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Abstract 
Through the action of pattern recognition receptors (PRRs) the vertebrate 

immune system is able to detect and respond to invading pathogens. PRRs bind 

conserved microbial components and subsequently initiate pro-inflammatory defense 

programs. While effective at eliminating pathogens, these inflammatory responses can 

have deleterious effects; excessive inflammation can result in tissue damage. In order to 

minimize infection-induced pathology while still ensuring pathogen clearance the 

immune system has evolved mechanisms to precisely regulate PRR activity. This is 

accomplished in part through the activity of immunomodulatory cytokines.  

Interferons are a group of cytokines notable for their ability to shape immune 

responses. To some extent, this is accomplished through their ability to induce 

expression of families of GTPases. Herein, I describe my work characterizing the 

immunomodulatory activity of two families of interferon-inducible GTPases: the 

guanylate-binding proteins (GBPs) and the immunity related GTPases (IRGs). Previous 

studies have associated these proteins with immune regulation, but many questions 

remain surrounding their functions.  

In the first part of this dissertation, I detail my work exploring the pro-

inflammatory functions of the GBPs in mice. Previous work from our lab and others 

identified a role for the GBPs in promoting activity of a set of PRRs known as 
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inflammasomes, which not only sense pathogens but also directly produce pro-

inflammatory cytokines. I first explore this observation in the context of chlamydial 

infection. Using a macrophage cell culture model, I demonstrate that GBPs are essential 

for a rapid inflammasome response to infection with Chlamydia species. I also show that 

this function is independent of GBP targeting to pathogen-containing vacuoles (PVs), 

revealing that GBPs can regulate inflammasome activity outside the host-pathogen 

interface.  I go on to identify a role for GBPs in promoting inflammasome activity in 

response to bacteria-derived outer membrane vesicles both in cell culture and in vivo. 

Finally, I show that GBP-deficient mice are more susceptible to endotoxin challenge. 

Together, these results highlight the ability of GBPs to promote caspase-11 activity 

independent of pathogen- or PV- lysis.  

In the second part of this dissertation, I describe my work surrounding the roles 

of a sub-family of IRGs, the IRGMs, in regulating inflammation. In order to better 

understand how the IRGMs regulate inflammation, I characterized cytokine production 

in IRGM deficient mice challenged with LPS. I found that loss of one IRGM, IRGM2, 

lead to excessive LPS-induced production of inflammasome-associated cytokines. I go 

on to show that IRGM2 specifically regulates the cytosolic LPS-sensing caspase-11 

inflammasome. I also show that IRGM2 may do so by minimizing cytosolic availability 

of LPS.  These results reveal a novel association between IRGMs and inflammasomes 

and potentially highlight a unique mechanism for regulating caspase-11 activity.  
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The work described throughout this thesis highlights the ability of the vertebrate 

immune system to precisely regulate inflammation. It demonstrates how interferons can 

both promote and suppress inflammasome activity, thereby fine-tuning an immune 

response.   
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1. Introduction  

1.1 Introduction to thesis topic 

A principal goal of the vertebrate immune system is to protect against microbe-

induced disease. In part, this is accomplished by identifying and eliminating invading 

pathogens. Many cell types express sets of pattern recognition receptors (PRRs) that can 

detect conserved microbial components, commonly called pathogen-associated 

microbial patterns (PAMPs) (1). Recognition of these PAMPs initiates inflammatory 

cellular defense programs which, when effective, can lead to microbial clearance. 

However, inflammatory responses can also be deleterious, as excess inflammation can 

lead to detrimental host pathologies (2).  

Often, disease does not result from pathogen-mediated damage; instead, it is a 

consequence of unrestrained host-driven inflammation (2). To minimize this, hosts have 

evolved processes to precisely regulate and shape immune responses. For instance, as 

many infections are highly localized, mechanisms exist for spatial control of immune 

pathways. Commonly, this control relies on the rapid and localized production of 

immunomodulatory cytokines. Specificity can also be conferred by cytokine activity on 

distinct cell populations; secreted cytokines can have autocrine, paracrine, and/or 

endocrine activities and, once receptor bound, often induce significant alterations to the 

gene expression profile of affected cells (3). For some cytokines, these changes can result 

in increased resistance to pathogens, or altered sensitivity to subsets of PAMPs (4).   
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Interferons (IFNs) are a group of cytokines of particular note for the broad and 

varied activities they control (5). IFNs were initially described for their ability to 

promote resistance to viral infection. In their seminal study, Isaacs and Lindenmann 

found that incubation of pieces of chorio-allantoic membrane with inactivated influenza 

virus leads to the release of a factor that can promote viral resistance in fresh membrane 

pieces (6). They named this factor “interferon” for its ability to induce viral interference. 

Since these studies, our understanding of IFNs has dramatically increased. We now 

understand that there is not a single “interferon”, rather there are many, and their roles 

extend beyond promoting anti-viral activity. Interferons also regulate anti-bacterial and 

anti-fungal immunity, and have extensive immunomodulatory functions (4, 7).  

Human IFNs are classified into three families, determined by the receptor 

complexes through which they signal: type I, type II, and type III IFNs (5). Most work to 

date has focused the type I and type II IFNs. There are many type I IFNs and these 

proteins engage the IFN-α/β receptor. Two subsets of note are the IFNα and IFNβ 

proteins; these cytokines are produced by a variety of cell types, typically in response to 

the detection of microbes by PRRs (8). There is a single type II IFN, IFNγ. IFNγ is 

produced by both natural killer and activated T cells and signals through the IFNγ 

receptor (9, 10). Binding of IFNs to their respective receptors ultimately leads to 

activation of diverse signal transducer and activator of transcription (STAT) protein 

complexes. Activated STAT complexes can bind interferon-sensitive response elements 
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(ISREs) or interferon-gamma activated sequences (GAS) in the promoter region of genes 

and robustly enhance expression of these genes (9). Through the activation of distinct 

STAT complexes the individual interferons can have discrete effects (11). The various 

types of interferons can also have shared effects. Of note is the common ability of 

interferons to potently induce the expression of families of interferon inducible GTPases 

(4).  

The work presented in this thesis focuses on two families of interferon-inducible 

GTPases: the guanylate-binding proteins (GBPs), and the immunity related GTPases 

(IRGs). The GBPs are a well conserved family of GTPases, with eleven genes in mice and 

seven in humans (12, 13). GBPs have broad anti-microbial functions and protect against 

bacterial, viral, and protozoan pathogens (14). These functions range from direct 

disruption of parasitic vacuoles to inhibition of bacterial motility and spread (15, 16). 

The IRGs are less well conserved:  mice have over twenty genes encoding IRGs while 

humans have two (17). Similar to the GBPs, the IRGs have reported anti-microbial 

activities including roles in xenophagy and bacteriolysis (14). While most work on the 

GBPs and IRGs has focused on their roles in immune defense, recent studies have 

identified further functions for these proteins in regulating PRR-activity (18). These 

functions are not well understood and many questions remain surrounding the 

immunomodulatory activity of the GBPs and IRGs.  
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1.2 Overview of thesis chapters 

Herein, I describe my work to further characterize the immunomodulatory 

activity of the GBPs and IRGs. Specifically, the work contained in this dissertation 

explores the opposing roles of these GTPases in regulating a set of PRRs known as 

inflammasomes (described in detail in section 2.3.4). This dissertation can be divided 

into two parts. The first part (chapters 2-4) focuses on understanding the pro-

inflammatory activities of the GBPs, specifically in the context of chlamydial infection. 

The second part (chapters 5-6) concerns the anti-inflammatory activities of a sub-family 

of IRGs, the Immunity Related GTPase family M (IRGM) proteins. The dissertation 

chapters are briefly summarized below: 

Chapter 2: This chapter serves as an introduction to the first portion of my 

dissertation (chapters 2-4) and to some aspects of the dissertation as a whole. I first 

provide an overview of Chlamydia infection biology and cell-autonomous immunity. I go 

on to introduce various PRRs and how their activities influence Chlamydia infections. In 

doing so, I introduce inflammasomes thereby providing background relevant for the 

entirety of the dissertation. Finally, I review the role of inflammasomes in the etiology of 

Chlamydia-associated disease. The information reviewed in this chapter also 

encompasses my findings described in chapter 3.  

Chapter 3: In this chapter, I describe my work associating GBPs with regulation 

of inflammasome activation during Chlamydia infection. Here, I demonstrate that the 



 

5 

GBPs are essential for a rapid and robust inflammasome response to Chlamydia infection. 

Furthermore, I show that GBPs perform this function despite their inability to associate 

with the Chlamydia muridarum pathogen-containing vacuole (PV). In this chapter, I also 

describe a novel role for both the caspase-11 (LPS sensing) and AIM2 (DNA sensing) 

inflammasomes in the response to Chlamydia infection.  

Chapter 4: Outer membrane vesicles (OMVs) shed by Gram-negative bacteria can 

potently activate the caspase-11 inflammasome (19).  The work described in this chapter 

identifies a role for the GBPs in promoting caspase-11 activity in response to OMV 

challenge. These findings reveal a potential avenue by which GBPs could promote 

inflammasome activation beyond the host-pathogen or host-PV interface.  

Chapter 5: This chapter serves as an introduction for the second portion of the 

dissertation (chapters 5-6). I first introduce and detail the IRGM sub-family of IRGs and 

describe the links between human IRGM and inflammatory disease. I then review the 

previously reported functions of the IRGMs in regulating inflammation. Lastly, I 

introduce autophagy and summarize the known connections between IRGMs and the 

regulation of autophagy.   

Chapter 6: In this chapter, I describe my work systematically characterizing the 

role of the murine IRGMs in regulating the response to bacterial lipopolysaccharide 

(LPS). Through these studies, I reveal a novel role for IRGM2 in suppressing caspase-11 
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activity. Finally, I describe my initial experiments characterizing the function of IRGM2 

in regulation of caspase-11. 

Chapter 7: In chapter 7, I summarize the results of the previous chapters. I go on 

to discuss potential mechanisms for GBP and IRGM activity, and propose future 

experiments to test these models.  
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2. Cell-autonomous immunity to Chlamydia trachomatis 
The contents of this chapter are reproduced and edited from: Ryan Finethy & 

Jörn Coers. Sensing the enemy, containing the threat: cell-autonomous immunity to 

Chlamydia trachomatis. FEMS Microbiology Reviews (2016) 40 (6): 875-893. Published 

by Oxford University Press on behalf of FEMS, online at: 

https://academic.oup.com/femsre/article/40/6/875/2400275?searchresult=1. Not covered 

under the CC-BY-NC-ND license of this publication. For permission, please email 

journals.permissions@oup.com.  

2.1 Introduction to Chlamydia infection Biology 

Several species of the genus Chlamydia cause human diseases (20). Most human 

Chlamydia infections are caused by the human-adapted pathogens Chlamydia trachomatis 

and Chlamydia pneumoniae. These infections are common throughout the world with up 

to 80% of some adult populations testing seropositive for Chlamydia (21, 22). 

C. pneumoniae is responsible for both asymptomatic and acute pulmonary infections 

which have been associated with the development or exacerbation of persistent 

respiratory ailments such as asthma and chronic obstructive pulmonary disease (22-26). 

C. trachomatis infections are also frequent and occur in approximately 100 million 

individuals annually worldwide, causing significant morbidity in the human 

population. Distinct C. trachomatis subspecies or strains are adapted to different human 

cell types and tissues and accordingly associate with distinct disease manifestations (27). 

mailto:journals.permissions@oup.com
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Strains within serovars A to C infect conjunctival epithelial cells and cause endemic 

ocular infection. If left untreated, repeated infections can result in trichiasis (in-turning 

of the eye lashes), leading to corneal abrasions, corneal scarring, opacification and 

ultimately blindness. Strains within serovars D to K infect genital tract epithelial cells. 

Recurring or persistent genital C. trachomatis infections can cause urethritis, pelvic 

inflammatory disease (PV), infertility or lead to neonatal infections (28, 29). Lastly, the 

lymphogranuloma venereum (LGV) strains L1, L2 and L3 not only infect epithelial cells 

but also infect macrophages and spread systemically through lymph nodes. A detailed 

description of the pathogenesis of both ocular and genital infections was presented in a 

number of comprehensive recent reviews (30-33). Because C. trachomatis is a highly 

adapted human pathogen with reduced virulence in the mouse (34), many investigators 

have opted to use the closely related rodent-adapted pathogen Chlamydia muridarum to 

perform murine infection experiments. Important scientific insights have been gleaned 

from rodent studies using either C. trachomatis or C. muridarum as the infectious agent. 

All Chlamydia species are obligate intracellular pathogens that replicate within an 

intracellular vacuolar compartment known as an ‘inclusion.’ C. trachomatis enters host 

cells in its infectious form known as the elementary body (EB). Following invasion, EBs 

differentiate into the replicative reticulate body (RB) form, which can undergo binary 

fission within the confines of the expanding inclusion (35). At mid stage of the 

developmental cycle, RBs begin to differentiate back into EBs, which can exit the spent 
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host cell either through lysis or vacuolar extrusion (36). Following host cell exit, 

antibody-mediated immunity can restrict the dissemination of C. muridarum and thereby 

prevent systemic infections in mouse models (37). However, antibody-mediated 

immunity is largely dispensable for the clearance of C. muridarum at the primary 

infection site and similarly fails to provide protective immunity (37-39). Instead, 

clearance of infections and protective immunity is dependent on Chlamydia-specific T 

cells. Mucosal Chlamydia infections in mice evoke both CD4+ and CD8+ T cell responses. 

Yet, while depletion of CD8+ T cells fails to compromise immune protection against 

genital infections with either C. trachomatis or the rodent-adapted strain C. muridarum, 

CD4+ T cells are both necessary and sufficient to confer protection (39-46). Critical for the 

anti-Chlamydia response of CD4+ T cells is their ability to secrete the proinflammatory 

cytokine Interferon-γ (IFNγ) (47-50). Priming of host cells with IFNγ induces a network of 

cell-autonomous defense modules (51).  

2.2 Overview of Cell-autonomous immunity and its importance 
to C. trachomatis pathogenesis  

Vertebrates maintain a sophisticated network of specialized immune cells that 

includes innate lymphoid cells, professional antigen presenting cells, B cells and T cells. 

This network of professional immune cells - essential for host protection against the 

onslaught of myriads of potential infectious agents - is traditionally equated with the 

immune system. However, more often than not professional immune cells exert their 

function through the secretion of proinflammatory cytokines that bind to their cognate 
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receptors on the surface of non-immune cells and thereby instruct these non-immune 

cells to enter a state of heightened resistance towards pathogens. This cytokine-induced 

state of heightened resistance is due to the cytokine-induced expression of various cell-

autonomous immune pathways (14, 52) 

The term “cell-autonomous immunity” is not to be confused with “cellular 

immunity.” While cellular immunity refers to immune functions of professional immune 

cells that operate independently of antibodies, cell-autonomous immunity describes the 

capacity of individual cells of virtually all cell lineages to independently defend 

themselves against infections. Functionally, cell-autonomous immune responses can be 

placed into two categories: detection of pathogens by pattern recognition receptors 

(PRRs) and execution of antimicrobial effector functions. Pathogen recognition by PRRs 

is a first and essential step in cell-autonomous host defense, as it enables the host cell to 

detect the presence and precise location of a pathogen. Once localized, the pathogen can 

be captured and delivered into terminal lysosomes. Here, the host cell bombards the 

‘microbial prisoner’ with an array of antimicrobial molecules that are active within 

acidified lysosomes (52). While microbial destruction within lysosomes appears to be the 

default cell-autonomous defense pathway, intracellular pathogens can also be contained 

within multilamellar autophagosome-like structures or simply be expelled from the 

infected host cell (52-55). Cytokines, and IFNs in particular, are often required to induce 

or enhance cell-autonomous immunity against C. trachomatis and many other 
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intracellular pathogens (14). However, some cell types including ‘non-immune cells with 

barrier functions,’ such as keratinocytes or mucosal epithelial cells, appear to have 

subsets of cell-autonomous defense programs switched on at all times (56-58).  

Cell-autonomous host defense is central to the pathogenesis of C. trachomatis 

infections. Infected cells can sense the presence of C. trachomatis through several PRRs 

(Figure 1) and the importance of PRRs in shaping the outcome of C. trachomatis  

infections is becoming increasingly evident (30, 32). PRR stimulation promotes the 

recruitment of professional immune cells to the site of infection. Therefore, PRR 

activation creates a more pro-inflammatory microenvironment surrounding 

C. trachomatis-infected cells and thereby induces cell-autonomous host defense in both 

the infected cell and non-infected bystander cells (30, 32).  

The conflict between cell-autonomous host defense and bacterial counter-

immunity is a reflection of the continuous evolutionary arms race between Chlamydia 

species and their hosts. As a result of this and similar host-pathogen conflicts, cell-

autonomous host defense strategies continue to diverge in different host species (59). 

