Upstream of NLRP3. 
Cell 171, 1110-1124 e1118. 

Gal-Ben-Ari, S., Barrera, I., Ehrlich, M., and Rosenblum, K. (2018). PKR: A Kinase to 
Remember. Front Mol Neurosci 11, 480. 

Gan, Z., Chen, S.N., Huang, B., Hou, J., and Nie, P. (2017). Intronless and intron-
containing type I IFN genes coexist in amphibian Xenopus tropicalis: Insights into the 
origin and evolution of type I IFNs in vertebrates. Developmental and comparative 
immunology 67, 166-176. 

Gao, D., Wu, J., Wu, Y.T., Du, F., Aroh, C., Yan, N., Sun, L., and Chen, Z.J. (2013a). 
Cyclic GMP-AMP synthase is an innate immune sensor of HIV and other retroviruses. 
Science 341, 903-906. 

Gao, P., Ascano, M., Wu, Y., Barchet, W., Gaffney, B.L., Zillinger, T., Serganov, A.A., 
Liu, Y., Jones, R.A., Hartmann, G., et al. (2013b). Cyclic [G(2',5')pA(3',5')p] is the 
metazoan second messenger produced by DNA-activated cyclic GMP-AMP synthase. 
Cell 153, 1094-1107. 

Gao, P., Ascano, M., Zillinger, T., Wang, W., Dai, P., Serganov, A.A., Gaffney, B.L., 
Shuman, S., Jones, R.A., Deng, L., et al. (2013c). Structure-function analysis of STING 
activation by c[G(2',5')pA(3',5')p] and targeting by antiviral DMXAA. Cell 154, 748-762. 

Garcia-Sastre, A., and Biron, C.A. (2006). Type 1 interferons and the virus-host 
relationship: a lesson in detente. Science 312, 879-882. 



	 81	

Ge, R., Zhou, Y., Peng, R., Wang, R., Li, M., Zhang, Y., Zheng, C., and Wang, C. 
(2015). Conservation of the STING-Mediated Cytosolic DNA Sensing Pathway in 
Zebrafish. Journal of virology 89, 7696-7706. 

Gilliet, M., Cao, W., and Liu, Y.J. (2008). Plasmacytoid dendritic cells: sensing nucleic 
acids in viral infection and autoimmune diseases. Nature reviews Immunology 8, 594-
606. 

Gilmore, T.D., and Wolenski, F.S. (2012). NF-kappaB: where did it come from and why? 
Immunological reviews 246, 14-35. 

Gluck, S., and Ablasser, A. (2019). Innate immunosensing of DNA in cellular 
senescence. Current opinion in immunology 56, 31-36. 

Goldfarb, T., Sberro, H., Weinstock, E., Cohen, O., Doron, S., Charpak-Amikam, Y., 
Afik, S., Ofir, G., and Sorek, R. (2015). BREX is a novel phage resistance system 
widespread in microbial genomes. The EMBO journal 34, 169-183. 

Goncalves, A.V., Margolis, S.R., Quirino, G.F.S., Mascarenhas, D.P.A., Rauch, I., 
Nichols, R.D., Ansaldo, E., Fontana, M.F., Vance, R.E., and Zamboni, D.S. (2019). 
Gasdermin-D and Caspase-7 are the key Caspase-1/8 substrates downstream of the 
NAIP5/NLRC4 inflammasome required for restriction of Legionella pneumophila. PLoS 
pathogens 15, e1007886. 

Goto, A., Okado, K., Martins, N., Cai, H., Barbier, V., Lamiable, O., Troxler, L., 
Santiago, E., Kuhn, L., Paik, D., et al. (2018). The Kinase IKKbeta Regulates a STING- 
and NF-kappaB-Dependent Antiviral Response Pathway in Drosophila. Immunity 49, 
225-234 e224. 

Goubau, D., Deddouche, S., and Reis e Sousa, C. (2013). Cytosolic sensing of viruses. 
Immunity 38, 855-869. 

Gray, E.E., Winship, D., Snyder, J.M., Child, S.J., Geballe, A.P., and Stetson, D.B. 
(2016). The AIM2-like Receptors Are Dispensable for the Interferon Response to 
Intracellular DNA. Immunity 45, 255-266. 

Green, T.J., and Speck, P. (2018). Antiviral Defense and Innate Immune Memory in the 
Oyster. Viruses 10. 

Gui, X., Yang, H., Li, T., Tan, X., Shi, P., Li, M., Du, F., and Chen, Z.J. (2019). 
Autophagy induction via STING trafficking is a primordial function of the cGAS pathway. 
Nature 567, 262-266. 



	 82	

Gulen, M.F., Koch, U., Haag, S.M., Schuler, F., Apetoh, L., Villunger, A., Radtke, F., 
and Ablasser, A. (2017). Signalling strength determines proapoptotic functions of 
STING. Nature communications 8, 427. 

Hancks, D.C., Hartley, M.K., Hagan, C., Clark, N.L., and Elde, N.C. (2015). Overlapping 
Patterns of Rapid Evolution in the Nucleic Acid Sensors cGAS and OAS1 Suggest a 
Common Mechanism of Pathogen Antagonism and Escape. PLoS genetics 11, 
e1005203. 

Hansen, K., Prabakaran, T., Laustsen, A., Jorgensen, S.E., Rahbaek, S.H., Jensen, 
S.B., Nielsen, R., Leber, J.H., Decker, T., Horan, K.A., et al. (2014). Listeria 
monocytogenes induces IFNbeta expression through an IFI16-, cGAS- and STING-
dependent pathway. The EMBO journal 33, 1654-1666. 

Hayes, B.M., Radkov, A.D., Yarza, F., Flores, S., Kim, J., Zhao, Z., Lexa, K.W., Marnin, 
L., Biboy, J., Bowcut, V., et al. (2020). Ticks Resist Skin Commensals with Immune 
Factor of Bacterial Origin. Cell 183, 1562-1571 e1512. 

