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Abstract 

 Guanylate binding proteins (Gbps) are a family of large GTPases that are highly 

stimulated by IFNγ and confer resistance to various viral, protozoan, and bacterial 

pathogens. Following infections of intracellular pathogens, multiple Gbps can localize to 

pathogen vacuoles  and promote the vesiculation and destruction of these structures. 

While Gbps have also been implicated in pathways independent of vacuolar disruption, 

their roles in these processes have been less characterized. In this dissertation, I focus on 

the mechanism of Gbps downstream of vacuolar disruption in order to further elucidate 

the role of these proteins during immune responses.  

 Due to the IFNγ stimulation of caspase-11 pyroptosis, I first addressed the ability 

of Gbps to promote the non-canonical caspase-11 dependent pathway of pyroptosis. I 

found that Gbpchr3-/- cells had reduced cell death in response to the vacuolar pathogen, L. 

pneumophila, and various LPS ligands. Using YFP-Gal3 as a marker for damaged 

membranes, I showed that there were equivalent levels of damaged pathogen vacuoles 

between WT and Gbpchr3-/- cells suggesting these proteins promoted pyroptosis 

independently of vacuolar disruption. Instead, it appears that Gbps modulate the 

activation of caspase-11 following LPS release into the cytosol.  

 The recruitment of Gbps is mediated by multiple host proteins including the 

Immunity Related GTPases and the autophagy conjugation system. I found in the 

second study that at least one Gbp, Gbp2, was also recruited to damaged vacuoles 

through the aid of Galectin-3, a β-galactoside binding protein, as well as the autophagy 



 

v 

 

adaptor protein, p62. As all three proteins were also recruited to sterile damaged 

vesicles created by hypotonic shock, calcium phosphate precipitates, and lysosomal 

damage, it suggests Gbps are recruited through a universal mechanism which is 

independent of PAMP recognition. Interactions between p62, Gbp2, and Gal3 present a 

model whereby p62 facilitates the recruitment of Gbp2 to damaged membranes through 

interactions with Galectin-3. Their localization to these sites may subsequently facilitate 

autophagic degradation of membranes or promote the recruitment of pyroptotic 

complexes to modulate immune functions although this remains to be elucidated.  

 This dissertation examines the less characterized roles of Gbps downstream of 

vacuolar disruption. By uncovering these alternative pathways, this work provides a 

foundation to study the variations within the Gbp family and allows for the field to 

further understand the mechanisms by which they promote cellular immune responses.    
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1. Introduction to Interferon-stimulated mechanisms  

 

1.1 Introduction to Interferons 

Interferons (IFN) are a class of cytokines that were discovered in 1957 for their 

ability to restrict viral infections (99). They regulate nearly 2,000 genes in humans and 

mice and are amongst the most potent inducers of antimicrobial responses (145). Three 

classes of IFNs have been described based on their structure and the receptor to which 

they bind. Type I IFNs are comprised of IFNα, IFNβ, IFNδ, IFNε, IFNκ, IFNτ, and IFNω; 

however, IFNδ, and IFNτ have not been found in humans. Of the type I IFNs, IFNα and 

IFNβ are the most widely expressed and will only be considered throughout this 

dissertation. Type III IFNs, consisting of IFNλ1, IFNλ2, and IFNλ3 (IL-29, Il28a, and 

Il28b, respectively), are related functionally to type I IFNs, but their expression is 

restricted to epithelial cells. In contrast to the other classes, there is only a single type II 

IFN called IFNγ (155, 191).  

 

1.1.1 Regulation of Type I IFNs 

Type I IFNs are produced by almost all cell types in the body. Expression of the 

cytokines are stimulated upon recognition of pathogen associated molecular patterns 

(PAMPs) and danger associate molecular pattern (DAMPS) by pattern recognition 

receptors (PRRs) (155). While they were identified for their promotion of viral resistance 

mechanisms, type I IFNs have now been shown to also regulate immunity to bacterial, 
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fungal, and parasitic infections. Additional roles of type I IFNs include promoting 

dendritic cell differentiation, regulating T cell activation, and enhancing natural killer 

and B cell responses (105, 155, 224).  

Type I IFNs induce gene expression through the type I IFN receptor (IFNAR) 

which is composed of two subunits, IFNAR1 and IFNAR2.  To modulate the signaling 

cascade, IFNAR associates with members of the Janus kinase and signal transducers and 

activators of transcription (JAK/STAT) protein families. IFNAR1 binds tyrosine kinase 2 

(TYK2) while IFNAR2 interacts with JAK1 (191). Upon IFN binding, the receptor 

subunits rearrange leading to the autophosphorylation of JAK1 and TYK2. In the 

classical pathway of type I IFN signaling, STAT1 and STAT2 are subsequently 

phosphorylated and dimerize (48, 191). The activated STATs then interact with IFN 

regulatory factor 9 (IRF9) to form the interferon stimulated gene factor 3 complex 

(ISGF3). ISGF3 is the main transcription factor for the expression of type I IFN 

stimulated genes and is the only protein that binds DNA consensus sequences called 

interferon stimulated response elements (ISRE)  (48, 155, 191). Non-classical pathways of 

type I IFN activation can also occur when alternative STATs dimerize including STAT3, 

STAT4, STAT5, and STAT6 (2, 69, 155). Some of these combinations are capable of 

modulating the expression of genes which contain gamma activated sequences (GAS). 

As genes may contain either ISRE or GAS sequences, these different STAT combinations 

allow for type I IFNs to regulate a breadth of functions (155, 231).  
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1.1.2 Regulation of Type II IFN 

In the 1980’s, researchers discovered a “macrophage activating factor” that was 

required to prevent infections of intracellular pathogens in human macrophages. 

Through the use of multiple cytokine activation and antibody neutralization techniques, 

it was confirmed that this factor was IFNγ (175). IFNγ is the sole type II IFN. It shares no 

structural homology to type I IFNs and binds to a different receptor (191, 212). Contrary 

to type I IFNs, IFNγ expression is limited to natural killer (NK) cells, CD4 T cells, CD8 T 

cells, and professional antigen presenting cells (APCs) including macrophages, dendritic 

cells, and B cells (70, 171, 211, 212). NK cells constitutively express IFNγ mRNA and 

provide a rapid response while the other cell types increase gene expression after 

activation (211).  

IFNγ expression can be regulated by the actions of multiple cytokines. Potent 

inducers of IFNγ include IL-12 and IL-18 which are secreted by activated APCs as well 

as infected cells (70, 180, 211). Type I IFNs can also induce IFNγ production through 

synergistic actions with IL-18. In addition, autocrine signaling in T cells, NK cells, and 

macrophages leads to cytokine expression (171, 211). 

IFNγ binds to the receptor, IFNGR, which is composed of IFNGR1 and IFNGR2. 

In contrast to type I IFNs, IFNGR1 and IFNGR2 associate with JAK1 and JAK2, 

respectively. While type I IFNs can activate a range of STAT proteins, IFNγ triggers a 

signaling cascade which only phosphorylates STAT1 leading to its homodimerization 

(191). The STAT1 complex translocates to the nucleus and binds GAS in the promoters of 
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IFNγ regulated genes (70, 94). Unlike type I IFNs, IFNγ does not lead to the formation of 

ISGF3 and transcription of genes containing ISRE (11, 191) .   

 

1.1.3 Role of IFNs in immunity 

IFNs regulate multiple cellular functions pertaining to proliferatory, 

immunomodulatory, and inflammatory pathways. Early research showed that IFNγ 

stimulated macrophages produce hydrogen peroxide and nitric oxide which are key 

defenses for many microbial infections (175, 226). Soon after,  in vivo studies with IFNγ-/- 

mice showed decreased survival during infections of Mycobacterium species (46, 59), 

Leishmania major (252), and Legionella pneumophila (220). The role of IFNγ now has been 

extended to promoting autophagic and lysosomal degradation, cation sequestration, and 

nutrient depletion in addition to promoting T cell proliferation and cell surface 

expression of major histocompatibility complexes (145, 147, 202).  

In summary, IFNs regulate thousands of genes and are critical for immune 

processes.  This dissertation is focused on anti-bacterial host defense pathways that are 

induced by IFNs in macrophages. In addition, it will describe the mechanisms by which 

IFN-stimulated proteins modulate antimicrobial responses.  

 

1.2 Introduction to pathogen sensing mechanisms 

Throughout evolution, organisms have developed mechanisms to recognize and 

remove pathogens from intracellular environments. Direct pathogen recognition begins 
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with the sensing of PAMPs by PRRs distributed throughout many different cell types. 

Typically, these PAMPs are common characteristics amongst pathogens that are not 

easily altered due to their importance in pathogen survival and virulence. Different 

PRRs recognize specific PAMPs to activate distinct signaling pathways and immune 

responses. Alternatively, cells can indirectly sense foreign entities through the 

recognition of host components.  

The following sections will briefly describe different classes of receptors and 

their functions. First, it will describe the primary types of PRRs that recognize pathogen 

factors extracellularly or within the cytosol (6, 131). Subsequently, it will describe the 

mechanisms by which the host indirectly recognizes pathogens through the functions of 

galectins and IFN-inducible GTPases. 

 

1.2.1 Nod-like receptors   

One family of cytosolic receptors are the Nod-like receptors (NLRs) which 

recognize a range of pathogenic and environmental stimuli. NLRs are predominantly 

found in the cytosol although some have also been shown to associate with the plasma 

membrane (13, 129, 133). Structurally, NLRs are composed of an N-terminal effector 

domain, a NACHT domain, and a C-terminal leucine rich repeat (LRR). The N-terminal 

effector modules are required for interacting with signal transduction molecules after 

ligand sensing and receptor activation. These regions include the acidic transactivation 

domain, baculovirus inhibitor repeat (BIR), caspase recruitment domain (CARD), and 
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pyrin domain (PYD) which correspond to the NLRA, NRLB, NLRC, and NRLP 

subfamilies, respectively. The NACHT domain mediates receptor oligomerization and 

downstream signaling. The C-terminal LRR is responsible for PAMP recognition (117, 

131).  

NLRs contribute to complexes that activate NFκB and MAPK signaling pathways 

as well as inflammasomes that activate caspase-1. NOD1 (NLRC1) and NOD2 (NLRC2) 

are well studied NLRs that signal through NFkB and MAPK pathways and promote 

inflammatory cytokine release. They are important mediators of bacterial infections as 

they bind peptidoglycan components, and more recent research has uncovered a role for 

these NLRs in controlling parasitic and viral infections as well (117, 169, 205, 253).  

Inflammasomes are multiprotein complexes composed of NLRs in addition to 

non-NLR proteins. Recognition of PAMPs by the NLRs leads to the oligomerization of 

inflammasome components which mediate cleavage of the protease, caspase-1. 

Activation of caspase-1 can lead to the cell death in addition to the secretion of the pro-

inflammatory cytokines, Il-1β and Il-18 (47, 117). Mechanisms of inflammasome 

activation will be further discussed in section 1.4 of this dissertation.  

 

1.2.2 Toll-like receptors  

Toll-like receptors (TLRs) are a family of type I transmembrane proteins 

responsible for sensing PAMPs from a variety of sources. They contain an extracellular 

LRR region for PAMP recognition in addition to a cytoplasmic toll/interleukin-1 receptor 
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(TIR) domain involved in signaling. There are 12 TLRs in mice and 10 in humans; TLR1 

through TLR9 are conserved between the species (182). TLRs can be divided into two 

groups based on their location and ligand stimulation. One set is located on the cell 

surface including TLR1, 2, 4, 5, 6, and 10 which bind lipids, lipoproteins, and proteins of 

incoming pathogens. The remaining TLRs are found on endomembranes and primarily 

recognize nucleic acids. TLRs may exist as heterodimers or homodimers, and upon 

ligand stimulation, they recruit adaptor proteins required for signaling including 

MyD88, TRIF, TRAM, and TIRAP. Combinations of adaptor functions leads to the 

production of pro-inflammatory cytokines and type I IFNs (131, 182).  

The original mammalian TLR discovered that also mediates important immune 

responses against bacteria is TLR4 (156). Through genetic map tracing in mice that were 

resistant to endotoxemia,  it was discovered that TLR4 recognizes endotoxin/ 

lipopolysaccharide (LPS), a component of Gram negative bacterial cell walls, and 

controls the growth of Gram negative infections (192).  Recognition of this molecule is 

facilitated by the LPS-binding protein (LBP) that extracts LPS from bacteria allowing for 

its subsequent interaction with the cell surface molecule, CD14. The LPS is then 

transferred to a complex of TLR4 and MD2 to recruit signal adaptor proteins (165). TLR4 

can initiate MyD88 dependent and independent pathways leading to pro-inflammatory 

cytokine and type I IFN production, respectively (142).  

A majority of the remaining TLRs are responsible for sensing nucleic acids. TLR3 

recognizes dsRNA (9) ; TLR7 and TLR8 recognize ssRNA (84); and TLR9 recognizes 
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CpG dsDNA (134). TLR5 recognizes flagellin from bacterial flagella structures (230). 

TLR2 in conjunction with TLR1 and TLR6 senses a range of microbial ligands including 

lipoproteins and peptidoglycan from bacterial organisms (53, 230). TLR2 can also sense 

LPS structures that differ from those which activate TLR4 (5, 67, 230).  

 

1.2.3 RIG-I like receptors 

While TLR3 recognizes dsRNA within endosomes, cytoplasmic viral RNA can be 

detected by the family of RIG-I like receptors (RLRs). To date, three RLR members have 

been identified which include RIG-I, MDA5, and LGP2. All three are characterized by a 

central DExD/Hbox RNA helicase domain which has ATPase activity required for 

signaling. In addition, RIG-I and MDA-5 have two CARD domains located on their N-

terminus (160, 255). The CARD domains facilitate their interactions with the 

mitochondrial antiviral signaling protein, MAVs, which leads to the activation of the 

transcription factors, NFkB and IRF3, and the upregulation of antiviral responses (113, 

215). LGP2, however, lacks this CARD domain and is rather considered a negative 

regulator of RLRs (112, 160, 255, 258).  

 

1.2.4 STING and Aim2-like receptors  

 STING (stimulator of interferon genes) is a transmembrane protein that 

recognizes cytosolic DNA from bacterial, viral, and eukaryotic pathogens in addition to 

cyclic-dinucleotides produced by bacterial organisms (27, 28, 106, 209). STING regulates 
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the production of type I IFNs through its interactions with TBK1 and IRF3 which 

facilitates the phosphorylation of IRF3, an important transcription factor for IFNβ 

expression (232). Loss of STING leads to defects in immunity to a variety of pathogens in 

addition to a reduced response to DNA based vaccines (100, 101). While STING has been 

found to directly bind cyclic dinucleotides, it does not appear to bind to DNA 

suggesting additional proteins are required for detection (27).  

 Aim2-like receptors (ALRs) are a family of IFN-inducible proteins that can also 

sense cytosolic DNA. Most ALRs contain a pyrin domain for protein-protein interactions 

and a HIN-200 domain for DNA binding (26, 242). The human and mouse proteins, 

IFI16 and IFI204 respectively, promote the induction of type I IFNs through STING 

dependent pathways (242). Aim2, however, acts independently of STING and rather 

activates the inflammasome adaptor protein, ASC, upon DNA recognition leading to cell 

death and the release of IL-1β and IL-18 (12, 198).  

 

1.2.5 Galectins  

Galectins are a family of proteins that contain evolutionarily conserved 

carbohydrate recognition domains (CRD) and bind β-galactoside residues of glycans. 

They are predominantly found in the cytoplasm but can also be secreted via non-

classical pathways. Mammalian cells contain 15 galectins that can be grouped into three 

categories. Nine “prototype” galectins contain one CRD region and can form non-

covalently bound dimers. Five galectins, including galectin-4 (Gal4), Gal6, Gal8, Gal9, 
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and Gal12, are “tandem-repeat” galectins comprised of two distinct CRD regions located 

in their N- and C- termini allowing them to interact with different sugars 

simultaneously. Gal3 is the sole “chimera-type” galectin. It contains a C-terminal CRD 

region and an N-terminal non-CRD region which mediate its association with both 

sugar and non-sugar structures, respectively (89, 90). Gal3 is typically a monomeric 

protein, but when bound to sugar ligands, it forms multimers via the N-terminal domain 

(93, 207).  

While all galectins are capable of binding β-galactosides, they vary in their 

affinities for specific sugars. Most galectins have a high affinity for N-acetyllactosamine, 

but Gal3 has the highest affinity amongst the family. Different members have also been 

shown to interact with alternative sugars including mannose for Gal10 and branched 

carbohydrates for Gal1 (89). Galectins are widely expressed although some have more 

restrictive profiles. Examples include Gal1 which is ubiquitously found in most cell 

types compared to Gal3 which is predominantly in epithelial or immune cells (186, 197).  

Galectins perform an array of functions including regulating pathways of cellular 

proliferation, cellular adhesion, apoptosis, and immunity (3, 132, 141, 187, 188, 206, 208).  

Due to its sugar-binding capabilities, these proteins have direct and indirect roles in 

recognizing pathogens. In terms of direct recognition, early studies found that Gal3 can 

bind β-1,2-oligomannosides on Candida albicans cell walls (61).  This interaction leads to 

fungal cell death suggesting Gal3 has fungicidal activities (123). In addition, the 

targeting of Gal3 to C. albicans promoted the secretion of TNFα in infected macrophages 
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(110). Gal3 can also bind LPS from Gram negative bacteria including Klebsiella 

pneumoniae, Pseudomonas aeruginosa, Salmonella typhimurium, S. minnesota, and Escherichia 

coli in addition to lipooligosaccharides from Neisseria gonorrhoeae (73, 108, 159).  

Recent research has uncovered a mechanism by which galectins recognize the 

presence of intracellular microorganisms through their associations with damaged PVs. 

Initial studies discovered that in cells infected with Shigella flexneri, Gal3 associated with 

PVs after bacterial escape into the cytosol. As binding assays found no direct interaction 

between S. flexneri and Gal3, it did not appear to be dependent on LPS recognition but 

rather glycans exposed on the lumenal vacuole membrane (185). Gal3 also targets 

damaged endosomes and promotes the recruitment of p62 and LC3 to these structures 

suggesting galectins regulate autophagic processes (36, 52). Supporting evidence for this 

was described in studies with S. typhimurium which found that Gal8 localized to PVs 

and regulated LC3 recruitment and bacterial clearance through its association with the 

adaptor protein, NDP52 (238).  

 

1.2.6 IFN-inducible GTPases 

There are four major classes of IFN inducible GTPases that have been shown to 

be important mediators of cell autonomous immunity. These include the very large 

inducible GTPases, the Myxoma (Mx) resistance proteins, the Immunity Related 

GTPases (IRGs), and the Guanylate binding proteins (Gbps). All of these GTPases are 

homologous to the dynamin superfamily of proteins which has multiple roles in 
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membrane trafficking events (88, 109, 178, 244, 259). Structurally, they contain a G 

domain that is responsible for nucleotide binding as well as helical domains that are 

important for membrane associations (66, 119, 195). Characteristic of GTPases, these 

proteins have the ability to form oligomers in a nucleotide dependent manner which is 

critical for many of their functions (97, 195). 

The IRGS, Gbps, and Mx proteins have been the best characterized out of the 

four families. IRGs and Gbps can be stimulated by both type I and type II IFNs; 

however, Mx proteins only respond to type I (119).  Studies with mouse embryonic 

fibroblasts and macrophages showed IRGs and Gbps to be the most upregulated cellular 

proteins following IFNγ treatment (22). Mx proteins provide antiviral resistance while 

the Gbps and IRGs can also restrict the growth of bacterial and protozoan pathogens. 

The following sections of this dissertation will focus on the role of IRGs and Gbps in cell 

autonomous restriction pathways to these nonviral microorganisms. 

 

1.2.6.1 Immunity Related GTPases 

1.2.6.1.1 Structural properties  

The IRGs are a family of proteins that have a molecular mass of 47-48 kDa. In 

mice, there are 23 genes that are clustered on chromosomes 7, 11 and 18 (14). The G 

domain of IRGs is located in the middle region of the protein and contains three classical 

GTP binding motifs: the phosphate binding P-loop (G1), the DxxG region (G3), and the 

(N/T)(K/Q)xD motif (G4) (66). Two families of IRG proteins exist based on their G1 
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domain sequences. The majority of IRGs possess the classical GX4GKS sequence and are 

referred to as GKS proteins. Three IRGs, Irgm1, Irgm2, and Irgm3, have a noncanonical 

GX4GMS sequence where methionine has replaced the lysine, and these proteins have 

been classified as the GMS subfamily (22).  