Accordingly, distinct Chlamydia species evolved disparate virulence strategies to cope 

with cell-autonomous defenses unique to their preferred host species. For example, 

C. trachomatis has adapted to IFNγ-inducible human- but not rodent-specific cell-

autonomous responses and thereby further solidified its tropism for the human host (34, 

60-62). The evolutionary conflict between human immunity and C. trachomatis counter- 
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Figure 1. Innate immune sensors of C. trachomatis infection.  
A wide variety of sensors collectively detect C. trachomatis infections and 

activate immune response pathways. Following the detection of unknown C. 
trachomatis-derived ligands in the extracellular or vacuolar milieu, TLR2 and TLR3 

induce the transcription of cytokineencoding genes. The cytosolic sensor STING directly 
detects the presence of bacterial cyclic di-AMP or—indirectly through cGAS—the 

presence of DNA in the host cell cytosol. STING activation leads to IRF3-dependent 
induction of type I IFN production. Cytosolic NOD1 and NOD2 detect bacterial cell-wall 

components, for example, muramyl dipeptide, and Chlamydia-induced ER stress to 
induce NF-κB activation and transcription of proinflammatory cytokines. Three distinct 
cytosolic surveillance pathways can induce inflammasome activation in response to C. 

trachomatis: AIM2, NLRP3 and caspase-11. Activated inflammasomes execute 
pyroptotic cell death, and IL-1β/IL-18 secretion. IRGs detect C. trachomatis inclusions in 
mouse cells and recruit host factors, promoting inclusion ubiquitination and ultimately 

leading to inclusion rupture. 
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immunity is ongoing, as mirrored in the genetic diversity of C. trachomatis strains and 

some recent observations indicating that human genetic variation affecting cell-

autonomous immunity can alter susceptibility to C. trachomatis-associated diseases (31).  

2.3 Innate Immune Sensors of C. trachomatis infections  

2.3.1 Toll-like receptors (TLRs) 

Toll-like receptors (TLRs) comprise a large family of type I transmembrane 

receptor proteins that recognize structurally conserved pathogen-associated molecular 

patterns (PAMPs) as well as some endogenous ligands released in the context of 

infection or cellular damage. TLRs form both homo- and hetero-dimers and each dimer 

displays different ligand specificities (63). TLR4 and myeloid differentiation factor 2 

(MD-2) form receptor complexes that detect the presence of lipopolysaccharide (LPS), 

also known as endotoxin (63). Although C. trachomatis is a gram-negative bacterium and 

expresses an LPS-like lipooligosaccharide (LOS), C. trachomatis infections fail to 

stimulate robust TLR4-dependent responses (64, 65). The lack of TLR4 activation by 

C. trachomatis is a result of the specific structure of Chlamydia LOS. The immune-

stimulatory activities of LPS or LOS are determined by its core structural component, 

lipid A. The precise molecular configuration of lipid A differs amongst distinct bacterial 

species correlating with its immunogenicity; the number of acyl chains and chain 

lengths of a given lipid A molecule determine the efficiency with which the TLR4-MD-2-

LPS complex is formed (63, 66). Whereas strong activators of TLR4 signaling such as 
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Salmonella or Escherichia coli lipid A contain 6 acyl chains between 12 and 14 carbons in 

length, Chlamydia lipid A is penta-acylated with non-hydroxylated fatty acid chains of 

up to 20 carbons in length rendering it a poor ligand for MD-2 (66-69). Accordingly, 

purified Chlamydia LOS is 100-fold less potent than Salmonella LPS at inducing 

TLR4/MD-2-dependent cytokine responses and TLR4-deficient mice clear genital 

Chlamydia infections with kinetics similar to wildtype mice (64, 70). Moreover, an 

unbiased forward genetics approach in mice failed to detect linkage between 

susceptibility to C. trachomatis infections and the Tlr4 loss-of-function allele present in 

C3H/HeJ inbred mice (71). Furthermore, human studies with patient cohorts consisting 

predominantly of white women revealed no significant association between infection 

rates and polymorphisms in TLR4 or its co-receptor CD14, or between tubal factor 

infertility and TLR4 or CD14 variants (72-75). A single study examining a small cohort of 

African American women found an association between the TLR4 rs1727911 CC 

genotype and cervical or endometrial C. trachomatis infections, specifically amongst BV 

patients (76), suggesting that TLR4 variants could exacerbate C. trachomatis-induced 

sequelae. However, the latter study has yet to be confirmed using a validation cohort. 

All of these studies together indicate that C. trachomatis infections are unlikely to directly 

induce robust TLR4 activation in mice or humans. Future studies will need to address 

whether TLR4 signaling could play a role in the pathogenesis of C. trachomatis genital 
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infections, possibly by altering the composition of the vaginal microbiome or 

susceptibility to BV (77, 78). 

     While Chlamydia LOS is a poor agonist for TLR4, C. trachomatis and C. 

muridarum infections were shown to induce robust secretion of proinflammatory 

cytokines including tumor necrosis factor α (TNFα), thus suggesting that Chlamydia 

infections stimulate TLRs other than TLR4 (64, 79, 80). Subsequent studies revealed that 

C. trachomatis and C. muridarum infections trigger TLR2-dependent secretion of 

Interleukin 6 (IL-6), IL-8 and TNFα (70, 81, 82). TLR2 was shown to co-localize with 

inclusion membranes (81) and therefore signaling may originate from the inclusion 

membrane itself or, alternatively, from the plasma membrane (Figure 1). 

 Several Chlamydia-derived molecules were proposed to act as TLR2 agonists 

including heat shock protein 60 (hsp60), the chlamydial major outer membrane protein 

(MOMP) and a lipoprotein named macrophage infectivity potentiator (Mip) (83-86). 

While various structurally distinct PAMPs are implicated as TLR2 agonists, direct 

binding to TLR2 has only been demonstrated for a small number of molecules including 

amphiphilic lipopeptides or lipoproteins and the fungal cell wall component zymosan 

(87-90). The crystal structure of TLR1-TLR2 heterodimer bound to diacylated 

lipopeptide and TLR2-TLR6 heterodimer bound to triacylated lipopeptide confirmed 

that lipopeptides act as bona-fide TLR2 ligands, which activate TLR2 signaling at 

picomolar concentrations (89-91).  Some previously considered agonists, such as 
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peptidoglycan, fail to induce TLR2 activation when chemically synthesized, suggesting 

that contaminations with lipopeptides could account for the induction of TLR2 signaling 

by a number of substances including peptidoglycan-derived structures purified from 

bacteria (92).  

TLR2 activation is dramatically diminished when cells are exposed to plasmid-

cured Chlamydia strains, suggesting that plasmid-encoded genes either control the 

synthesis or the processing of TLR2-activating molecules (93, 94). The plasmid-encoded 

protein Pgp4 acts as a transcriptional regulator and controls the expression of multiple 

chromosomal genes including glgA, which encodes a glycogen synthase (95). 

Accordingly, plasmid-cured Chlamydia strains display a defect in glycogen synthesis and 

glycogen accumulation (94, 96, 97). More recently, it was demonstrated that 

enzymatically-synthesized glycogen activates TLR2 signaling, opening up the intriguing 

possibility that Chlamydia-derived glycogen functions as the primary trigger for 

infection-induced TLR2 activation (98). In contrast to the defect in glycogen 

accumulation plasmid-cured Chlamydia strains express wildtype levels of the lipoprotein 

Mip, all but excluding Mip as the driver of Chlamydia-induced TLR2 activation (94). 

Using recently developed genetic approaches, loss-of-function mutations in pgp4, mip 

and other chlamydial genes could be used to define the Chlamydia-derived TLR2 agonist. 

How glycogen or other TLR agonists become available to their immune sensors during 
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the course of an infection is currently unknown and will need to be addressed in the 

future. 

Further confirming a role for TLR2 as a sensor for Chlamydia infections, Darville 

and colleagues found that the secretion of the cytokines TNFα, IL-6 and CXCL2 were 

decreased in the genital mucosa of C. muridarum-infected Tlr2-/- mice relative to wildtype 

mice. In spite of the diminished cytokine levels, TLR2 deficiency unexpectedly failed to 

change the kinetics by which C. muridarum infections were cleared in the rodent host. 

Instead, Tlr2-/- mice displayed a marked reduction in infection-induced oviduct and 

mesosalpinx pathologies, suggesting a specific role for TLR2 signaling in the 

development of Chlamydia-induced sequelae but a lesser role in immune clearance (70). 

Similarly, plasmid-cured C. muridarum strains that fail to activate TLR2 signaling, cause 

substantially reduced pathology relative to infections with plasmid-bearing wildtype 

strains (93). Collectively, these observations establish an important role for TLR2 

signaling in Chlamydia infection-associated pathologies.  

In humans TLR2 is highly expressed in the Fallopian tube and the cervix 

suggesting that TLR2 sensing of C. trachomatis could also drive pathologies in human 

genital infections (99). Indeed, a moderate association between TLR2 haplotypes and the 

clinical course of C. trachomatis infections has been observed (74). On the other hand, 

comparable disease manifestations were observed in rhesus macaques inoculated with 

either wildtype or with plasmid-cured C. trachomatis, the latter strain lacking TLR2 
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activating properties (100). These data indicate that TLR2 signaling plays a lesser role in 

the pathogenesis of C. trachomatis infections in primates than it does in rodents, and 

furthermore, that additional PRRs other than TLR2 are likely to be involved in 

Chlamydia-induced immunopathologies. 

A strong candidate to act as the key TLR2-induced cytokine promoting oviduct 

pathology in mice is TNFα; similar to Tlr2-/- mice, TNFα-/- mice are also protected against 

pathologies induced by C. muridarum infections while resolving C. muridarum infections 

with kinetics comparable to wildtype mice (101). These data suggest that TNFα is 

necessary to induce sequelae in the mouse model but do not exclude the involvement of 

other TLR2-induced cytokines in the pathogenesis of Chlamydia infections. Regardless of 

the specific mechanism by which TLR2 activation leads to development of 

immunopathologies, these observations demonstrate that immune-clearance of genital 

Chlamydia infections can be uncoupled from sequelae-inducing immune responses, an 

observation with important implications for vaccine development (102).  

Whereas TLR2 activation triggers Myd88-dependent NF-kB signaling, 

engagement of endosomal TLR3 predominantly triggers the production of IFNβ (103). 

Chlamydia infections induce IFNβ secretion in a number of cell types including murine 

oviduct epithelial cells (104-106) and it was shown that epithelial cells deficient in TLR3 

expression showed a marked, albeit not complete reduction in Chlamydia-induced IFNβ 

secretion (107). TLR3 recognizes double-stranded RNA (dsRNA), a molecular pattern 
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first associated with viral infections (103). It was later demonstrated that bacterial 

dsRNA also activates TLR3 signaling (108), suggesting that Chlamydia-derived dsRNA 

may act as a TLR3 agonist in epithelial and possibly also in dendritic cells (Figure 1). 

Considering the inherently anti-inflammatory nature of TLR3-driven IFNβ production 

(103), a potential role for TLR3 signaling in dampening immunity to Chlamydia needs to 

be explored further in the future. 

2.3.2 Stimulator of Interferon Genes (STING) 

Signaling via TLR3 is not the only mechanism by which Chlamydia infections 

induce type I IFN production. A second PRR that senses the presence of Chlamydia and 

induces the secretion of IFNβ is STING (109). The importance of STING as an inducer of 

IFNβ production in response to Chlamydia infections was demonstrated in multiple cell 

lines (109, 110). For example, human embryonic kidney (HEK) 293T cells are inherently 

deficient for STING expression and only respond to C. trachomatis with IFNβ secretion 

when STING is ectopically expressed. Similarly, STING-deficient mouse embryonic 

fibroblasts fail to secrete IFNβ in response to C. trachomatis infections (110). 

Several studies have demonstrated that STING dimerization leads to the 

activation of the TANK-binding kinase 1 (TBK1) resulting in the phosphorylation of 

interferon regulatory transcription factor 3 (IRF3) and IRF3-dependent transcription of 

type I IFN-encoding genes (111). Two pathways result in STING dimerization and 

activation: in the first pathway STING acts as a direct sensor of bacteria-derived cyclic 
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di-nucleotides and in the second pathway STING acts as an indirect sensor of cytosolic 

double stranded DNA (dsDNA) (112, 113). Both pathways have been implicated in the 

activation of STING by Chlamydia infections (110, 114). 

Cyclic di-GMP and cyclic di-AMP are bacterial second messenger molecules that 

are expressed at varying concentrations (0.1 – 10 µM) inside a bacterial cell (115). It was 

demonstrated in vitro that one cyclic di-GMP molecule forms a complex with the C-

terminal domains of two STING molecules, thereby promoting STING dimerization and 

initiating STING signaling. While the structural data convincingly demonstrate direct 

binding of cyclic di-GMP to STING, the measured binding affinity of cyclic di-GMP to 

STING was relatively low compared to other ligand-PRRs interactions (116, 117). 

Accordingly, it was found that STING activation by cyclic di-nucleotides under 

physiological conditions requires the helicase DDX41, which binds cyclic di-nucleotides 

and then forms a complex with STING (118). STING can also be activated by cyclic-

GMP-AMP (cGAMP) (112, 113). The production of cGAMP is mediated the host enzyme 

cGAMP synthase (cGAS) in response to the presence of cytosolic dsDNA (112). 

Following dimerization induced by either bacterial cyclic di-nucleotides or by host 

cGAMP, STING rapidly traffics from the ER through to the Golgi to perinuclear 

endosomes where it promotes the phosphorylation and activation of IRF3 (111). 

Cyclic-di-AMP is a nucleic acid metabolite that contributes to cell wall 

homeostasis in gram-positive bacteria (119). C. trachomatis was identified as the first 
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gram-negative bacteria to also produce cyclic-di-AMP but its physiological function in 

C. trachomatis is currently unknown (110). Intrabacterial concentrations of cyclic-di-AMP 

rapidly increase as replicating RBs transform back into infectious EBs and this increase 

in cyclic-di-AMP levels correlates with an increase in IFNβ production (110). 

Exogenously supplied cyclic-di-AMP or C. trachomatis infections induce IFNβ 

production in HEK 293T cells that ectopically express murine STING but lack the 

dsDNA sensor cGAS, suggesting that chlamydial cyclic-di-AMP acts directly as a STING 

agonist (110). However, co-expression of STING and cGAS in HEK 293T cells elicits 

greater IFNβ production in response to Chlamydia infections than expression of STING 

alone (114). Therefore, Chlamydia infections appear to induce STING activation not only 

through the production of cyclic-di-AMP but also through an infection-dependent 

increase in cytosolic dsDNA levels. This model is also supported by studies 

demonstrating that cGAS expression was required for robust IFNβ production in 

Chlamydia-infected human and murine oviductal epithelial cell lines (114). Failure to 

efficiently degrade cytosolic dsDNA due to the absence of the exonuclease TREX1 

exacerbated IFNβ production in response to Chlamydia-infected cells, thus further 

supporting a model in which cytosolic dsDNA contributes to Chlamydia-induced type I 

IFN production (114). Unanswered so far remain the questions of whether the 

inflammatory dsDNA is bacterial or host-derived and how dsDNA leaks either from the 
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bacteria and their surrounding inclusion space or from the host cell nucleus into the host 

cell cytosol.   

While both cyclic-di-AMP and dsDNA seem to promote STING activation in 

Chlamydia-infected cells, which one of the two pathways is predominantly activated 

may depend on the infected cell type, the host species or the individual host haplotype. 

Indeed, it was reported that common SNPs in the human STING gene significantly alter 

the ability of STING protein to respond to agonists, thus skewing the binding preference 

of STING either towards cGAMP or cyclic-di-nucleotides (120). It is therefore plausible 

that STING allelic variants could influence the magnitude or duration of the type I IFN 

response during chlamydial infections. 

 How relevant is STING activation in the pathogenesis of C. trachomatis 

infections? Mouse fibroblasts deficient for STING signaling allow for exacerbated 

chlamydial growth, revealing a potential function for STING in cell-autonomous 

immunity to C. trachomatis (110). It was proposed that STING mediates its anti-Chlamydia 

activity through autocrine cell activation by STING-induced type I IFNs, but this model 

has not yet been experimentally confirmed. While the type I IFN receptor IFNAR 

induces cell-autonomous immunity in tissue culture models, IFNAR paradoxically 

promotes C. trachomatis survival in vivo (121). Therefore, STING activation and the 

resulting production of type I IFNs could potentially promote C. trachomatis survival in 

the genital tract. Predicting the in vivo function of STING is further complicated by the 
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possibility that STING-mediated IRF3 activation could provide protection against 

immunopathologies independently of IFNAR signaling (122). In order to clearly define 

how STING-mediated responses affect the pathogenesis of Chlamydia infections, 

additional in vivo studies are needed. 