He, S., Wang, L., Miao, L., Wang, T., Du, F., Zhao, L., and Wang, X. (2009). Receptor 
interacting protein kinase-3 determines cellular necrotic response to TNF-alpha. Cell 
137, 1100-1111. 

Hirata, H., Takahashi, A., Kobayashi, S., Yonehara, S., Sawai, H., Okazaki, T., 
Yamamoto, K., and Sasada, M. (1998). Caspases are activated in a branched protease 
cascade and control distinct downstream processes in Fas-induced apoptosis. J Exp 
Med 187, 587-600. 

Holleufer, A., Winther, K.G., Gad, H.H., Ai, X., Chen, Y., Li, L., Wei, Z., Deng, H., Liu, J., 
Frederiksen, N.A., et al. (2021). Two cGAS-like receptors induce antiviral immunity in 
Drosophila. Nature. 

Holm, C.K., Rahbek, S.H., Gad, H.H., Bak, R.O., Jakobsen, M.R., Jiang, Z., Hansen, 
A.L., Jensen, S.K., Sun, C., Thomsen, M.K., et al. (2016). Influenza A virus targets a 
cGAS-independent STING pathway that controls enveloped RNA viruses. Nature 
communications 7, 10680. 

Hornung, V., Hartmann, R., Ablasser, A., and Hopfner, K.P. (2014). OAS proteins and 
cGAS: unifying concepts in sensing and responding to cytosolic nucleic acids. Nature 
reviews Immunology 14, 521-528. 

Hua, X., Li, B., Song, L., Hu, C., Li, X., Wang, D., Xiong, Y., Zhao, P., He, H., Xia, Q., et 
al. (2018). Stimulator of interferon genes (STING) provides insect antiviral immunity by 
promoting Dredd caspase-mediated NF-kappaB activation. J Biol Chem 293, 11878-
11890. 



	 83	

Hua, X., Xu, W., Ma, S., and Xia, Q. (2021). STING-dependent autophagy suppresses 
Nosema bombycis infection in silkworms, Bombyx mori. Developmental and 
comparative immunology 115, 103862. 

Huang, Y.H., Liu, X.Y., Du, X.X., Jiang, Z.F., and Su, X.D. (2012). The structural basis 
for the sensing and binding of cyclic di-GMP by STING. Nature structural & molecular 
biology 19, 728-730. 

Huang, Z.X., Xiang, J.W., Zhou, L., Nie, Q., Wang, L., Chen, Z.G., Hu, X.H., Xiao, Y., 
Qing, W.J., Liu, Y.F., et al. (2016). The Male Abnormal Gene Family 21 (Mab21) 
Members Regulate Eye Development. Current molecular medicine 16, 660-667. 

Ikmi, A., McKinney, S.A., Delventhal, K.M., and Gibson, M.C. (2014). TALEN and 
CRISPR/Cas9-mediated genome editing in the early-branching metazoan Nematostella 
vectensis. Nature communications 5, 5486. 

Irazoqui, J.E., Urbach, J.M., and Ausubel, F.M. (2010). Evolution of host innate defence: 
insights from Caenorhabditis elegans and primitive invertebrates. Nature reviews 
Immunology 10, 47-58. 

Ishikawa, H., and Barber, G.N. (2008). STING is an endoplasmic reticulum adaptor that 
facilitates innate immune signalling. Nature 455, 674-678. 

Ji, D.X., Yamashiro, L.H., Chen, K.J., Mukaida, N., Kramnik, I., Darwin, K.H., and 
Vance, R.E. (2019). Type I interferon-driven susceptibility to Mycobacterium 
tuberculosis is mediated by IL-1Ra. Nat Microbiol 4, 2128-2135. 

Jin, L., Hill, K.K., Filak, H., Mogan, J., Knowles, H., Zhang, B., Perraud, A.L., Cambier, 
J.C., and Lenz, L.L. (2011). MPYS is required for IFN response factor 3 activation and 
type I IFN production in the response of cultured phagocytes to bacterial second 
messengers cyclic-di-AMP and cyclic-di-GMP. Journal of immunology 187, 2595-2601. 

Johnson, A.G., Wein, T., Mayer, M.L., Duncan-Lowey, B., Yirmiya, E., Oppenheimer-
Shaanan, Y., Amitai, G., Sorek, R., and Kranzusch, P.J. (2021). Bacterial gasdermins 
reveal an ancient mechanism of cell death. bioRxiv, 2021.2006.2007.447441. 

Jones, J.D., Vance, R.E., and Dangl, J.L. (2016). Intracellular innate immune 
surveillance devices in plants and animals. Science 354. 

Jorgensen, I., Zhang, Y., Krantz, B.A., and Miao, E.A. (2016). Pyroptosis triggers pore-
induced intracellular traps (PITs) that capture bacteria and lead to their clearance by 
efferocytosis. J Exp Med 213, 2113-2128. 



	 84	

Kaplan Zeevi, M., Shafir, N.S., Shaham, S., Friedman, S., Sigal, N., Nir Paz, R., 
Boneca, I.G., and Herskovits, A.A. (2013). Listeria monocytogenes multidrug resistance 
transporters and cyclic di-AMP, which contribute to type I interferon induction, play a 
role in cell wall stress. Journal of bacteriology 195, 5250-5261. 

Karabulut, A., He, S., Chen, C.Y., McKinney, S.A., and Gibson, M.C. (2019). 
Electroporation of short hairpin RNAs for rapid and efficient gene knockdown in the 
starlet sea anemone, Nematostella vectensis. Developmental biology 448, 7-15. 