 

1.2.6.1.2 IRG interactions with cellular membranes 

In stimulated cells, GKS IRGs are predominantly cytosolic while the GMS 

proteins associate with membranes of the Golgi and ER (151, 236, 262). An N-terminal 

myristoylation motif mediates binding of some of the IRGs, including Irga6 and Irgb10, 

but this domain has not been found in all IRG sequences (80, 151). Irgm1 rather contains 

an amphipathic helix as well as a palmitoylation motif in its C-terminus that is 

responsible for membrane associations (86, 151). Upon pathogen entry into a cell, IRGs 

translocate to the pathogen vacuole (PV). Of the GMS proteins, Irgm2 and Irgm3 have 

been found on PVs while there are conflicting reports of Irgm1 localizing to these 

structures (29, 80, 222, 240). Although GMS proteins have been found on vacuolar 

membranes, the level of GKS proteins is significantly greater suggesting they have 

predominant roles at these sites (80, 118). 

 

1.2.6.1.3 Role of IRGs in innate immunity 

The impact of single deletions of GMS and GKS IRGs on pathogen restriction has 

been examined for a range of pathogens. Irgm3-/- mice exhibit lower survival rates 
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compared to wildtype mice when infected with T. gondii although they have normal 

clearance of Listeria monocytogenes (235). Irgm1-/- mice show increased death with both 

pathogens while Irgd minimally protects against either infection (44, 137). These 

differences in resistance patterns suggest IRGs possess nonredundant roles, but the 

specific functions of many of these proteins remain elusive. 

To discern how these proteins protect against infections, many studies focus on 

the role of GKS IRGs at the PV. The significance of IRG targeting for pathogen restriction 

is demonstrated by T. gondii infections. Avirulent parasites are highly regulated by the 

IRG system and targeted rapidly after entering a cell. Virulent T. gondii, however, exhibit 

no IRG localization and grow freely (263).  Immunofluorescence assays looking at the 

distribution of two GKS proteins, Irga6 and Irgb6, showed that the presence of these 

proteins on T. gondii PVs led to vacuole disruption and recruitment of autophagy 

machinery (150). Although they have been reported to localize to membrane vesicles, the 

precise mechanism by which IRGs damage membranes remains to be described. 

 

1.2.6.1.4 Mechanisms of IRG recruitment to PVs   

Loading of IRGs onto PVs depends on GTP binding and oligomerization (80, 97, 

243). GKS proteins associate with membranes in a hierarchical and cooperative manner 

as initial proteins stabilize the recruitment of subsequent IRGs (118). The role of GMS 

proteins has been implicated in regulating the balance between GTP and GDP bound 

states of GKS IRGs. Through GDP dependent interactions, GMS proteins act as guanine 
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dissociation inhibitors and block GTP binding to GKS IRGs (97). Loss of Irgm1, Irgm2, or 

Irgm3 leads to increased aggregate formation of GKS proteins due to GTP induced 

oligomerization in the cytosol. The decreased regulation also leads to reduced targeting 

of T. gondii vacuoles (97). Similar patterns are observed during infections of virulent T. 

gondii which evolved to block IRG recruitment with effector kinases that phosphorylate 

and lock these proteins in the GDP bound inactive state (56, 58, 223, 263). The process by 

which GKS IRGs recognize invading pathogens has been elucidated in a study with 

Chlamydia trachomatis and avirulent T. gondii. As GMS proteins associate with host 

membranes, they block unwarranted GKS binding to these structures; however, 

invading pathogens do not possess these proteins which allows for GTP activation and 

oligomerization of GKS IRGs at these sites (80). 

 

1.2.6.1.5 The Human IRG system 

The human IRG repertoire differs greatly from the mouse as it only encodes for 

two IRG proteins and neither is induced by IFNs. Similar to mice, IRGC is only found in 

the testes and does not appear to be involved in immune mechanisms. IRGM, however, 

is the sole GMS protein found in humans, and it is severely truncated in the N- and C-

termini, including the G domain, compared to the murine GMS IRGs (96). IRGM 

appears to have been pseudogenized by an insertion event prior to the evolution of Old 

World and New World monkeys. It regained functionality in the ancestral lineage of 

apes and humans due to the integration of a retroviral element which provided a 
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functional promoter (14, 15). Although it is not induced by IFNs, IRGM has been shown 

to promote autophagic clearance of BCG and S. typhimurium (154, 221).  Loss of IRGM 

has also been linked to Crohn’s disease (154). Its role in pathogen clearance has been 

hypothesized as the mechanism by which it prevents this disease. 

 

1.2.6.2 Guanylate binding proteins 

Gbps are a family of 65-73 kDa GTPases that were first isolated as highly 

expressed proteins in murine and human cells stimulated with IFNγ (74). Since its 

discovery, seven GBPs have been identified in humans which are located within one 

gene cluster on chromosome 1 (Chr1). In contrast, mice possess eleven genes in addition 

to two pseudogenes. These murine Gbps are contained within two gene clusters on Chr3 

and Chr5. All Gbp proteins share a high degree of homology with the most conservation 

located in the N-terminus. Most of the murine Gbps (mGbp) on Chr3 contain a CaaX 

motif which mediates prenylation, a modification allowing for interactions with cellular 

membranes. While IFNγ is a potent inducer of Gbps, specific members have been shown 

to also be activated by type I IFNs, IL-1β, TNFα, and LPS (38, 49, 128, 177).  

 

1.2.6.2.1 Structural properties 

Gbps are unique members of the dynamin superfamily as their primary protein 

sequences share little homology with other dynamin proteins (194). As a GTPase, Gbps 

contain the conserved G domain for GTP binding, but the canonical (N/T)(K/Q)xD G4 
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motif is replaced with a TLRD sequence to regulate interactions with guanine and ribose 

(128). Although their primary sequence differs, they contain similar secondary and 

tertiary structures to dynamin proteins. In addition to the G domain, Gbps possess a C-

terminal α-helical regulatory domain, an assembly domain, a middle domain, and a 

GTPase effector domain (GED) which are all classical features of the dynamin family (39, 

195). Biochemically, they also share the ability to oligomerize in a nucleotide dependent 

manner and bind GTP in a concentration dependent manner (65, 195). 

In contrast to most GTPases, Gbps have the unique ability to bind GTP, GDP, 

and GMP with equal affinity. In addition, they hydrolyze GTP to GMP in two 

consecutive steps (38, 39, 65, 213). Oligomerization is triggered by nucleotide binding 

and is a requirement for GTP hydrolysis (195).  

 

1.2.6.2.2 Role of Gbps in innate immunity 

Gbps function in a range of pathways including those involved in cellular 

proliferation, angiogenesis, and immunity (71, 72). Although they were discovered in 

the 1970s, their role in immunity had not been described until the early 1990s when 

human GBP1 (hGBP1) was shown to control infections of vesicular stomatitis virus 

(VSV) and encephalomyocarditis virus (EMCV) (10).  mGbp2 was later discovered to 

similarly restrict these pathogens (31) . While the loss of GTP binding for hGBP1 and 

mGbp2  increased viral production of EMCV, it had no effect on VSV suggesting that 

Gbps act specifically upon subsets of viruses (10, 31). Gbps are important for controlling 
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viral infections, but their role in restriction is weak compared to the antiviral properties 

of the Mx proteins (49).  

Gbps were first found to regulate bacterial or protozoan infections in studies 

with L. monocytogenes and T. gondii. Mice infected with these pathogens displayed 

increased levels of Gbp mRNA and protein expression. As described for IRGs, mGbp1 

and mGbp2 localized to T. gondii vacuoles but were absent during infections with the 

virulent strain (49). hGBP1 and hGBP2 were later observed targeting to C. trachomatis 

inclusions and inhibited bacterial growth when overexpressed (8, 239). All of these data 

demonstrate that Gbps can respond to viral, bacterial, and protozoan pathogens.  

Early studies demonstrated the importance of the Gbp protein family for a range 

of infections, but the specific function for individual Gbp proteins remained unclear. 

Using siRNA knockdown, the role of the entire murine Gbp family was examined 

during L. monocytogenes and M. bovis BCG infections. While many of the Gbps were 

required for restriction, their significance varied with some only providing very minimal 

protection against these pathogens (120). In depth analyses demonstrated that mGbp7 

regulated the production of reactive oxygen species (ROS) through its interactions with 

the subunits of NADPH oxidase (120); however, a subsequent study failed to confirm 

these findings (257). In addition, co-immunoprecipitation assays showed variations in 

protein interactions as mGbp7 bound to the autophagy protein, Atg4b, while mGbp1 

interacted with an adaptor protein, p62 (120). Further work demonstrated that mice 

lacking the cluster of Gbps located on Chr3 (Gbpchr3-/-), which includes Gbp1, Gbp2, 
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Gbp3, Gbp5, and Gbp7, showed decreased survival in response to T. gondii infections, 

and loss of Gbp1 alone could mimic this response in infected cells (214, 257).  All of these 

results support a model where different Gbps have variations in effector mechanisms 

during antimicrobial responses. 

 

1.2.6.2.3 Mechanisms of Gbp recruitment to PVs 

An important property of Gbps that contributes to their role in restriction is their 

ability to target PVs. Similar to IRGs, they have been observed colocalizing with 

membranous vesicles shed from PVs suggesting they have a role in the disruption of 

these structures (214, 257). In uninfected cells stimulated with IFNγ, Gbps have been 

found to form vesicular structures throughout the cytosol (247).  Upon pathogen 

infection of murine cells, however, the distribution of these proteins changes as they 

relocate to the sites of infection. While Gbps have minimal variations in structure, the 

ability of specific members to target PVs can differ according to the pathogen. Using 

immunofluorescence assays, mGbp1, mGbp7, and mGbp10 were observed localizing to 

PVs in cells infected with L. monocytogenes or M. bovis BCG, but mGbp3 did not target 

these structures (120). In contrast, mGbp3 did associate with T. gondii PVs which were 

rather devoid of mGBP5 (49). These data suggest specific host or pathogen features may 

modulate the targeting of a subset of Gbps.  

The CaaX motif is a C-terminal signal for prenylation which mediates protein 

interactions with cellular membranes. Gbp1, Gbp2, and Gbp5 are the only Gbps in both 
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the murine and human families that contain CaaX motifs and they can be found 

localizing to various organelles and vesicles (23, 128). The CaaX motif of mGbp1, 

however, lacks isoprenylation which leads to a cytoplasmic distribution of the protein 

(225, 247). While this domain is required for targeting cellular membranes, it is 

dispensable for localizing to PVs (23, 247). mGbp1, mGbp2, and mGbp5 lacking the 

cysteine residue for prenylation targeted T. gondii vacuoles similar to wildtype proteins 

(248). As Gbps lacking the CaaX motif can also target these structures, alternative 

lipidation moieties or domains, such as the polybasic region of hGBP1, may mediate 

membrane interactions (23, 49). The heterodimerization of Gbps as well as interactions 

with IRGs also probably facilitate the localization of non-prenylated proteins to PVs (23, 

79, 118, 257).  

GTPase activity is critical for the association of Gbps to PVs. In studies with 

mGbp2 and mGbp1, mutants defective in GTP binding failed to target T. gondii vacuoles 

while GTP locked proteins exhibited wildtype phenotypes (127, 248). Characteristic of 

dynamin proteins, nucleotide binding promotes Gbp homodimerization as well as 

heterodimerization. In human cells, it was shown that types of GBP dimers display 

differential subcellular localization patterns. Homodimers of non-prenylated hGBP3 and 

hGBP4 presented as cytoplasmic or nuclear staining, respectively. Heterodimers of these 

proteins with hGBP1, hGBP2, and hGBP5, however, localized to vesicles, the nucleus, or 

the Golgi, characteristics of the corresponding homodimers. These data suggest that a 
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hierarchy exists where the prenylated proteins dictate the targeting of non-prenylated 

GBPs (23). 

Similar to the recruitment of GKS IRGs, mGbps are regulated by GMS proteins. 

In cells lacking Irgm1 or Irgm3, Gbp2 aggregates form in the cytosol and display 

decreased targeting to T. gondii PVs (80, 241). Interestingly, IRG targeting also depends 

on Gbps as Gbpchr3-/- cells exhibit decreased targeting of Irgb6 and Irgb10 to T. gondii 

vacuoles (257). Further work demonstrated that a lack of Gbp1 alone could decrease 

Irgb6 recruitment (214). This phenotype was specific, however, as targeting of the GKS 

protein Irga6 was unaffected without Gbpchr3. To assess the role of Gbps in the 

recruitment of GKS proteins, co-immunoprecipitation assays were performed using a 

general antibody against Gbpchr3 proteins. These studies found an interaction between 

Gbps and Irgb6 (257). All these data suggest that there may be a hierarchy amongst IRGs 

and Gbps and interactions between these proteins regulate their recruitment to 

membranous structures.  

 

1.2.7 Conclusions 

This section described the functions of a variety of host receptors and cytosolic 

proteins that identify foreign pathogens in the intracellular environment. PRRs regulate 

signaling cascades to activate immune responses and cytokine secretions. Galectins 

recognize sugars to recruit host proteins to the sites of damaged vacuole membranes and 

restrict the growth of specific pathogens. The IFN-inducible GMS IRG proteins guard 
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host membranes to regulate the recruitment of GKS IRGs and Gbps to PVs. The 

remaining sections of this introduction will focus on two pathways that are activated 

following pathogen recognition: autophagy and pyroptosis.  

 

1.3 Introduction to autophagy 

Autophagy is a bulk degradation pathway required for the recycling of cellular 

material. Initially discovered as a stress response to conditions such as starvation, it also 

has important roles in cell viability, development, pathogen restriction, and disease (122, 

234). There are three types of autophagic pathways which are all characterized by 

lysosomal degradation: microautophagy, chaperone- mediated autophagy, and 

macroautophagy. Microautophagy is considered the constitutive form of autophagy to 

remove proteins and organelles from the cell.  It occurs by the invagination of lysosomal 

membranes around intracellular contents. Chaperone-mediated autophagy is the 

recycling of soluble proteins that are transferred across lysosomal membranes by 

chaperone protein complexes (4, 152, 162). Macroautophagy, herein referred to as 

autophagy, is the primary response to nutrient deprivation and the most well studied 

pathway (166).  

 

1.3.1 Mechanism of autophagy 

Autophagy is characterized by the encapsulation of cytosolic components inside 

of a double membranous structure called the autophagosome. The process begins with 
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the formation of an isolation membrane which is made up of components from the ER, 

the Golgi apparatus, mitochondria, and the plasma membrane (51). Core complexes, 

including those characterized by ULK, Atg9, and Vps34, regulate autophagic induction 

and recruitment of membranous components. The elongation of the isolation membrane 

depends on two conjugation systems which facilitate the recruitment of microtubule 

associated protein 1 light chain 3 (LC3) to growing autophagosomes (55, 233). LC3 is an 

ubiquitin-like protein that exists in both a cytosolic non-lipidated state as well as a 

lipidated membrane bound form. Upon autophagy stimulation, cytosolic LC3-I is 

cleaved by the cysteine protease, Atg4, to expose a C-terminal glycine residue. Atg7 and 

Atg3 function as E1 and E2 ubiquitin ligases, respectively, to activate LC3-I. 

Concurrently, Atg12 is conjugated to Atg5 through the actions of Atg7 and Atg10. The 

Atg5-Atg12 complex subsequently acts as an E3 ligase conjugating the exposed glycine 

of LC3-I to phosphatidylethanolamine to produce the lipidated LC3-II. LC3-II associates 

with the isolation membrane and is required for its elongation and closure into an 

autophagosome. The autophagosome then fuses with lysosomes where hydrolases break 

down the intracellular contents (83, 98, 174, 233, 256). The importance of LC3-II in 

autophagy is demonstrated in multiple studies as loss of LC3 or Atg5 leads to decreased 

autophagosome formation and protein degradation (111, 121, 167).  
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1.3.2 Mechanisms of selective autophagy 

Autophagy was initially considered a non-specific pathway that envelopes 

cytoplasmic components for recycling, but it is now understood that selective autophagy 

of proteins, organelles, and microbes also occurs. Xenophagy is the autophagic 

degradation of microbial organisms and is currently considered a protective mechanism 

against a variety of infections. Early studies identifying autophagy as a cell autonomous 

immune pathway were performed with bacterial pathogens including Streptococcus 

pyogenes, Salmonella typhimurium, and Mycobacterium tuberculosis. Upon infection, the PVs 

of these microbes were targeted by LC3 and delivered to lysosomes for degradation. 

Inhibition of autophagy increased bacterial growth supporting its role in antimicrobial 

responses (19, 75, 173). Autophagic restriction has now been observed against a range of 

bacterial, viral, fungal, and protozoan pathogens. 

An important mediator of selective autophagy is the cytosolic protein, ubiquitin, 

which was first recognized for its roles in proteasomal degradation pathways. Ubiquitin 

is a small, 76 amino acid protein that is highly conserved throughout eukaryotes. It is 

covalently attached to proteins through the function of three enzymes. The E1 ubiquitin 

activating enzyme activates ubiquitin and passes it to the E2 ubiquitin conjugating 

enzyme. E2 then transfers the molecule to the E3 ubiquitin ligase which facilitates the 

binding of the C-terminal glycine to a lysine residue on the target protein (227). 

Ubiquitin also contains seven lysine residues which can be linked to form polyubiquitin 

chains. The location of these lysine linkages acts as a signal for protein sorting and 
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degradation.  The canonical signal for proteasomal degradation is the presence of K48 

linked ubiquitin on target proteins while K63 linkages typically specify removal by 

autophagy (87, 124, 216, 227).  

Polyubiquitination is associated with the encapsulation of bacteria inside LC3-

positive vacuoles and their autophagic degradation (19, 189, 201, 260). Recruitment of 

ubiquitin can be initiated by multiple pathways. The DNA sensor STING can be 

activated by DNA leakage from PVs to signal ubiquitin and LC3 recruitment (254). In 

addition, the disruption of PVs via host or pathogen mediated responses triggers 

ubiquitination and clearance of the damaged membranes (52, 64). Specific recognition 

and ubiquitination of PVs was first described with the E3 ligase, LRSAM1, which 

targeted and ubiquitinated PVs of specific bacterial pathogens including S. typhimurium, 

S. flexneri, and L. monocytogenes (95). Subsequent to those studies, another ligase, Parkin, 

was found to promote the ubiquitination of M. tuberculosis PVs (149). Recently, TRAF6 

and TRIM21 were identified as regulators for the IFNγ-dependent ubiquitination of C. 

trachomatis and T. gondii vacuoles (78). The specific ligand of ubiquitination, however, 

remains unclear for all three ligases.  

Clearance of ubiquitinated proteins requires their delivery to degradative 

compartments in the cell.  Multiple adaptor proteins have been identified to aid in the 

removal of these targets and some of these include NBR1, optineurin, p62, and NDP52. 

All of these proteins are characterized by an ubiquitin binding domain that 

noncovalently interacts with ubiquitin. In addition, they have a region that can interact 
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with LC3. This dual binding is key for the delivery of ubiquitinated targets to autophagy 

machinery (139). The remainder of this section will primarily focus on two of these 

proteins: p62 and NDP52.  

 

1.3.2.1 Adaptor proteins p62 and NDP52 mediate selective autophagy of pathogens 

The first protein to be described as an autophagic adaptor for ubiquitinated 

cargo was p62. Originally described as a scaffolding protein, p62 was found to be a 

component of ubiquitinated protein aggregates and was later discovered to be involved 

in their degradation (125, 139, 183). p62 interacts with ubiquitin through the ubiquitin 

associated (UBA) domain contained within its C-terminus. Specifically, this domain 

mediates binding to monoubiquitin and K63 linked molecules (51). The N-terminus 

contains an ubiquitin-like domain (PB1) that facilitates oligomerization with p62 as well 

as NBR1. Both the UBA and PB1 domains of p62 facilitate localization to growing 

autophagosomes (102, 103, 139).  In addition, p62 also contains a 22 amino acid LC3-

interacting region (LIR) on the N-terminal end of the UBA domain (183). Loss of this 

domain leads to decreased LC3 recruitment to the autophagic membrane and reduced 

degradation of protein aggregates (20, 183). The role of p62 during infections was 

described for S. typhimurium where it localizes to PVs and restricts bacterial growth 

(266). Recent studies found that p62 promoted the localization of TRAF6 to PVs of 

Chlamydia trachomatis and T. gondii. This localization led to ubiquitination and 

subsequently vacuolar disruption (78).  
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The adaptor protein NDP52 also has multiple roles in regulating the degradation 

of ubiquitinated substrates. While it facilitates the removal of proteins aggregates, 

NDP52 was identified for promoting autophagic clearance of intracellular pathogens 

(107, 237).  NDP52 is similar to p62 as it can interact with LC3 and ubiquitin, but it 

possesses variations in its structural domains. In place of a UBA domain, NDP52 

interacts with ubiquitin through a zinc-finger motif located within its C-terminus (126, 

183). In addition, NDP52 contains two regions to interact with LC3. The LIR motif of 

NDP52, referred to as CLIR, specifically interacts with LC3C in contrast to the p62 

domain which binds all LC3 family members (250). A LIR-like region, however, in the 

coiled coil region of NDP52 can interact with all LC3 members. This LIR-like region was 

found to be important for autophagosome maturation while CLIR and LC3C are 

specifically required for xenophagy (246, 250). Lastly, NDP52 has the unique ability to 

bind Galectin 8 as well as LRSAM1 (51, 238).  