2.3.3 Nucleotide-binding Oligomerization Domain-Containing Proteins 
(NODs) 

Activation of the cytosolic PRRs NOD1 and NOD2 drives NF-κB-dependent 

expression of proinflammatory cytokines such as IL-6. Recently, it was demonstrated 

that activation of NOD2 by either single stranded RNA (ssRNA) or N-glycosylated 

muramyl dipeptide could also induce type I IFN production (123-125). Whereas 

activation of NOD2 by ssRNA induces type I IFN production in an IRF3- and MAVS-

dependent manner (125), mycobacteria-derived muramyl dipeptides triggers type I IFN 

secretion in an IRF5-dependent manner (123). In line with a role for NOD proteins as 

initiators of type I IFN responses, it was reported that maximal induction of IFNβ 

expression during chlamydial infection requires NOD1 (109). A separate study reported 

NOD1-mediated NF-κB signaling in C. muridarum infected fibroblasts, which resulted in 

the secretion of the cytokine IL-6 and the chemokine CXCL2 (126). However, the 

chlamydial agonist responsible for NOD1 activation or the downstream signaling events 

were not described in these studies. 

Both NOD1 and NOD2 are known to recognize structures derived from 

peptidoglycan (PG), a polymer imbedded in bacterial cell walls. NOD1 recognizes the 
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PG dipeptide D-gamma-glutamyl-meso-diaminopimelic acid (iE-DAP), which is made 

by all gram-negative and a few gram-positive bacterial species. NOD2 on the other hand 

binds murmayl dipeptide, a common building block of PG in all bacterial phyla (125). 

While the presence of PG in the cell wall of Chlamydiae had been controversial for half a 

century, recent work by Maurelli and colleagues unequivocally showed that Chlamydiae 

produce detectable amounts of PG (127, 128). The same group demonstrated that 

Chlamydia-derived muramyl peptides activated NOD2 signaling and the canonical NF-

κB pathway (128). Although these observations establish that chlamydial PG acts as 

NOD2 agonist, it remains unclear whether chlamydial PG is the chief activator of 

NOD1/2 signaling in response to Chlamydia infections. As an alternative model, 

Chlamydia infection-induced ER stress could be the dominant factor driving NOD1/2 

signaling. This model is based on a recent report demonstrating that an inhibitor of the 

ER stress response kinase IRE1α blocked IL-6 secretion in C. muridarum-infected human 

HeLa cells (129).  

Collectively, these observations establish that Chlamydia can induce NOD 

signaling. The importance of NOD signaling in the pathogenesis of genital C. trachomatis 

infections is less clear. A polymorphic variant in human NOD1 associates with 

decreased rates of genital C. trachomatis infections in women but increased incidence of 

tubal factor infertility (130), suggesting a functional role for NOD1 in human Chlamydia 

infections. In mice on the other hand clearance rates of experimental C. muridarum 
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infections were unaffected by the absence of NOD1 (126). The immune response of 

Chlamydia infected NOD2-deficient animals has yet to be reported. Considering that 

chlamydial PG has been confirmed as a NOD2 agonist, a more careful examination of 

the role of NOD2 in anti-Chlamydia immunity is warranted. 

2.3.4 Inflammasomes 

Inflammasome are critical for host defense against a broad spectrum of card-

carrying pathogens but also provide essential host resistance against environmental 

bacteria that are non-pathogenic in immunocompetent hosts (131, 132). While the 

absence of inflammasome function result in increased susceptibility to infections, 

dysregulation of inflammasomes has been linked to a host of autoinflammatory and 

autoimmune diseases (132). Inflammasomes are multi-protein oligomers that form in 

response to intracellular PAMPs or host-derived damage-associated molecular patterns 

(DAMPs). The canonical inflammasome consists of the cysteine protease caspase-1, an 

upstream sensor protein, and in most cases the adapter protein apoptosis-associated 

speck-like protein containing a carboxy-terminal CARD (ASC) (133). The noncanonical 

inflammasome is less well characterized and is defined by the presence of caspase-11. 

Cytosolic PAMPs or DAMPs trigger the assembly of either type of inflammasome and 

can induce a proinflammatory cell death pathway known as pyroptosis. Canonical 

inflammasomes additionally mediate the proteolytic processing of the cytokines IL-1β 

and IL-18. Processing of pro-IL-1β and pro-IL-18 by caspase-1 transforms these cytokine 
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pro-forms into their active forms that can be delivered into the extracellular milieu by a 

poorly characterized secretion pathway (134). Chlamydia infections in a variety of 

epithelial cell lines as well as in monocytes induce caspase-1-dependent IL-1β and IL-18 

secretion (135, 136). Caspase-1 activation and the associated cytokine release occurs as a 

result of the detection of Chlamydia by at least three separate cytosolic surveillance 

pathways (Figure 1):  a cytosolic dsDNA sensing pathway that requires absent in 

melanoma 2 (AIM2), direct activation of NLR family pyrin domain containing 3 

(NLRP3) by unknown ligand(s) and indirect activation of NLRP3 via the noncanonical 

caspase-11-containing inflammasome (136-138).  

Initial studies attributed Chlamydia-induced caspase-1 activity to the NLRP3 

inflammasome. These studies found that in unprimed cells interference with NLRP3 

expression resulted in a corresponding drop in IL-1β secretion (136, 137). In naive cells 

Chlamydia induces NLRP3 activation in a manner dependent on both chlamydial protein 

synthesis and the activity of type III secretion system (T3SS) (135, 136). It was 

hypothesized that a secreted chlamydial protein induced K+ efflux leading to 

consequential generation of radical oxygen species (ROS), a known inducer of NLRP3 

activity. Thus far, no such chlamydial protein has been identified. Alternatively, T3SS 

may be required for cell priming rather than for direct NLRP3 activation. In support of 

the latter model, priming with LPS was shown to obviate the need for chlamydial 
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growth or T3SS function to induce IL-1β secretion in response to Chlamydia infections 

(139).  

While no Chlamydia-derived molecule has so far been identified as a direct 

agonist for NLRP3, one potential candidate is cyclic-di-AMP, which can induce K+ efflux 

and NLRP3 activation through an unknown mechanism independent of STING (140). 

Furthermore, the ability of cyclic-di-AMP to activate STING during a Chlamydia infection 

suggests that cyclic-di-AMP is available in sufficient quantities to activate NLRP3. 

Alternatively, NLRP3 activation may occur in response to infection-associated cellular 

stress rather than a microbe-derived agonist, consistent with the putative role for NLRP3 

as a promiscuous sensor of infection-induced DAMPs (133). As will be discussed in 

more detail later, Chlamydia infections also activate caspase-11, which in turn induces 

NLRP3 function and thus is responsible for some but not all NLRP3-mediated secretion 

of IL-1β and IL-18 (138). These data hence imply the existence of at least two NLRP3 

activation pathways in Chlamydia infected cells: a caspase-11-dependent and a caspase-

11-independent pathway. The precise nature of the caspase-11-independent inducer of 

NLRP3 activation in Chlamydia infected cells remains to be determined.  

In IFNγ- or LPS- primed murine bone marrow-derived macrophages (BMDMs), 

complete loss of NLRP3 expression results in a partial loss of IL-1β and IL-18 secretion 

(138, 141). Loss of AIM2 expression also results in a moderate reduction in IL-1β and IL-

18 production in primed BMDMs (138). These observations suggest that NLRP3 and 
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AIM2 inflammasomes function independently of one another and have partly 

redundant functions in primed BMDMs. Accordingly, concurrent loss of NLRP3 and 

AIM2 gene function leads to the complete abrogation of Chlamydia-induced IL-1β and IL-

18 secretion, indicating that NRLP3 and AIM2 are the sole canonical inflammasomes 

activated by C. muridarum or C. trachomatis in BMDMs (138). 

AIM2 functions as PRRs for cytosolic dsDNA (142-145). As with cGAS, the 

source of the inflammatory dsDNA activating AIM2 is unknown. Similarly, very little is 

known about the mechanism by which AIM2 is regulated. In the absence of an external 

priming signal, Chlamydia induces an inflammasome response primarily through 

NLRP3, demonstrating that AIM2 requires an IFN-mediated second signal in order to 

detect Chlamydia infections (138). The nature of this second signal is currently unknown 

but may involve an IFN-inducible host response that results in the release of either host 

or bacterial dsDNA into the host cell cytosol.  

As already mentioned, Chlamydia infections prompt the activation of the 

noncanonical caspase-11 inflammasome in BMDMs, triggering NLRP3-dependent IL-1β 

and IL-18 secretion. Activated caspase-11 also initiates pyroptosis in BMDMs in an 

NLRP3- and caspase-1-independent manner (138). Findings made in regards to the 

function of caspase-11 in murine BMDMs could be of significance for understanding 

immunity to C. trachomatis in humans. Similar to their murine caspase-11 homolog, 

human Caspase-4 and Caspase-5 are activated by gram-negative infections (146, 147). 
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Recent studies with purified mouse caspase-11 and human Caspase-4 protein revealed 

that both the murine and human protein display similar ligand specificities for penta- 

and hexa-acylated forms of LPS (147). Penta-acylated LOS derived from Chlamydia is 

therefore a strong candidate to function as a caspase-11 or Caspase-4 ligand. Future 

experiments will need to test whether purified Chlamydia LOS functions as a direct 

ligand of murine caspase-11 and/or human Caspase-4/ -5. Additionally, the question of 

how chlamydial LOS becomes available to cytosolic sensors needs to be addressed. One 

possibility is that host-directed inclusion lysis coupled to bacteriolysis could liberate 

LOS making it available for sensing in the host cytosol. However, in murine BMDMs 

both C. muridarum and C. trachomatis induce robust caspase-11 activation despite the 

ability of C. muridarum to interfere with host-mediated inclusion lysis (138, 148) 

Alternatively, LOS molecules or small outer membrane vesicles released from individual 

bacteria (19) could accumulate inside inclusions and ‘leak’ into the host cytosol 

‘accidently.’  

Although the activation of caspase-11 – as well as AIM2 – in response to 

Chlamydia has only been described in BMDMs so far, these sensors might also function 

in the epithelial cell-autonomous immune response to Chlamydia. Caspase-11 and AIM2 

were shown to be expressed and to function in epithelial cells (146, 149). The relative in 

vivo contribution of caspase-11 and AIM2 to Chlamydia-induced inflammasome 

activation in urogenital epithelial cells is unknown. However, even if these pathways 
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were inactive in epithelial cells, it would not exclude a role for these proteins in cell-

autonomous immunity to Chlamydia. While C. trachomatis predominantly infects 

epithelial cells, macrophage immunity is not irrelevant to the course of infection. LGV 

serovars L1, L2, and L3 are able to infect macrophages thereby encouraging systemic 

infection (150). Thus, while speculative, it is possible that pyroptotic responses in 

macrophages could diminish C. trachomatis LGV dissemination beyond the site of 

infection.    

As discussed, priming of host cells with IFNs prior to infection promotes rapid 

and potent inflammasome responses. In part, this is due to the ability of IFNs to induce 

expression of inflammasome components such as caspase-11 (151). However, IFN-

induced expression of these components alone is not sufficient to explain the enhanced 

response of IFN-primed cells, and it recently became apparent that IFN priming induces 

additional cofactors that increase the sensitivity for inflammasome activation (152). One 

such group of co-factors constitutes guanylate-binding proteins (GBPs), a family of IFN-

inducible GTPases (14). Studies performed in murine BMDMs found that loss of GBP 

expression led to a reduction in pyroptosis as well as IL-1β and IL-18 secretion in 

response to both cytosolic and vacuolar bacterial pathogens (153-156). Recently, we 

demonstrated that GBP-deficient BMMs also displayed a muted inflammasome response 

when infected with either C. trachomatis or C. muridarum (138).  
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GBPs have been proposed to assist inflammasome activation through three 

distinct mechanisms: by mediating (1) lysis of pathogen-containing vacuoles (PVs), 

and/or (2) bacteriolysis thereby inducing the release of PAMPs into the cytosol, or by (3) 

directly promoting formation of the inflammasome complex. In support of the first 

mechanism GBPs have been shown to target to and to facilitate the rupture of PVs 

formed by the protozoan pathogen Toxoplasma gondii (157). GBPs also associate with C. 

trachomatis inclusions formed in mouse fibroblasts (158, 159), and possibly in human 

cells, although the latter observation remains controversial and requires further 

investigation (160-162). In spite of the association of GBPs with C. trachomatis inclusions, 

the function of GBPs in Chlamydia-induced inflammasome activation is most likely 

unrelated to PV lysis; we found that C. muridarum precludes GBP localization to the 

inclusion membrane through an unidentified mechanism, and failed to observe a link 

between GBPs and inclusion rupture (138, 148). Therefore, in this instance, GBPs are 

likely to function independently of PV lysis.  

Recently, it was demonstrated that GBPs could promote inflammasome 

activation during infection with the cytosolic bacterium F. novicida. These studies 

showed GBPs could co-localize with cytosolic bacteria and mediate bacteriolysis (154, 

156). While it is plausible that GBPs could lyse exposed Chlamydiae following inclusion 

rupture, no association of GBPs with expelled Chlamydia was observed (138). The 

available data therefore favor a model wherein the GBPs function outside the host-
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pathogen interface in promoting inflammasome activation in response to Chlamydia. 

This model is in agreement with a study that reported how murine GBPs could 

exacerbate caspase-11-dependent pyroptosis in response to purified LPS delivered into 

the host cytosol, indicating that GBPs act downstream of the release of PAMPs by 

intracellular pathogens (153). Another study reported that the GBP family member 

GBP5 promotes NLRP3-ASC oligomerization in response to a subset of canonical NLRP3 

agonists (163), although this report has been challenged (154, 155). Thus, the function of 

GBPs outside of direct PV or pathogen destruction remains unclear and future 

experiments will be necessary to determine the mechanism of GBP-dependent 

inflammasome regulation. Moreover, the importance of GBPs in controlling 

inflammation in response to Chlamydia infections in vivo still needs to be addressed. 

2.3.5 Immunity Related GTPases 

In addition to GBPs, a second family of IFN-inducible GTPases, the so-called 

IRGs, play an important role in the biology of Chlamydia infections. IFN-inducible 

GTPases belong to the dynamin superfamily and have emerged as essential mediators of 

host resistance to a broad spectrum of pathogens including viruses and bacteria. 

Members of IRG protein family provide cell-autonomous immunity to infections with a 

number of intracellular bacterial and protozoan pathogens (14). In accord with their role 

in host resistance, allelic variants of the human IRGM locus are associated with altered 

susceptibility to bacterial infections (164, 165). Naturally occurring genetic variations in 
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murine IRG genes are associated with altered susceptibility to C. trachomatis infections 

(62, 71) and the IRG resistance system has emerged as the single most potent IFNγ-

inducible defense system active against C. trachomatis in the mouse (44, 61, 166).  

The IRG resistance systems in mice and humans are different from one another in a 

number of ways starting with the number of IRG genes encoded by the respective 

murine and human genomes: whereas mouse genomes typically harbor about 20 IRG 

genes, the human genome contains only one ubiquitously expressed IRG gene (17, 34, 

167). All IRG proteins encoded by the mouse genome can be placed into two subfamilies 

defined by sequence and functional differences: the regulatory IRGM and the ‘effector’ 

GKS proteins (17, 168). The effector GKS proteins are defined by the presence of a 

canonical GxxxxGKS motif in the P-loop of the GTP-binding site. IFN priming of mouse 

cells strongly induces expression of IRGM and GKS proteins. In uninfected cells GKS 

proteins are found predominantly in the GDP-bound form and reside in the cytosol or 

associate transiently with cell organelles (168). In infected cells GKS proteins translocate 

and bind to C. trachomatis inclusions in their active, GTP-bound form (159, 166).  

In contrast to GKS proteins, IRGM proteins contain a non-canonical GxxxxGMS P-loop 

sequence and are therefore sometimes referred to as ‘GMS proteins’ (17, 168). 

Following their induction by IFNs, murine GDP-bound IRGM proteins stably 

reside on most if not all endomembranes and organelles including the endoplasmic 

reticulum, mitochondria and lipid droplets (LDs). Here, the regulatory IRGM proteins 
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prevent off-target activation of GKS proteins and thereby guard self-structures such as 

LDs against GKS binding (159). In contrast to endomembranes and organelles, 

inclusions are largely devoid of IRGM proteins and therefore permissive for the 

recognition by GKS proteins. The absence of IRGM proteins from inclusion membranes 

provides a ’missing-self’ signal resulting in the transition of GKS proteins into a GTP-

bound active state in which GKS proteins can stably attach to inclusion membranes (159, 

169). This process is further supported by the ATG8 conjugation system (158, 170). Once 

loaded with GKS proteins, inclusions become decorated with a ubiquitin coat and 

ultimately undergo host-mediated rupture by a poorly characterized process (148), as 

discussed in more detail below. Therefore, the critical function of GKS proteins is to 

direct antimicrobial effector pathways to their intended ‘non-self target,’ the inclusion 

(Figure 1). In how far PRRs other than GKS proteins fulfill similar functions in cell-

autonomous immunity to C. trachomatis in human cells remains to be determined.  