Kayagaki, N., Stowe, I.B., Lee, B.L., O'Rourke, K., Anderson, K., Warming, S., Cuellar, 
T., Haley, B., Roose-Girma, M., Phung, Q.T., et al. (2015). Caspase-11 cleaves 
gasdermin D for non-canonical inflammasome signalling. Nature 526, 666-671. 

Kayagaki, N., Warming, S., Lamkanfi, M., Vande Walle, L., Louie, S., Dong, J., Newton, 
K., Qu, Y., Liu, J., Heldens, S., et al. (2011). Non-canonical inflammasome activation 
targets caspase-11. Nature 479, 117-121. 

Kimmey, J.M., Huynh, J.P., Weiss, L.A., Park, S., Kambal, A., Debnath, J., Virgin, H.W., 
and Stallings, C.L. (2015). Unique role for ATG5 in neutrophil-mediated 
immunopathology during M. tuberculosis infection. Nature 528, 565-569. 

Kimmey, J.M., and Stallings, C.L. (2016). Bacterial Pathogens versus Autophagy: 
Implications for Therapeutic Interventions. Trends in molecular medicine 22, 1060-1076. 

Kofoed, E.M., and Vance, R.E. (2011). Innate immune recognition of bacterial ligands 
by NAIPs determines inflammasome specificity. Nature 477, 592-595. 

Konno, H., Konno, K., and Barber, G.N. (2013). Cyclic dinucleotides trigger ULK1 
(ATG1) phosphorylation of STING to prevent sustained innate immune signaling. Cell 
155, 688-698. 

Kotov, D.I., Pengo, T., Mitchell, J.S., Gastinger, M.J., and Jenkins, M.K. (2019). 
Chrysalis: A New Method for High-Throughput Histo-Cytometry Analysis of Images and 
Movies. Journal of immunology 202, 300-308. 

Kovacs, S.B., and Miao, E.A. (2017). Gasdermins: Effectors of Pyroptosis. Trends Cell 
Biol 27, 673-684. 

Kranzusch, P.J. (2019). cGAS and CD-NTase enzymes: structure, mechanism, and 
evolution. Curr Opin Struct Biol 59, 178-187. 



	 85	

Kranzusch, P.J., Lee, A.S., Berger, J.M., and Doudna, J.A. (2013). Structure of human 
cGAS reveals a conserved family of second-messenger enzymes in innate immunity. 
Cell reports 3, 1362-1368. 

Kranzusch, P.J., Lee, A.S., Wilson, S.C., Solovykh, M.S., Vance, R.E., Berger, J.M., 
and Doudna, J.A. (2014). Structure-guided reprogramming of human cGAS dinucleotide 
linkage specificity. Cell 158, 1011-1021. 

Kranzusch, P.J., Wilson, S.C., Lee, A.S., Berger, J.M., Doudna, J.A., and Vance, R.E. 
(2015). Ancient Origin of cGAS-STING Reveals Mechanism of Universal 2',3' cGAMP 
Signaling. Molecular cell 59, 891-903. 

Lamkanfi, M., Kanneganti, T.D., Van Damme, P., Vanden Berghe, T., Vanoverberghe, 
I., Vandekerckhove, J., Vandenabeele, P., Gevaert, K., and Nunez, G. (2008). Targeted 
peptidecentric proteomics reveals caspase-7 as a substrate of the caspase-1 
inflammasomes. Mol Cell Proteomics 7, 2350-2363. 

Lara-Tejero, M., Sutterwala, F.S., Ogura, Y., Grant, E.P., Bertin, J., Coyle, A.J., Flavell, 
R.A., and Galan, J.E. (2006). Role of the caspase-1 inflammasome in Salmonella 
typhimurium pathogenesis. J Exp Med 203, 1407-1412. 

Lau, R.K., Ye, Q., Birkholz, E.A., Berg, K.R., Patel, L., Mathews, I.T., Watrous, J.D., 
Ego, K., Whiteley, A.T., Lowey, B., et al. (2020). Structure and Mechanism of a Cyclic 
Trinucleotide-Activated Bacterial Endonuclease Mediating Bacteriophage Immunity. 
Molecular cell 77, 723-733 e726. 

Layden, M.J., Rentzsch, F., and Rottinger, E. (2016). The rise of the starlet sea 
anemone Nematostella vectensis as a model system to investigate development and 
regeneration. Wiley interdisciplinary reviews Developmental biology 5, 408-428. 

Layden, M.J., Rottinger, E., Wolenski, F.S., Gilmore, T.D., and Martindale, M.Q. (2013). 
Microinjection of mRNA or morpholinos for reverse genetic analysis in the starlet sea 
anemone, Nematostella vectensis. Nat Protoc 8, 924-934. 

Levashina, E.A., Langley, E., Green, C., Gubb, D., Ashburner, M., Hoffmann, J.A., and 
Reichhart, J.M. (1999). Constitutive activation of toll-mediated antifungal defense in 
serpin-deficient Drosophila. Science 285, 1917-1919. 

Levine, B., Mizushima, N., and Virgin, H.W. (2011). Autophagy in immunity and 
inflammation. Nature 469, 323-335. 



	 86	

Levy, S., Elek, A., Grau-Bove, X., Menendez-Bravo, S., Iglesias, M., Tanay, A., Mass, 
T., and Sebe-Pedros, A. (2021). A stony coral cell atlas illuminates the molecular and 
cellular basis of coral symbiosis, calcification, and immunity. Cell. 

Lewandowska, M., Sharoni, T., Admoni, Y., Aharoni, R., and Moran, Y. (2020). 
Functional characterization of the cnidarian antiviral immune response reveals ancestral 
complexity. bioRxiv, 2020.2011.2012.379735. 

Li, P., Allen, H., Banerjee, S., Franklin, S., Herzog, L., Johnston, C., McDowell, J., 
Paskind, M., Rodman, L., Salfeld, J., et al. (1995). Mice deficient in IL-1 beta-converting 
enzyme are defective in production of mature IL-1 beta and resistant to endotoxic 
shock. Cell 80, 401-411. 