NDP52 and p62 function through nonredundant pathways to promote 

autophagy. LC3 recruitment to S. typhimurium PVs is reduced in cells lacking either of 

these adaptor proteins; however, an additive loss does not occur with double deletions 

demonstrating that they act through the same pathway (34). NDP52 and p62 

independently localize to vacuoles of S. typhimurium and L. monocytogenes as removal of 

either does not affect targeting of the other protein (34, 170). While they can interact with 

each other, they can also be found in distinct cellular compartments and associate with 

different bacterial membrane domains during autophagy (34). 
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1.3.3 Relationship between autophagy and IFN-inducible GTPases 

Multiple studies have demonstrated that IRGs promote IFNγ stimulated 

autophagy. In the absence of both murine Irgm1 and human IRGM, cells displayed 

defective autophagic flux demonstrated by an increase in LC3 and p62 puncta (221, 241). 

During infections with M. bovis BCG, the loss of either protein also led to decreased 

delivery of the bacteria to acidified compartments and increased bacterial growth (221). 

The GKS protein Irga6 was also shown to promote LC3-II lipidation during IFNγ 

stimulation and C. trachomatis infections. The targeting to inclusions was dependent on 

the expression of Atg5 suggesting a positive feedback pathway (7).  

Similar to the IRG system, Gbps have been implicated as autophagic regulators. 

In cells infected with C. trachomatis, loss of hGBP1 and hGBP2 led to decreased LC3-II 

formation and increased p62 levels suggesting a defect in autophagic flux. They were 

also shown to promote the conjugation of Atg5 with Atg12 as monomers of these 

proteins were more prevalent without Gbps (8). In murine cells depleted of Irgm1 and 

Irgm3, which display reduced autophagic flux, mGbp2 was found to associate with 

structures positive for ubiquitin, LC3 and p62. mGbp2 was not degraded upon 

localization which suggested it plays a role in modulating autophagy (241). IRG and 

Gbp targeting to pathogen vacuoles also depends on the expression of Atg5 and Atg3 

(40, 79, 265). This regulation was not due to defects in autophagic degradation, however, 

as loss of Atg14 showed normal Gbp recruitment to PVs (40). As GTP-locked GKS IRGs 

targeted PVs in the absence of Atg5, it instead appears that LC3-II functions 
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independently from autophagy to modulate the active states of IRGs and Gbps (79).  

These data support a model where autophagy proteins regulate the targeting of IFN-

inducible GTPases which subsequently mediate downstream processes. 

 

1.4 Pyroptosis 

1.4.1 Mechanisms of pyroptosis activation 

The canonical pathway of pyroptosis begins with the activation of multiprotein 

complexes called inflammasomes which are composed of sensor molecules, the adaptor 

protein ASC, and caspase-1. Sensor molecules include members of the NLR family as 

well as Aim2. Through their LRR domains, they recognize distinct ligands to facilitate 

inflammasome formation and signaling. After activation, these receptors oligomerize 

through their NACHT domains and subsequently interact with ASC. ASC is an adaptor 

protein that recruits caspase-1. It contains an N-terminal PYD domain that mediates its 

associations with NLRs as well as a C-terminal CARD domain to bind pro-caspase-1. 

Upon binding to pro-caspase-1, the protease self cleaves to form the active enzyme 

which can promote cell death in addition to the secretion of the pro-inflammatory 

cytokines, IL-1β and IL-18 (135, 153, 245).  

While multiple sensors have been hypothesized to be components of 

inflammasomes in mice and humans, only four complexes have been well described 

(249). These complexes include NLRP1, NLRP3, NLRC4, and Aim2. NLRP1, specifically 

NLRP1b, is activated by anthrax lethal toxin. NLRP3, the most studied of the 
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inflammasomes, responds to multiple stimuli including Gram positive bacteria, pore-

forming toxins, ATP, silica, and alum. Instead of direct associations with these ligands, 

NLRP3 rather responds to their downstream effects including potassium efflux and 

production of ROS (172). NLRC4 is activated by flagellin or type III secretion systems. 

Aim2 responds to double stranded DNA. While NLRP1b and NLRC4 require ASC for 

caspase-1 dependent cytokine secretion, they can also promote pyroptosis through their 

own CARD domain interactions with the protease (245).  

Recent research has uncovered a non-canonical pathway of pyroptosis mediated 

by the protease, caspase-11. Caspase-11 has been shown to act upstream of caspase-1 as 

well as independently of the canonical pathways. Early studies found that caspase-11 

promoted caspase-1 cleavage and IL-1β secretion in cells stimulated with cholera toxin B 

(CTB) and Gram negative pathogens in an NLRP3 dependent manner. While cytokine 

secretion was dependent on caspase-1, caspase-11 independently promoted cell death. 

Caspase-11 did not respond to NLRP3 ATP stimulation, however, suggesting ligand 

specificity (115). During L. pneumophila infections, caspase-11 also independently 

promoted the secretion of the pro-inflammatory cytokine, IL-1α (33).  

It became apparent in the late 1990’s that caspase-11 was involved in LPS 

induced septic shock in mice (251). Multiple studies since then have supported a role for 

caspase-11 in response to this Gram negative bacterial component.  Gram negative 

pathogens that accessed the host cytosol promoted cell death in a caspase-11 dependent 

manner (1). Studies later found that the introduction of LPS alone into the cytosol 
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activated caspase-11 independently of TLR4 which was reiterated in a murine septic 

shock model (76, 115). Caspase-11 has now been shown to directly bind LPS leading to 

protease oligomerization and cell death. The human homologs, caspase-4 and caspase-5, 

also exhibit equivalent binding affinities to this molecule (219). Recent evidence 

elucidated that caspase-11 mediates pyroptosis through cleavage of the protein, 

gasdermin D, although the mechanisms leading to cell death are still unclear (114, 218). 

  In order to maintain homeostasis, there needs to be a balance of caspase-1 and 

caspase-11 activities. During infections with S. typhimurium, caspase-1 is the 

predominant protease responsible for pathogen clearance. Mice expressing only caspase-

1 effectively control bacterial growth equivalent to wildtype controls.  However, 

expression of caspase-11 in the absence of caspase-1 led to increased bacterial burden 

greater than that of a double knockout. It was demonstrated that due to the 

pathogenicity of S. typhimurium, cell death mediated by caspase-11 allowed for 

extracellular growth of the bacteria. As caspase-1 was responsible for neutrophil 

recruitment, S. tyhpimurium was not cleared in these mice (25). Alternatively, caspase-11 

alone was responsible for controlling infections of the Gram negative bacteria, 

Burkholderia thailandensis (1).  

 

1.4.2 Gbps promote pyroptotic pathways 

A role for Gbps during pyroptosis was initially described for Gbp5 when it was 

found to promote cell death in response to S. typhimurium infections (204). Further work 
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demonstrated that Gbp5 specifically promoted NLRP3 activation of caspase-1 in 

response to potassium concentrations in addition to both Gram positive and Gram 

negative bacterial components. Utilizing immunoprecipitation assays, Gbp5 was shown 

to interact with NLRP3 and promoted Asc recruitment and oligomerization (217). Two 

subsequent studies, however, failed to reproduce these observations so the precise 

mechanism of Gbp5 remains unclear (148, 157). Recent analyses found that Gbpchr3 

activated caspase-1 through another receptor, Aim2. By directly lysing bacteria, the 

Gbps facilitated the release of DNA subsequently leading to pyroptosis and cytokine 

secretion (148, 158). 

Gbps have also been described to promote caspase-11 activated pathways of 

pyroptosis. Gbpchr3-/- cells display reduced cell death during infections with Gram 

negative bacteria suggesting an association with caspase-11 regulation by LPS. There 

have been conflicting reports, however, on the mechanism for this regulation. One study 

found that Gbps activated caspase-11 through the disruption of pathogen vacuoles 

which releases LPS into the cytosol (157). As this dissertation will discuss, there is also 

evidence for downstream functions of Gbpchr3 in LPS sensing to activate caspase-11 (190). 

Recent work supports this model as C. muridarum activates Gbpchr3 dependent 

pyroptosis in macrophages although their inclusions are devoid of Gbps (57). Overall, 

these data suggest Gbps can promote pyroptosis independently of their association with 

vacuoles. 
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1.5 Motivation for this work 

IRGs and Gbps have important roles in restricting the growth of infectious 

organisms. It is well established that these proteins recognize and target a broad range 

of pathogens upon entry into cells. After targeting PVs, both IRGs and Gbps can disrupt 

PV membranes leading to the degradation of the pathogen within. Although this role 

has been considered a major function for the Gbps, recent evidence suggests they also 

participate in alternative pathways. Our understanding of these roles is less clear, so this 

thesis aims to further characterize the mechanisms by which Gbps restrict intracellular 

pathogens independently of vacuolar disruption.  

IFNγ promotes caspase-11 pathways during Gram negative bacterial infections, 

so I hypothesized that this regulation was due to Gbps as their expression is highly 

stimulated by this cytokine. Because Gbp5 had been found to promote the 

oligomerization of the NLRP3 inflammasome, I aimed to determine if the Gbps could 

promote the oligomerization and activation of caspase-11. In Chapter 2 of this thesis, I 

describe a mechanism by which the expression of Gbpchr3 facilitates the induction of 

caspase-11 mediated cell death. I found that these Gbps functioned in a novel 

mechanism downstream of vacuolar disruption to aid in the recognition of LPS by 

caspase-11.  

Some pathogens, such as L. monocytogenes and F. novicida, promote the 

destruction of PVs to replicate in the host cytosol (68, 193). As Gbps still localize to these 

PVs (120, 158), it suggests they participate in functions following membrane disruption. 
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One hypothesis is that they recruit inflammasome components to PVs to provide a 

platform for ligand interaction and caspase activation. Studies have shown that Gbps 

associate with membranous components shed from PVs (214). Although Gbps can 

promote the disruption of membranes, I hypothesized that a population of proteins are 

recruited to the membrane following damage. In chapter 3 of this thesis, I assessed the 

recruitment of Gbps to damaged membranes through associations with galectins. 

Overall, this thesis reexamines the role of Gbps at the PV and describes additional 

functions by which they restrict the growth of pathogenic organisms.  
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2. Guanylate binding proteins promote caspase-11-dependent 

pyroptosis in response to cytoplasmic LPS* 

2.1 Introduction 

The Gram-negative bacterium Legionella pneumophila resides and replicates inside 

free-living amoeba in the aqueous environment. When aerosolized and inhaled, L. 

pneumophila can infect alveolar macrophages and cause pneumonia in humans and 

animal models (63). Clearance of these pulmonary infections requires IFN-mediated 

immune responses (63). IFNs are proinflammatory cytokines produced by professional 

immune cells as well as infected nonimmune cells. Type I IFNs include IFNα and IFNβ, 

whereas the sole type II IFN is IFNγ. Although type I and II IFNs sometimes have 

distinct effects on cells, many of the induced transcriptional responses overlap. IFN 

receptors are expressed on the surface of virtually every mammalian cell, including 

macrophages (145). Engagement of IFN receptors induces the expression of numerous 

host genes implicated in cell-autonomous resistance to L. pneumophila infections. Among 

these resistance factors are Irgm1, a member of the family of immunity-related GTPases 

(IRGs), and the nitric oxide synthase Nos2 (140, 228). These IFN-inducible host proteins 

mediate resistance through the modification of membrane trafficking events and the 

production of highly reactive oxidants (145). 

_________________________________ 

 
*This chapter contains excerpted text from the following publication: 

Pilla DM, Hagar JA, Haldar AK, Mason AK, Degrandi D, Pfeffer K, Ernst RK, Yamamoto M, Miao EA, 

Coers J. (2014) Guanylate binding proteins promote caspase-11-dependent pyroptosis in response to 

cytoplasmic LPS. Proc Natl Acad Sci USA 111(16):6046–6051 
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Macrophage immunity to L. pneumophila infections is also achieved through the 

activation of multiprotein inflammasome complexes that trigger pyroptotic cell death. L. 

pneumophila can trigger pyroptosis through the inadvertent leakage of bacterial flagellin 

into the host cytosol (168, 200). The NAIP5-NLRC4 inflammasome senses cytoplasmic 

flagellin and triggers caspase-1 activation (261). Active caspase-1 proteolytically 

processes the proforms of IL-1β and IL-18, and additionally promotes the rapid 

formation of death-inducing plasma membrane pores (24, 62). 

In addition to the canonical inflammasome pathway induced by cytoplasmic 

flagellin, L. pneumophila infections can trigger a flagellin-independent, noncanonical 

inflammasome pathway defined by the activation of caspase-11 (32, 33). Activated 

caspase-11 promotes rapid cell death independent of caspase-1 and independent of any 

known components of canonical inflammasomes (1, 115). Whereas the composition of 

the noncanonical inflammasome complex is unknown, the microbial trigger for caspase-

11 activation was recently identified as LPS released from Gram-negative bacteria 

accessing the cytosol (76, 116). Accordingly, an L. pneumophila mutant that aberrantly 

enters the cytosol, ΔsdhA, was shown to initiate a rapid caspase-11 response in naive 

macrophages (1). Rapid, flagellin-independent activation of caspase-11 is also observed 

in macrophages infected with sdhA+ L. pneumophila strains, but only if macrophages were 

primed with stimuli, such as external LPS (32). The caspase-11 response observed in 

LPS-primed macrophages infected with flagellin-deficient  
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(ΔflaA), sdhA+ L. pneumophila requires cofactors that are IFN-inducible (32). In this study, 

I show that IFN-inducible Guanylate binding proteins (Gbps) function as critical 

cofactors for the activation of the noncanonical inflammasome by cytoplasmic LPS 

derived from L. pneumophila. I further demonstrate that activation of the caspase-11 

pathway by a cytosol-invading Salmonella enterica  serovar Typhimurium 

(S. Typhimurium) mutant also requires Gbp expression. Therefore, these studies identify 

Gbp proteins as critical mediators of caspase-11–driven, cell-autonomous immunity 

directed against Gram-negative bacteria accessing the cytosol. 

 

2.2 Results 

2.2.1 IFNγ-activated macrophages reduce bacterial burden through Nos2-, Nox2-, and 

Irgm1/m3-dependent and -independent mechanisms 

Type II IFNγ is produced by professional immune cells and acts as a potent 

inducer of macrophage immunity. Among the most abundantly expressed IFNγ–

inducible proteins are GTPases (145). One class of IFNγ–inducible GTPases previously 

implicated in resistance to L. pneumophila infections comprises IRG proteins, specifically 

Irgm1 (140). In support of previous observations, I found that IFNγ–activated bone 

marrow-derived macrophages (BMMs) lacking the paralogous genes Irgm1 and/or Irgm3 

were moderately deficient in restricting intracellular growth of L. pneumophila ΔflaA (Fig. 

1 A and B). The concomitant removal of the antimicrobial enzyme Nos2 and the NADPH 

oxidase Nox2 similarly diminished the ability of IFNγ–primed BMMs to restrict 
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Figure 1: Multiple IFN-induced responses restrict the growth of L. pneumophila in 

murine macrophages.   (A,B) Naive and IFNγ–primed BMMs were infected with 

bioluminescent ΔflaA L. pneumophila at an MOI of 1, and bacterial growth was measured 

as relative light units (RLU) at 24 hpi. Data are shown as averages ± SD of three 

independent wells. Unless otherwise indicated, cells were induced with 100 U/mL IFNγ 

overnight.  
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intracellular growth of L. pneumophila ΔflaA (Fig. 1B). To determine whether additional 

host resistance factors and pathways existed that could provide IFNγ–inducible 

macrophage immunity to L. pneumophila, we generated quadruple knockout (QKO) mice 

deficient in Irgm1,Irgm3, Nos2, and Nox2. IFNγ–activated BMMs derived from QKO mice 

allowed for significantly greater bacterial replication than IFNγ–activated BMMs 

deficient in only subsets of these four genes (Fig. 1B). However, IFNγ–activated QKO 

BMMs maintained the ability to reduce bacterial burden substantially relative to 

unstimulated controls (Fig. 1B), demonstrating the existence of additional IFNγ–

inducible resistance pathways. 

 

2.2.2 Pyroptosis is activated independently of Nos2, Nox2, and IRGM proteins in 

IFNγ–primed macrophages 

To account for the residual resistance observed in IFNγ–stimulated QKO BMMs, 

I considered two cell-autonomous host defense pathways: antimicrobial autophagy (also 

known as xenophagy) and pyroptosis. Global deletions of Atg5 cause neonatal lethality, 

so we created a QKO Atg5-/- mouse line using a LysMCre recombinase system to remove 

Atg5 in macrophages (Fig. 2A) (41, 130). I was able to exclude xenophagy as a defense 

pathway active against L. pneumophila because QKO Atg5-/- BMMs were as restrictive 

for L. pneumophila growth as Atg5-expressing QKO cells (Fig. 2B,C). Because IFNγ–

treated QKO, and QKO Atg5−/− BMM underwent cell lysis equivalently to WT BMMs 

upon infection with L. pneumophila (Fig. 3A,B), I hypothesized that IFNγ–treated QKO  
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Figure 2: Atg5 is dispensable for L. pneumophila restriction   (A) Western blot for Atg5 

in QKO Atg5flox/flox LysMCre- and QKO Atg5flox/flox LysMCre+ BMMs (B,C) Untreated or 

IFNγ treated BMMs were infected with bioluminescent L. pneumophila at an MOI 1 and 

relative light units (RLU) are shown for (B) 24 hpi as well as a (C) timecourse over 30 

hpi. All values are means ± SD from three independent wells. 
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Figure 3: Pyroptosis occurs normally in QKO and QKO Atg5-/- BMMs upon L. 

pneumophila infections   BMMs were infected with ΔflaA L. pneumophila at an MOI of 10 

and LDH release was measured at 3 hpi. All values are averages ± SD from three 

independent wells. Statistical significance was calculated using the unpaired 

Student t test.  
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BMMs instead mediated resistance to L. pneumophila infections through the induction of 

pyroptosis. In support of this hypothesis, I observed that the treatment of IFNγ–

activated QKO BMMs with the pan-caspase inhibitor z-Val-Ala-Asp-fluoromethylketone 

(zVAD) both suppressed L. pneumophila-induced cell death (Fig. 4A) and enhanced 

bacterial burden relative to DMSO-treated control cell (Fig 4B). To ensure that the 

restriction defect is specifically due to pyroptosis, I also analyzed growth in Casp11-/- and 

Casp1-/-Casp11-/- BMMs. Similar to zVAD inhibition, L. pneumophila burden was increased 

in IFNγ stimulated Casp11-/- and Casp1-/-Casp11-/- BMMs relative to IFNγ–stimulated WT 

BMMs (Fig. 4C). Together, these data show that caspase-11–dependent immunity 

limits L. pneumophila replication in IFNγ–stimulated BMMs and that caspase-11–

mediated resistance operates independently of Irgm1, Irgm3, Nos2, and Nox2. 