2.4 Inflammasomes in the Pathogenesis of Chlamydia-
Associated Disease 

The activation or inhibition of inflammasomes may dramatically alter the course 

of Chlamydia infections. This prompts the question as to how inflammasomes regulate 

immune functions triggered by Chlamydia infections. Following the sensing of microbial 

PAMPs or infection-induced DAMPs, activated inflammasomes can induce pyroptotic 

cell death and the release of IL-1α/β and IL-18 (133). The ability of IL-1 and IL-18 
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receptor signaling to shape downstream immune responses implicates inflammasomes 

as key regulators of chlamydial disease outcome.  

Recent studies have identified IL-1 receptor (IL-1R) signaling as a determinant of 

Chlamydia infection-associated disease. Mice lacking IL-1R expression exhibit increased 

bacterial shedding during the course of urogenital C. muridarum infections compared to 

wildtype mice. Conversely, mice deficient for the endogenous IL-1R antagonist clear 

infections more rapidly than wildtype mice. These results highlight a role for IL-1R 

signaling in controlling pathogen clearance. Importantly, loss of IL-1R signaling 

additionally leads to decreased incidence of Chlamydia-induced sequelae (141). This 

suggests that while IL-1R-dependent mechanisms promote clearance, they also result in 

collateral tissue damage. This is consistent with the prevalent model suggesting host-

driven inflammation is responsible for chlamydial disease.  

IL-1R signaling can be activated by either IL-1α or IL-1β. Mice deficient for IL-1β 

develop higher chlamydial burden and less pathology similar to IL-1R-deficient mice, 

suggesting that IL-1β-initiated signaling drives the observed IL-1R-dependent 

phenotypes (139). However, these observations do not exclude a role for IL-1α in the 

pathogenesis of chlamydial disease, as synergistic activity of IL-1α and IL-1β may be 

responsible for the full extent of the observed immunopathologies. 

How does IL-1R signaling dictate the course of infection and disease outcome? 

IL-1R signaling both shapes T cell responses and controls innate immune cell 
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recruitment. Specifically, loss of IL-1R is associated with decreased infiltration of CD45+ 

Ly6G+ F4/80- polymorphonuclear cells (PMNs) into the uterus throughout the course of 

genital C. muridarum infections (141). The decreased recruitment of PMNs likely 

contributes to the diminished histopathology observed in IL-1R-deficient mice. This 

model is supported by the observations that neutropenic mice infected with 

C. muridarum exhibited decreased inflammatory damage while clearing infections at 

normal rates (171). Nonetheless, whether IL-1R signaling contributes to disease solely 

through the recruitment of PMNs remain unclear. The reported cytopathic effects of IL-

1R signaling on epithelial cells could additionally contribute to Chlamydia-induced 

pathologies; it was shown that human ex vivo fallopian tube organ cultures displayed 

fewer markers of tissue damage following C. trachomatis infections when treated with 

exogenous IL-1R antagonist (172). Conceivably, IL-1R signaling could exert its effects on 

tissue inflammation in a dual manner by promoting the recruitment of PMNs to the site 

of infection while also directly acting on epithelial cells. The recruited PMNs themselves 

could act as source of additional IL-1 cytokine release, ultimately resulting in a feed-

forward mechanism and enhanced tissue destruction (173). Together, these results 

support a model in which PMNs are required for the induction of IL-1R-dependent 

immunopathologies but dispensable for IL-1R-dependent immune clearance of 

Chlamydia infections.  
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Whereas IL-1R-mediated immunopathologies involve PMNs, the impact of IL-1R 

signaling on infection burden could be due to changes in the CD4+ T cell response. IL-1α 

and IL-1β have both been reported to directly enhance antigen-dependent CD4+ T cell 

expansion and differentiation (174). In one C. muridarum infection study, loss of IL-1R 

resulted in decreased CD4+ cell numbers at 20 days post-infection (dpi) in oviducts. 

However, similar changes in CD4+ T cell numbers were not observed at 10 dpi, when 

differences in bacterial burden became first apparent (141). Therefore, changes in 

absolute CD4+ T cell numbers cannot fully explain the role of IL-1R signaling in 

promoting clearance of C. muridarum infections. A non-mutually exclusive mode of 

action for shaping the adaptive immune response is the ability of IL-1R signaling to 

affect T cell polarization. Inflammasome-dependent IL-1α/β production can favor a 

Th17-skewed response in a variety of contexts (175, 176). IL-17 receptor deficient mice 

exhibit a suppressed Th1 response to genital C. muridarum infections accompanied by a 

decrease in local IFNγ secretion (177). Therefore, changes in the polarization of the T cell 

responses provide an attractive framework to account for the role of IL-1R signaling in 

the clearance of Chlamydia infections. However, alternative mechanisms should also be 

considered in future studies. 

The adaptor protein ASC is required for canonical inflammasome assembly and 

inflammasome-dependent IL-1β production (133). Similar to IL-1R deficiency, loss of 

ASC expression results in increased burden in C. muridarum infected mice. This 
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phenotype is not evident until ~10 dpi, suggesting that observed changes in bacterial 

burden result from a diminished adaptive immune response. In contrast to IL-1R 

signaling deficiencies, however, loss of ASC expression has no impact on Chlamydia-

induced pathologies (141).  

Why do mice deficient in either ASC or in IL-1R display distinct phenotypes? 

While ASC is required for the release of IL-1 through the activity of canonical 

inflammasomes, secreted IL-1 can also originate from other sources. For example, 

neutrophil-derived serine proteases are capable of processing IL-1β, thus facilitating IL-

1β secretion (178). Some observations suggest that neutrophils could supply IL-1β 

independently of ASC during Chlamydia infections in vivo: mice lacking ASC exhibit only 

a partial decrease in IL-1β levels accompanied by an increase in neutrophil infiltration 

(141). Therefore, increased neutrophil-derived IL-1β secretion in ASC-deficient mice 

could be compensating for the defect in inflammasome-dependent IL-1β production in 

the same animals.  

Another factor that could account for the increased susceptibility of ASC-

deficient mice is IL-18. IL-18 is a macrophage-derived cytokine that signals through the 

IL-18 receptor and activates T cell immunity (179). ASC-containing canonical 

inflammasomes produce IL-18 in response to Chlamydia infections (138) and IL-18 is 

produced in vivo in an ASC-dependent manner in C. muridaurm infected mice (141). 

However, the importance of IL-18 in the pathogenesis of Chlamydia infections has not yet 
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been explored. An attractive and testable model evokes synergistic activities between IL-

1 and IL-18 cytokines in shaping the adaptive immune response essential for sterilizing 

immunity.  

While an atypical caspase-8-dependent pathway also exists, caspase-1 is essential 

for pro-IL-1β and pro-IL18 processing in most contexts (180). Mice deficient for both 

caspase-1 and caspase-11 exhibit decreased genital tract pathologies accompanied by no 

change in bacterial burden during the course of the infection (181). The difference 

between Casp1/Casp11 double knockout and ASC-deficient mice in resolving Chlamydia 

infections is unexpected considering that both capase-1 and ASC are required for 

processing and secretion of IL-1β and IL-18 in Chlamydia-infected macrophages (138) 

Confounding the interpretation of the in vivo data is the lack of knowledge regarding the 

contribution of caspase-11 to the outcome of a chlamydial infection in vivo. While 

caspase-1 and ASC are required for IL-1β and IL-18 production in Chlamydia-infected 

macrophages, these proteins are dispensable for caspase-11 activity, which is sufficient 

for the induction of pyroptosis and the associated release of IL-1α (138, 182). In order to 

solve the caspase-1 conundrum, and to fully understand the role of canonical and 

noncanonical inflammasomes in dictating chlamydial immunity and disease 

progression, future studies need to examine the in vivo function of caspase-1 and 

caspase-11 individually. 
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3. Guanylate binding proteins enable rapid activation of 
canonical and noncanonical inflammasomes in 
Chlamydia-infected macrophages 

This chapter was adapted from the following publication: Finethy R, Jorgensen I, 

Haldar AK, de Zoete MR, Strowig T, Flavell RA, Yamamoto M, Nagarajan UM, Miao 

EA, Coers J. 2015. Guanylate Binding Proteins enable rapid activation of canonical and 

noncanonical inflammasomes in Chlamydia-infected macrophages. Infect Immun 

doi:10.1128/IAI.00856-15. 

3.1 Introduction 

Gram-negative bacterial species of the genus Chlamydia are obligate intracellular 

pathogens that replicate within the confines of a vacuole referred to as an “inclusion.” 

Chlamydia species have narrow host ranges and cause a variety of diseases in their 

respective animal and human hosts (20). Two Chlamydia species, Chlamydia pneumoniae 

and Chlamydia trachomatis, are human-adapted pathogens. C. pneumoniae infects alveolar 

epithelial cells and macrophages causing acute respiratory as well as chronic diseases 

(183). C. trachomatis predominantly invades epithelial cells and is responsible for various 

disease manifestations that depend on the specific bacterial strain and the site of the 

infection: ocular C. trachomatis strains infect conjunctival epithelial cells resulting in 

trichiasis, corneal opacification and blindness; genital C. trachomatis strains infect 

cervical epithelial cells and can cause pelvic inflammatory disease and infertility (32). 

The estimated number of new cases of sexually transmitted C. trachomatis infections 
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amounts to 100 million worldwide per annum, signifying the prevalence of this 

routinely underreported infection (184).  

Because acute C. trachomatis infections in women are commonly asymptomatic or 

cause only mild or non-specific symptoms, infections often go unnoticed and untreated. 

A substantial proportion of these untreated infections can progress towards chronic 

infections that are associated with numerous complications including chronic pelvic 

pain, salpingo-oophoritis, fibrosis and tubal occlusion (32). Host inflammation is believed 

to be the dominant culprit of these underlying sequelae. This hypothesis is well 

supported by numerous studies conducted in mouse models (32). In murine infection 

models the rodent-adapted species Chlamydia muridarum is often used as the infectious 

agent instead of C. trachomatis. C. muridarum was first isolated from the lungs of albino 

Swiss mice that showed flu-like symptoms (185). When instilled into mouse lungs, 

C. muridarum replicates inside alveolar macrophages and causes pneumonia thus 

suggesting that C. muridarum is primarily a pulmonary pathogen (186, 187).  

Subsequently, it was shown that C. muridarum could be used to establish genital tract 

infections that typically resolve within 2 months yet result in oviduct pathologies (49, 

188). The incidence and severity of these pathologies is diminished in mice 

concomitantly deficient for two proinflammatory caspases, caspase-1 and caspase-11 

(181), suggesting a role for the inflammasome in Chlamydia-induced pathologies. 

Additionally, mice deficient in ASC, a central component of many inflammasomes, 
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develop increased infectious burden and show a delay in clearance of genital C. 

muridarum infections (141), suggesting a role for inflammasomes in host resistance to 

Chlamydia infections in vivo.  

Inflammasome complexes typically consist of an upstream sensor protein, the 

downstream effector proteases caspase-1, caspase-11 (CASP4/5 in humans) or caspase-8 

and an adaptor protein, for instance ASC (133). Inflammasome assembly and activation 

occurs in response to PAMPs and DAMPs. The majority of sensor proteins including 

NLRP3 and AIM2 assemble with caspase-1 to form canonical inflammasomes. Once 

assembled, canonical inflammasomes can process the cytokines interleukin 1β (IL-1β) 

and IL-18 and execute pyroptosis, a type of proinflammatory cell death (133). The 

proinflammatory caspase-11 on the other hand is unique in its dual role as both sensor 

and effector protein of the noncanonical inflammasome. Caspase-11 was shown to bind 

to LPS, induce pyroptosis and activate the NLRP3 inflammasome (147, 189-191). 

Whereas the importance of caspase-11 in Chlamydia pathogenesis was not previously 

examined, earlier studies showed that Chlamydia infections activate the NLRP3 

inflammasome (136, 192). Potassium efflux from the cytosol, lysosomal acidification and 

cathepsin B release from damaged lysosomes were identified as Chlamydia infection-

associated patterns that contribute to NLRP3 activation (192). While the aforementioned 

studies focused on Chlamydia-induced responses in unprimed host cells, subsequent 

studies using LPS-primed macrophages revealed that infections with Chlamydia activate 
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inflammasomes other than NLRP3, although the identity of these additional Chlamydia-

activated inflammasomes was not reported (141). 

Macrophage priming augments infection-induced inflammasome responses 

(133). One class of proteins induced by LPS and other stimuli such as IFNγ are members 

of the GBP family of IFN-inducible GTPases (193). Recently, it was shown that GBPs 

promote lysis of Salmonella-containing vacuoles and stimulate caspase-11 activation 

(155). Because caspase-11 guards cells against Gram-negative bacteria entering the 

cytosol (194), the execution of PV lysis was proposed to be the underlying function for 

GBPs in caspase-11 activation (155). However, our studies on inflammasome activation 

by Legionella pneumophila indicated a role for GBPs in caspase-11 activation that was 

independent of PV lysis (153). In the current study, we examined the role of GBPs in 

orchestrating inflammasome-dependent cellular responses to Chlamydia infections. We 

demonstrate that C. muridarum inclusions are impervious to GBP binding and therefore 

resistant to GBP-driven host responses that result in the immediate destruction of the 

microbe and its vacuolar niche. Although GBP protein family members GBP2 and GBP1 

fail to localize to C. muridarum inclusion, we show that GBPs promote the induction of 

pyroptosis through both noncanonical and canonical inflammasomes. We further 

demonstrate that GBPs promote fast-kinetics but not slow-kinetics inflammasome 

activation in response to C. muridarum infections. Because IFNγ priming fails to induce 

IL-1β expression, the induction of GBP expression by IFNγ favors the rapid processing of 
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constitutively expressed IL-18 by NLRP3. These data reveal a unique role for GBPs as 

accelerators of inflammasome activation in response to Chlamydia infections and further 

show that the kinetics of inflammasome activation can regulate the relative secretion of 

IL-18 versus IL-1β, two cytokines with distinct biological activities. 

3.2 Results 

3.2.1 Chlamydia muridarum is resistant to GBP-mediated cell-
autonomous immunity in macrophages 

While IFNγ-induced cell-autonomous immune responses efficiently restrict 

growth of the human-adapted pathogen C. trachomatis in murine cells, growth of the 

closely related rodent-adapted pathogen C. muridarum in murine cells is largely 

unchanged by IFNγ priming (49, 195). In agreement with these previous observations we 

found that IFNγ priming did not have a significant effect upon C. muridarum burden in 

bone marrow-derived macrophages (BMMs) as assessed by qPCR (Fig. 2A). Likewise, 

we detected no significant change in the number of inclusion-bearing BMMs at 24 hours 

post-infection (hpi) with IFNγ priming (Fig. 2B). Because we previously observed that 

IFNγ-mediated restriction of C. trachomatis in murine cells was dependent on a set of 5 

GBPs (GBP1, 2, 3, 5 and 7) encoded on mouse chromosome 3 (158), we asked whether 

the same set of GBPs affected C. muridarum burden in IFNγ-primed BMMs. We found 

that GBPchr3-/- BMMs lacking all 5 GBP genes encoded on chromosome 3 were as 

permissive for C. muridarum growth as wildtype BMMs (Fig. 2A). These data suggested  
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Figure 2. C. muridarum resists GBP-mediated cell-autonomous immunity 
(A) Wild-type and GBPchr3−/−BMMs were primed with 100 U/ml IFN-γ overnight 

or left unprimed and subsequently infected with C. muridarum at an MOI of 3. At 24 hpi, 
DNA was extracted from infected BMMs and bacterial burden was determined via 

qPCR. Data are presented as means ± SEM from 3 independent experiments. Statistical 
significance was calculated via two-way ANOVA. N.S., not significant. (B) Following 

infection with C. muridarum, wild-type BMMs were fixed at 24 hpi and stained with anti-
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LPS antibody and Hoechst. The percentage of macrophages containing inclusions with 
multiple bacteria (>10) was quantified. Data are shown as means ± SEM from 3 

independent experiments. Statistical significance was calculated using Student's t test. 
N.S., not significant. (C and D) IFN-γ-primed MEFs were infected with C. 
trachomatis or C. muridarum at an MOI of 1 and stained with Hoechst, anti-

Chlamydia LPS, and anti-GBP2 antibodies. (D) Frequency of GBP2 localization to 
inclusions was quantified. (E) MEFs ectopically expressing GFP-GBP1 were primed with 
IFN-γ and infected with C. trachomatis or C. muridarum at an MOI of 1. The frequency of 

GFP-GBP1 localization to inclusions was quantified. Data shown for panels D and E 
represent means ± SEM from ∼800 inclusions and 2 independent experiments. N.D., 

none detected. Panel C performed by Arun Haldar.  
 

that C. muridarum escaped from GBP-mediated host defense pathways that directly 

intervene with bacterial replication or survival.  