Li, X., Shu, C., Yi, G., Chaton, C.T., Shelton, C.L., Diao, J., Zuo, X., Kao, C.C., Herr, 
A.B., and Li, P. (2013a). Cyclic GMP-AMP synthase is activated by double-stranded 
DNA-induced oligomerization. Immunity 39, 1019-1031. 

Li, X.D., Wu, J., Gao, D., Wang, H., Sun, L., and Chen, Z.J. (2013b). Pivotal roles of 
cGAS-cGAMP signaling in antiviral defense and immune adjuvant effects. Science 341, 
1390-1394. 

Liang, Q., Seo, G.J., Choi, Y.J., Kwak, M.J., Ge, J., Rodgers, M.A., Shi, M., Leslie, B.J., 
Hopfner, K.P., Ha, T., et al. (2014). Crosstalk between the cGAS DNA sensor and 
Beclin-1 autophagy protein shapes innate antimicrobial immune responses. Cell host & 
microbe 15, 228-238. 

Lightfield, K.L., Persson, J., Brubaker, S.W., Witte, C.E., von Moltke, J., Dunipace, E.A., 
Henry, T., Sun, Y.H., Cado, D., Dietrich, W.F., et al. (2008). Critical function for Naip5 in 
inflammasome activation by a conserved carboxy-terminal domain of flagellin. Nat 
Immunol 9, 1171-1178. 

Liongue, C., Sertori, R., and Ward, A.C. (2016). Evolution of Cytokine Receptor 
Signaling. Journal of immunology 197, 11-18. 

Liu, S., Cai, X., Wu, J., Cong, Q., Chen, X., Li, T., Du, F., Ren, J., Wu, Y.T., Grishin, 
N.V., et al. (2015). Phosphorylation of innate immune adaptor proteins MAVS, STING, 
and TRIF induces IRF3 activation. Science 347, aaa2630. 

Liu, Y., Gordesky-Gold, B., Leney-Greene, M., Weinbren, N.L., Tudor, M., and Cherry, 
S. (2018). Inflammation-Induced, STING-Dependent Autophagy Restricts Zika Virus 
Infection in the Drosophila Brain. Cell host & microbe 24, 57-68 e53. 



	 87	

Lopatina, A., Tal, N., and Sorek, R. (2020). Abortive Infection: Bacterial Suicide as an 
Antiviral Immune Strategy. Annu Rev Virol 7, 371-384. 

Louie, A., Bhandula, V., and Portnoy, D.A. (2020). Secretion of c-di-AMP by Listeria 
monocytogenes Leads to a STING-Dependent Antibacterial Response during 
Enterocolitis. Infection and immunity 88. 

Lowey, B., Whiteley, A.T., Keszei, A.F.A., Morehouse, B.R., Mathews, I.T., Antine, S.P., 
Cabrera, V.J., Kashin, D., Niemann, P., Jain, M., et al. (2020). CBASS Immunity Uses 
CARF-Related Effectors to Sense 3'-5'- and 2'-5'-Linked Cyclic Oligonucleotide Signals 
and Protect Bacteria from Phage Infection. Cell 182, 38-49 e17. 

Man, S.M., Tourlomousis, P., Hopkins, L., Monie, T.P., Fitzgerald, K.A., and Bryant, 
C.E. (2013). Salmonella infection induces recruitment of Caspase-8 to the 
inflammasome to modulate IL-1beta production. J Immunol 191, 5239-5246. 

Margolis, S.R., Dietzen, P.A., Hayes, B.M., Wilson, S.C., Remick, B.C., Chou, S., and 
Vance, R.E. (2021). The STING ligand 2’3’-cGAMP induces an NF-κB-dependent anti-
bacterial innate immune response in the starlet sea anemone Nematostella vectensis. 
bioRxiv. 

Margolis, S.R., Wilson, S.C., and Vance, R.E. (2017). Evolutionary Origins of cGAS-
STING Signaling. Trends Immunol 38, 733-743. 

Marim, F.M., Silveira, T.N., Lima, D.S., Jr., and Zamboni, D.S. (2010). A method for 
generation of bone marrow-derived macrophages from cryopreserved mouse bone 
marrow cells. PLoS One 5, e15263. 

Martin, M., Hiroyasu, A., Guzman, R.M., Roberts, S.A., and Goodman, A.G. (2018). 
Analysis of Drosophila STING Reveals an Evolutionarily Conserved Antimicrobial 
Function. Cell reports 23, 3537-3550 e3536. 

Mascarenhas, D.P.A., Cerqueira, D.M., Pereira, M.S.F., Castanheira, F.V.S., 
Fernandes, T.D., Manin, G.Z., Cunha, L.D., and Zamboni, D.S. (2017). Inhibition of 
caspase-1 or gasdermin-D enable caspase-8 activation in the Naip5/NLRC4/ASC 
inflammasome. PLoS Pathog 13, e1006502. 

Mazgaeen, L., and Gurung, P. (2020). Recent Advances in Lipopolysaccharide 
Recognition Systems. Int J Mol Sci 21. 

McNab, F., Mayer-Barber, K., Sher, A., Wack, A., and O'Garra, A. (2015). Type I 
interferons in infectious disease. Nature reviews Immunology 15, 87-103. 



	 88	

McWhirter, S.M., Barbalat, R., Monroe, K.M., Fontana, M.F., Hyodo, M., Joncker, N.T., 
Ishii, K.J., Akira, S., Colonna, M., Chen, Z.J., et al. (2009). A host type I interferon 
response is induced by cytosolic sensing of the bacterial second messenger cyclic-di-
GMP. The Journal of experimental medicine 206, 1899-1911. 