 

2.2.3 Gbps promote caspase-11–dependent pyroptosis 

In LPS-stimulated macrophages, L. pneumophila triggers rapid caspase-11–

mediated pyroptosis independent of bacterial flagellin and the canonical inflammasome 

components apoptosis speck-like protein (ASC) and NLRC4 (32). I found that IFNγ 

treatment similarly predisposed BMMs to infection-induced, caspase-11–mediated cell 

death, which occurred independent of flagellin and the canonical inflammasome 

components ASC, NLRC4, and NLRP3 (Fig. 5). I hypothesized that cell priming with 

either LPS or IFNγ resulted in the enhanced expression of one or more host proteins  
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Figure 4: Pyroptosis promotes restriction of L. pneumophila   (A) Naive and IFNγ–

primed BMMs were treated with the caspase inhibitor z-Val-Ala-Asp-

fluoromethylketone (zVAD) where indicated. Cells were infected with L. pneumophila at 

an MOI of 10, and LDH release was measured at 3 hpi. (B) Bioluminescent L. 

pneumophila growth was measured in QKO BMMs treated with zVAD compared with 

DMSO vehicle control at 24 hpi. (C) Bacterial burden was measured in BMMs from the 

indicated mouse strains at 24 hpi. All values are averages ± SD from three independent 

wells.  
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Figure 5:  L. pneumophila induced pyroptosis is independent of caspase-1 

inflammasome components   BMMs from the indicated mouse strains were left 

untreated or activated with 100 U/mL IFNγ overnight. Cells were infected 

with L.pneumophila at an MOI of 10, and LDH release was measured at 3 hpi. 
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critical for the activation of the noncanonical inflammasome. Although LPS and IFNγ  

both induce the expression of caspase-11 (210), strong evidence exists that additional 

IFN-inducible host factors other than caspase-11 are needed for the execution of the 

noncanonical inflammasome pathway (25, 32, 76, 116). To identify IFN- and LPS-

inducible factors required for the execution of pyroptosis via caspase-11, I pursued a 

candidate approach. 

Robust activation of the NLRP3 inflammasome by pathogenic bacteria requires 

expression of Gbp5, a member of the Gbp family of IFN-inducible GTPases (217). I 

therefore hypothesized that one or more Gbp proteins could similarly regulate the 

activation of the noncanonical inflammasome. To test this hypothesis, I monitored the 

ability of BMMs deficient for a cluster of five Gbp genes (Gbp1–Gbp3, Gbp5, and Gbp7) on 

mouse chromosome 3 (Gbpchr3) to undergo rapid L. pneumophila -induced, caspase-11–

dependent pyroptosis. Similar to IFNγ–activated Casp11−/− and Casp1−/−Casp11−/− BMMs, I 

found that IFNγ–activated Gbpchr3−/− BMMs were resistant to L. pneumophila-induced cell 

death, as determined by monitoring the incorporation of propidium iodide into the host 

cell nuclei and the release of cytoplasmic lactate dehydrogenase (LDH) into the cell 

culture supernatant at 3 hours post infection (hpi) (Fig. 6A,B). Bacterial burden did not 

affect the impact of cell death as MOIs of 0.1, 1.0, and 10 yielded similar cell death 

phenotypes after 24 hpi (Fig. 7). The results thus far have only examined cell death in 

response to IFNγ, but Gbps are also stimulated by type I IFNs. To assess if this is an  
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Figure 6:  L. pneumophila induced pyroptosis is dependent on Gbpchr3   BMMs from the 

indicated mouse strains were left untreated or activated with 100 U/mL IFNγ overnight. 

Cells were infected with L. pneumophila at an MOI of 10 (A) Fluorometric plots show 

propidium iodide (PI) uptake every 15 minutes for 3 hrs (B) LDH release was measured 

at 3 hpi.  
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Figure 7: Reduced cell death in Gbpchr3-/- BMMs is independent of bacterial burden and 

IFNγ concentrations WT and Gbpchr3-/- BMMs were activated with 10 U/ml and 100 U/mL 

IFNγ and infected with bioluminescent flaA L. pneumophila at MOIs of 0.1, 1.0, and 10. 

LDH release was measured at 24hpi. 
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Figure 8: IFNβ induces Gbpchr3 dependent pyroptosis in response to L. pneumophila   

Naïve and IFNβ (100 U/mL) treated BMMs from WT, Gbpchr3-/-, and Casp11-/- mice were 

infected with flaA L. pneumophila at an MOI of 10 and LDH was measured at 3 hpi.  
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IFNγ specific event, I examined cell death in Gbpchr3−/− BMMs stimulated with IFNβ and 

found they were similarly resistant to caspase-11–dependent cell death when infected 

with L. pneumophila (Fig. 8). 

To determine which Gbpchr3 proteins promote the execution of caspase-11–

dependent cell death, I ablated expression of individual Gbpchr3 proteins through the use 

of shRNAs. Interference with the expression of Gbp1, Gbp2, Gbp3, and Gbp5 led to a 

moderate reduction in L. pneumophila-induced cell death (Fig. 9A). Further corroborating 

these results, I found L. pneumophila-induced pyroptosis to be modestly reduced in 

Gbp2−/− BMMs (Fig. 9B). However, Gbp2−/− BMMs remained significantly more susceptible 

to cell death than Gbpchr3−/− BMMs (Fig. 9B). These data indicate that maximal activation 

of the noncanonical inflammasome pathway is mediated by a network of 

Gbpchr3 proteins rather than by one single Gbpchr3 protein. 

 

2.2.4 Gbps promote caspase-11 activation and cell-autonomous resistance 

IFN-activated Gbpchr3−/− BMMs failed to undergo pyroptosis following L. 

pneumophila infection despite normal caspase-11 protein expression (Fig. 10), suggesting 

a potential role for Gbpchr3 proteins in caspase-11 activation rather than in the regulation 

of caspase-11 expression. In support of this model, processed caspase-11 p26 was 

detected in the supernatants of IFNγ-primed, L. pneumophila-infected WT BMMs but 

not Gbpchr3−/− BMMs (Fig. 10). Although the importance of caspase-11 cleavage for the  
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Figure 9: Multiple Gbps regulate L. pneumophila induced pyroptosis   (A) WT 

immortalized BMMs (iBMMs) were transduced with shRNAs against the indicated 

Gbpchr3 targets in addition to the negative controls shLacZ and shRFP. Cells were then 

treated with 100 U/mL IFNγ  and infected with flaA L. pneumophila at an MOI of 1. LDH 

was measured at 3 hpi. (B) Cell death was measured in primary Gbp2−/− BMMs infected 

with flaA L. pneumophila. at MOIs of 10 and 1 at 3 hpi.  
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Figure 10:  Gbpchr3-/- BMMs show reduced cleavage of caspase-11 during L. 

pneumophila infections   Cell lysates and supernatants (Sup) from WT 

and Gbpchr3−/− BMMs were probed for pro-caspase-11 and cleaved caspase-11 (p26 

subunit) by Western blot. Where indicated, cells were treated with 100 U/mL IFNγ and 

infected with L. pneumophila at an MOI of 10 for 3 hrs. 
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execution of cell death remains in doubt (14), these results hint at a possible role for Gbp 

proteins in promoting proteolytic processing of caspase-11. 

Because caspase-11 promotes cell-autonomous immunity to L. pneumophila in 

IFNγ–primed BMMs (Fig. 4), I hypothesized that Gbpchr3 proteins were similarly 

required to restrict L. pneumophila growth inside BMMs. In support of our hypothesis, I 

observed increased bacterial burden in IFNγ–activated Gbpchr3−/−BMMs relative to 

littermate control cells across a range of multiplicities of infection (MOIs) (Fig. 11). 

Collectively, these data indicate that Gbp proteins promote rapid pyroptosis and cell-

autonomous immunity to L. pneumophila infections via caspase-11 activation in IFN-

primed macrophages. 

 

2.2.5 Cell death mediated by infection with the L. pneumophila ΔsdhA mutant requires 

Gbpchr3 proteins 

Caspase-11 activation occurs when Gram-negative bacteria enter the cytosol 

(12). L. pneumophila normally resides within an intracellular vacuole and fails to induce a 

rapid caspase-11 response in naive macrophages (32). In IFN-primed BMMs, however, L. 

pneumophila infections activate the noncanonical inflammasome pathway (Figs 5 and 6). I 

considered two models to account for enhanced cell death via caspase-11 in IFN-

activated cells: IFN-primed BMMs could either promote the disruption of Legionella-

containing vacuoles (LCVs) to expel bacteria into the cytosol or increase their sensitivity 

for cytoplasmic LPS. I first monitored the effects of IFN on LCV integrity 
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Figure 11: Gbpchr3-/- BMMs display reduced restriction of L. pneumophila   WT and 

Gbpchr3-/- BMMS were infected with flaA L. pneumophila at MOIs of 0.1, 1.0, and 10 with 

10 U/mL and 100 U/mL IFNγ for 24 hrs. Growth shown is the average ±SD from 

triplicate wells. 
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by measuring the localization of a YFP-Galectin-3 fusion protein to intracellular bacteria. 

The cytoplasmic Galectin-3 protein recognizes disrupted vacuoles by binding to 

glycosylated proteins confined to the luminal side of vacuoles and only accessible from 

the cytosol once loss of membrane integrity has occurred (185). As previously reported 

(45), the L. pneumophila ΔsdhAΔflaA mutant defective for maintenance of LCV membrane 

integrity associated with Galectin-3 more frequently than ΔflaA bacteria did (Fig. 

12 and Fig. 13). However, IFN treatment failed to increase Galectin-3 localization to 

ΔflaA bacteria (Fig. 12 and Fig. 13), suggesting that LCV membrane integrity is not 

dramatically altered in IFN-activated BMMs. 

Because IFN treatment appeared to have little or no effect on the integrity of 

LCVs, I hypothesized that Gbpchr3 proteins function downstream of LCV disintegration. 

To test this hypothesis, I first set out to determine whether Gbpchr3 proteins are required 

for the induction of cell death by the L. pneumophila ΔsdhAΔflaA mutant known to enter 

the cytosol aberrantly. As previously observed (1), ΔsdhAΔflaA induced caspase-11–

dependent cell death in naive BMMs (Fig. 14A). I found that priming of BMMs with IFN 

further exacerbated ΔsdhAΔflaA-induced pyroptosis (Fig. 14A). Cell death induced by 

ΔsdhAΔflaA in either naive or IFN-primed BMMs required Gbpchr3 expression (Fig. 14A). 

Together with the observation that Gbpchr3 proteins fail to promote LCV destabilization 

(Fig. 13), these data suggest that Gbpchr3 proteins promote the activation of the caspase-

11 pathway following cytosolic invasion by L. pneumophila. 
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Figure 12: YFP-Gal3 associates with L. pneumophila in WT and Gbpchr3-/- BMMs Naïve 

and IFNγ (100 U/mL) treated WT and Gbpchr3-/- BMMs overexpressing YFP-Gal3 

were infected with ΔflaA and ΔflaAΔsdhA L. pneumophila for 4 hrs. Shown above 

are representative images for YFP-Gal3 localizing to LCVs. 
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Figure 13: Gal3 recruitment to ΔflaA L. pneumophila is equivalent between WT and 

Gbpchr3-/- BMMs   Naïve and IFNγ (100 U/mL) treated macrophages overexpressing YFP-

Gal3 were infected with ΔflaA and ΔflaAΔsdhA L. pneumophila at an MOI of 2. Percentage 

of YFP-Gal3 colocalizing with bacterial vacuoles was measured at 4 hpi. Values are 

shown as averages ± SEM from a total of 800 infected cells from two independent 

experiments. 
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2.2.6 Pyroptosis induced by infections with S. Typhimurium ΔsifA is diminished 

in Gbpchr3−/−macrophages 

L. pneumophila injects the effector protein sdhA into the host cytosol to maintain 

LCV integrity (45). Similar to L. pneumophila, S. Typhimurium secretes its effector protein 

sifA into the host cell to preserve the integrity of the Salmonella-containing vacuole (SCV) 

(18). Loss of sifA expression in a ΔsifA S. Typhimurium mutant results in bacterial 

expulsion from the SCV into the cytosol and activation of the caspase-11 pathway (1). I 

observed that Gbpchr3−/− BMMs primed with LPS were more resistant to ΔsifA-induced 

pyroptosis than LPS-primed WT BMMs (Fig. 14B). These data show that distinct Gram-

negative bacterial pathogens with access to the host cell cytosol promote caspase-11–

dependent cell death through a Gbpchr3-dependent pathway. However, I also observed 

that ΔsifA-induced pyroptosis was more pronounced in Gbpchr3−/−BMMs compared 

with Casp11−/− BMMs (Fig. 14B), suggesting that S. Typhimurium infections trigger 

noncanonical inflammasome activation in both Gbpchr3-dependent and Gbpchr3-

independent manners. 

 

2.2.7 Gbpchr3 proteins promote the induction of caspase-11 pyroptosis by cytoplasmic 

LPS 

Recently, it was shown that translocation of Escherichia coli, S. Typhimurium lipid 

A, or LPS into the cytoplasm of primed macrophages triggers the noncanonical  

inflammasome pathway (76, 116). To define the L. pneumophila-derived molecule 
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Figure 14: Gbpchr3 promotes cell death with ΔflaAΔsdhA L. pneumophila and ΔsifA S. 

typhimurium   (A) LDH release was measured at 3 hpi in naive or IFNγ–primed BMMs 

(100 U/mL) from the indicated mouse strains infected with ΔflaAΔsdhA L. pneumophila at 

an MOI of 10. (B) LDH release was measured at 3 hpi in LPS-activated BMMs (50 

ng/mL) infected with ΔsifA S. Typhimurium at an MOI of 50. All values shown are 

averages ± SD of three independent wells. (B: performed by J. Hagar) 
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Figure 15: Gbpchr3 promotes pyroptosis in response to the cytoplasmic delivery of L. 

pneumophila LPS  

Naive and activated BMMs were transfected with L. pneumophila lysates (A), plasmid 

DNA (B), crude L. pneumophila LPS (C), and purified L. pneumophila LPS (D) for 3 hrs and 

LDH was measured. (E) Naive and primed BMMs were infected with L. 

monocytogenes (MOI of 5) in the presence or absence of L. pneumophila LPS (E:performed 

by Jon Hagar). Data are shown as the average ± SD of three independent wells. 

Statistical significance between samples was measured using one-way ANOVA (A,C,D) 

and the unpaired Student t test (B,E).   
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responsible for the activation of the noncanonical inflammasome, I first transfected 

BMMs with L. pneumophila lysates. Transfection of L. pneumophila lysates into IFNγ–

primed BMMs triggered caspase-11–dependent pyroptosis (Fig. 15A). Cell death was not 

due to the presence of bacterial DNA as Gbpchr3-/- BMMs died similarly to WT BMMs 

following DNA transfections (Fig. 15B). As caspase-11-dependent cell death is due to 

LPS recognition (76, 116, 219), I prepared L. pneumophila LPS from postexponential 

cultures using two distinct purification methods and transfected these LPS preparations 

into BMMs. Cytoplasmic L. pneumophila LPS induced significant cell death in IFNγ–

activated BMMs (Fig. 15C,D), indicating that cytoplasmic LPS was responsible for the 

induction of pyroptosis in cells infected with ΔflaA L. pneumophila. 

Cell death induced by L. pneumophila LPS transfection required both caspase-11 

and Gbpchr3 expression (Fig. 15C,D), demonstrating that Gbpchr3 proteins promote 

caspase-11–dependent pyroptosis in response to cytoplasmic LPS. To ensure that the 

Gbpchr3-dependent phenotype I observed was not a result of damaging transfected 

vesicles of LPS, I delivered L. pneumophila LPS to the cytoplasm by an alternative 

method, as previously described (76). In this approach, I infected BMMs with the Gram-

positive, cytosol-invading pathogen Listeria monocytogenes in the absence or presence 

of L. pneumophila LPS. This pathogen enters the cytosol by forming pores in phagosomes 

with the toxin, Listeriolysin O (LLO) (81). I found that the codelivery of  

L. pneumophila LPS with WT L. monocytogenes increased L. monocytogenes-induced cell  
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death in WT but not Gbpchr3−/− BMMs (Fig. 15E). This response required invasion of the 

cytoplasm, because incubation of L. pneumophila LPS with an LLO mutant (Δhly) did not 

cause cell death in BMMs. These data further support a role for Gbpchr3 proteins in the 

pyroptotic response to cytoplasmic LPS downstream of vacuolar disruption. 

L. pneumophila LPS is characterized by several unique structural features that 

include the presence of fatty acid chains twice the length of the corresponding chains 

found in enterobacterial LPS (144). To determine whether Gbpchr3 proteins were also 

required for the induction of pyroptosis triggered by cytoplasmic LPS derived from  

Enterobacteriaceae, I monitored the effect of cytoplasmic E. coli LPS O111:B4 delivered 

by L. monocytogenes or cholera toxin B (CTB) on cell viability in WT and Gbpchr3−/− BMMs. I 

found that the delivery of O111:B4 into the host cytoplasm resulted in only moderately 

reduced rates of cell death in Gbpchr3−/− BMMs relative to WT BMMs (Fig. 16 A, B). 

Similarly, pyroptosis induced by cytoplasmic Salmonella LPS was reduced 

in Gbpchr3−/− BMMs (Fig. 16C, D), although not to the same extent as in Casp11−/− BMMs 

(Fig. 16D). Together, these data demonstrate that Gbpchr3 promotes the execution of 

pyroptosis triggered by distinct LPS variants exposed to the cytosol. Additionally, our 

data suggest that cytoplasmic, enterobacterial LPS induces additional Gbpchr3-

independent mechanisms of caspase-11 activation. 
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Figure 16:  Gbpchr3 promotes pyroptosis in response to cytoplasmic LPS derived from 

E. coli and S. typhimurium 

(A) Naive and primed iBMMs were infected with L. monocytogenes (MOI of 5) in the 

presence or absence of E. coli LPS O111:B4 for 2 hrs or (B) incubated with the indicated 

combinations of CTB (20 μg/mL) and O111:B4 (1 μg/mL) (C) Naive and primed BMMs 

were infected with L. monocytogenes (MOI of 5) in the presence or absence of S. 

minnesota LPS or (D) transfected with S. minnesota LPS and assessed for cell viability at 4 

hrs posttransfection. Data are shown as the average ± SD of three independent wells. 

Statistical significance between samples was measured using the unpaired Student t test 

(A–C) and one-way ANOVA (D). (performed by J Hagar) 
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2.3 Discussion 

IFN-activated macrophages use multiple defense pathways to restrict 

intracellular microbial growth (145). IFNs induce macrophage immunity predominantly 

through the induction of gene expression. Among the gene products most highly 

expressed in IFN-activated cells are members of the IRG and Gbp families of IFN-

inducible GTPases (145). Here, I demonstrate that members of both GTPase families 

provide macrophage immunity to L. pneumophila infections. Although the mechanism of 

IRG-mediated resistance to L. pneumophila remains unexplored, I show that Gbp proteins 

are essential for the activation of caspase-11–dependent pyroptosis in response to 

infections with L. pneumophila. 

Caspase-11–dependent pyroptosis is induced by infections with various Gram-

negative bacteria but not Gram-positive bacteria (76, 115, 199). The molecule common to 

Gram-negative bacteria and responsible for caspase-11 activation was recently identified 

as LPS (76, 116). Whereas extracellular LPS failed to promote cell death, it was shown 

that the direct injection of enterobacterial LPS into the cytoplasm through cell 

transfection and other methods was sufficient to trigger caspase-11–dependent 

pyroptosis (76, 116). These observations demonstrate that macrophages must possess 

one or more cytoplasmic LPS sensing pathways. 

Here, I show that cytoplasmic LPS derived from L. pneumophila also triggers 

caspase-11–dependent pyroptosis. Because L. pneumophila takes up residence within a  
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pathogen-controlled vacuole, only limiting amounts of L. pneumophila LPS are likely to 

enter the cytosol, thus explaining the delayed caspase-11 response in L. pneumophila-

infected, naive macrophages (33). In contrast to naive macrophages, I show that IFN-

activated macrophages undergo rapid caspase-11–dependent pyroptosis in response 

to L. pneumophila infections. The stimulatory effect of IFN treatment on caspase-11–

dependent pyroptosis could potentially be explained with either of these two, not 

mutually exclusive, cellular activities: (i) IFN treatment could result in increased release 

of vacuolar bacteria, and thus LPS, into the cytosol, or (ii) IFN treatment could increase 

the sensitivity of the cytoplasmic LPS detection pathway. As outlined below, several 

lines of evidence argue that Gbp proteins predominantly mediate the latter activity to 

induce Legionella-triggered cell death. 