As second set of antimicrobial GTPases involved in cell-autonomous immunity 

to Chlamydia infections are Immunity Related GTPases (IRGs) (61, 62, 170). We 

previously showed that C. muridarum precludes these antimicrobial IRGs from docking 

to its surrounding inclusion membrane and thereby evades IRG-mediated immune 

responses (166). Because IRGs control the translocation of GBPs to PVs (159), we 

hypothesized that C. muridarum could not only block IRGs but also GBPs from docking 

to its inclusion. To test this idea, we infected IFNγ-primed cells with either C. trachomatis 

or C. muridarum and monitored the subcellular localization of GBP2 at 24 hpi. Since we 

failed to detect any C. trachomatis inclusions in IFNγ-primed BMMs (data not shown), we 

conducted these experiments in mouse embryonic fibroblasts (MEFs). As previously 

reported (158, 159), we found that GBP2 decorated C. trachomatis inclusions efficiently 

(Figs. 2C and D). In contrast to the robust targeting of endogenous GBP2 to 
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C. trachomatis inclusions, we found that GBP2 was absent from C. muridarum inclusions 

formed either in MEFs (Figs. 2C and D) or in macrophages at various times post-

infection (Fig. 3 data not shown). Similar to endogenous GBP2 ectopically expressed 

GFP-GBP1 co-localized with C. trachomatis but not C. muridarum inclusions (Fig 2E). 

More detailed studies on the mechanism of GBP binding to C. trachomatis inclusion 

membranes confirmed these observations(196). Together, these data indicated that 

C. muridarum barred GBPs from binding to its surrounding inclusion membrane, an 

activity likely underlying the observed resistance of C. muridarum to GBP-mediated 

bactericidal or bacteriostatic effects that help eliminate infections with C. trachomatis.  

3.2.2 GBPs promote pyroptosis in Chlamydia-infected, IFN-gamma-
primed macrophages 

We and others previously demonstrated that GBPs promote caspase-11-

dependent pyroptosis in response to infections with the Gram-negative bacterial species 

L. pneumophila and Salmonella typhimurium (153, 155). While one study reported that 

GBPs disrupted PVs thus enabling bacteria to enter the host cytosol and activate 

caspase-11 (155), our data suggested that GBPs acted downstream of PV lysis (153). To 

test these two models further, we monitored cell death in response to infections with the 

aforementioned closely related Chlamydia species C. trachomatis and C. muridarum, which 

fundamentally differ in their permissiveness for GBP binding to their respective 

inclusions (Fig. 2C-E). We used density gradient-purified Chlamydia (EBs) to infect 

BMMs and found that infections with either ‘GBP-permissive’ C. trachomatis (Figs. 4A) or  
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Figure 3. GBP2 fails to localize to C. muridarum inclusions in IFNg-primed 
macrophages 

IFNg-primed wildtype and GBPchr3-/- BMMs were infected with C. muridarum 
at an MOI of 3 and stained with Hoechst, anti-Chlamydia LPS and anti-GBP2 antibodies. 

Arrow points at GBP2-positive vesicles found in wildtype cells. 
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Figure 4. GBPs promote pyroptosis in Chlamydia-infected macrophages 
Wild-type, GBPchr3−/−, and Casp1−/− Casp11−/− BMMs were primed with 100 U/ml 

IFN-γ for 6 h or left unprimed. LDH release from C. trachomatis-infected (Ct) (A) or C. 
muridarum-infected (Cm) (B) BMMs was measured at 8 hpi. Infections were carried out at 

an MOI of 30. Data are given as means ± standard deviations (SD) from 4 independent 
wells. Data are representative of 3 experiments. Statistical significance was calculated 

using two-way ANOVA (*, P < 0.05; ***, P < 0.001). 
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‘GBP-resistant’ C. muridarum (Figs. 4B) triggered substantial GBP-dependent cell death 

in IFNγ-primed BMMs at 8 hpi. The observed cell death was dependent on 

inflammatory caspases-1 and -11, indicative of pyroptosis (Figs. 4A-B). These results 

suggested a role for GBPs in the rapid activation of inflammasomes that was 

independent of GBP binding to PVs and therefore also independent of GBP-mediated 

PV lysis. 

3.2.3 C. muridarum infection triggers GBP-dependent IL-18 secretion 
in IFN-gamma-primed macrophages 

Density gradient-purified C. muridarum EBs induced only moderate secretion of 

either IL-18 or IL-1β in naïve macrophages over the course of 24 hpi (Figs 5A-B and data 

not shown), which is in agreement with the general characterization of Chlamydia as a 

‘stealth’ pathogen. Since inflammasome activation in naïve BMMs was poor, we next 

asked whether macrophage priming would increase inflammasome-mediated cytokine 

secretion following C. muridarum infections. We found that IFNγ priming led to a three-

fold increase in IL-18 and a two-fold increase in IL-1β secretion in C. muridarum-

infected wildtype BMMs (Figs 5A-B). These data suggested that IFNγ priming promoted 

inflammasome activation in response to C. muridarum infections, possibly through the 

induction of core inflammasome components or the induction of additional auxiliary 

host proteins. 

Because GBPs were required for the rapid induction of pyroptosis in response to 

Chlamydia infections (Fig. 4A-B), we investigated their possible involvement in IL-1β or  
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Figure 5. GBPs promote IL-18 but not IL-1β secretion in IFN-γ-primed BMMs 
infected with C. muridarum 

Wild-type, GBPchr3−/−, and Casp1−/− Casp11−/− BMMs were primed with 100 U/ml 
IFN-γ or left unprimed. Subsequently, cells were infected with C. muridarum at an MOI 
of 30. IL-18 (A) and IL-1β (B) concentrations of cell supernatants were determined by 
ELISA at 24 hpi. Data are displayed as means ± SD from 4 independent wells and are 

representative of 3 experiments. (C and D) Wild-type and GBPchr3−/− BMMs were primed 
with 100 U/ml IFN-γ or left untreated. Cells next were either infected with C. 

muridarum at an MOI of 3 or left uninfected. RNA was extracted at 8 hpi, and relative IL-
18 (C) and IL-1β (D) transcript levels were determined via qPCR. Data are shown as 

means ± SEM from 3 independent experiments. Two-way ANOVA was used to calculate 
statistical significance. *, P < 0.05; ***, P< 0.001; N.S., not significant. 
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IL-18 secretion. As expected, we observde that Casp1–/–Casp11–/– BMMs were deficient for 

IL-18 or IL-1β secretion (Fig. 5A-B). We further noticed that GBPs promoted IL-18 

secretion but were unexpectedly dispensable for IL-1β secretion induced by 

C. muridarum infections in IFNγ-primed BMMs at 24 hpi  (Fig. 5A-B). To account for this 

observation, we considered that GBPs controlled either IL-1β or IL-18 mRNA expression 

based on the previous characterization of GBPs as transcriptional regulators of cytokine 

expression (197). Refuting this hypothesis we found IL-18 transcript levels to be similar 

between wildtype and GBPchr3-/- BMMs under both primed as well as unprimed 

conditions and in the presence or absence of an infection (Fig. 5C and 6). Although we 

observed a minor decrease in IL-1β mRNA levels in GBPchr3-/- BMMs (Fig. 5D), the 

biological relevance of this decrease seemed unclear since IL-1β secretion was 

unchanged in GBPchr3-/- BMMs (Fig. 5B). Therefore, we pursued the alternate hypothesis 

that GBPs could regulate the kinetics of inflammasome activation and thereby skew the 

macrophage response towards the preferential processing of constitutively expressed 

pro-IL-18 available at early times post-infection (179). 

3.2.4 GBPs promote fast-kinetics inflammasome activation in 
response to C. muridarum infections 

We hypothesized that GBPs could promote inflammasome activation at early 

times post-infection when constitutively expressed pro-IL-18 but not pro-IL-1β was 

available for caspase-1-mediated processing in IFNγ-primed BMMs. This hypothesis 

demanded that priming conditions that simultaneously induced expression of pro-IL-1β  
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Figure 6. IL-1β and IL-18 transcription is unchanged in GBP-deficient 
macrophages 

Wildtype and GBPchr3-/- BMMs were treated overnight with 100 U/ml IFNg or 
left unprimed. Cells were then infected with C. muridarum at an MOI of 30. RNA was 

extracted at 4 hpi and relative IL-1β and IL-18 transcript levels were determined via 
qPCR. Data represents transcript levels relative unprimed, uninfected wildtype control. 
Data are shown as mean ± SEM of 3 independent experiments. Two-way ANOVA was 

used to calculate statistical significance with *p < 0.05; N.S. = not significant. 
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and GBPs would render IL-1β secretion GBP-dependent at early times post-infection. 

One priming agent that induced robust IL-1β transcription is LPS (Fig. 7A), as 

previously demonstrated (133). LPS priming also induced robust expression of GBP2, 

GBP3, GBP5 and GBP7 (Fig. 7A). Next we asked whether IL-1β secretion in response to 

C. muridarum infections became GBP-dependent once BMMs were primed with LPS. In 

agreement with our hypothesis, we found that LPS but not IFNγ priming licensed GBP-

dependent IL-1β secretion (Fig. 7B). Secretion of constitutively expressed IL-18 on the 

other hand remained GBP-dependent regardless of the priming agent (Fig. 7C). In 

further support for a role for GBPs in regulating inflammasome activation specifically at 

early times post-infection we observed that the quantity of IL-18 or IL-1β secreted in the 

8-24 hpi time window was similar between wildtype and GBPchr3-/- BMMs (Fig. 7D-E).   

These results suggested that only early (between 0 and 8 hpi) but not late (between 8 and 

24 hpi) IL-18 and IL-1β processing required GBPs. Collectively, these observations 

supported a model according to which GBPs promote inflammasome activation in 

response to C. muridarum infections with fast-kinetics but are not involved in 

inflammasome activation at later times post-infection.  

3.2.5 Canonical and noncanonical inflammasomes contribute to 
Chlamydia-induced pyroptosis 

To move towards an understanding of the molecular role that GBPs play in 

controlling cellular responses to Chlamydia infections, we set out to identify the specific 

types of inflammasomes activated by Chlamydia. Previously only the canonical NLRP3  
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Figure 7. GBPs promote fast-kinetics inflammasome activation 
Wild-type BMMs were left unprimed or were primed with either 100 U/ml IFN-γ 

or 100 ng/ml LPS. (A) Following priming for 6 h, RNA was extracted and GBP2, GBP3, 
GBP5, GBP7, and IL-1β mRNA expression was assessed by qPCR. Data are shown as 

means ± SEM from 3 independent experiments. (B to E) Wild-type, GBPchr3−/−, 
and Casp1−/− Casp11−/− BMMs were primed with 100 U/ml IFN-γ or 100 ng/ml LPS for 6 h 
and then infected with C. muridarum at an MOI of 30. Cell supernatants were collected at 
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8 and 24 hpi, and IL-1β (B) and IL-18 (D) concentrations were determined by ELISA. 
Data are given as means ± SD from 3 independent wells and represent one of three 

repeat experiments. Changes in IL-1β (C) and IL-18 (E) cytokine levels between 8 and 24 
hpi were determined by subtracting mean supernatant cytokine levels at 8 hpi from 24-
hpi data. Data are shown as means ± SD from 3 independent wells. N.S., not significant; 

***, P < 0.001 (based on two-way ANOVA). 
 

inflammasome was reported to be activated by Chlamydia infections (136, 137, 141, 192). 

Here, we found that C. muridarum induced robust cell death in IFNγ-primed wildtype 

and Casp1–/– BMMs at 8hpi. Dually deficient Casp1–/–Casp11–/– BMMs on the other hand 

were resistant to C. muridarum-induced cell death, whereas Casp11–/– BMMs were 

moderately protected against cell death (Fig. 8A), demonstrating that C. muridarum 

induces pyroptosis through both canonical and noncanonical inflammasomes. Similarly, 

pyroptosis induced by C. trachomatis infections was also dependent on both caspase-1 

and caspase-11 (Fig. 9). Collectively, these data showed that Chlamydia infections in 

BMMs activated both canonical and noncanonical inflammasomes at 8hpi. Because the 

induction of pyroptosis at 8 hpi in Chlamydia-infected BMMs was GBP-dependent (Fig. 

4), these results strongly argued that GBPs regulated both canonical and noncanonical 

inflammasome activation in response to Chlamydia infections.  

3.2.6 AIM2 and NLRP3 are required for IL-1beta and IL-18 secretion in 
Chlamydia-infected macrophages 

While both caspase-1 and caspase-11 were required for the execution of 

pyroptosis, we found that only caspase-1 expression was essential for the secretion of IL-

1β and IL-18 following C. muridarum infections (Figs. 8B-C). These results demonstrated  
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Figure 8. C. muridarum infections activate canonical and noncanonical 
inflammasomes 

Wild-type, Casp1−/−, Casp11−/−, and Casp1−/− Casp11−/− BMMs were primed with 100 
U/ml IFN-γ or left unprimed and subsequently infected with C. muridarum at an MOI of 

30. (A) LDH release was measured at 8 hpi. IL-1β (B) and IL-18 (C) cytokine 
concentrations in cell supernatants were measured via ELISA at 24 hpi. Data are shown 

as means ± SD from 3 independent wells. Data are representative of 3 independent 
experiments. N.S., not significant; ***, P < 0.001 (based on two-way ANOVA). 
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Figure 9. C. trachomatis infections activate canonical and noncanonical 

inflammasomes 
Wildtype, Casp1-/-, Casp11-/- and Casp1-/-Casp11-/- BMMs were primed with 100 U/ml 
IFNg or left unprimed and subsequently infected with C. trachomatis at an MOI of 30. 
LDH release was measured at 8 hpi. Statistical significance was calculated using two-

way ANOVA. ***p <0.001 and N.S. = not significant 
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that C. muridarum infections induced IL-1β and IL-18 secretion independently of 

caspase-11 activation. To identify the Chlamydia-induced canonical inflammasome 

activation pathway, we set out to define the repertoire of caspase-1-dependent canonical 

inflammasomes responsible for Chlamydia-induced IL-1β and IL-18 processing and 

secretion. In accordance with previous reports (136, 137, 141, 192) we found that 

Chlamydia-infected Nlrp3–/– BMMs secreted less IL-1β and IL-18 than wildtype BMMs did 

(Fig. 10, 11 and 12). However, IFNγ-primed Nlrp3–/– BMMs infected with C. muridarum 

secreted significant more IL-18 than caspase-1-deficient BMMs did at 24 hpi (Fig. 11), 

thus indicating that C. muridarum infections activate at least one NLRP3-independent 

canonical inflammasome. To identify the additional C. muridarum-induced canonical 

inflammasome, we monitored IL-18 secretion in IFNγ-primed and C. muridarum-infected 

Nlrp1–/–, Nlrp3–/–, Nlrc4–/–, Aim2–/–, Asc–/– and Casp1–/–Casp11–/– BMMs (Fig. 11). We 

observed a complete defect in IL-18 secretion in Asc–/– and Casp1–/–Casp11–/– BMMs, a 

partial reduction in IL-18 secretion in Nlrp3–/– and Aim2–/– BMMs and no change in IL-18 

secretion in Nlrp1–/– and Nlrc4–/– BMMs relative to wildtype BMMs (Fig. 11), thus 

implying a role for AIM2 in the cellular response to C. muridarum infections. In further 

support of C. muridarum-triggered AIM2 activation, we found that dually deficient 

Nlrp3–/–Aim2–/– BMMs primed with IFNγ or LPS failed to secrete IL-1β or IL-18 in 

response to C. muridarum infections, whereas Nlrp3–/– BMMs displayed a partial defect at 

24 hpi (Figs. 10A-B). Infections with C. trachomatis also induced both AIM2- and NLRP3- 
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Figure 10. Differential activation of AIM2 and NLRP3 inflammasomes by C. 
muridarum in IFN-γ- and LPS-primed macrophages. 

Wild-type, Aim2−/−, Nlrp3−/−, and Aim2−/− Nlrp3−/− BMMs were primed with 100 
U/ml IFN-γ or 100 ng/ml LPS. Cells were infected with C. muridarum and supernatants 
collected at 8 or 24 hpi. Concentrations of IL-1β (A) and IL-18 (B) in cell supernatants 
were measured by ELISA. Data are depicted as means ± SD from 3 independent wells 
and are representative of 2 experiments. Statistical significance was calculated using 

two-way ANOVA. *, P < 0.05; **, P < 0.01; ***, P < 0.001; N.S., not significant. 
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Figure 11. C. muridarum infections activates AIM2 and NLRP3 
inflammasomes 

Wildtype, Nlrp1-/-, Nlrp3-/-, Nlrc4-/-, Aim2-/-, Asc-/- and Casp1-/-/Casp11-/- 
BMMs were primed with 100 U/ml IFNg or left unprimed and infected with C. 

muridarum at an MOI of 30. IL-18 secretion was measured via ELISA at 24 hpi. Data are 
shown as mean ± SD of 3 independent wells and are representative of 3 experiments. 

Statistical significance was calculated using two-way ANOVA. **p <0.01, ***p <0.001 and 
N.S = not significant. 