Miller, D.J., Hemmrich, G., Ball, E.E., Hayward, D.C., Khalturin, K., Funayama, N., 
Agata, K., and Bosch, T.C. (2007). The innate immune repertoire in cnidaria--ancestral 
complexity and stochastic gene loss. Genome Biol 8, R59. 

Molofsky, A.B., Byrne, B.G., Whitfield, N.N., Madigan, C.A., Fuse, E.T., Tateda, K., and 
Swanson, M.S. (2006). Cytosolic recognition of flagellin by mouse macrophages 
restricts Legionella pneumophila infection. J Exp Med 203, 1093-1104. 

Morehouse, B.R., Govande, A.A., Millman, A., Keszei, A.F.A., Lowey, B., Ofir, G., Shao, 
S., Sorek, R., and Kranzusch, P.J. (2020). STING cyclic dinucleotide sensing originated 
in bacteria. Nature 586, 429-433. 

Mozzi, A., Pontremoli, C., Forni, D., Clerici, M., Pozzoli, U., Bresolin, N., Cagliani, R., 
and Sironi, M. (2015). OASes and STING: adaptive evolution in concert. Genome 
biology and evolution 7, 1016-1032. 

Muller, U., Steinhoff, U., Reis, L.F., Hemmi, S., Pavlovic, J., Zinkernagel, R.M., and 
Aguet, M. (1994). Functional role of type I and type II interferons in antiviral defense. 
Science 264, 1918-1921. 

Narayanan, K.B., and Park, H.H. (2015). Toll/interleukin-1 receptor (TIR) domain-
mediated cellular signaling pathways. Apoptosis : an international journal on 
programmed cell death 20, 196-209. 

NCBI  (https://www.ncbi.nlm.nih.gov/genome/browse/	-	!/overview/). 

O'Connell, R.M., Saha, S.K., Vaidya, S.A., Bruhn, K.W., Miranda, G.A., Zarnegar, B., 
Perry, A.K., Nguyen, B.O., Lane, T.F., Taniguchi, T., et al. (2004). Type I interferon 
production enhances susceptibility to Listeria monocytogenes infection. The Journal of 
experimental medicine 200, 437-445. 

Oberst, A., Dillon, C.P., Weinlich, R., McCormick, L.L., Fitzgerald, P., Pop, C., Hakem, 
R., Salvesen, G.S., and Green, D.R. (2011). Catalytic activity of the caspase-8-FLIP(L) 
complex inhibits RIPK3-dependent necrosis. Nature 471, 363-367. 

Ofir, G., Melamed, S., Sberro, H., Mukamel, Z., Silverman, S., Yaakov, G., Doron, S., 
and Sorek, R. (2018). DISARM is a widespread bacterial defence system with broad 
anti-phage activities. Nat Microbiol 3, 90-98. 



	 89	

Orning, P., Weng, D., Starheim, K., Ratner, D., Best, Z., Lee, B., Brooks, A., Xia, S., 
Wu, H., Kelliher, M.A., et al. (2018). Pathogen blockade of TAK1 triggers caspase-8-
dependent cleavage of gasdermin D and cell death. Science. 

Ouyang, S., Song, X., Wang, Y., Ru, H., Shaw, N., Jiang, Y., Niu, F., Zhu, Y., Qiu, W., 
Parvatiyar, K., et al. (2012). Structural analysis of the STING adaptor protein reveals a 
hydrophobic dimer interface and mode of cyclic di-GMP binding. Immunity 36, 1073-
1086. 

Paludan, S.R., Reinert, L.S., and Hornung, V. (2019). DNA-stimulated cell death: 
implications for host defence, inflammatory diseases and cancer. Nature reviews 
Immunology 19, 141-153. 

Paradkar, P.N., Trinidad, L., Voysey, R., Duchemin, J.B., and Walker, P.J. (2012). 
Secreted Vago restricts West Nile virus infection in Culex mosquito cells by activating 
the Jak-STAT pathway. Proceedings of the National Academy of Sciences of the United 
States of America 109, 18915-18920. 

Pereira, M.S., Marques, G.G., Dellama, J.E., and Zamboni, D.S. (2011a). The Nlrc4 
Inflammasome Contributes to Restriction of Pulmonary Infection by Flagellated 
Legionella spp. that Trigger Pyroptosis. Front Microbiol 2, 33. 

Pereira, M.S., Morgantetti, G.F., Massis, L.M., Horta, C.V., Hori, J.I., and Zamboni, D.S. 
(2011b). Activation of NLRC4 by flagellated bacteria triggers caspase-1-dependent and 
-independent responses to restrict Legionella pneumophila replication in macrophages 
and in vivo. J Immunol 187, 6447-6455. 

Putnam, N.H., Srivastava, M., Hellsten, U., Dirks, B., Chapman, J., Salamov, A., Terry, 
A., Shapiro, H., Lindquist, E., Kapitonov, V.V., et al. (2007). Sea anemone genome 
reveals ancestral eumetazoan gene repertoire and genomic organization. Science 317, 
86-94. 

Rahme, L.G., Ausubel, F.M., Cao, H., Drenkard, E., Goumnerov, B.C., Lau, G.W., 
Mahajan-Miklos, S., Plotnikova, J., Tan, M.W., Tsongalis, J., et al. (2000). Plants and 
animals share functionally common bacterial virulence factors. Proceedings of the 
National Academy of Sciences of the United States of America 97, 8815-8821. 

Rauch, I., Deets, K.A., Ji, D.X., von Moltke, J., Tenthorey, J.L., Lee, A.Y., Philip, N.H., 
Ayres, J.S., Brodsky, I.E., Gronert, K., et al. (2017). NAIP-NLRC4 Inflammasomes 
Coordinate Intestinal Epithelial Cell Expulsion with Eicosanoid and IL-18 Release via 
Activation of Caspase-1 and -8. Immunity 46, 649-659. 