Previous studies demonstrated a role for Irgm3 and other IRG proteins in the 

disruption of parasitophorous vacuoles surrounding the protozoan pathogen Toxoplasma 

gondii (138, 150). I show here that Irgm3 is dispensable for the caspase-11 response to L. 

pneumophila infections, thereby demonstrating that Irgm3-mediated vacuolar disruption 

is not required for caspase-11 activation. Additionally, I failed to observe a change in the 

number of disrupted LCVs upon IFN activation or a decrease in the number of 

disrupted LCVs in Gbpchr3−/− macrophages, collectively arguing against a prominent role 

for Gbpchr3 proteins in the breakdown of LCVs. Instead, I observed that Gbpchr3 protein 

expression was required for the full induction of pyroptosis by LPS delivered to the  
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cytoplasm independent of an infection. Similarly, cell death induced by the cytosol-

invading L. pneumophila ΔsdhA mutant required Gbpchr3 expression. Collectively, these 

data argue that Gbpchr3 proteins play a role in the detection of cytoplasmic LPS and/or 

the subsequent activation of the noncanonical inflammasome leading to pyroptosis. 

Whereas the induction of pyroptosis by cytoplasmic L. pneumophila LPS appears 

to be strictly dependent on Gbpchr3 proteins, cytoplasmic LPS derived from 

Enterobacteriaceae can trigger pyroptosis in the absence of Gbpchr3 proteins, albeit with 

diminished efficiency. These observations may potentially be explained by structural 

differences in the lipid A moiety of the LPS variants derived from these distinct bacterial 

species: Whereas Legionella lipid A is characterized by long fatty acid chains (27–28 

carbons in length), LPS derived from E. coli and S. Typhimurium contain shorter chains 

(12–14 carbons) (67, 164). These structural differences are already known to determine 

the specificity with which LPS variants engage Toll-like receptors (TLRs): Whereas 

enterobacterial LPS activates TLR4 signaling, L. pneumophila LPS triggers the TLR2 

signaling pathway (67, 136). Analogously, the detection of distinct LPS variants in the 

cytoplasm may require distinct cytoplasmic sensors. Albeit speculative, the differential 

requirements for Gbpchr3 proteins in the activation of the noncanonical inflammasome by 

structurally distinct LPS variants imply a role for Gbpchr3 proteins in LPS detection rather 

than in the execution of pyroptosis. Alternatively, Gbp proteins may function as signal 

amplifiers for those LPS species that are low-affinity substrates for the putative LPS 
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sensor. Future studies will need to address whether or not one or more members of the 

Gbp family are directly involved in sensing cytoplasmic LPS. 

How could Gbp proteins promote the activation of the noncanonical 

inflammasome? A hint at an answer to this question comes from studies on how Gbp 

proteins regulate the canonical inflammasome response. Activation of the canonical 

inflammasome is driven by the formation of multimers of the adaptor protein ASC (24, 

62). ASC multimers provide a central platform for the formation of several types of 

inflammasomes, including the NLRP3 inflammasome. Similar to ASC, IFN-inducible 

GTPases can form protein multimers (195). It was recently shown that tetrameric Gbp5 

binds to NLRP3 and thereby promotes the assembly of an ASC–caspase-1 multimer 

(217). Because the noncanonical inflammasome lacks ASC and NLRP3, Gbpchr3 proteins 

must promote the activation of the noncanonical inflammasome by a different 

mechanism. A detailed understanding of this mechanism will require the identification 

of specific components of the noncanonical inflammasome, which may include 

Gbpchr3 protein complexes serving as platforms for the oligomerization of caspase-11. 

 

2.4 Materials and Methods 

2.4.1 Mice 

C57BL/6J, LysMCre, and Nox2(p47phox)−/− mice were purchased from Jackson 

Laboratory. The Nox2 allele was crossed onto the previously 

described Nos2−/−Irgm1−/−Irgm3−/−(triple KO) mouse (42) to generate the QKO 
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strain. Casp1−/−Casp11−/−, Casp11−/−, Asc−/−, Nlrp3−/−Nlrc4−/−, Gbpchr3−/−, and Gbp2−/− mice were 

previously described (50, 76, 257). All mice were housed in pathogen-free facilities. 

Animal protocols were approved by the Institutional Animal Care and Use Committees 

at Duke University and the University of North Carolina, Chapel Hill. 

 

2.4.2 Plasmids, shRNAs and viral vectors  

YFP-Galectin3 expression vector (238) was a gift from Felix Randow and 

transduced into immortalized bone marrow-derived macrophages (iBMM). To ablate 

Gbp protein expression the following TRC shRNA vectors were used: TRCN0000115042, 

TRCN0000115043 (Gbp1); TRCN0000115028, TRCN0000115029 (Gbp2); 

TRCN0000115064 (Gbp3); TRCN0000115021, TRCN0000115022 (Gbp5); 

TRCN0000115046, TRCN0000115048 (Gbp7). Detailed information for each construct are 

available at the public TRC Portal (http://www.broadinstitute.org/rnai/public/). iBMM 

were transduced with lentivirus prepared in HEK-293T cells and subsequently selected 

for shRNA expression with puromycin (5ug/mL) for at least 48 hours. I confirmed by 

qPCR that each construct resulted in a 70% or higher reduction in the expression for 

their respective target mRNAs in iBMM. 

 

2.4.3 Antibodies  

A previously characterized monoclonal mouse anti-L. pneumophila LPS primary 

antibody (143) was a kind gift from Jürgen Herbert Helbig. Rat anti-Caspase11 (Novus 
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Biologicals) and rabbit anti-Atg5 antibodies (Novus Biologicals) were used at 1:500. A 

mouse anti-actin antibody (Sigma) was used at 1:20,000. 

 

2.4.4 Bacterial strains and growth conditions  

L. pneumophila LP02 is a thymidine auxotroph of Philadelphia strain LP01 (16). 

Isogenic ΔflaA and ΔsdhAΔflaA strains (45) were generous gifts from Ralph Isberg and 

Russell Vance. Strains were maintained on ACES buffered charcoal-yeast extract agar 

(CYE) supplemented with FeNO3, cysteine, and thymidine (54). For experimental assays, 

L. pneumophila was grown in ACES buffered yeast extract (AYE) broth at 37°C to reach 

post-exponential phase (30). Bioluminescent ΔflaA L. pneumophila was previously 

described (43). Salmonella enterica serovar Typhimurium was grown in Luria-Bertani 

(LB) broth two days prior to infection. One day prior, cultures were diluted to OD600 

0.026 in SPI2 media and cultured for 16-18hrs (161). SPI2 media: 0.1% w/v casamino 

acids, 38mM glycerol, 5mM KCl, 7.5mM (NH4)2SO4, 0.5mM K2SO4, 1mM KH2PO4, 

100mM Tris, 100mM BisTris, 200uM MgCl2, 100mM Hepes; pH to 6.5. Escherichia coli 

was grown in LB broth at 37°C overnight. Listeria monocytogenes was grown in Brain-

Heart-Infusion broth (BHIB) at 30°C. 

 

2.4.5 Macrophage culturing and immortalization  

BMM were derived from mouse femur bone marrow as previously described 

with some modifications (43). 5x106 cells were cultured at 37°C in 5% CO2 in non-tissue 
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culture treated dishes in 15 mL RPMI-1640 supplemented with 20% fetal bovine serum, 

12% conditioned media containing macrophage colony stimulating factor (MCSF), and 

β-mercapthoethanol. Three days later, 10 mL additional media was added on cells and 

they were cultured for an additional 2 - 4 days until confluent. BMM immortalization 

was performed using modified J2 virus methods (196). Briefly, bone marrow was 

isolated and cells were cultured in J2 virus supernatants for one day. Cells were then 

washed with PBS and cultured in BMM media for one day. This was repeated over the 

next two days and cells were then cultured exclusively in BMM media until 

immortalization was apparent. 

 

2.4.6 Growth curve analyses  

BMM were seeded at a density of 5x104 cells per well of a 96-well plate. When 

indicated, macrophages were activated with IFNγ (100 U/mL) overnight. To assess 

bacterial growth, cells were infected with bioluminescent ΔflaA L. pneumophila at an MOI 

of 1. Cells were spun 1400 rpm for 5 minutes at 4°C and warmed for 5 minutes in a 37°C 

water bath. Infections were then incubated at 37°C for one hour at which point cells 

were washed and initial readings began. For designated experiments, z-VAD-fmk (Enzo 

Life Sciences) were added to cells (40 µM) 1 hour prior to infection and maintained in 

media throughout the assay. Readings are displayed as arbitrary Relative Light Units 

(RLU). 
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2.4.7 Cytotoxicity assays  

Naïve or IFN-primed (100 U/mL) BMMs were infected with ΔflaA or ΔsdhAΔflaA 

at an MOI of 10, unless indicated otherwise. Cells were washed 30 minutes post-

infection and incubated for additional 2.5 hours. For 24-hour infections, cells were 

washed 30 minutes post-infection and incubated an additional 23.5 hours. For ΔsifA 

infections, BMMs were activated with 50 ng/mL LPS. Cells were infected at an MOI of 50 

and spun at 200g for 5 minutes. One hpi, gentamycin was added (15 µg/mL) and the 

cells were incubated for an additional 7 hours before cytotoxicity was measured. 

Cytotoxicity was determined by measuring the release of lactate dehydrogenase (LDH) 

using the CytoTox-One Homogenous Membrane Integrity Assay (Promega). Percent 

LDH release was normalized to the condition with the least amount of cell death and 

divided by a maximum lysis control. To inhibit cell death, macrophages were pretreated 

with z-VAD-fmk (40 µM) or DMSO control for 3 hours and maintained throughout the 

infection. To measure propodium iodide (PI) uptake, cells were washed and maintained 

in FBS free RPMI-1640 containing 6 µg/mL PI. Measurements were read every 15 

minutes on an Enspire 2300 Multilabel Reader for 3 hours. 

 

2.4.8 LPS purification and transfection  

Ultrapure E. coli O111:B4 LPS was purchased from Invivogen. Crude S. minnesota 

Re595 LPS was purchased from List Biologicals. Crude L. pneumophila LPS was prepared 

by AK Mason as previously described through size-column fractionation and protease 
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treatment (144). Ultrapure L. pneumophila LPS was prepared through hot phenol 

extraction followed by the methods essentially as described by Folch and Vogel (60, 91). 

Briefly, freeze-dried bacteria were resuspended in endotoxin-free water at a 

concentration of 10 mg/ml in 90% phenol. The resultant mixture was vortexed and 

incubated in a hybridization oven at 65°C for 1 hour. The mixture was cooled on ice and 

centrifuged at 10,000 g at room temperature (RT) for 30 minutes. The aqueous phase was 

collected and an equal volume of endotoxin-free water was added to the organic phase. 

The sample was treated as above and aqueous phases were combined and dialyzed 

against Milli-Q purified water to remove residual phenol, frozen, and then freeze-dried. 

The resultant pellet was resuspended at a concentration of 10 mg/ml in endotoxin-free 

water and treated with DNase at 100 µg/ml and RNase A at 25 µg/ml and incubated at 

37°C for 1 hour in a water bath. Proteinase K was added to a final concentration of 100 

µg/ml and incubated for 1 hour in a 37°C water bath. The solution was then extracted 

with an equal volume of water-saturated phenol. The aqueous phase was collected and 

dialyzed against Milli-Q purified water, frozen and freeze-dried. The LPS was further 

purified by the addition of chloroform/methanol (2:1 [vol:vol]) to remove membrane 

phospholipids and further purified by an additional water-saturated phenol extraction 

and 75% ethanol precipitation to remove contaminating lipoproteins. For MS structural 

analysis, purified LPS was converted to lipid A by mild-acid hydrolysis with 10 mM 

sodium acetate, pH 4.5 and 1% sodium dodecyl sulfate (SDS). Lipid A structure was 

assessed by negative-ion MALDI-TOF MS. Lyophilized lipid A was resuspended in 
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chloroform/methanol (1:1 [vol:vol]) and 1 μl was mixed with 1 μl of Norharmane 

MALDI matrix (Sigma). All MALDI-TOF experiments were performed using a Bruker 

Autoflex Speed MALDI-TOF mass spectrometer (Bruker Daltonics Inc., Billerica, MA). 

Each spectrum was an average of 300 shots. ES tuning mix (Aligent, Palo Alto, CA) was 

used for calibration. 

Per well of transfection, 75ng LPS and 375ng DOTAP were each suspended in 

2µL OptiMEM and incubated at RT for 5 minutes. These were mixed and incubated at 

RT for 30 minutes and reaction volumes were brought up to 50µL OptiMEM. 

Transfection suspensions were added to macrophages and spun 200g for 5 minutes and 

incubated at 37°C for 3 hours. For L. monocytogenes infections, culture media was 

replaced with OptiMEM and bacteria added to the cells at an MOI of 5, centrifuged 200 

g for 5 minutes and incubated at 37°C for specified times. In some experiments, LPS was 

included in the infection (1ug/mL). For CTB experiments, media was replaced with 

OptiMEM and combinations of CTB and LPS were added to the cell (76). L. pneumophila 

lysates were prepared by diluting a post-exponential culture to OD600 1.0. The diluted 

culture was centrifuged and the cell pellet resuspended in 50µL PBS. The sample was 

then boiled for 10 minutes, spun at 13,000 rpm in a microcentrifuge, and supernatant 

was collected. Transfections were completed with Lipofectamine LTX with Plus Reagent 

(Invitrogen). Briefly, 125µL Optimem was mixed with 2.5µL Plus reagent and 10µL 

lysate or sterile PBS as a vehicle control. Lipofectamine LTX was mixed with Optimem 

as per manufacturer’s instructions. Solutions were combined and incubated 5 minutes 
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RT and 50µL was added per well. Cells were spun at 200g for 5 minutes and incubated 

at 37°C for 3 hours at which point LDH was measured. 

 

2.4.9 Immunofluorescence microscopy  

1x105 BMM were infected at an MOI of 2. Following infections with ΔflaA L. 

pneumophila, cells were fixed one minute with ice-cold methanol and blocked with 2% 

bovine serum albumin (Amresco) for 30 minutes. Cells were then stained with anti-

Legionella antibody for 1 hour and anti-mouse 568 Alexa-fluor conjugated secondary 

antibody for 30 minutes (Invitrogen). Nucleic acids were visualized with Hoescht 33258. 

Images were taken on a Zeiss LSM 510 inverted confocal microscope. Quantification of 

Gal3-YFP localization to L. pneumophila vacuoles was completed through two 

independent experiments with two technical replicates each. Per replicate, localization 

was counted in 200 infected cells for a total of 400 cells per experiment. Data shown are 

the percent localization of the total number of bacteria. 

 

2.4.10 Western blots  

1x106 BMM were untreated or treated with 100U/mL IFNγ overnight. Cells were 

lysed, sonicated, and spun 13,000 rpm for 10 minutes at 4°C. Supernatants were 

collected and concentrations measured by Bradford protein assay. Samples were loaded 

on a 4- 20% gradient SDS-PAGE gel and transferred to nitrocellulose. Membranes were 

blocked with 2% BSA and incubated with primary antibodies overnight at 4°C. 
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Secondary antibody incubations were performed for 30 minutes at RT. To assess 

cleavage of caspase-11, BMMs were infected with ΔflaA L. pneumophila for 3 hours as 

described above. Supernatants were collected and diluted in 10% trichloroacetic acid 

and incubated on ice overnight. Samples were then spun at 4°C for 30 minutes and 

pellets were washed once in acetone and spun another 15 minutes. The pellets were air 

dried and resuspended 1:1 in 8M urea and sample buffer. Lysates were collected as 

described above. 

 

2.4.11 Statistical analyses  

Statistical significance was calculated using the unpaired Student t-test and One-

way ANOVA where designated. Significance was defined as: *** p≤.001; ** p≤.01; * p≤.05. 
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3. Galectin-3 recruits Guanylate binding proteins to damaged 

pathogen vacuoles* 

3.1 Introduction 

Gbps and IRGs recognize and target pathogen vacuoles (PVs) from a range of 

microorganisms including protozoa, Gram negative bacteria, and Gram positive bacteria 

(49, 120, 239). Following their recruitment, these proteins have been found to promote 

the disruption of the vacuolar membrane which results in the subsequent degradation of 

the pathogen (214, 257). While the functions of these proteins at the PV have been a 

focus for the field, the mechanism for their recruitment has only recently begun to be 

understood. Two hypotheses exist for how these proteins identify a pathogen after it 

enters a cell. The first is that the Gbps directly recognize PAMPs. Due to their ability to 

target many different types of pathogens, a challenge to this hypothesis is it would 

require these proteins to specifically recognize a broad range of targets. Alternatively, 

they may rather indirectly sense pathogens by recognizing the presence of host 

molecules, or lack thereof, on PVs. Evidence for the latter hypothesis was initially 

described for the recruitment of Irgm1 to M. bovis BCG vacuoles as it binds host 

phosphatidylinositide lipids on the growing phagocytic cup (119, 240). Recent work has 

uncovered mechanisms for the recruitment of the GKS IRGs and Gbps that provide  

___________________________ 

* This chapter presents experimental data collected in collaboration with EM Feeley.  
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further support that these proteins indirectly sense pathogens through interactions with 

host molecules. 

The GMS IRGs (IRGM) proteins predominantly associate with endomembranes 

while GKS IRGs and Gbps are cytosolic (37, 82, 151, 236, 247, 262). Upon pathogen entry 

into a cell, a population of GKS IRGs and Gbps relocate to the PV while IRGM proteins 

are recruited significantly less (80, 118). It is now understood that IRGM proteins 

regulate GKS IRGs and Gbps by maintaining these proteins in an inactivate GDP bound 

state which limits their oligomerization and association with membranes (80, 97). In the 

absence of the IRGM proteins, Irgm1 and Irgm3, the GKS IRGs and Gbps form protein 

aggregates which mislocalize to endomembranes and display reduced targeting to PVs 

(80, 85, 241). As IRGM proteins are largely absent from PVs, GKS IRGs and Gbps can 

become activated and oligomerized at these membranes (80). The IRGM system, 

therefore, supports a mechanism for recruitment based on host proteins rather than 

PAMP recognition.  

The lack of the autophagy regulators, Atg3 and Atg5, can also decrease the 

recruitment of GKS IRG and Gbps to PVs (40, 79, 118, 264, 265). Atg3 and Atg5 act as E2 

and E3 ligases, respectively, to conjugate phosphatidylethanolamine to LC3-I during 

LC3 lipidation reactions (233). In their absence, protein aggregates of GKS IRGs and 

Gbps form similarly to those observed in IRGM deficient cells (40, 79, 265). In contrast to 

Irgm1-/-Irgm3-/- cells, however, aggregates forming in Atg5-/- cells are not membrane 

bound (79). The decreased targeting to PVs does not appear to be a consequence of a 
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general autophagy defects as the loss of another autophagy protein, Atg14, which 

promotes the formation of the isolation membrane, does not lead to protein aggregates 

or reduced recruitment to PVs (40). Rather, it appears that lipidated LC3 aids in 

regulating the GTP bound states of the GKS IRGs and Gbps thus mediating their 

interactions with membranes (79).  

 While both pathways are important for GKS IRG and Gbp recruitment, it is 

evident that the extent to which a pathway regulates their targeting can vary. While the 

loss of Irgm1 and Irgm3 led to almost a complete absence of Irgb10 and Gbp2 on T. 

gondii vacuoles, Irgb10 recruitment was only partially reduced to C. trachomatis 

inclusions (80). In contrast, Atg3-/- and Atg5-/- MEFs display significantly reduced 

targeting of Irgb10 and Gbp2 to C. trachomatis although targeting to T. gondii vacuoles 

still occurs (79). Differential recruitment amongst the IRG family was also observed as 

Irga6 showed a greater reduction in targeting to C. trachomatis compared to Irgb10 and 

Irgb6 (80). These data suggest that although IRGM and autophagy proteins can regulate 

the localization of IRGs and Gbps during infections, additional mechanisms exist to 

facilitate the recruitment of proteins to different pathogens.  

 Galectins are a family of proteins that bind β-galactoside containing glycans 

found on the surface of cell membranes. They are found throughout the cytosol but can 

also be secreted to perform a variety of extracellular functions including coordinating 

cell adhesion and promoting signaling cascades (35, 207). The recognition of host 

glycans by cytosolic galectins can be considered a danger associated molecular pattern 
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(DAMP) as these sugars are not typically found in the cytosolic environment. Pathogens 

entering the cell can encapsulate surface glycans inside vacuoles upon membrane 

invagination. Disruption of the PV either by host or pathogen responses exposes these 

glycans to the host cytosol. Studies with S. flexneri demonstrated that after bacterial 

escape from the vacuole, the mammalian galectin, Galectin 3 (Gal3), localizes to 

disrupted PV membranes (185). Gal3 also was shown to associate with S. typhimurium in 

addition to Gal8 and Gal9. During S. typhimurium infections, Gal8 promoted the 

autophagic degradation of the pathogen demonstrating a role for these proteins in 

immunity (238).  