 

62 

 

Figure 12. C. trachomatis infections activate AIM2 and NLRP3 inflammasomes 
Wildtype, Aim2-/-, Nlrp3-/- and Aim2-/-Nlrp3-/- BMMs were primed with 100 

U/ml IFNg or left unprimed. Cells were then infected with C. trachomatis and 
supernatants collected at 24 hpi. IL-18 concentrations in cell supernatans were 

determined by ELISA. Data are depicted as mean ± SD of 3 independent wells and are 
representative of 3 experiments. Statistical significance was calculated using two-way 

ANOVA. ***p <0.001 and N.S = not significant. 
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dependent cellular responses at 24 hpi (Fig. 12), demonstrating that AIM2- and NLRP3-

containing inflammasomes mediate IL-1β and IL-18 secretion in response to Chlamydia 

infections. 

3.2.7 Fast induction of IL-18 secretion in IFN-gamma-primed 
macrophages requires NLRP3 but not AIM2 

Lastly, we asked whether fast-kinetics inflammasome activation in response to 

C. muridarum infections was dependent on NLRP3 or AIM2 by monitoring cytokine 

secretion at 8 hpi. We observed that IL-18 secretion at 8 hpi in IFNγ-primed BMMs was 

solely dependent on NLRP3 (Fig. 10B). Because IL-18 secretion is partially dependent on 

GBPs under these experimental conditions (Fig. 7C), these data indicated that GBPs 

specifically promoted activation of the NLRP3 inflammasome, as previously reported 

(163). Unexpectedly, we noticed a moderate but reproducible increase in IL-18 and IL-1β 

secretion in IFNγ-primed Aim2-/- BMMs that we failed to observe under LPS priming 

conditions (Fig. 10A-B). Instead, AIM2 played a more prominent role in IL-18 and IL-1β 

secretion in LPS-primed BMMs, suggesting that LPS and IFNγ differentially modulate 

AIM2 and NLRP3 activities by an unknown mechanism. Regardless of the priming 

stimulus, we found that AIM2 and NLRP3 both contributed to IL-18 and IL-1β secretion 

at 24 hpi (Fig. 10A-B). While a role for GBPs in Chlamydia-induced AIM2 activation could 

not be excluded at this time, our observations strongly suggested that GBPs controlled 

the rapid activation of the NLRP3 inflammasomes in C. muridarum-infected BMMs. 
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3.3 Discussion 

IFNγ-inducible GBPs provide cell-autonomous resistance to viral, bacterial and 

protozoan pathogens (157, 158, 193, 198-201). More recently GBPs were implicated as 

cellular co-factors required for canonical and noncanonical inflammasome activation in 

response to bacterial infections (153-156, 163, 202). While all of these recent studies 

showed that GBPs augmented cellular responses associated with inflammasome 

activation, they differed substantially in the proposed modes of action by which GBPs 

regulate inflammasomes (154-156, 163). One matter of contention resolves around the 

question of whether or not GBPs need to bind to and lyse PVs in order to activate 

inflammasomes (153, 155, 163). Here, we identified C. muridarum as a pathogen that 

evades GBP binding to its surrounding vacuole, and yet still activates inflammasomes in 

a partially GBP-dependent manner. While we do not necessarily dismiss a role for GBPs 

in PV lysis, our observations argue that GBPs play an important role in inflammasome 

activation by a vacuolar pathogen that is independent of PV lysis.  

At least three models have been put forward to account for the role of GBPs in 

inflammasome activation. For vacuolar pathogens it was proposed that GBPs mediate 

PV lysis and thereby allow for the spillage of PAMPs into the host cytosol (155). In 

support of this model, GBPs were previously shown to promote the destruction of 

parasitophorous vacuoles formed by Toxoplasma gondii (157). However, our current 

observations in a C. muridarum infection model and our previous studies on L. 
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pneumophila (153) failed to identify a link between GBPs and PV lysis. These 

observations made in distinct infection models are not necessarily contradictory to one 

another and could be explained if both GBP-dependent and GBP-independent PV lysis 

pathways existed that are of varying importance depending on the pathogen or 

experimental conditions used. Circumstantial evidence supports the existence of GBP-

independent PV lysis pathways: we previously found that Galectin-3, a marker of 

disrupted vacuoles, co-localizes with Legionella-containing vacuoles in GBPchr3-/- BMMs 

(153); here, we observed that C. muridarum establishes productive inclusions in only a 

fraction of infected BMMs regardless of the GBP genotype (Fig. 2 and data not shown), 

while dispersed chlamydial LPS is found in the majority of both wildtype and GBPchr3-/- 

BMMs (data not shown). Whether or not the GBP-independent loss of vacuolar integrity 

observed for Legionella-containing vacuoles and Chlamydia inclusions is the result of 

host-directed PV lysis will require further investigation. 

In addition to PVs lysis, GBPs have also been characterized as mediators of direct 

bacteriolysis. Recent studies demonstrated that GBPs were required for inflammasome 

activation in response to infections with Francisella novicida, a pathogen that actively 

egresses from its phagosome into the host cytosol (154, 156). As it was shown that GBPs 

bind to cytosolic F. novicida, it seems plausible that GBPs could also bind to and lyse PV-

resident pathogens such as L. pneumophila or Chlamydia once these pathogens have been 

expelled from their respective vacuolar niches. While this hypothesis is attractive and 
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deserves further testing, we have failed to observe any association of cytosolically 

expelled Chlamydia and GBP proteins (data not shown). Also, GBP-dependent 

bacteriolysis would be expected to release bacterial DNA and thereby trigger robust 

AIM2 activation. However, the data presented here and in previous studies suggest that 

GBPs promote predominantly caspase-11 and NLRP3 inflammasome activation in 

response to infections with the vacuolar pathogens C. muridarum, S. typhimurium and L. 

pneumophila (153, 155, 163). Therefore, we favor a model in which GBPs directly promote 

caspase-11 and NLRP3 inflammasome activation. Our model is in agreement with a 

previous report demonstrating that at least one member of the GBP family, i.e. GBP5, 

can complex with the inflammasome sensor protein NLRP3 and can alter its activity 

(163), although this assertion has been challenged (154, 155). 

As already alluded to, a third mechanism of action by which GBPs control 

inflammasome responses was proposed, according to which at least one GBP family 

member promotes NLRP3-ASC oligomerization. It was shown that tetrameric GBP5 

promotes NLRP3-dependent ASC oligomerization, potentially through the clustering of 

PYD domains (163). These observations raised several important questions, one of which 

pertained to the nature of the stimulus that would induce GBP5 tetramerization. We 

propose that infectious agents, which include Chlamydia species, release unidentified 

PAMPs or DAMPs that trigger tetramerization of GBP5 and potentially tetramerization 

of other GBPs controlling inflammasome function. A second question prompted by 
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these previous studies concerns whether additional GBPs other than GBP5 physically 

and functionally interact with inflammasome components. While our studies were 

conducted in BMMs lacking 5 GBP-encoding genes including GBP5, future studies will 

address which specific GBPs augment inflammasome activation in response to 

Chlamydia infections.  

Here, we also made the unexpected observation that GBPs were specifically 

required for fast-kinetics inflammasome activation that occurred within the first 8 hours 

post C. muridarum infection. We observed that rapid GBP-dependent inflammasome 

activation was specifically induced by viable, metabolically active C. muridarum (data 

not shown), alluding to the possibility that an event occurring during the initial stage of 

the Chlamydia infectious cycle triggers GBP-dependent responses. Alternatively, the 

relative low abundance of inflammasome stimuli during the initial phase of the infection 

may require GBPs as high-affinity amplifiers, a requirement that expires at later stages 

of the infection. The discovery of GBP-interacting molecules will most likely shed more 

light on the mechanism by which GBPs accelerate inflammasome activation and reveal 

why GBPs are uniquely required for fast-kinetics inflammasome activation in C. 

muridarum-infected cells.  

Interestingly, we observed that changes in the kinetics of canonical 

inflammasome activation could alter the quality of the macrophage response to C. 

muridarum infections: because IFNγ induces the expression of GBPs but not IL-1β, GBP-
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driven rapid inflammasome activation in IFNγ-primed macrophages results in the 

preferential processing of constitutively expressed IL-18. The immunological activities of 

IL-1β and IL-18 are distinct and sometimes antagonistic (179, 203). Therefore, GBP-

dependent alterations in the relative secretion of IL-1β versus IL-18 could potentially 

impact the immune response to Chlamydia and other pathogens that trigger GBP-

dependent inflammasome pathways during a Th1-biased immune response. Our future 

studies will therefore address whether GBPs control inflammation-associated 

pathologies in the context of infections with Chlamydia and other pathogens and whether 

therapeutic intervention targeting GBPs can alter the course and outcome of 

inflammation. 

3.4 Materials and methods 

3.4.1 Cell culture, bacterial strains, infection procedures, and 
evaluation of bacterial burden 

MEFs and Vero cells were cultured in DMEM supplemented with non-essential 

amino acids, 2-Mercaptoethanol, and 10% heat-inactivated Fetal Bovine Serum (FBS). To 

ectopically express GFP1-GFP fusion protein, MEFs were transduced with a previously 

described retroviral expression vector (201). Macrophages were derived from bone 

marrow isolated from the indicated mouse lines. Wildtype C57/BL6J mice were 

purchased from Jackson Laboratories. GBPchr3-/- mice harbor a deletion of a cluster of 5 

Gbp genes encoded on mouse chromosome 3 and were previously described (157). Nlrp1-

/-, Nlrp3-/-, Nlrc4-/-, Aim2-/-, Nlrp3-/-Aim2-/-, Asc-/-, Casp1-/-, Casp11-/- and Casp1-/-Casp11-/- mice 
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were previously described (182, 204-211). BMMs were cultured in RPMI 1640 

supplemented with 2-Mercaptoethanol, 20% FBS and 14% conditioned media containing 

macrophage colony stimulating factor. C. muridarum Nigg and C. trachomatis serovar L2 

434/Bu were propagated in Vero cells and purified as previously described (44). A 

previously described GFP-expression vector (212) was introduced into LGV-L2 for 

visualizing C. trachomatis.  C. trachomatis and C. muridarum elementary bodies (EBs)  

were purified by sequential density gradients, as described (213). Multiplicity of 

infection (MOI) for all experiments was defined based on the infectivity of the purified 

EB stocks in unprimed Vero cells. For infections, C. muridarum or C. trachomatis was 

diluted in appropriate culture medium and added to plates at the indicated (MOI). To 

assess bacterial replication in macrophages, BMMs were infected at the relatively low 

MOI of 3 to minimize MOI-dependent restriction of bacterial growth, as recently 

reported (214). To monitor the activation of pyroptosis, BMMs were infected at the 

relatively high MOI of 30.  Plates were then centrifuged for 30 minutes at 1560 x g at 

10°C in a Sorvall ST 40R centrifuge (Thermo Scientific). Bacterial burden in infected 

BMMs was determined via qPCR as previously described (71). 

3.4.2 Immunocytochemistry and data analysis 

Cells were washed with PBS pH 7.4 prior to fixation. Cells were fixed with 

methanol for 5 minutes, washed thrice with PBS, and blocked in 5% bovine serum 

albumin for 30 minutes at room temperature. C. muridarum and C. trachomatis inclusions 
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were stained with a mouse monoclonal antibody against Chlamydia LPS (Santa Cruz 

Biotechnology, used at 1:50). A previously described rabbit polyclonal anti-GBP2 

antibody (166) was used at 1:1000. Following incubation with primary antibodies, cells 

were stained with Alexa Fluor-conjugated secondary antibodies (Molecular Probes) and 

Hoechst. For co-localization studies MEFs were infected with C. muridarum or 

C. trachomatis at an MOI of 1 and fixed 24 hpi. The fraction of GBP2 positive inclusions 

was determined by dividing the number of GBP2 positive inclusions by the total number 

of counted inclusions. For macrophage studies, cells were infected with C. muridarum at 

an MOI of 3 and fixed 24 hpi. The percentage of inclusion positive BMMs was 

determined by dividing the number of BMMs containing an inclusion by the total 

number of counted macrophages and multiplied by 100. Imaging was performed using a 

Zeiss Axioskop 2 upright epifluorescence microscope or a Zeiss LSM 510 inverted 

confocal microscope or a Leica SP5 inverted confocal microscope.  

3.4.3 Cytotoxicity assay and data analysis 

BMMs were seeded at a density of 4.0 x10^5 cells per well to 96-well plates. 

BMMs were primed with IFNγ (100 U/ml), LPS (100 ng/ml), or left unprimed for 16 

hours. Following priming, BMMs were infected with C. muridarum or C. trachomatis at a 

MOI of 30. Cytotoxicity was measured 8 hpi as a function of relative lactate 

dehydrogenase (LDH) release using the CytoTox One Homogeneous Membrane 
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Integrity Assay (Promega). Relative LDH release was calculated as follows: (LDH 

sample – LDH untreated control)/(LDH lysed control – LDH untreated control) x 100.   

Measurements were performed on an EnSpire 2300 (PerkinElmer) Multilabel Reader.  

3.4.4 Cytokine measurements 

BMMs were seeded at a density of 4.0 x10^5 cells per well to 96-well plates. 

BMMs were primed with IFNγ (100 U/ml), LPS (100 ng/ml), or left unprimed for 6 hours. 

Following priming, BMMs were infected with C. muridarum or C. trachomatis at a MOI of 

30. Supernatants were collected 8 and 24 hpi and stored at -80°C until analysis. IL-1β 

and Il-18 were measured by enzyme-linked immunosorbent assay (ELISA, BioLegend/ 

eBioscience). Measurements were performed on an EnSpire 2300 (PerkinElmer) 

Multilabel Reader.  

3.4.5 Quantitating mRNA levels 

BMMs were primed with IFNγ (100 U/ml), LPS (100 ng/ml), or left unprimed for 

16 hours. Where indicated, BMMs were then infected with C. muridarum at a MOI of 30 

or 3. RNA from BMMs was isolated following priming or 4 and 8 hours post infection 

using the RNeasy mini kit (Qiagen) following the manufacturer’s instructions. RNA was 

reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad Laboratories) and 

qPCR was performed with PerfeCTa SYBR Green FastMix(Quanta BioSciences) using a 

StepOnePlus Real-Time PCR system (Applied Biosystems). Relative mRNA levels were 

calculated by normalization against transcript levels of GAPDH. The following primer 
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sets were used: mGBP2: F:5’-CTGCACTATGTGACGGAGCTA-3’ and R:5’-

GAGTCCACACAAAGGTTGGAAA-3’; mGBP3: F:5’-GAGGCACCCATTTGTCTGGT-3’ 

and R:5’-CCGTCCTGCAAGACGATTCA-3’; mGBP5: F:5’-

CAGACCTATTTGAACGCCAAAGA-3’ and R:5’-TGCCTTGATTCTATCAGCCTCT-3’; 

mGBP7: F:5’-TCCTGTGTGCCTAGTGGAAAA-3’ and R:5’-

CAAGCGGTTCATCAAGTAGGAT-3’; mIL-1β: F:5’-GCAACTGTTCCTGAACTCAACT-

3’ and R:5’-ATCTTTTGGGGTCCGTCAACT-3’; mIL-18: F:5’-

GACTCTTGCGTCAACTTCAAGG-3’ and R:5’-CAGGCTGTCTTTTGTCAACGA-3’; 

mGAPDH: F:5’-GGTCCTCAGTGTAGCCCAAG-3’ and R:5’-

AATGTGTCCGTCGTGGATCT-3’ 

3.4.6 Statistical analysis 

Where designated, statistical significance was determined using the unpaired 

Student t test or two-way ANOVA, as appropriate.  Level of significance was depicted 

as *p <0.05, **p <0.01 and  ***p <0.001. 
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4. Inflammasome activation by bacterial outer 
membrane vesicles requires Guanylate Binding Proteins 

This chapter was adapted from the following publication: Finethy R, Luoma S, 

Orench-Rivera N, Feeley EM, Haldar AK, Yamamoto M, Kanneganti T-D, Kuehn MJ, 

Coers J. 2017. Inflammasome activation by bacterial outer membrane vesicles requires 

guanylate binding proteins. mBio 8:e01188-17. 

4.1 Introduction 

Lipopolysaccharide (LPS) is an essential building block of all gram-negative 

bacteria and a potent inducer of sepsis (215). Extracellular and endocytosed LPS is 

recognized by the transmembrane protein Toll-like receptor 4 (TLR4) and prompts 

discrete signalling events originating from the plasma membrane and from endosomes 

(216, 217). LPS within the host cell cytosol is detected by Caspase-11, a second LPS 

receptor, which initiates the execution of proinflammatory cell death (pyroptosis) and 

the processing and secretion of proinflammatory cytokines IL-1β and IL-18 by Caspase-1 

(190, 191). Therefore, compartmentalization of LPS receptors allows host cells to respond 

differentially to the presence of LPS at three distinct subcellular locales. 