	 90	

Reitzel, A.M., Sullivan, J.C., Traylor-Knowles, N., and Finnerty, J.R. (2008). Genomic 
survey of candidate stress-response genes in the estuarine anemone Nematostella 
vectensis. Biol Bull 214, 233-254. 

Ren, T., Zamboni, D.S., Roy, C.R., Dietrich, W.F., and Vance, R.E. (2006). Flagellin-
deficient Legionella mutants evade caspase-1- and Naip5-mediated macrophage 
immunity. PLoS Pathog 2, e18. 

Richards, A.M., Von Dwingelo, J.E., Price, C.T., and Abu Kwaik, Y. (2013). Cellular 
microbiology and molecular ecology of Legionella-amoeba interaction. Virulence 4, 307-
314. 

Roers, A., Hiller, B., and Hornung, V. (2016). Recognition of Endogenous Nucleic Acids 
by the Innate Immune System. Immunity 44, 739-754. 

Russell, A.B., Hood, R.D., Bui, N.K., LeRoux, M., Vollmer, W., and Mougous, J.D. 
(2011). Type VI secretion delivers bacteriolytic effectors to target cells. Nature 475, 343-
347. 

Saitoh, T., Fujita, N., Hayashi, T., Takahara, K., Satoh, T., Lee, H., Matsunaga, K., 
Kageyama, S., Omori, H., Noda, T., et al. (2009). Atg9a controls dsDNA-driven dynamic 
translocation of STING and the innate immune response. Proceedings of the National 
Academy of Sciences of the United States of America 106, 20842-20846. 

Sarhan, J., Liu, B.C., Muendlein, H.I., Li, P., Nilson, R., Tang, A.Y., Rongvaux, A., 
Bunnell, S.C., Shao, F., Green, D.R., et al. (2018). Caspase-8 induces cleavage of 
gasdermin D to elicit pyroptosis during Yersinia infection. Proc Natl Acad Sci U S A 115, 
E10888-E10897. 

Sauer, J.D., Sotelo-Troha, K., von Moltke, J., Monroe, K.M., Rae, C.S., Brubaker, S.W., 
Hyodo, M., Hayakawa, Y., Woodward, J.J., Portnoy, D.A., et al. (2011). The N-ethyl-N-
nitrosourea-induced Goldenticket mouse mutant reveals an essential function of Sting in 
the in vivo interferon response to Listeria monocytogenes and cyclic dinucleotides. 
Infection and immunity 79, 688-694. 

Schaap, P. (2013). Cyclic di-nucleotide signaling enters the eukaryote domain. IUBMB 
life 65, 897-903. 

Schneider, K.S., Gross, C.J., Dreier, R.F., Saller, B.S., Mishra, R., Gorka, O., Heilig, R., 
Meunier, E., Dick, M.S., Cikovic, T., et al. (2017). The Inflammasome Drives GSDMD-
Independent Secondary Pyroptosis and IL-1 Release in the Absence of Caspase-1 
Protease Activity. Cell Rep 21, 3846-3859. 



	 91	

Schoggins, J.W. (2019). Interferon-Stimulated Genes: What Do They All Do? Annu Rev 
Virol 6, 567-584. 

Schroder, K., and Tschopp, J. (2010). The inflammasomes. Cell 140, 821-832. 

Schultz, U., Kaspers, B., and Staeheli, P. (2004). The interferon system of non-
mammalian vertebrates. Developmental and comparative immunology 28, 499-508. 

Severin, G.B., Ramliden, M.S., Hawver, L.A., Wang, K., Pell, M.E., Kieninger, A.K., 
Khataokar, A., O'Hara, B.J., Behrmann, L.V., Neiditch, M.B., et al. (2018). Direct 
activation of a phospholipase by cyclic GMP-AMP in El Tor Vibrio cholerae. 
Proceedings of the National Academy of Sciences of the United States of America 115, 
E6048-E6055. 

Shang, G., Zhang, C., Chen, Z.J., Bai, X.C., and Zhang, X. (2019). Cryo-EM structures 
of STING reveal its mechanism of activation by cyclic GMP-AMP. Nature 567, 389-393. 

Shang, G., Zhu, D., Li, N., Zhang, J., Zhu, C., Lu, D., Liu, C., Yu, Q., Zhao, Y., Xu, S., et 
al. (2012). Crystal structures of STING protein reveal basis for recognition of cyclic di-
GMP. Nature structural & molecular biology 19, 725-727. 

Shao, W., Yeretssian, G., Doiron, K., Hussain, S.N., and Saleh, M. (2007). The 
caspase-1 digestome identifies the glycolysis pathway as a target during infection and 
septic shock. J Biol Chem 282, 36321-36329. 

Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., Zhuang, Y., Cai, T., Wang, F., 
and Shao, F. (2015). Cleavage of GSDMD by inflammatory caspases determines 
pyroptotic cell death. Nature 526, 660-665. 

Shu, C., Yi, G., Watts, T., Kao, C.C., and Li, P. (2012). Structure of STING bound to 
cyclic di-GMP reveals the mechanism of cyclic dinucleotide recognition by the immune 
system. Nature structural & molecular biology 19, 722-724. 

Silveira, T.N., and Zamboni, D.S. (2010). Pore formation triggered by Legionella spp. is 
an Nlrc4 inflammasome-dependent host cell response that precedes pyroptosis. Infect 
Immun 78, 1403-1413. 

Slavik, K.M., Morehouse, B.R., Ragucci, A.E., Zhou, W., Ai, X., Chen, Y., Li, L., Wei, Z., 
Bahre, H., Konig, M., et al. (2021). cGAS-like receptors sense RNA and control 3'2'-
cGAMP signaling in Drosophila. Nature. 

Sokol, C.L., and Luster, A.D. (2015). The chemokine system in innate immunity. Cold 
Spring Harb Perspect Biol 7. 