Although Gbps are considered a membrane damaging protein, they have also 

been found to associate with pathogens that promote their own escape into the cytosol 

(120, 158). One hypothesis for this recruitment is that they localize to components of 

damaged PV membranes to modulate downstream immune responses. Due to the 

ability of galectins to recognize glycans as a general danger signal and promote host 

resistance pathways, I wanted to test if they could regulate the targeting of Gbps to PVs. 

Here I show that one galectin, Gal3, can mediate the recruitment of Gbp2 to L. 

pneumophila vacuoles independently of the IRGM and Atg conjugation systems.  
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3.2 Results 

3.2.1 Irgm1 and Irgm3 differentially regulate Irgb10 and Gbp2 recruitment to L. 

pneumophila vacuoles  

 Irgm1 and Irgm3 regulate the targeting of Gbp2 and Irgb10 to C. trachomatis and 

T. gondii PVs (80). In order to determine if IFN stimulated responses of IRGs and Gbps 

are similar for another vacuolar pathogen, L. pneumophila, we examined their 

recruitment to L. pneumophila containing vacuoles (LCVs). To avoid activation of 

caspase-1 mediated pyroptosis, we infected macrophages with a flagellin deficient 

(ΔflaA) strain of L. pneumophila. dsRED expressing bacteria were utilized to allow for 

easy visualization during immunofluorescence assays. Staining cells with anti-Irgb10 

antibodies revealed that Irgb10 recognizes and targets LCVs (Fig. 17A).  We also infected 

macrophages overexpressing GFP-Gbp1, GFP-Gbp2, and GFP-Gbp7 to examine the 

association of Gbps with LCVs. I found that all of these proteins target L. pneumophila 

similarly to Irgb10 (Fig. 17B).   

Irgm1 and Irgm3 regulation of GKS IRG and Gbp recruitment can vary for 

different pathogens (80). To examine the role of the IRGM proteins for the recruitment of 

the GKS IRGs and Gbps to LCVs, I infected wildtype and Irgm1-/-Irgm3-/- bone marrow 

macrophages (BMMs) with ΔflaA L. pneumophila. At 2 hpi, immunofluorescence 

experiments were performed to enumerate the number of LCVs targeted by endogenous 

Gbp2 and Irgb10. Irgb10 targeting to LCVs was significantly reduced in the absence of 

Irgm1 and Irgm3 (Fig. 18A). Gbp2 localization to LCVs, however, was not impacted by 
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the lack of IRGM proteins (Fig. 18B). This suggested that while IRGM proteins highly 

regulate Irgb10 recruitment to LCVs, one or more additional distinct mechanisms exist 

for the recruitment of Gbp2.  

To identify alternate pathways that mediate Gbp2 recruitment to LCVs, we 

examined the role of Atg5 as it has been demonstrated to be important for Irgb10 and 

Gbp2 recruitment to C. trachomatis and T. gondii in MEFs (79, 265). For these 

experiments, we infected WT, QKO, and QKO Atg5-/- BMMs with ΔflaA L. pneumophila. 

QKO BMMS have a quadruple knockout in Irgm1, Irgm3, Nos2, and Nox2 and were thus 

used to assess the targeting independently of the IRGM system. As reported in previous 

studies with different pathogens, Gbp2 recruitment to LCVs was diminished in cells 

deficient in Atg5 compared to the wildtype controls; however, the localization was only 

partially reduced (Fig. 19). This data support a role for the Atg conjugation system in 

modulating Gbp2 targeting to LCVs, but another mechanism occurs independently of 

this pathway as the concomitant loss of Atg5, Irgm1, and Irgm3 did not completely 

ablate recruitment. 
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Figure 17: IRGs and Gbps target L. pneumophila in macrophages RawγNO 

macrophages were activated with IFNγ and infected with ΔflaA L. pneumophila for 2 hrs. 

A) Endogenous Irgb10 and B) overexpressed GFP-Gbp1, GFP-Gbp2, and GFP-Gbp7 

were examined for targeting to LCVs. Shown are representative images of 

colocalization. 
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Figure 18: GMS IRGs differentially regulate targeting of Gbp2 and Irgb10 to LCVs 

WT and Irgm1-/-Irgm3-/- BMMs were infected with ΔflaA L. pneumophila for 2 hrs and 

immunofluorescence assays were performed for endogenous A) Irgb10 and B) Gbp2. 

Data represent averages from 200 infected cells per experiment. A) Values are from one 

representative experiment ±SD B) Values are averages ±SEM from 3 independent 

experiments 
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Figure 19: Atg5 partially regulates Gbp2 targeting to LCVs BMMs were activated with 

IFNγ (100 U/mL) and infected with ΔflaA L. pneumophila for 2 hrs. Immunofluorescence 

assays were performed to probe for endogenous Gbp2 targeting to pathogen vacuoles. 

Values represent averages from 200 infected cells from two experiments ±SEM. 
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3.2.2 Galectins recruit Gbp2 to LCVs 

 Multiple intracellular pathogens block their recognition by host PRRs through 

the formation of a vacuole which is typically composed of host molecules to mimic the 

surrounding cellular environment. L. pneumophila, for example, surrounds its vacuoles 

with membranous components from mitochondria and endoplasmic reticulum (92, 229). 

To orchestrate these processes, bacterial pathogens utilize secretion systems to release 

effectors into the host cell. Unfortunately, these structures can damage PV membranes 

which exposes the bacteria to host receptors (21, 77, 203). Early studies found that the 

use of the S. typhimurium type III secretion system promotes bacterial recognition and 

degradation (19). The autophagic degradation of S. typhimurium was later found to be 

mediated by Gal8 after the recognition of glycans exposed on damaged PVs (238). Due 

to the rapid recruitment of these proteins to PVs and their role in pathogen restriction, 

we hypothesized that galectins modulate a distinct mechanism of Gbp2 recruitment to 

LCVs.  

If galectins promote Gbp recruitment, we would expect them to associate with 

LCVs; therefore, our first aim was to identify mammalian galectins that can target these 

structures. Previous studies reported that three mammalian galectins, Gal3, Gal8, and 

Gal9, are capable of targeting vacuoles of S. typhimurium during infections in HeLa cells. 

To test if these galectins can localize to LCVs in BMMs, we overexpressed YFP-Gal3, 

YFP-Gal8, and YFP-Gal9 in wildtype immortalized BMMs (iBMMs) and infected them 

with ΔflaA L. pneumophila. We found that all three proteins did indeed localize to LCVs 
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(Fig. 20). There are fifteen mammalian galectins, however, and only Gal3, Gal8, and Gal9 

were able to associate with S. typhimurium vacuoles (238). To assess if this specificity also 

existed for L. pneumophila, we overexpressed YFP-Gal4 and YFP-Gal12 in iBMMS. 

Neither of these galectins localized to LCVs suggesting that PVs are composed of 

glycans that are only recognized by a subset of galectins (Fig. 20). 

To test our hypothesis that galectins modulate the recruitment of Gbps, we 

focused on the role of Gal3, Gal8, and Gal9 as these were the only proteins to associate 

with LCVs. We ablated expression of these galectins using shRNAs in wildtype iBMMs 

and infected them with ΔflaA L. pneumophila. At 2hpi, immunofluorescence assays were 

performed to examine Gbp2 localization to LCVs. The loss of Gal8 and Gal9 had 

minimal effects on the targeting of Gbp2, but cells with reduced expression of Gal3 

showed a significant decline in Gbp2 association with LCVs (Fig. 21A). To confirm these 

results, Gbp2 targeting was examined in BMMs from Gal3-/- mice. A significant reduction 

was also observed in these cells supporting a role for Gal3 in promoting Gbp2 

recruitment to LCVs (Fig. 21B).  

Our initial observations led to the conclusion that Gbp2 targeting to LCVs was 

regulated by multiple mechanisms while GKS IRG recruitment was predominantly 

modulated by IRGM proteins (Fig. 18 and Fig. 19). To test if Gal3 specifically regulated 

the localization of Gbp2, we examined targeting of Irgb10 to LCVs in Gal3-/- BMMs. 

Compared to Gbp2, Irgb10 recruitment was only partially reduced without Gal3  
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Figure 20: LCVs are targeted by specific galectins in BMMs WT iBMMs overexpressing 

YFP tagged Gal3, Gal4, Gal8, Gal9, and Gal12 were infected with ΔflaA L. pneumophila 

for 2 hrs and assessed for targeting to L. pneumophila containing vacuoles (LCVs). White 

arrows designate areas of galectin targeting to LCVs. (performed by EM Feeley) 
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Figure 21: Gal3 regulates Gbp2 recruitment to LCVs A) iBMMs were transduced with 

shRNAs for the respective proteins. shRFP was used as a negative control. Cells were 

activated with IFNγ (100 U/mL) and infected with ΔflaA L. pneumophila for 2 hrs. 

Endogenous Gbp2 targeting to LCVs was analyzed with immunofluorescence. Values 

represent the means from 3 independent experiments ±SEM. B) Gal3-/- BMMs were 

activated with IFNγ (100 U/mL) and infected with ΔflaA L. pneumophila. Targeting of 

endogenous Gbp2 was examined at the designated timepoints. Values represent the 

means from 3 independent experiments ±SEM (A: performed by EM Feeley) 
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(Fig. 22). This data supports the model that the targeting of GKS IRGs to LCVs is 

primarily regulated by Irgm1 and Irgm3 while Gbp2 is recruited through multiple 

mechanisms.  

 

3.2.3 Gal3 recruits Gbp2 to sterile vesicles 

  In addition to host glycans, Gal3 has the ability to bind LPS molecules from 

various bacterial species (159). To determine if Gal3-dependent Gbp2 recruitment can 

occur independently from PAMP recognition, Gbp2 targeting was assessed in a system 

of sterile damaged vesicles created by hypotonic shock. Specifically, iBMMs 

overexpressing YFP-Gal3 were treated with a solution of 0.5M sucrose with 10% PEG 

which introduces sucrose vesicles into the cytoplasm. After returning these cells to 

normal media, the change in solute concentration causes these vesicles to burst creating 

damaged membrane platforms for Gal3 recruitment (184, 238). 

After hypotonic shock treatment, the number of Gal3 puncta in the cytosol 

increased in comparison to untreated controls supporting its role in responding to host  

glycans on damaged membranes (Fig. 23A,B). We hypothesized that if Gbp2 localized to 

sterile damaged membranes similar to Gal3, there would be an increase in Gbp2 puncta 

under shocked conditions. After hypotonic shock, the population of Gbp2 increased 

compared to untreated cells supporting their recruitment to damaged vesicles (Fig. 23C, 

D). 
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Figure 22: Irgb10 is minimally regulated by Gal3 Gal3-/- BMMs were activated with 

IFNγ (100 U/mL) and infected with ΔflaA L. pneumophila for the designated timepoints. 

Immunofluorescence assays were performed to analyze colocalization of endogenous 

Irgb10 to LCVs. Values represent targeting in 100 infected cells from one experiment. 

(performed by EM Feeley) 
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Figure 23: Hypotonic shock increases Gal3 and Gbp2 puncta formation Hypotonic 

shock assays were performed with YFP-Gal3 iBMMs activated with IFNγ (100 U/mL). 

Puncta formation of (A,B) YFP-Gal3 and  (C,D) endogenous Gbp2 was analyzed after 20 

min. Values represent means ±SEM from four independent experiments. 
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 Although the increase in Gbp2 puncta suggests these proteins respond to 

hypotonic shock conditions, it was unclear whether these proteins were targeting the 

same damaged membranes as Gal3. To test the specific recruitment of Gbp2 to these 

structures, we assessed the colocalization of Gbp2 and YFP-Gal3 after confocal 

microscopy. We found that these proteins indeed overlapped supporting the 

recruitment of Gbp2 to sterile vacuoles (Fig 24). While Gbp2 could also be found alone in 

the cytosol, it is unclear whether these are sites with endogenous Gal3 or if these are 

associations with alternative galectins (Fig. 24).  

 To ensure Gbp2 recruitment was not specific to glycans only exposed on vesicles 

damaged by hypotonic shock, the assay was repeated with two alternative conditions. 

Calcium phosphate precipitates (CPP) cause endosomal damage upon endocytosis (36). 

CPP treatment was toxic to iBMMs, so the recruitment of YFP-Gal3 to CPP endosomes 

was examined in murine embryonic fibroblasts (MEFS). Compared to the large number 

of vesicles visualized with hypotonic shock, CPP treatment led to the formation of a few 

large YFP-Gal3 puncta per cell. Nonetheless, these structures were also targeted by Gbp2 

providing support for a general mechanism of recruitment to damaged membranes (Fig. 

25A). 
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Figure 24: Gbp2 localizes to YFP-Gal3 positive vesicles after hypotonic shock YFP-

Gal3 iBMMs were activated with IFNγ (100 U/mL) and treated with hypotonic shock for 

20 min. Immunofluorescence assays were performed to stain for endogenous Gbp2 and 

analyzed for its colocalization with YFP-Gal3 using confocal microscopy. White arrows 

designate examples of colocalization. 
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Figure 25: Gbp2 colocalizes with YFP-Gal3 after CPP and LLoMe treatments A) YFP-

Gal3 MEFs were activated with IFNγ (100 U/mL) and treated with CPP for 4 hours B) 

YFP-Gal3 iBMMs were activated with IFNγ (100 U/mL) and treated with LLoMe for 1 

hr. Endogenous Gbp2 was visualized after immunofluorescence assays and examined 

for colocalization with YFP-Gal3. (A:performed by EM Feeley) 
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Lysosomal damage can be caused by a variety of effectors including bacterial or 

viral toxins, lipids, and mineral crystals such as monosodium urate. The consequences of 

damaged lysosomes can be severe as the release of hydrolytic enzymes leads to necrotic 

cell death, so their clearance is critical for cell stability (146). To determine if Gbp2 

associations with damaged membranes occurs under a physiologically relevant 

condition, iBMMs were treated with Leu-Leu methyl ester hydrobromide (LLoMe), a 

lysosomotropic reagent, which damages lysosomal membranes (146, 163). As shown in 

Fig. 25B, Gbp2 localizes to Gal3 positive structures following LLoMe treatment 

suggesting these proteins can also recognize this damaged organelle. All of these data 

support a model where Gal3 promotes the deposition of Gbp2 on damaged intracellular 

membranes of distinct origin through the recognition of DAMPs rather than PAMPs. 

 

3.2.4 p62 colocalizes with Gbp2 on Gal3 positive structures 

 Gal8 promotes autophagy of S. typhimurium through its interactions with the 

autophagy adaptor protein, NDP52 (238). While Gal8 specifically interacts with NDP52, 

autophagy is also regulated by the protein p62 (183). Previous studies found that Gal3 

promotes the association of p62 with LC3 during CPP treatment in HEK293T cells (36). 

We therefore investigated whether Gal3 is responsible for p62 recruitment to disrupted 

vesicles. To examine if p62 responded to damaged vesicles similar to Gal3 and Gbp2, we 

performed hypotonic shock assays in YFP-Gal3 iBMMs and enumerated the number of 

p62 puncta. The number of p62 puncta was increased in shocked cells compared to 
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untreated controls suggesting this protein indeed responds to membrane damaging 

conditions (Fig. 26A,B). p62 also colocalized with both Gbp2 and Gal3 after hypotonic 

shock supporting its recruitment to the same disrupted membranes (Fig. 27A). Analysis 

of the distribution of Gbp2 and p62 with the entire Gal3 population determined that 

about 15% of Gal3 puncta were positive for both proteins while only 8-9% of these sites 

were positive for either Gbp2 or p62 suggesting these proteins are primarily associated 

together on these structures (Fig. 27B). A majority of the Gal3 puncta did not associate 

with either protein which could be due to the slower recruitment of Gbp2 and p62. The 

recruitment of both p62 and Gbp2 to Gal3 structures was also observed during CPP and 

LLoMe treatments providing further evidence that a general mechanism exists to 

recognize damaged vacuoles (Fig 28A,B) 

 Upon analyzing Gbp2 and p62 associations during hypotonic shock, it became 

evident that these proteins colocalized without Gal3 (Fig. 29A). The frequency of these 

associations did not change between untreated and treated conditions suggesting there 

is a steady-state level for their interactions (Fig. 29B). One explanation could be that they 

are associating with endogenous Gal3 or other galectins that are not visualized. Due to 

the levels being equivalent in untreated and treated conditions, however, another 

interpretation is that complexes of p62 and Gbp2 exist in the cytosol that are recruited 

together to Gal3 positive sites, a model supported by recent observations from our lab 

(78).  
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Figure 26: p62 puncta increase upon hypotonic shock A) Immunofluorescence images 

of endogenous p62 in YFP-Gal3 iBMMs activated with IFNγ and treated with hypotonic 

shock. B) Average number of p62 puncta per cell in untreated and hypotonically 

shocked iBMMs. Values represent averages from four independent experiments ±SEM. 
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Figure 27: Gbp2 and p62 colocalize with YFP-Gal3 on damaged vesicles A) YFP-Gal3 

iBMMs were activated with IFNγ and treated with hypotonic shock. White arrow 

designates YFP-Gal3, p62, and Gbp2 colocalizing. Purple arrowhead and yellow arrow 

designate points of YFP-Gal3 with only p62 or Gbp2, respectively. B) Distribution of 

protein associations with YFP-Gal3 puncta. Data represents the mean distribution from 

three independent experiments ±SEM.. 
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Figure 28: p62 colocalizes with Gbp2 and YFP-Gal3 after CPP and LLoME treatments   

A) YFP-Gal3 MEFs were activated with IFNγ and treated with CPP for 4 hours B) YFP-

Gal3 iBMMs were activated with IFNγ and treated with LLoMe for 1 hr. Endogenous 

Gbp2 and p62 were visualized with immunofluorescence assays and examined for 

colocalization. (A:performed by EM Feeley) 
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Figure 29: Gbp2 and p62 colocalize independently from YFP-Gal3 YFP-Gal3 iBMMs 

were treated with hypotonic shock. Immunofluorescence assays were performed to 

probe for endogenous Gbp2 and p62. A) Images of Gbp2 and p62 puncta formation. 

Yellow arrows designate incidences of colocalization without YFP-Gal3. B) Mean 

percentage of Gbp2 and p62 colocalizations in untreated and hypotonically shocked 

iBMMs. Values represent averages ±SEM from three independent experiments. 
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3.2.5 p62 regulates Gbp2 recruitment to Gal3 positive sites  

 Both p62 and Gbp2 can colocalize with Gal3 on damaged membranes, but it 

remains unclear whether there is a hierarchy that regulates their recruitment to Gal3 

positive structures. To determine if Gbps modulated the recruitment of p62, we 

analyzed the colocalization of p62 and Gal3 puncta in Gbpchr3-/- iBMMs after hypotonic 

shock. Loss of Gbpchr3 did not impact the localization of p62 with YFP-Gal3 suggesting 

p62 is recruited independently of Gbps (Fig. 30A). To assess if Gbp2 associations with 

Gal3 depended on p62, we treated p62-/- MEFS with CPP. Under these conditions, the 

targeting of Gbp2 to YFP-Gal3 puncta was significantly reduced supporting a role for 

p62 upstream of Gbp2 recruitment (Fig. 30B).   

 

3.2.6 Gal3 associates with Gbp2 and p62  

 NDP52 associates with S. typhimurium PVs through its interactions with Gal8 

(238). As p62 regulates the delivery of Gbp2 to damaged vesicles, we hypothesized that 

Gal3-dependent Gbp2 recruitment is mediated by an interaction between Gal3 and p62.  