Long thought to be the sole LPS sensor in mammals, TLR4 has been studied in 

great detail leading to the discovery and characterization of several auxiliary proteins 

required for the activation of TLR4 signalling (216). The discovery of the non-canonical 

inflammasome protein Caspase-11 in mice and CASP-4/-5 in humans as cytosolic 
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sensors for LPS is more recent (147), and accordingly little is known about the existence 

of additional host factors controlling its activity. One notable exception is the regulation 

of Caspase-11-dependent host responses by guanylate binding proteins (GBPs). GBPs 

constitute a family of proteins induced by Interferon-gamma (IFNγ) as well as type I 

IFNs. GBPs exhibit potent antimicrobial activities both in cell culture models and in vivo 

(14, 218, 219). GBPs were additionally shown to promote Caspase-11 activation in 

macrophages infected with Salmonella, Legionella or Chlamydia (138, 153, 155), all gram-

negative bacteria that occupy pathogen-containing vacuoles (PVs) inside infected host 

cells (220). Mechanistic in vitro studies led to an attractive model, according to which 

GBPs lyse PVs and thereby release bacteria and their associated LPS into the host cell 

cytosol for recognition by Caspase-11 (155). This model was based on results obtained 

from Salmonella infection studies in cultured macrophages (155), but is contradicted by 

our own studies using Legionella and Chlamydia infection models (138, 153). Thus, while 

GBPs have been identified as key regulators of Caspase-11 function, the mechanism by 

which they do so remains controversial. 

Because Caspase-11 is a cytosolic LPS receptor (147, 221), its activation depends 

on the delivery of LPS across host cell membranes into the host cell cytosol. Injection of 

purified LPS into mice activates Caspase-11 in vivo (190, 191), thus arguing that 

mechanisms exist by which circulating LPS can traverse eukaryotic membranes and 

enter the host cell cytosol. However, the nature of these mechanisms is unknown and 
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their existence may be restricted to specific cell types. Indeed, cultured macrophages 

lack the ability to import extracellular LPS into their host cell cytosol, and therefore do 

not induce Caspase-11 activation when purified ‘free’ LPS is added extracellularly (190, 

191). However, in contrast to ‘free’ LPS, adding bacterial outer membrane vesicles 

(OMVs) comprised of LPS and other cell wall components to culture media is sufficient 

to activate Caspase-11 in macrophages, which are able to extract and import LPS from 

ingested OMVs into their cytosol by a poorly characterized mechanism (19). Because 

bacteria can produce immunomodulatory OMVs (222, 223), we hypothesized that GBP-

dependent Caspase-11 activation during macrophage infections was mediated by 

OMVs. In support of this hypothesis we observe that GBPs are essential for OMV-

induced pyroptosis and IL-1β/ IL-18 secretion. Additionally, we find that GBP-deficient 

mice injected with OMVs or purified LPS display reduced IL-1β/ IL-18 serum levels and 

lower mortality rates compared to wildtype mice. Our studies thus reveal GBPs as 

critical regulators of inflammation induced by circulating ‘free’ LPS or OMVs in vivo. 

4.2 Results 

4.2.1 Avirulent Escherichia coli activates pyroptosis and interleukin 
secretion in a GBP-dependent manner 

Caspase-11 activation in response to infections with gram-negative bacterial 

pathogens is diminished in macrophages derived from GBPchr3-/- mice, in which the Gbp 

gene cluster on chromosome 3 is deleted (138, 153, 155). To determine whether GBPs 

were also required for Caspase-11 activation by non-pathogenic gram-negative bacteria, 
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we monitored caspase-11-dependent cellular responses in GBPchr3-/- bone marrow-derived 

macrophages (BMDMs) exposed to the non-pathogenic Escherichia coli strain K12. 

Because bacterial burden could potentially impact caspase-11 activation, we first 

monitored E. coli K12 survival inside wildtype and GBPchr3-/- BMDMs. We found that the 

absence of GBPs had no impact on the number of retrievable colony forming units 

(CFUs) in IFNγ-primed BMDMs at 4 hours-post infection (hpi) (Figure 13), indicating 

that changes in bacterial burden are unlikely to account for any phenotypes associated 

with the GBPchr3-/- genotype at this or later times post infection. Next, we investigated 

whether activation of the non-canonical inflammasome was altered in GBPchr3-/- BMDMs. 

Whereas unprimed BMDMs exposed to E. coli K12 failed to undergo marked cell death 

at 8 hpi across a broad range of multiplicities of infection (MOIs), we found that IFNγ-

primed wildtype but not GBPchr3-/- or Casp11-/- BMDMs rapidly succumbed to E. coli-

triggered cell death, as measured by lactose dehydrogenase (LDH) release (Figure 14A) 

or host cell nuclear incorporation of propidium iodide (Figure 14B). These observations 

demonstrate that GBPs are required for the induction of caspase-11-dependent 

pyroptosis by non-pathogenic E. coli. 

In addition to the induction of pyroptosis, Caspase-11 activation promotes the 

formation of the canonical NLR family pyrin domain containing 3 (NLRP3) 

inflammasome (182). Because GBPs were required for Caspase-11-dependent pyroptosis  
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Figure 13. Viability of phagocytosed E. coli is independent of Gbp gene cluster 
on chromosome 3 

IFN-γ-primed wild-type, GBPchr3−/−, and Casp11−/− BMDMs were infected 
with E. coli at an MOI of 25, and recoverable CFU were determined at 1 and 4 hpi. Mean 

± standard deviation is shown. Each symbol represents an individual replicate. 
Significance was defined as follows: ***, P < 0.001; **, P < 0.01; *, P < 0.05; N.S, not 

statistically significant (two-way ANOVA with Sidak’s multiple-comparison test) Assay 
performed by Sarah Luoma.  
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Figure 14. GBPs control noncanonical and canonical inflammasome activation 
in macrophages exposed to E. coli 

Wild-type, GBPchr3−/−, and Casp11−/− BMDMs were primed with IFN-γ overnight or left 
unprimed and then exposed to E. coli strain K-12 at the indicated MOI or left uninfected. 
(A) LDH release was measured at 8 hpi. (B) IFN-γ-primed and unprimed BMDMs were 
infected with E. coli at an MOI of 25, and propidium iodide fluorescence resulting from 

nuclear incorporation in dead cells was measured at the indicated times following 
infection. (C) IFN-γ-primed BMDMs were either left untreated or infected with E. coli at 

an MOI of 25 for 8 h and subsequently stained with anti-ASC antibody and Hoechst 
stain (for DNA/nuclei). White arrows indicate ASC specks. The number of ASC puncta 
per cell was quantified. (D) IFN-γ-primed BMDMs were infected with E. coli at an MOI 
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of 25, and at 8 hpi cell lysates and supernatants were collected. Protein levels in total cell 
lysates (caspase-1, pro-IL-1β, and actin) or supernatant (IL-1β and caspase-1 p20) were 
visualized via immunoblotting. (E and F) IL-1β (E) and IL-18 (F) concentrations were 

measured by ELISA in culture supernatants collected from BMDMs exposed to E. coli for 
8 h (MOI of 25). Data shown are means ± SEM from 3 independent experiments. The 
statistical significance shown is relative to the wild type (A, C, E, and F) or relative 

to GBPchr3−/− BMDMs (B) of the same experimental groups, unless indicated otherwise. 
Significance is indicated as follows: ***, P < 0.001; **, P < 0.01; *, P < 0.05; N.S, not 

statistically significant (two-way ANOVA with Tukey’s multiple-comparison test). 
Panels C and D  done in collaboration with Sarah Luoma. 

 

(Figures 14A and 14B), we tested their role in the activation of the canonical 

inflammasome in E. coli-infected BMDMs. A hallmark of canonical inflammasome 

assembly is the formation of intracellular foci comprised of the adapter protein 

apoptosis associated speck-like protein containing a CARD (ASC). We noticed that the 

number of cells with ASC specks was significantly reduced in GBPchr3-/- compared to 

wildtype BMDMs (Figure 14C). Similarly, processed Caspase-1 and IL-1β was detectable 

by Western blotting in cell supernatants of E. coli-infected wildtype BMDMs but 

undetectable in cell supernatants of Casp11-/- and GBPchr3-/- BMDMs (Figure 14D). Thirdly, 

both IL-1β and IL-18 secretion in response to E. coli infections was dramatically 

diminished in GBPchr3-/- BMDMs (Figures 14E and 14F). Because GBPchr3-/- BMDMs by and 

large phenocopied Casp11-/- BMDMs in all of these functional assays (Figure 14), we 

conclude that GBPs are critical for the induction of the pyroptotic death pathway and 

the activation of the NLRP3 inflammasome by Caspase-11 in E. coli-infected BMDMs. 
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4.2.2 Induction of pyroptosis and interleukin secretion by OMVs 
requires GBPs 

Previous studies proposed that GBPs extract LPS from intracellular bacterial 

pathogens through PV- and bacterio-lysis, processes that require direct binding of GBPs 

to PVs or bacteria, respectively (154-156, 224). In agreement with our recent finding that 

GBPs specifically detect phagosomes occupied by virulent bacteria but fail to associate 

with phagosomes containing avirulent bacteria (225), we observed that the association of 

GBP2 with phagosomes containing E. coli K12 was infrequent (Fig. 15).  This observation 

suggested an alternative mechanism by which GBPs promote Caspase-11 activation in 

macrophages exposed to E. coli. Recently it was reported that OMVs are the 

predominant inducer of caspase-11 activation through E. coli infections (19). Because 

GBPs are essential for E. coli-induced Caspase-11 activation (Figure 14), we asked 

whether GBPs were also required for inflammasome activation in response to purified 

OMVs added to macrophages extracellularly. As shown previously (190, 191), the 

addition of extracellular LPS, even at high concentrations (1 µg/ ml), had minimal 

impact on cell viability in both unprimed and IFNγ-primed BMDMs (Figure 16A). In 

contrast to LPS, OMVs added to the media of IFNγ-primed BMDMs induced rapid, 

Caspase-11-dependent cell death in a concentration-dependent manner (Figures 16A 

and 16B). Similar to E. coli-induced pyroptosis (Figure 14), this OMV-induced cell death 

required the expression of GBPs (Figures 16A and 16B). ASC speck formation (Figure  
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Figure 15. GBP2 infrequently associates with phagocytosed E. coli 
IFN-γ-primed BMDMs were infected with green fluorescent protein (GFP)-

Legionella pneumophila or GFP-E. coli at an MOI of 1. Two hours postinfection, cells were 
stained with Hoechst stain for DNA (blue), and anti-GBP2 antibodies (red). 

Magnification, ×63. Frequencies at which GBP2 colocalizes with either Legionella- 
or E. coli-containing phagosomes were quantified from 3 independent experiments (>200 
bacteria/replicate). Mean ± SEM is shown. Significance was defined as follows: *, P < 0.05 

(unpaired t test). Performed by Eric Feeley. 
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Figure 16. GBPs control noncanonical and canonical inflammasome activation 
in macrophages exposed to OMVs 

Wild-type, GBPchr3−/−, and Casp11−/− BMDMs were primed with 100 U/ml IFN-γ 
overnight or left unprimed and then treated with 1 µg/ml LPS or E. coli-derived OMVs 

at the indicated protein concentrations. (A) LDH release was measured at 8 h 
posttreatment. (B) IFN-γ-primed and unprimed BMDMs were treated with 2 µg/ml 

OMVs, and propidium iodide fluorescence was measured at the indicated times 
following treatment. (C) IFN-γ-primed BMDMs were either treated with OMVs (2 
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µg/ml) for 8 h or left untreated and were subsequently stained with anti-ASC antibody 
and Hoechst stain (nuclei), and the number of ASC puncta (white arrows) per cell was 
quantified. (D) IFN-γ-primed BMDMs were treated with OMVs (2 µg/ml), and at 8 h 
posttreatment, cell lysates and supernatants were collected. Protein levels in total cell 

lysates (caspase-1, pro-IL-1β, and actin) or supernatant (IL-1β and caspase-1 p20) were 
visualized via immunoblotting. (E and F) IL-1β (E) and IL-18 (F) concentrations were 

measured by ELISA in culture supernatants collected from BMDMs treated with OMVs 
(2 µg/ml) for 8 h. Data shown are means ± SEM from 3 independent experiments. The 

statistical significance shown is relative to the wild type (A, C, E, and F) or relative 
to GBPchr3−/− BMDMs (B) of the same experimental groups, unless indicated otherwise. 

Significance was defined as follows: ***, P < 0.001; **, P < 0.01; *, P < 0.05; N.S, not 
statistically significant (two-way ANOVA with Tukey’s multiple-comparison test). 

Panels C and D performed in collaboration with Sarah Luoma. 
 

16C), proteolytic processing of pro-Caspase-1 and pro-IL-1β (Figure 16D) as well as IL-

1β and IL-18 secretion (Figures 16E and 16F) triggered by the addition of OMVs were 

also dependent on GBPs. Together, these data show that pronounced activation of non-

canonical and canonical inflammasome responses by extracellular OMVs requires GBPs. 

4.2.3 GBP2 but not GBP5 controls caspase-11-dependent pyroptosis 
and interleukin secretion in cultured macrophages 

The chromosomal deletion in GBPchr3-/- mice eliminates 5 Gbp genes, namely Gbp1, 

Gbp2, Gbp3, Gbp5 and Gbp7 (157). Previous studies demonstrated that expression of 

GBP2 promotes the induction of Caspase-11-dependent cell death in macrophages 

infected with gram-negative bacterial pathogens such as Salmonella and Legionella (153, 

155). In support of a possible role for GBP2 in OMV processing, we detected partial co-

localization between GBP2 and LPS in OMV-treated BMDMs (Figure 17). We therefore 

tested whether GBP2 was required for Caspase-11 activation by non-pathogenic E. coli  
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Figure 17. GBP2 and LPS colocalize in OMV-treated BMDMs 

IFN-γ-primed BMDMs were treated with OMVs (2 µg/ml) for 2 h and 
subsequently fixed and stained for LPS (green), GBP2 (red), and DNA (Hoechst stain, 
blue). Representative insets and line trace analysis are shown. White arrows indicate 
positions of corresponding fluorescence line tracing profiles. Magnification, ×63. Data 

and figure generated by Eric Feeley. 



 

85 

and OMVs. We found that GBP2-/- BMDMs mimicked GBPchr3-/- BMDMs in their 

unresponsiveness to E. coli infections, as measured by LDH release as a marker of cell 

death (Figure 3A), secretion of IL-1β (Figure 18B) and IL-18 (Figure 18C). Similarly, 

GBP2 was essential for the robust induction of cell death (Figure 18D) as well as IL-1β 

(Figure 18E) and IL-18 secretion (Figure 18F) by OMV treatment. Together, these data 

demonstrate that GBP2 is critical for OMV-mediated and Caspase-11-dependent 

pyroptosis and canonical inflammasome activation. 

The specific activities of individual GBPs are poorly characterized but a number 

of recent studies indicated that individual GBPs fulfill specialized, non-redundant 

functions in cell-autonomous immunity (163, 200, 226-229). One study proposed that 

GBP5 specifically assists assembly of the NLRP3 inflammasome and enhances 

responsiveness to a subset of NLRP3 priming agents (163). Based on these previous 

findings, we asked whether GBP5 modulated inflammasome activation in response to E. 

coli infections or OMV treatment in macrophages. We found that GBP5 was dispensable 

for E. coli- and OMV-induced pyroptosis, as well as IL-1β and IL-18 secretion in BMDMs 

(Figures 18). These data indicate that GBP5 is non-essential for canonical inflammasome 

responses that occur downstream from Caspase-11 activation in cultured macrophages. 

4.2.4 GBPs control OMV- and LPS-induced inflammation in vivo 

To assess the role of GBPs in Caspase-11-dependent inflammation, we first 

injected mice with the TLR3 agonist poly(I:C), which prompts elevated expression of  
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Figure 18. GBP2 promotes OMV-induced pyroptosis and IL-1β/IL-18 secretion 

in macrophages 
(A to C) Wild-type, GBPchr3−/−, GBP2−/−, and GBP5−/− BMDMs were primed with 

IFN-γ and infected with E. coli at an MOI of 25. At 8 hpi, LDH release (A) and IL-1β (B) 
and IL-18 (C) secretion were measured. IFN-γ-primed wild-type, GBPchr3−/−, GBP2−/−, 

and GBP5−/− BMDMs were treated with E. coli-derived OMVs for 8 h. (D to F) 
Subsequently, LDH release (D) and IL-1β (E) and IL-18 (F) secretion were measured. 