	 92	

Stefanik, D.J., Friedman, L.E., and Finnerty, J.R. (2013). Collecting, rearing, spawning 
and inducing regeneration of the starlet sea anemone, Nematostella vectensis. Nat 
Protoc 8, 916-923. 

Stetson, D.B., and Medzhitov, R. (2006). Type I interferons in host defense. Immunity 
25, 373-381. 

Storek, K.M., Gertsvolf, N.A., Ohlson, M.B., and Monack, D.M. (2015). cGAS and Ifi204 
cooperate to produce type I IFNs in response to Francisella infection. Journal of 
immunology 194, 3236-3245. 

Sun, L., Wu, J., Du, F., Chen, X., and Chen, Z.J. (2013). Cyclic GMP-AMP synthase is a 
cytosolic DNA sensor that activates the type I interferon pathway. Science 339, 786-
791. 

Sutterwala, F.S., Ogura, Y., Szczepanik, M., Lara-Tejero, M., Lichtenberger, G.S., 
Grant, E.P., Bertin, J., Coyle, A.J., Galan, J.E., Askenase, P.W., et al. (2006). Critical 
role for NALP3/CIAS1/Cryopyrin in innate and adaptive immunity through its regulation 
of caspase-1. Immunity 24, 317-327. 

Sze, A., Belgnaoui, S.M., Olagnier, D., Lin, R., Hiscott, J., and van Grevenynghe, J. 
(2013). Host restriction factor SAMHD1 limits human T cell leukemia virus type 1 
infection of monocytes via STING-mediated apoptosis. Cell host & microbe 14, 422-434. 

Tanaka, Y., and Chen, Z.J. (2012). STING specifies IRF3 phosphorylation by TBK1 in 
the cytosolic DNA signaling pathway. Science signaling 5, ra20. 

Tenthorey, J.L., Haloupek, N., Lopez-Blanco, J.R., Grob, P., Adamson, E., Hartenian, 
E., Lind, N.A., Bourgeois, N.M., Chacon, P., Nogales, E., et al. (2017). The structural 
basis of flagellin detection by NAIP5: A strategy to limit pathogen immune evasion. 
Science 358, 888-893. 

Vitak, N., Hume, D.A., Chappell, K.J., Sester, D.P., and Stacey, K.J. (2016). Induction of 
interferon and cell death in response to cytosolic DNA in chicken macrophages. 
Developmental and comparative immunology 59, 145-152. 

von Moltke, J., Ayres, J.S., Kofoed, E.M., Chavarria-Smith, J., and Vance, R.E. (2013). 
Recognition of bacteria by inflammasomes. Annu Rev Immunol 31, 73-106. 

von Moltke, J., Trinidad, N.J., Moayeri, M., Kintzer, A.F., Wang, S.B., van Rooijen, N., 
Brown, C.R., Krantz, B.A., Leppla, S.H., Gronert, K., et al. (2012). Rapid induction of 
inflammatory lipid mediators by the inflammasome in vivo. Nature 490, 107-111. 



	 93	

Wang, P.H., Weng, S.P., and He, J.G. (2015). Nucleic acid-induced antiviral immunity in 
invertebrates: an evolutionary perspective. Developmental and comparative 
immunology 48, 291-296. 

Wassermann, R., Gulen, M.F., Sala, C., Perin, S.G., Lou, Y., Rybniker, J., Schmid-
Burgk, J.L., Schmidt, T., Hornung, V., Cole, S.T., et al. (2015). Mycobacterium 
tuberculosis Differentially Activates cGAS- and Inflammasome-Dependent Intracellular 
Immune Responses through ESX-1. Cell host & microbe 17, 799-810. 

Watson, R.O., Bell, S.L., MacDuff, D.A., Kimmey, J.M., Diner, E.J., Olivas, J., Vance, 
R.E., Stallings, C.L., Virgin, H.W., and Cox, J.S. (2015). The Cytosolic Sensor cGAS 
Detects Mycobacterium tuberculosis DNA to Induce Type I Interferons and Activate 
Autophagy. Cell host & microbe 17, 811-819. 

Watson, R.O., Manzanillo, P.S., and Cox, J.S. (2012). Extracellular M. tuberculosis DNA 
targets bacteria for autophagy by activating the host DNA-sensing pathway. Cell 150, 
803-815. 

Whiteley, A.T., Eaglesham, J.B., de Oliveira Mann, C.C., Morehouse, B.R., Lowey, B., 
Nieminen, E.A., Danilchanka, O., King, D.S., Lee, A.S.Y., Mekalanos, J.J., et al. (2019). 
Bacterial cGAS-like enzymes synthesize diverse nucleotide signals. Nature 567, 194-
199. 

Witte, C.E., Whiteley, A.T., Burke, T.P., Sauer, J.D., Portnoy, D.A., and Woodward, J.J. 
(2013). Cyclic di-AMP is critical for Listeria monocytogenes growth, cell wall 
homeostasis, and establishment of infection. mBio 4, e00282-00213. 

Wolenski, F.S., Bradham, C.A., Finnerty, J.R., and Gilmore, T.D. (2013a). NF-kappaB is 
required for cnidocyte development in the sea anemone Nematostella vectensis. 
Developmental biology 373, 205-215. 

Wolenski, F.S., Garbati, M.R., Lubinski, T.J., Traylor-Knowles, N., Dresselhaus, E., 
Stefanik, D.J., Goucher, H., Finnerty, J.R., and Gilmore, T.D. (2011). Characterization of 
the core elements of the NF-kappaB signaling pathway of the sea anemone 
Nematostella vectensis. Molecular and cellular biology 31, 1076-1087. 

Wolenski, F.S., Layden, M.J., Martindale, M.Q., Gilmore, T.D., and Finnerty, J.R. 
(2013b). Characterizing the spatiotemporal expression of RNAs and proteins in the 
starlet sea anemone, Nematostella vectensis. Nat Protoc 8, 900-915. 