To determine if Gal3 and p62 can interact with each other, we performed co-

immunoprecipitation (Co-IP) assays in WT and YFP-Gal3 iBMMs following treatment  

with LLoMe for one hour. Using antibodies specific for YFP, we found that YFP-Gal3 

captured p62 after LLoMe treatment. p62 was also bound to YFP-Gal3 in untreated cells 

suggesting interactions between these proteins can occur prior to their recruitment to 

damaged membranes (Fig. 31). 
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Figure 30: p62 regulates the recruitment of Gbp2 to YFP-Gal3 positive structures A) 

WT and Gbpchr3-/- YFP-iBMMs were treated with hypotonic shock and analyzed for p62 

and YFP-Gal3 colocalizations. Values represent mean percentage from three 

independent experiments ±SEM. B) WT and p62-/- YFP-Gal3 MEFs were treated with CPP 

for 4 hours and analyzed for Gbp2 and YFP-Gal3 colocalizations. Values represent data 

from a single experiment. (B:performed by EM Feeley). 
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We next wanted to determine if Gbp2 also could be bound to Gal3 after 

lysosomal damage. Similar to p62, Gbp2 was captured following pulldown of YFP-Gal3 

in both untreated and treated conditions (Fig. 31). Due to the colocalization of p62 and 

Gbp2 independently of Gal3 (Fig. 28A), a complex of p62 and Gbp2 appears to exist 

constitutively in the cytosol. As Gbp2 recruitment depends on p62, these data suggest a 

model that upon membrane damage, Gbp2 is recruited to Gal3 structures via 

interactions between p62 and Gal3.  

 To confirm these conclusions, proximity ligation assays (PLAs) were performed 

in YFP-Gal3 MEFs following CPP treatment. This assay takes advantage of the distance 

between two proteins under endogenous conditions. In this assay, if two proteins are 

within 40 nm of each other, a distance which would be highly indicative of an 

interaction, a fluorescent signal can be observed. Using antibodies specific to Gbp2 and 

YFP, we quantified the number of fluorescent puncta in naïve and IFNγ treated cells 

with or without CPP treatment. Under IFNγ stimulation alone, there was a population 

of Gbp2 that interacted with YFP-Gal3 supporting the Co-IP results that these proteins 

can associate prior to membrane damage. The population of puncta increased upon CPP 

treatment, however, providing evidence that damaged membranes are the primary 

platforms for their interactions (Fig. 32A,B).  
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Figure 31: YFP-Gal3 associates with Gbp2 and p62 WT and YFP-Gal3 iBMMs were 

untreated or treated with LLoMe for 1 hr and incubated with beads conjugated to anti-

YFP antibodies. Western blots for the initial lysate, supernatant (supe) after bead 

incubation, and final IP were probed for p62, Gbp2, and YFP. 
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In comparison, PLA assays for p62 showed interactions with YFP-Gal3 under all 

the conditions tested suggesting p62 and Gal3 associate in the cytosol prior to their 

recruitment to damaged vesicles (Fig. 33). While interactions between these proteins 

were also observed in untreated cells with Co-IP analyses, the association unexpectedly 

did not increase under damaging conditions like that observed for Gbp2. It remains 

unclear whether this is an accurate representation of their interactions or if a population 

of overexpressed YFP-Gal3 is constitutively being targeted for autophagy in these cells. 

Endogenous Gal3 will have to be probed instead to validate these results.  

 

3.2.7 Loss of Gal3 does not lead to defects in cell death or L. pneumophila  restriction 

 Thus far, I have shown that Gal3 is important for the recruitment of Gbp2 to 

LCVs and this depends on an interaction with p62. The functional consequence of this 

role, however, has not been described. I showed in Chapter 2 that Gbp2 is important for 

promoting pyroptosis in L. pneumophila infected macrophages. One possible function is 

that Gbp2 recruits inflammasome components to damaged PVs; therefore, we aimed to 

determine if the lack of Gbp2 recruitment to LCVs without Gal3 affects cell death. WT, 

Gbpchr3-/-, caspase11-/-, and Gal3-/- BMMs were infected with ΔflaA L. pneumophila and the 

release of lactate dehydrogenase (LDH) was measured at 3 hpi. As expected, Gbpchr3-/- 

and caspase 11-/- BMMs showed a significant reduction in cell death. Gal3-/- BMMs, 

however, displayed equivalent levels to wildtype cells suggesting the reduction in Gbp2 

recruitment does not affect pyroptosis (Fig. 34A).  
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Figure 32: Gbp2 and YFP-Gal3 interact upon CPP treatment WT YFP-Gal3 MEFs were 

treated with CPP for 4 hours and PLA assays were performed to analyze Gbp2 and YFP-

Gal3 interactions through the quantification of fluorescent puncta. A) Images of puncta 

formation from untreated, CPP alone, IFNγ alone, and IFNγ CPP treatments. B) Mean 

puncta formation ±SD from a single experiment (performed by EM Feeley) 
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Figure 33: p62 constitutively interacts with YFP-Gal3 WT YFP-Gal3 MEFs were treated 

with CPP for 4 hours and PLA assays were performed to analyze p62 and YFP-Gal3 

interactions through the quantification of fluorescent puncta. Shown are values from a 

single experiment ± SD. (performed by EM Feeley) 
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Figure 34: Gal3 does not affect cell death or bacterial restriction during L. 

pneumophila infections A) WT, Casp11-/-, Gbpchr3-/-, and Gal3-/- BMMs were infected with 

ΔflaA L. pneumophila. LDH release was measured at 3 hpi. Statistical significance was 

measured using One-way ANOVA B) WT and Gal3-/- BMMs were infected with 

bioluminescent ΔflaA L. pneumophila and growth was measured at indicated time points 

over 30 hours. (B:performed by EM Feeley) 
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 Gbpchr3-/- BMMs display reduced restriction of L. pneumophila (Fig. 7). If Gbp2 

recruitment to PVs was required for this phenotype, bacterial growth should also 

increase in the absence of Gal3. Wildtype and Gal3-/- BMMs were infected with a 

bioluminescent strain of ΔflaA L. pneumophila and growth was analyzed over 30 hours. 

We found that there was no difference in the restriction of L. pneumophila in Gal3-/- 

macrophages compared to wildtype controls. These data suggest that the loss of Gal3-

dependent Gbp2 recruitment alone does not impact the restriction of L. pneumophila (Fig 

34B).  

 

3.2.8 Gbpchr3-/- BMMs do not have impaired clearance of damaged lysosomes  

 Human GBP1 and GBP2 promote LC3-II formation and autophagic flux in cells 

infected with C. trachomatis (8). We hypothesized that Gbp2 was recruited to damaged 

vesicles to aid in their autophagic clearance. To assess their role in removal of these 

structures, WT and Gbpchr3-/- BMMs were treated with LLoME for 1hr and the number of 

YFP-Gal3 puncta was examined after 7 hours. The clearance of Gal3 puncta was not 

impaired without Gbpchr3 as the decrease in puncta was equivalent to that observed in 

WT cells (Fig. 35A,B). As these cells do still contain six Gbps located on Chr5, it is 

unknown whether the remaining proteins can perform redundant functions and 

promote autophagic clearance of the damaged lysosomes independently of Gbpchr3 

expression.  
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Figure 35: Similar clearance of damaged lysosomes in Wt and Gbpchr3-/- BMMs YFP-

Gal3 WT and Gbpchr3-/-  iBMMs were activated with IFNγ and treated with LLoME for 1 hr 

and 7 hrs. A) Fluorescent microscopy images show the distribution of YFP-Gal3 puncta 

after the designated timepoints B) Values represent the mean YFP-Gal3 distribution 

from a single experiment ±SD. 
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3.3 Discussion  

 Recognition is a key step in promoting the degradation of intracellular 

pathogens. The ability of vacuolar pathogens to recruit host proteins makes it 

challenging to identify it as foreign amongst cellular organelles. Marking host 

membranes with IRGM proteins provides one mechanism by which cells can sense the 

presence of pathogens. As IRGM proteins are not located on incoming PVs, the GKS 

IRGs and Gbps are activated specifically at these sites allowing for their indirect 

recognition and degradation of pathogens (80). 

Recruitment of IRGs and Gbps can vary between different pathogens. I show 

here that for the vacuolar pathogen, L. pneumophila, IRGM proteins regulate the 

recruitment of Irgb10 but only minimally affect Gbp2 targeting to the LCV. While Gbp2 

recruitment to LCVs was independent of IRGM proteins, loss of Atg5, which regulates 

LC3 lipidation, resulted in a reduction in Gbp2 recruitment to LCVs. However, since a 

percentage of LCVs were still found associating with Gbp2 in Irgm1-/- Irgm3-/- Atg5-/- 

deficient cells, an additional alternative pathway must exist to mediate recruitment.  

 We began investigating galectins for their potential role in Gbp2 recruitment as 

they are found on damaged PVs and have been shown to have roles in pathogen 

restriction. Gal3, Gal8, and Gal9 relocated to LCVs during BMM infections similar to 

previous observations with S. typhimurium (238). Gal4 and Gal12 did not target these 

structures, however, suggesting specific glycans mediate PV interactions. It is worth 

noting that the recruitment is not linked to a structural classification. With the exception 
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of Gal3, all of the galectins tested contain a tandem repeat structure with two 

carbohydrate recognition domains (CRDs) that allow for interactions with two different 

sugar ligands (89). Gal3 is the only chimera type galectin. It contains one CRD region as 

well as a collagen-like non-CRD region to mediate interactions with non-glycan moieties 

(89, 159). Most galectins bind N-acetyllactosamine structures, so as Gal4 and Gal12 do 

not localize to LCVs, the localization of Gal3, Gal8, and Gal9 appears to be mediated by 

an alternative ligand (89).  

 Although three galectins localize to LCVs, Gal3 had the most robust phenotype 

for regulating Gbp2 recruitment while Gal8 had a minor impact. No significant role 

could be seen with Gal9. Irgb10 was only minimally affected by the absence of Gal3 

suggesting this was a unique pathway for Gbp2 regulation. We found that this 

recruitment was independent of PAMP recognition as Gbp2 colocalized with Gal3 on 

two different types of damaged sterile vesicles as well as to damaged lysosomes.  

 Due to a role for Gal8 mediating NDP52 recruitment to S. typhimurium PVs, we 

examined the recruitment of an alternative adaptor protein, p62, to damaged vesicles. 

After all damaging conditions, p62 colocalized with Gal3 and Gbp2 supporting its 

recruitment via a similar pathway. Additionally, p62 and Gbp2 colocalized without Gal3 

at an equivalent frequency in untreated and treated cells. This led to the hypothesis that 

p62 and Gbp2 are recruited together to Gal3 positive sites. Using Co-IP and PLA assays, 

we showed that Gal3 associated with both p62 and Gbp2. As Gbp2 recruitment was 

dependent on p62, it appears that Gal3 mediates the recruitment of Gbp2 through its 
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interactions with p62. It is still unclear whether this is a direct interaction or if there are 

other proteins associating in a complex with Gal3 to mediate p62 and Gbp2 binding. It 

also remains unknown whether the p62 and Gbp2 complexes observed were due to 

direct interactions between the proteins. Yeast two-hybrid assays should be utilized to 

confirm the association of all of these proteins. 

 Although p62 regulated Gbp2 targeting to damaged membranes, Gbp2 can still 

be observed localizing to Gal3 puncta without p62 after hypotonic shock. One 

hypothesis to explain these contradictory results is that Gbp2 is recruited through 

multiple mechanisms to damaged vesicles. This is supported by the population of Gbp2 

which colocalized with Gal3 following CPP treatment in p62-/- MEFS (Fig. 29). The 

shRNA knockdown of Gal8 had a small impact on Gbp2 localization to LCVs, so it is 

possible that the Gal8-NDP52 pathway is promoting Gbp2 recruitment to sterile vesicles 

independently of p62. 

 The role of Gbp2 recruitment to damaged vacuoles and damaged lysosomes has 

not been previously reported. I showed here that the reduction in Gbp2 recruitment in 

Gal3-/- BMMs did not affect pyroptosis or L. pneumophila restriction. One explanation is 

that as Gbp2 is only partially absent from LCVs in Gal3-/- BMMs, the remaining Gbp2 

may be sufficient to perform at wildtype levels. It remains unknown whether Gal3 can 

affect the recruitment of alternative Gbps. As the deletion of the entire Gbpchr3 cluster 

only leads to a minor increase in L. pneumophila growth, the lack of a phenotype may be 

just due to redundancy within the family. An alternative assay that could be performed 
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is examining the growth of L. pneumophila in Gal3-/- BMMs specifically within vacuoles 

devoid of Gbp2. Although as a population there was no loss of restriction, there may be 

defects within vacuoles that the luminescence assay is not sensitive enough to discern. 

Another explanation for the phenotypes observed is that Gbp2 recruitment is not 

required for its function in these specific processes. This is supported by my work 

discussed in Chapter 2 demonstrating that Gbps can promote caspase-11 mediated 

pyroptosis independently of vacuolar disruption.   

Gal3 and p62 have been shown to be involved in autophagy of damaged vesicles 

(36, 146). To determine if Gbps could have a role in the clearance of damaged lysosomes, 

we assessed the removal of damaged lysosomes in cells lacking Gbpchr3. We did not 

observe a defect in the removal of damaged structures suggesting these proteins are not 

essential for clearance. It remains unclear, however, whether the remaining Gbps on 

Chr5 could also function in this process so future work will have to examine the 

clearance in the absence of all Gbps.  

Overall, this work outlines a model where Gal3 promotes the recruitment of 

Gbp2 to damaged pathogen vacuoles and sterile vesicles through interactions with p62 

(Fig. 36A). The role for Gbp2 at these membranes remains to be elucidated, but an 

attractive hypothesis is that they facilitate the recruitment of cellular proteins, such as 

caspase-11, to these structures to promote downstream pathways (Fig. 36B). Although 

the loss of Gbp2 recruitment did not affect pyroptosis or restriction, the presence of 

residual Gbp2 or alternative Gbps may have masked any defects. Future studies should 
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examine if Gal3, in addition to Gal8 and Gal9, regulates specific subsets of Gbps. The 

role of Gal9 at the PV is currently undefined although they localize to both LCVs as well 

as S. typhimurium vacuoles. Membrane remnants from S. flexneri vacuoles have been 

found to be platforms for NFκB signaling and caspase-1 activation (52), so future studies 

could also examine a role for Gal9 in the recruitment of these molecules to regulate 

immune responses during infections.  
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Figure 36: Model for Gbp2 recruitment to pathogen vacuoles  

A) Gal3 localizes to damaged vacuole membranes following recognition of exposed 

lumenal sugars. Complexes of Gbp2 and p62 are recruited to the damaged membranes 

via an interaction with Gal3. B) Proposed model for role of Gbp2 following recruitment 

to damage vacuoles. In response to LPS recognition, Gbp2 aids in the oligomerization of 

caspase-11 at pathogen vacuole sites which facilitates the initiation of pyroptosis.  
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3.4 Materials and Methods 

3.4.1 Mice 

C57BL/6J, LysMCre, and Gal3-/- mice were purchased from Jackson Laboratory. 

The Nox2 allele was crossed onto the previously described Nos2−/−Irgm1−/−Irgm3−/− (triple 

KO) mouse to generate the QKO strain (42).  The Gbpchr3−/− strain was previously 

described (257). All mice were housed in pathogen-free facilities. Animal protocols were 

approved by the Institutional Animal Care and Use Committees at Duke University. 

 

3.4.2 Plasmids, shRNA, and viral vectors  

Expression vectors of YFP tagged Gal3, Gal4, Gal8, Gal9, and Gal12 were gifts 

from Felix Randow. GFP-Gbp1, GFP-Gbp2, and GFP-Gbp7 were cloned in MSCV 

expression vectors. To ablate Gal3, Gal8, and Gal9 expression, the following TRC shRNA 

vectors were used: TRCN0000301479, TRCN0000301480, TRCN0000301477 (Gal3); 

TRCN0000066415, TRCN0000066416, TRCN0000066417 (Gal8); TRCN0000288518, 

TRCN0000288440 (Gal9). Detailed information for each construct are available at the 

public TRC Portal (http://www.broadinstitute.org/rnai/public/).   

Retrovirus and lentivirus were both prepared in HEK-293T cells. Raw cells were 

transduced with GFP-Gbp1, GFP-Gbp2, and GFP-Gbp7 and selected with puromycin 

(5ug/mL). shRNA lentivirus was transduced into iBMMs and expression was selected 

with puromycin. Overexpression of YFP-Gal3, YFP-Gal8, and YFP-Gal9 were selected 
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with blasticidin (5ug/mL). YFP-Gal4 and YFP-Gal12 expression vectors lacked a 

selectable marker and were assessed by fluorescence intensity only.   

 

3.4.3 Antibodies  

Rabbit anti-Gbp2 was an affinity purified polyclonal antibody generated against 

the peptide EVNGKPVTSDEYLEHS of Gbp2 and used at 1∶1000. An affinity-purified 

polyclonal rabbit anti-Irgb10 antibody was generated against the C-terminal peptide 

LKKKVFLQDSVDSE of Irgb10 and used at 1:1000. Rabbit anti-p62 (MBL) and mouse 

anti-p62 (Abnova) were both used at 1:500. Alexa fluor 568-rabbit and Alexa fluor 660-

mouse were used at 1:1000 (Molecular Probes/Invitrogen). Mouse anti-eGFP (Clontech) 

was used at 1:1000.  

 

3.4.4 Bacterial strains and growth conditions  

The flagellin deficient strain of L. pneumophila LP01 (ΔflaA) was used for all 

experiments. Bacteria was maintained on ACES buffered charcoal-yeast extract agar 

(CYE) supplemented with FeNO3, cysteine, and thymidine (54). For experimental assays, 

L. pneumophila was grown in ACES buffered yeast extract (AYE) broth at 37°C to reach 

post-exponential phase (30). Bioluminescent ΔflaA L. pneumophila was previously 

described (43). 
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3.4.5 Cell culturing and immortalization  

Bone marrow derived macrophages were isolated from mouse femurs as 

previously described with some modifications (43). 5x106 cells were cultured at 37°C in 

5% CO2 in non-tissue culture treated dishes in 15 mL RPMI-1640 supplemented with 

20% fetal bovine serum, 12% conditioned media containing macrophage colony 

stimulating factor (MCSF), and 55uM β-mercaptoethanol. Three days later, 10 mL 

additional media was added on cells and they were cultured for an additional 2 - 4 days 

until confluent. BMM immortalization was performed using modified J2 virus methods 

(196). Briefly, bone marrow was isolated and cells were cultured in J2 virus supernatants 

for one day. Cells were then washed with PBS and cultured in BMM media for one day. 

This was repeated over the next two days and cells were then cultured exclusively in 

BMM media until immortalization was apparent. 

 Murine embryonic fibroblasts (MEFs) were collected as previously described 

from embryonic day 12.5-14.5 pups from pregnant female mice of respective genotypes 

(17). The cells were cultured at 37°C in 5% CO2 in tissue cultured treated dishes. They 

were maintained in DMEM supplemented with 10% FBS, 1% nonessential amino acids, 

and 55uM β-mercaptoethanol.  3T3 immortalization was performed by splitting the cells 

1:3 every 3 days for at least 30 days.  
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3.4.6 Immunofluorescence microscopy  

1X105 iBMMs and 5X104 MEFs were seeded on glass coverslips in 24 well plates. 

Infections were performed at an MOI of 5 for 2 hours. Cells were fixed for 10 min with 

4% paraformaldehyde (PFA) and permeabilized with 0.1% PBS-Triton for 10 min. 

Blocking was performed for 30 min with 2% bovine serum albumin (Amresco). Cells 

were incubated with primary antibodies for 1 hr followed by 30 min of Alexa-fluor 

conjugated secondary antibodies. Nuclear DNA was stained with 1:1000 Hoescht 33258 

according to the manufacturer’s protocol. Colocalization analyses of YFP conjugated 

Galectins were only fixed and stained with Hoescht. The coverslips were mounted on 

slides using a solution of Mowiol (Sigma) and 0.1% p-phenylenediamine.  

 Images were taken on a Zeiss LSM 510 inverted confocal microscope. 

Quantification of YFP-Gal3, Gbp2, and p62 puncta was performed with FIJI image 

analysis. Specifically, each image was set to an equivalent threshold and particle analysis 

was used to quantify the number of puncta. Quantification of overlapped puncta was 

performed using the image calculator and particle analysis. Data represent the mean 

colocalization percentage from 200 cells per experiment.  

 

3.4.7 Hypotonic shock assays  

1x105 YFP-Gal3 iBMMs were seeded on coverslips in a 24 well plate overnight 

with 100 U/mL IFNγ. Hypotonic shock was performed as described previously (184, 

238). Cells were incubated for 10 min in a solution of 0.5M sucrose with 10% PEG 
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followed by two washes in PBS. They were then incubated in 60% PBS for 3 min and 

returned to BMM media for 20 min. Cells were then fixed for 10 min in 4% PFA and 

respective immunofluorescence experiments performed.  