Wong, R.L., and Chow, K.L. (2002). Depletion of Mab21l1 and Mab21l2 messages in 
mouse embryo arrests axial turning, and impairs notochord and neural tube 
differentiation. Teratology 65, 70-77. 



	 94	

Woodward, J.J., Iavarone, A.T., and Portnoy, D.A. (2010). c-di-AMP secreted by 
intracellular Listeria monocytogenes activates a host type I interferon response. Science 
328, 1703-1705. 

Woznica, A., Kumar, A., Sturge, C.R., Xing, C., King, N., and Pfeiffer, J.K. (2021). 
STING mediates immune responses in a unicellular choanoflagellate. bioRxiv. 

Wright, E.K., Goodart, S.A., Growney, J.D., Hadinoto, V., Endrizzi, M.G., Long, E.M., 
Sadigh, K., Abney, A.L., Bernstein-Hanley, I., and Dietrich, W.F. (2003). Naip5 affects 
host susceptibility to the intracellular pathogen Legionella pneumophila. Current biology 
: CB 13, 27-36. 

Wu, J., Chen, Y.J., Dobbs, N., Sakai, T., Liou, J., Miner, J.J., and Yan, N. (2019). 
STING-mediated disruption of calcium homeostasis chronically activates ER stress and 
primes T cell death. The Journal of experimental medicine 216, 867-883. 

Wu, J., and Chen, Z.J. (2014). Innate immune sensing and signaling of cytosolic nucleic 
acids. Annual review of immunology 32, 461-488. 

Wu, X., Wu, F.H., Wang, X., Wang, L., Siedow, J.N., Zhang, W., and Pei, Z.M. (2014). 
Molecular evolutionary and structural analysis of the cytosolic DNA sensor cGAS and 
STING. Nucleic acids research 42, 8243-8257. 

Yamashiro, L.H., Wilson, S.C., Morrison, H.M., Karalis, V., Chung, J.J., Chen, K.J., 
Bateup, H.S., Szpara, M.L., Lee, A.Y., Cox, J.S., et al. (2020). Interferon-independent 
STING signaling promotes resistance to HSV-1 in vivo. Nature communications 11, 
3382. 

Yin, Q., Tian, Y., Kabaleeswaran, V., Jiang, X., Tu, D., Eck, M.J., Chen, Z.J., and Wu, 
H. (2012). Cyclic di-GMP sensing via the innate immune signaling protein STING. 
Molecular cell 46, 735-745. 

Yoneyama, M., Onomoto, K., Jogi, M., Akaboshi, T., and Fujita, T. (2015). Viral RNA 
detection by RIG-I-like receptors. Current opinion in immunology 32, 48-53. 

Yum, S., Li, M., Fang, Y., and Chen, Z.J. (2021). TBK1 recruitment to STING activates 
both IRF3 and NF-kappaB that mediate immune defense against tumors and viral 
infections. Proceedings of the National Academy of Sciences of the United States of 
America 118. 

Zamboni, D.S., Kobayashi, K.S., Kohlsdorf, T., Ogura, Y., Long, E.M., Vance, R.E., 
Kuida, K., Mariathasan, S., Dixit, V.M., Flavell, R.A., et al. (2006). The Birc1e cytosolic 



	 95	

pattern-recognition receptor contributes to the detection and control of Legionella 
pneumophila infection. Nat Immunol 7, 318-325. 

Zhang, C., Shang, G., Gui, X., Zhang, X., Bai, X.C., and Chen, Z.J. (2019). Structural 
basis of STING binding with and phosphorylation by TBK1. Nature 567, 394-398. 

Zhang, X., Shi, H., Wu, J., Zhang, X., Sun, L., Chen, C., and Chen, Z.J. (2013). Cyclic 
GMP-AMP containing mixed phosphodiester linkages is an endogenous high-affinity 
ligand for STING. Molecular cell 51, 226-235. 

Zhang, X., Wu, J., Du, F., Xu, H., Sun, L., Chen, Z., Brautigam, C.A., Zhang, X., and 
Chen, Z.J. (2014a). The cytosolic DNA sensor cGAS forms an oligomeric complex with 
DNA and undergoes switch-like conformational changes in the activation loop. Cell 
reports 6, 421-430. 

Zhang, Y., Yeruva, L., Marinov, A., Prantner, D., Wyrick, P.B., Lupashin, V., and 
Nagarajan, U.M. (2014b). The DNA sensor, cyclic GMP-AMP synthase, is essential for 
induction of IFN-beta during Chlamydia trachomatis infection. Journal of immunology 
193, 2394-2404. 

Zhao, B., Du, F., Xu, P., Shu, C., Sankaran, B., Bell, S.L., Liu, M., Lei, Y., Gao, X., Fu, 
X., et al. (2019). A conserved PLPLRT/SD motif of STING mediates the recruitment and 
activation of TBK1. Nature 569, 718-722. 

Zhao, Y., Yang, J., Shi, J., Gong, Y.N., Lu, Q., Xu, H., Liu, L., and Shao, F. (2011). The 
NLRC4 inflammasome receptors for bacterial flagellin and type III secretion apparatus. 
Nature 477, 596-600. 

Zhu, D., Wang, L., Shang, G., Liu, X., Zhu, J., Lu, D., Wang, L., Kan, B., Zhang, J.R., 
and Xiang, Y. (2014). Structural biochemistry of a Vibrio cholerae dinucleotide cyclase 
reveals cyclase activity regulation by folates. Molecular cell 55, 931-937. 

Zou, J., Tafalla, C., Truckle, J., and Secombes, C.J. (2007). Identification of a second 
group of type I IFNs in fish sheds light on IFN evolution in vertebrates. Journal of 
immunology 179, 3859-3871. 
 
 