 

3.4.8 CPP damage 

5X104 YFP-Gal3 MEFs were seeded on coverslips in 24 well plates with 100U/mL 

IFNγ. CPPs were prepared with equal volumes of CaCl2 (256mM) and buffer A (50mM 

HEPES, 3mM Na2HPO4, pH 7.05) as described previously (36). They were added 

dropwise to cells (20% v/v) and incubated for 4 hours after which the cells were fixed in 

4% PFA followed by immunofluorescence assays.  

 

3.4.9 Lysosomal damage 

1x105 YFP-Gal3 iBMMs were seeded on coverslips in 24 well plates with 100 

U/mL IFNγ. Leu-Leu methyl ester hydrobromide (LLoMe) (Sigma) was diluted to 

750uM in BMM media and added to cells for 1 hr followed by fixing in 4% PFA for 10 

min. PBS washing was not performed to avoid removing cells from the coverslips. To 

measure clearance of damaged lysosomes, cells were washed at 1 hr and fixed at 

respective time points.  
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3.4.10 Cytotoxicity assays  

Naïve or IFN-primed (100 U/mL) BMMs were infected with ΔflaA L. pneumophila 

at an MOI of 10. Cells were washed 30 minutes post-infection and incubated for 

additional 2.5 hours. Cytotoxicity was measured by the release of lactate dehydrogenase 

(LDH) using the CytoTox-One Homogenous Membrane Integrity Assay (Promega). 

Percent LDH release was normalized to the condition with the least amount of cell death 

and divided by a maximum lysis control. 

 

3.4.11 L. pneumophila growth assays  

BMM were seeded at a density of 5x104 cells per well of a 96-well plate. When 

indicated, macrophages were activated with IFNγ (100 U/mL) overnight. To assess L. 

pneumophila growth, cells were infected with bioluminescent ΔflaA at an MOI of 1. Cells 

were spun 1400 rpm for 5 minutes at 4°C and warmed for 5 minutes in a 37°C water 

bath. Infections were then incubated at 37°C for one hour at which point cells were 

washed and initial readings began. Data is displayed as arbitrary Relative Light Units 

(RLU).  

 

3.4.12 Co-immunoprecipitation and western blots  

5x106 YFP-Gal3 iBMMs were seeded in a 10 cm untreated tissue culture dish 

treated with or without 100U/mL IFNγ overnight. The following day, the cells were 

treated with 550uM LLoMe for 1 hr. This concentration was utilized to minimize cell 
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death following lysosomal damage and maintain equivalent protein levels. After 

treatment, the cells were collected and spun at 1300rpm for 5 min. They were 

resuspended in 1 mL PBS and washed two times. They were then incubated with 2mM 

of the membrane permeable crosslinker DSP (Thermo Scientific) for 30 min at room 

temperature. To stop the reaction, the cells were incubated with 20uM Tris pH 7.5 for 15 

min.  

The co-immunoprecipitation assay was performed with Chromotek GFP-Trap 

beads and as per manufacturer guidelines with slight modifications. To remove the 

crosslinking solution, cells were washed twice in ice cold PBS and lysed in 200uL lysis 

buffer (10mM Tris/HCl pH 7.5, 150mM NaCl, 0.5mM EDTA, 0.5% NP-40) for 30 min on 

ice with vigorous pipetting every 10 min. The cell lysate was then spun 20,000 g for 10 

min at 4C and the supernatant was diluted with 300uL ice cold dilution buffer (10mM 

Tris/HCl pH 7.5, 150mM NaCl, 0.5mM EDTA); 25uL was saved for lysate analysis. 25uL 

GFP-Trap beads were washed three times with ice cold dilution buffer. The diluted 

sample was added to the beads and incubated tumbling end-over-end for 2 hours at 4C. 

After incubation, 25uL supernatant was saved for analysis and the beads were washed 

three time in ice cold dilution buffer. To collect the bound proteins, the beads were 

resuspended in 50uL 2X SDS sample buffer (120mM Tris/Cl pH 6.8, 20% glycerol, 4% 

SDS, 0.04% bromophenol blue, 10% β-mercaptoethanol, and 20mM dithiothreitol (DTT)). 

25uL sample buffer was added to the 25uL samples collected throughout as well.  
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SDS-PAGE was performed with 10uL supernatant samples and 15uL captured 

protein samples. The samples were transferred to nitrocellulose and blocked with 2% 

bovine serum albumin for 30 min. Primary antibodies of rabbit anti-p62 (1:500), rabbit 

anti-Gbp2 (1:1000) and mouse anti-eGFP (1:1000) were incubated overnight 4C. Blots 

were then incubated with secondary anti-rabbit and anti-mouse HRP antibodies for 30 

min at room temperature. Images were taken on the Odyssey imaging system from LI-

COR Biosciences.  

 

3.4.13 Proximity ligation assay (PLA) 

7.5X104 MEFs were seeded in 24 well plate and stimulated with 100 U/mL IFNγ. 

Cells were fixed with 4% PFA for 10 min and permeabilized with 0.1% PBS-Triton for 10 

min at room temperature. Cells were blocked with 2% BSA for 30 min and incubated 

with 1:1000 dilutions of primary mouse anti-eGFP and anti-Gbp2 for 1 hr. Mouse and 

rabbit PLA probes were then applied to samples and incubated for 60 min at 37C. The 

samples were washed with Buffer A twice for 5 min. Ligase was diluted in ligation 

buffer and incubated with samples for 30 min at 37C followed by two washes of Buffer 

A for 2 min each. To amplify the ligated DNA, the cells were incubated with diluted 

polymerase for 100 min at 37C. They were then washed twice with Buffer B for 10 min 

each followed by one wash of 1:100 Buffer B for 1 min. Cells were then incubated with 

1:1000 Hoescht for 30 min and mounted.  
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3.4.14 Statistical analyses  

Statistical significance was calculated using the unpaired Student t-test as well as 

One-way ANOVA where described. Significance was defined as:  ** p≤.01; * p≤.05. 
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4. Conclusions and Future Directions 

4.1 Overview 

Host cells are equipped with a plethora of mechanisms to combat the constant 

invasion of microorganisms. NLRs, TLRs, RLRs, and ALRs are amongst some of the 

receptors that initiate cell autonomous restriction pathways. In addition to these 

receptors, the IFN-inducible GTPases promote restriction pathways for viral, bacterial, 

and protozoan species. In this thesis, I focused on elucidating the mechanisms by which 

one of these families, the Gbps, restricts bacterial pathogens.  

The human and murine genomes encode for seven and eleven Gbps, 

respectively. There is a high degree of homology within and between the families and 

many of the proteins function redundantly to restrict pathogens (49). However, specific 

Gbps have also been reported to possess unique properties and provide resistance 

through different mechanisms from those of the remaining family members.  During 

Dengue viral infections, mGbp1 regulates NFκB signaling and type I IFN production 

although hGBP3 inhibits viral replication through cytokine independent pathways (179, 

181). The GTPase domain of hGBP1 and mGbp2 are required to restrict EMCV and 

Hepatitis C viral replication, but this domain is expendable during mGbp2 inhibition of 

VSV (31, 104). While Gbps have been shown to target many different bacterial and 

protozoan PVs, specificities also exist for recruitment. For example, mGbp3 does not 

target vacuoles of M. bovis BCG but is recruited to T. gondii PVs (49, 120). In addition, 

unique protein interactions exist as mGbp1 associates with the autophagy adaptor p62 
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and mGbp7 interacts with Atg4b and NADPH oxidase subunits (120). Finally, evidence 

has shown that only a subset of Gbps, primarily Gbp2 and Gbp5, participate in caspase-

1 and caspase-11 dependent pyroptosis (157, 158, 190, 217). All of these data suggest that 

while the proteins are highly homologous, they do not participate in completely 

redundant functions which is a characteristic of Gbps that has yet to be fully 

understood.   

The recruitment of Gbps to PVs has been considered a prerequisite for its 

involvement in cell autonomous restriction pathways. As Gbp7 interacts with NADPH 

oxidase, one model is that these proteins target PVs to deliver antimicrobial cargo (120). 

Recent evidence suggests that these proteins, like the GKS IRGs, promote the destruction 

of the PV membrane (257). However, different members have been found to promote 

cellular activities independent of this function. In this thesis, I reassessed the significance 

of this role during infections with the intracellular pathogen, L. pneumophila. I found that 

Gbps do not promote the disruption of the L. pneumophila vacuole although they are 

required for its restriction. Instead, I found that Gbpchr3 promotes caspase-11 induced 

pyroptosis in response to cytoplasmic LPS. In addition, I found a novel mechanism by 

which Gal3 regulates the targeting of Gbp2 to pre-damaged membranes. Significant 

gaps still remain, however, in our knowledge of Gbp mechanisms for both of these 

pathways.  To conclude, I will discuss future studies that will aid in our understanding 

of this protein family.  
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4.2 Mechanism of Gbpchr3 dependent pyroptosis 

 In chapter 2 of this thesis, I presented a novel function for Gbpchr3 in promoting 

caspase-11 mediated pyroptosis in response to L. pneumophila. Specifically, I found that 

the loss of Gbpchr3 expression led to reduced cell death which resulted in an increase in 

bacterial burden in macrophages. This response was independent of autophagy as well 

as IRG functions. I found that the role of Gbps for promoting cell death was independent 

from a role in vacuolar disruption. Rather, I described a mechanism whereby they 

regulated LPS recognition to activate caspase-11.  

 A role for Gbps independent from vacuolar disruption has been a point of 

conflict in the field. In contrast to my work, Meunier, E. et al concluded that Gbps do 

promote vacuolar disruption of S. typhimurium PVs which activates caspase-11 by 

releasing bacterial LPS into the cytosol (157). The researchers supported their 

conclusions with evidence showing Gbps were not required for the release of S. flexneri, 

a pathogen that facilitates its own escape from PVs; however, they failed to show that 

the proteins were no longer necessary to promote cell death during S. flexneri infections 

and demonstrate that vacuolar disruption was the sole function of the Gbps (157). Later 

work showed that Gbps can activate Aim2 and caspase-1 through the direct lysis of 

Francisella novicida after its escape from the PV supporting a role for Gbps subsequent to 

bacterial escape into the cytosol (158). Recent studies from our lab demonstrated that 

Gbpchr3 promoted pyroptosis during infections with C. muridarum although inclusions 

were not targeted by Gbps (57). These data provide further evidence that the 
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recruitment of Gbps to PVs and their promotion of pyroptosis can indeed be uncoupled. 

However, the specific function of these proteins during non-canonical inflammasome 

activation remains unclear.  

There are three main hypotheses by which Gbps could activate caspase-11. One 

hypothesis is that similar to F. novicida, the Gbps promote cell death by directly lysing 

bacteria and releasing LPS for caspase-11 activation. The second hypothesis is that the 

Gbps interact with caspase-11 and recruit it to PVs to facilitate its recognition of LPS on 

the bacterial surface. A third hypothesis is that Gbps promote the oligomerization of 

caspase-11 independent of their localization to PVs.  

 The first model is that Gbps promote caspase-11 activation through the direct 

lysis of bacteria rather than the PV membrane. An argument against this model, 

however, is that lysis of the bacteria would also result in leakage of DNA which would 

activate Aim2 and caspase-1. Because caspase-1 activation is not involved in cell death 

under the conditions used for these ΔflaA L. pneumophila infections (1, 32, 190), it seems 

unlikely that Gbps are directly lysing bacteria to activate caspase-11.  

 The second hypothesis is that Gbps recruit caspase-11 to the PVs to facilitate its 

binding to LPS. It is currently unknown whether Gbps can interact with caspase-11. 

Future work could assess the targeting of these proteins during infections or LPS 

transfections to determine if they associate at PVs or distant sites in the cell. Co-IP and 

PLA analyses could also be performed to determine if they interact. Although my data 

shows that Gbps promote pyroptosis after LPS transfections which should lack a 
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membrane for targeting, they may still have docked to damaged membranes of 

transfected vesicles or L. monocytogenes PVs to recruit caspase-11. Previous reports with 

caspase-1 support this model as the protease has been found on damaged PV 

membranes after S. flexneri escape into the cytosol (52).  

 The reduction of Gbp2 recruitment in Gal3-/- and Atg5-/- macrophages does not 

result in the reduced cell death observed in Gbp2-/- macrophages suggesting PV 

recruitment is not important for pyroptosis activation. In conjunction with the fact that 

Gbps can activate caspase-11 with LPS transfections alone, a third hypothesis is that they 

regulate caspase-11 oligomerization regardless of PV recruitment. It is now known that 

LPS binds the CARD domain of caspase-11 which mediates the oligomerization and 

activation of the protease (219). Alterations in lipid A structures lead to defects in 

caspase-11 oligomerization although these structures are still capable of binding to the 

protease (76, 219). I found that Gbpchr3-dependent cell death is also regulated by the 

structure of lipid A moieties. When exposed to LPS from E. coli, which contains a 

classical TLR4 activating structure (164), Gbpchr3 was minimally required to promote 

caspase-11 activation. In contrast, Gbpchr3 highly regulated pyroptosis in response to L. 

pneumophila which contains a unique LPS structure that fails to activate TLR4 (67). One 

model is that casapase-11 is capable of oligomerizing when bound to shorter chained 

structures similar to E. coli LPS but requires aid from the Gbps when bound to variant 

LPS species.  
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To test the third hypothesis that Gbps mediate caspase-11 oligomerization, native 

PAGE can be performed after transfections with different LPS species. If Gbp regulation 

depends on LPS structure, I would expect that caspase-11 oligomerization in Gbpchr3-/- 

BMMS occurs at wildtype levels during E. coli LPS transfections but is reduced during L. 

pneumophila LPS transfections. If the results show a Gbp dependent phenotype, direct 

binding between Gbps and LPS should be analyzed to determine if the Gbps can directly 

recognize this molecule during caspase-11 activation.  

  

4.3 Gal3-dependent Gbp2 recruitment: mechanism and function 

Although the role of Gbps at the PV remains unclear during pyroptosis, it is well 

established that specific Gbps and IRGs are recruited to PVs from a variety of 

microorganisms. Recently, the mechanisms for their recruitment were shown to be 

mediated by IRGM proteins and the Atg conjugation system which demonstrated that 

they were regulated by host molecules rather than PAMP recognition (79, 80, 265). 

During L. pneumophila infections, however, I found that Gbp2 targeting to LCVs was 

only partially affected by these pathways. I therefore hypothesized that at least one 

alternative recruitment pathway existed to mediate Gbp2 localization to LCVs.  

Galectins are a family of β-galactoside binding proteins that have been 

implicated in autophagic removal of S. typhimurium vacuoles (238). They localize to 

damaged membranes of PVs, so I hypothesized that they may regulate the recruitment 

of Gbps to these sites. I found that during infections of L. pneumophila, Gal3, Gal8, and 



 

131 

 

Gal9 localized to LCVs similar to S. typhimurium (238). However, while all three 

molecules targeted LCVs upon infection, I found that only Gal3 highly regulated the 

recruitment of Gbp2 to these sites. The localization of Gbp2 extended to damaged 

endosomes and lysosomes providing evidence for a general mechanism of recruitment 

that was independent of PAMP recognition. In addition, I found that p62 regulated 

Gbp2 recruitment to damaged structures, and both of these proteins associated in a 

complex with Gal3.  Overall, our data suggests a model whereby Gal3 interacts directly 

with p62 allowing for Gbp2-p62 complexes to be recruited to damaged sites.  

Although all galectins primarily bind N-acetyllactosamine structures, each has a 

breadth of additional ligands with which they can interact (89). As Gal3, Gal8, and Gal9 

are the only galectins found thus far to bind damaged PVs, they appear to interact with 

a unique glycan exposed on these structures. Frontal affinity chromatography analyses 

have been completed for a group of mammalian galectins to analyze their interactions 

with various oligosaccharides. These studies found that Gal3, Gal8, and Gal9 all have 

the unique characteristic of interacting with alpha-hexasaccharide structures compared 

to the other galectins examined (89). Their associations with this specific ligand, 

therefore, may mediate their recruitment to PVs.  The specificities of Gal8 and Gal9 

recruitment to damaged endosomes and lysosomes remains to be examined to 

determine if these structures have similar glycan profiles.  

Associations of Gal3, p62, and Gbp2 were demonstrated with Co-IP and PLA 

assays, but it remains unclear whether these proteins are directly binding. To discern 
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which proteins can specifically interact with one another, future studies should utilize 

yeast two-hybrid assays to analyze direct binding between individual proteins. In 

addition, the protein domains required for recruitment should be assessed. Recruitment 

of p62 and Gbp2 to PVs requires the PB1 and UBA domains of p62 (78). Both of these 

regions should therefore also be analyzed for Gbp2 targeting to damaged sterile vesicles 

to determine if a universal mechanism exists.  

 Our studies only examined the recruitment of Gbp2 to damaged membranes, so 

it remains unknown whether Gal3 regulates the recruitment of additional Gbps. Gbp1 

has been shown to interact with p62 (120), so I hypothesize that this protein would also 

be regulated by this pathway. Although Gal8 and Gal9 had minimal roles in mediating 

Gbp2 recruitment to LCVs, they may participate in the targeting of alternative proteins. 

Specifically, it is unknown whether Gal8 and NDP52 could promote the recruitment of 

proteins similar to Gal3 and p62 for Gbp2.  

Gal3 is the sole chimera type galectin as it is composed of a C-terminal CRD 

region in addition to an N-terminal non-CRD region. The N-terminal region facilitates 

the formation of higher order oligomers which mediate its interactions with other 

molecules (207). If Gal3 remains the most significant galectin for Gbp recruitment, future 

analyses should focus on the role of the N-terminal non-CRD region to discern if the 

mechanism of recruitment is due to interactions with multimeric structures.  

 I was unable to determine a function for Gal3-dependent Gbp2 recruitment at the 

LCV. Loss of recruitment in Gal3-/- cells did not result in pyroptotic or restriction defects, 
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and Gbpchr3-/- BMMs did not show reduced clearance of damaged lysosomes. There are 

multiple hypotheses to explain the lack of a phenotype with these experiments. 

Expression of Gbpchr5 may have led to wildtype levels of lysosome clearance in Gbpchr3-/- 

cells, so a defect needs to be examined in a background completely devoid of Gbps. In 

regards to the regulation of pyroptosis, my data suggests that Gbps can function 

independently of their recruitment to PVs. Therefore, its reduced localization at LCVs 

may not result in a defect in pyroptosis. Alternatively, if targeting is required, Gal3-/- cells 

only showed a partial reduction in recruitment which may still promote wildtype levels 

of cell death. To fully abrogate targeting, future studies could remove Gal3 in QKO  

Atg5-/- cells which also show a partial reduction in Gbp2 localization to LCVs. As 

pyroptosis functions normally in QKO Atg5-/- cells, the role of Gbp2 recruitment can 

specifically be analyzed. As it remains unknown whether Gal3 affects the recruitment of 

other Gbps, reduced Gbp2 targeting alone is probably not sufficient to exhibit any 

restriction defects as well.  

 A functional consequence of Gbp2 recruitment to PVs that has yet to be assessed 

is the promotion of cytokine secretion. During Dengue viral infections, Gbp1 promotes 

the release of type I IFNs and IL-6, but this was not assessed as a consequence of PV 

targeting (181). Although Gbpchr3-/- BMMs do not exhibit defects in the production of 

TNFα, IL-6, or IL-12 during T. gondii infections (257), Gbp responses may still be 

modulated by PAMPs. For example, Gbpchr3 activation of caspase-11 in response to LPS 

promotes the secretion of IL-18 which can induce TNFα and IL-6 production (32, 57, 



 

134 

 

176). Future studies should therefore examine the production of these cytokines in Gal3-/- 

BMMs with different pathogens to determine if their release can be linked to Gbp 

recruitment as well as PAMP recognition. If cytokine production is linked to microbial 

factors, the localization of Gbps on sterile vesicles may just occur as a consequence of 

Gal3 dependent recruitment which evolved to grant Gbps access to sites where 

pathogens may be present. 

 

4.4 Concluding Remarks 

Gbps are unique members of the dynamin superfamily which are involved in a 

wide range of cell autonomous immune pathways. While they are often linked with 

functions of the IRGs, this dissertation highlighted unique roles of the Gbp family. 

Specifically, I characterized novel mechanisms for Gbps that were independent from 

their involvement in PV disruption. Gbps are highly homologous proteins, but specific 

functions are only mediated by a subset of family members. Overall, the field should 

begin to focus on understanding the properties of these specific proteins that allow them 

to possess both unique and redundant roles to regulate immune responses.  
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