Data shown are means ± SEM from 3 independent experiments (A and D) or 6 
independent experiments (B, C, E, and F). The statistical significance shown is relative to 
the wild type. Significance was defined as follows: ***, P < 0.001; **, P < 0.01; *, P < 0.05; 
N.S, not statistically significant (two-way ANOVA with Tukey’s multiple-comparison 

test). 
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Figure 19. Systemic treatment with poly(I⋅C) induces GBP expression in vivo 
Systemic treatment with poly(I⋅C) induces GBP expression in vivo. Wild-type 

C57/BL6J mice were i.p. injected with poly(I⋅C) at a dose of 2 mg/kg body weight (n = 5) 
or PBS control (n = 5), and expression of GBP2 in the spleen was measured by qPCR and 
shown relative to PBS control group. Means ± SEM are shown. Significance was defined 

as follows: **, P < 0.01 (unpaired t test). 
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GBPs in vivo (Fig. 19) and skews LPS-triggered inflammation towards Caspase-11- rather 

than TLR4- dominated responses (190, 191). Following previously established protocols 

(19), we first administered poly(I:C) for 6 h, then injected mice with OMVs and 

monitored IL-1β and IL-18 serum levels in wildtype and GBPchr3-/- mice at 6 h post OMV 

injection. We found that both IL-1β and IL-18 serum levels were significantly reduced in 

GBPchr3-/- mice, indicating that GBPs promote OMV-induced inflammasome activation in 

vivo (Figures 20A and 20B). We then assessed whether GBPs are also required for the 

activation of Caspase-11 in responses to in vivo administration of purified LPS. We 

found that GBPchr3-/- (Figures 20C and 20D) as well as GBP2-/- mice (Figures 20E and 20F) 

displayed lower IL-1β and IL-18 serum levels at 4 h post-injection. To monitor the role of 

GBPs in Caspase-11-biased sepsis, poly(I:C)-treated mice received an injection of 

purified LPS at a concentration of 20 mg/kg body weight. We observed higher survival 

rates amongst GBPchr3-/- and GBP2-/- mice compared to wildtype mice (Figures 20G). 

Together, these data demonstrate that GBPs are in vivo regulators of OMV- and LPS-

induced inflammation and sepsis. 

4.3 Discussion 

Caspase-11 directly detects LPS within the host cell cytosol (147). To explain how 

LPS gains access to the host cell cytosol, four distinct LPS delivery pathways were 

proposed: i) some intracellular gram-negative bacteria escape vacuoles to enter the host 

cell cytosol where they release LPS (194); ii) host GBPs execute membranolytic activities  
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Figure 20. GBP-deficient mice display reduced IL-1β/IL-18 serum levels and 

increased survival rates during endotoxemia 
(A and B) Wild-type and GBPchr3−/− mice were injected i.p. with poly(I⋅C) at a dose 

of 2 mg/kg body weight and then 6 h later injected i.p. with 4 µg purified OMVs per 
mouse. Serum was obtained 6 h after OMV injection from OMV-injected wild-type (n = 
16) or GBPchr3−/− (n = 16) mice or from wild-type (n = 6) or GBPchr3−/− (n = 7) mice injected 
with an equal volume of PBS, and IL-1β (A) and IL-18 (B) serum concentrations were 

measured by ELISA. (C and D) Wild-type (n = 10) and GBPchr3−/− (n = 15) mice were 
injected with LPS (8 mg/kg body weight) or PBS alone (n = 9 for both wild-type 
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and GBPchr3−/− mice), and serum IL-1β (C) and IL-18 (D) were measured by ELISA 4 h 
postinjection. (E and F) Wild-type (n = 7) and GBP2−/− (n = 7) mice were injected with LPS 

(8 mg/kg body weight), and serum IL-1β (E) and IL-18 (F) levels were measured by 
ELISA 4 h postinjection. (G) Wild-type (n = 9), GBPchr3−/− (n = 7), and GBP2−/− (n = 9) mice 
were i.p. injected with 2 mg/kg body weight of poly(I⋅C) and then 6 h later i.p. injected 

with LPS (20 mg/kg body weight). Morbidity and mortality were observed for 42 h at 3-
h intervals. For panels A to F, mean ± standard deviation is shown. Each symbol 

represents an individual mouse. Significance was defined as follows: ***, P < 0.001; 
**, P < 0.01; *, P < 0.05; N.S, not statistically significant. Significance was measured by 

two-way ANOVA with Sidak’s multiple-comparison test (A to D), unpaired t test (E and 
F), or log rank test (G). Experiments for panels A-F performed in collaboration with 

Arun Haldar. Data for panel G obtained in collaboration with Sarah Luoma. 
 

to extrude intracellular gram-negative bacteria from PVs and extract LPS through 

bacteriolysis (154-156, 224); iii) endocytosed bacterial OMVs release LPS into the host 

cell cytosol potentially through fusion with or transport across endosomal membranes 

(19, 230); and iv) circulating free LPS (in the form of aggregates or bound to LPS-binding 

proteins) is consumed in vivo by an undefined cell population able to present LPS for 

Caspase-11-mediated recognition (190, 191). Here, we present evidence that GBPs play 

previously unknown roles in the latter two pathways.  

GBPs assist Caspase-11 activation in response to infections with gram-negative 

bacteria (138, 153, 155). It was proposed that GBPs lyse vacuoles containing gram-

negative bacteria and thereby release LPS into the host cell cytosol (155). However, we 

observed that GBPs were able to promote Caspase-11 activation in response to Chlamydia 

muridarum infections without any detectable recruitment of GBPs to Chlamydia-

containing vacuoles, thus arguing against the vacuolar lysis model (138). In addition we 
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observed that GBPs accelerated Caspase-11 activation in cells transfected with LPS 

aggregates (153), demonstrating that GBPs can impact the kinetics of Caspase-11 

activation independent of an infection.  Because of the recent discovery that gram-

negative OMVs serve as vehicles for the delivery of LPS into the host cell cytosol (19), 

we hypothesized and herein demonstrate a central role for GBPs in the activation of 

Caspase-11 by OMVs.  

Bacteria constitutively produce OMVs. Bacterial OMV production is further 

increased by physiological stressors such as changes in the redox state, nutrient 

availability or pH that bacteria experience during cell entry, and especially phagocytosis 

by macrophages (222, 231-233). We therefore propose that Caspase-11 activation during 

the infection of macrophages with pathogens such as Salmonella, Legionella or Chlamydia 

is induced at least in part by the bacterial secretion of OMVs. OMVs released during 

infection are then processed in a GBP-dependent manner to trigger Caspase-11-

dependent pyroptosis and canonical inflammasome activation. More detailed studies 

are required to delineate mechanism(s) by which GBPs enable Caspase-11 activation 

following OMV treatment. Considering that GBPs are part of the membrane-

remodelling dynamin protein superfamily (234), GBPs could potentially play a role in 

controlling membrane dynamics at the OMV-endosomal interface and thereby expose 

the lipid A moiety of LPS towards the cytosolic face of endosomes. Extensive cell 

biological and biochemical studies will be required to test this and alternative 
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hypotheses regarding the molecular mechanism by which GBPs promote Caspase-11 

activation in OMV-exposed macrophages. 

Whereas the addition of purified LPS to culture media is insufficient to trigger 

robust Caspase-11 activation in wildtype BMDMs, injection of LPS into mice induces 

Capase-11-dependent sepsis (190, 191). Therefore, circulating LPS in vivo is most likely 

ingested and presented to Caspase-11 by designated cell types. Hepatic macrophages 

(Kupffer cells), sinusoidal endothelial cells and hepatocytes are credited to be mainly 

responsible for the removal and detoxification of LPS from the bloodstream (235-237), 

and therefore are also candidates to mediate in vivo Caspase-11 activation in response to 

circulating LPS. Our study demonstrates that GBPs play a critical role in the host 

response to circulating LPS. Future studies will need to define how the host promotes 

Caspase-11 activation in response to free LPS in vivo and the specific roles GBPs play in 

this process.  

GBPs were shown to act as positive regulators of infection-induced Caspase-11 

activation (153, 155), yet their precise functional role in this process has remained poorly 

defined (14, 218, 219). Our study delineates a unique role for GBPs in controlling 

Caspase-11 activation in response to the sterile delivery of OMVs or ‘free’ LPS in vivo. 

Our report therefore sets a novel framework within which the cellular and molecular 

activities of GBPs as regulators of inflammasome activation can be explored.   
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4.4 Materials and methods 

4.4.1 Mice and cell culture 

Wildtype C57/BL6J mice were originally purchased from Jackson Laboratories 

and maintained at animal facilities at Duke University Medical Center. GBPchr3-/-, GBP5-

/- and Casp11-/- mice were previously described (154, 157, 204). GBP2-/- mice were 

generated by the Helmholtz Zentrum München using C57/BL6-derived JM8.N4 mouse 

embryonic stem cells. Animal protocols were approved by the Institutional Animal Care 

and Use Committees at Duke University. We used approximately equal numbers of 

male and female mice for all experiments. Although analyses were performed in the 

whole group, males and females were also analyzed as subgroups and based on these 

analyses phenotypes were sex-independent. BMDMs were derived from mouse femur 

bone marrow. BMDMs were cultured in tissue culture non-treated plates in RPMI 1640 

with 2-mercaptoethanol, 20% heat-inactivated FBS, 14% conditioned media containing 

macrophage colony-stimulating factor. Three days, later 10 mL of additional media was 

added on cells. Cells were cultured an additional 3-4 d before use in experiments. 

4.4.2 Bacterial culture, infection procedures, OMV isolation, and 
treatments 

E. coli K-12 BW25113, the background strain of the Keio collection, was used for 

all experiments (238). E. coli was grown in Luria Bertani broth (LB) overnight at 37 °C. 

For infection of BMDMs, E. coli was diluted in OptiMEM (Gibco) and added to cells. 

Cells were centrifuged at 700 x g for 10 min. Gentamicin was added to cells 1 h post-
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infection to a final concentration of 100 µg/ml. For isolation of OMVs, LB was inoculated 

(1:250 dilution) from bacterial cultures grown overnight at 37°C and cells were grown 

overnight once more at 37°C (~18 h). Cells were pelleted with a Beckman Avanti J-25 

centrifuge (JLA-10.500 rotor, 10,000g, 10 min, 20°C) and the supernatants were filtered 

through a 0.45 µm low protein binding Durapore membrane (polyvinylidene fluoride, 

Millipore). Filtered supernatants were either centrifuged again with the Beckman Avanti 

J-25 centrifuge (JLA-16.250 rotor, 38,400g, 3 h, 20°C) to pellet OMVs or, for larger culture 

volumes, concentrated through a 100,000 kDa filter with a tangential-flow filtration 

system (Millipore) to a final volume of 250 ml and filter-sterilized again. In both cases, 

another centrifugation step followed using the Beckman Optima TLX Ultracentrifuge 

(TLA 100.3 rotor, 41,000g, 1h, 20°C). The supernatant was aspirated and OMV pellets 

were re-suspended in phosphate-buffered saline (PBS) and subsequently filter-sterilized 

through 0.45 µm Ultra-free spin filters (Millipore). OMV preparations were monitored 

for sterility by streaking a portion of the sample on LB agar and incubated at 37°C 

overnight. Protein concentration was measured via Bradford protein assay. For 

treatment of BMDMs, OMVs or LPS (Ultra-pure LPS from Salmonella Minnesota R595, 

List Biologicals) was diluted in OptiMEM (Gibco) and added directly to cells. L. 

pneumophila experiments were conducted by using a flagellin-deficient LP01 strain (239). 

Bacteria were grown in broth culture to an OD600 of 3.5–4. For infection of BMDMs, L. 

pneumophila was diluted in OptiMEM, and added to cells. Cells were then centrifuged at 
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700 x g for 10 min. Media was removed, and replaced with fresh OptiMEM 1 h post-

infection. 

4.4.3 Colony-forming assay 

IFNγ-primed (100 U/ml) BMDMs were infected with E. coli at an MOI of 25. 1 h 

and 4 h post-infection bacteria was harvested following lysis of cells with PBS+0.01% 

Triton X-100. Serial dilutions of bacteria were plated on LB agar plates and total colony-

forming units determined. 

4.4.4 Cytotoxicity assays and in vitro cytokine measurements 

Naïve or IFNγ-primed (100 U/ml) BMDMs were treated with 2 µg/ml OMVs or 

infected with E. coli at an MOI of 25 unless concentrations were otherwise indicated. To 

measure cytotoxicity, 8 h post-treatment with OMVs or E. coli infection lactate 

dehydrogenase (LDH) release was measured using the CytoTox One homogenous 

membrane integrity assay (Promega), essentially as described (153). Relative LDH 

release was calculated with the following formula: (sample – untreated control)/(lysed 

control – untreated control) x 100. Alternatively, cytotoxicity was measured as a function 

of Propidium Iodide (PI) uptake. Experiments were carried out in OptiMEM containing 

6 µg/ml PI. Measurements were read at indicated time points on an Enspire 2300 

(PerkinElmer) Multilabel Reader, as described (153). For determining cytokine 

concentrations, supernatants were collected 8 h post-treatment or infection. IL-1β and 
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IL-18 levels were measured via enzyme-linked immunosorbent assay (ELISA; 

eBioscience), as described (138). 

4.4.5 Immunocytochemistry and analysis 

For visualizing ASC-puncta, IFNγ-primed BMDMs were infected with E. coli at 

an MOI of 25 or treated with 2 µg/ml OMVs for 8 h. Following infection/treatment, cells 

were fixed for 5 min with ice-cold methanol. Cells were blocked with 5% BSA (Amresco) 

for 30 min and then incubated with rabbit anti-ASC antibody (AG-25B-0006, AdipoGen) 

overnight at 4 °C. Cells were then washed 3x with PBS-saponin (0.1%)-BSA and stained 

with anti-rabbit Alexa Fluor 568-conjugated secondary antibody (Invitrogen) and 

Hoescht for 1 h at RT.  Per replicate, ASC-puncta were quantitated for >300 cells.  For 

GBP2-LPS co-localization experiments, IFNγ-primed BMDMs were treated with 2 µg/ml 

OMVs for 2 h. Cells were fixed in 4% paraformaldehyde (w/v) for 15 min at RT. Cells 

were washed 3 times with PBS and permeabilized with 0.1% Triton X-100 for 10 min, 

before blocking with 2.5% BSA in PBS for 30 min at RT. Cells were incubated with anti-

GBP2 (159) and anti-LPS antibodies (DS-MB-01267, RayBiotech) for 1 h at RT. Following 

incubation with primary antibodies, cells were stained with Alexa Fluor-conjugated 

secondary antibodies and Hoescht for 1 h at RT. Line trace analysis was performed with 

Fiji software (ImageJ; National Institutes of Health), as described (159). Imaging was 

performed using a Zeiss Axioskop 2 upright epifluorescence microscope or a Zeiss 780 

upright confocal microscope. 
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4.4.6 Immunoblotting 

Total protein from lysates and supernatants were analyzed via immunoblotting.  

IFNγ-primed BMDMs were challenged with E. coli infection or OMVs for 8 h and 

supernatants were collected and protein concentrated via trichloroacetic acid (TCA) 

precipitation. A 100% (w/v) TCA solution in water was added to supernatants to a final 

TCA concentration of 10%. Samples were incubated on ice overnight. Following 

incubation, samples were centrifuged at 21,130g for 10 min. Supernatant was removed, 

and pellets were rinsed with acetone twice. Pellets were then air dried and suspended in 

8M urea. Whole cell extracts were prepared by lysing cells in RIPA Lysis Buffer (Sigma-

Aldrich).  Samples were loaded on a 4-20% gradient SDS/PAGE gel and transferred to 

PVDF. Membranes were blocked in tris-buffered saline-0.1% Tween 20 (TBST) with 5% 

BSA or 5% nonfat dry milk. Membranes were incubated with primary antibodies 

overnight at 4 °C and secondary antibody incubations performed for 1 h at RT. The 

following primary antibodies and dilutions were used: rabbit anti-Caspase-1 (AG-20B-

0042, AdipoGen, 1:1000), goat anti-IL-1β (AF-401-NA, R&D Systems, 1:1000), and mouse 

anti-β-actin (A2228, Sigma-Aldrich, 1:1000). 

4.4.7 RNA isolation and qPCR expression analysis 

Spleen RNA was isolated using TRIzol Reagent (Thermo Fisher) following 

manufacturer’s instructions. RNA was further purified using the RNeasy minikit 

(Qiagen). Reverse transcription was achieved using the iScript cDNA synthesis kit (Bio-
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Rad Laboratories), and qPCR was performed with PerfeCTa SYBR green FastMix 

(Quanta BioSciences) using a 7500 Fast Real-Time PCR system (Applied Biosystems). 

Relative mRNA levels were calculated following normalization against transcript levels 

of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The following primers were 

used: mGBP2 F, 5′-CTGCACTATGTGACGGAGCTA-3′; mGBP2 R, 5′-

GAGTCCACACAAAGGTTGGAAA-3′; mGAPDH F, 5′-

GGTCCTCAGTGTAGCCCAAG-3′; mGAPDH R, 5′-AATGTGTCCGTCGTGGATCT-3′. 

4.4.8 In vivo challenges 

All mice used for in vivo challenges were at the age of 8-12 weeks. For OMV 

challenge experiments, mice were injected intraperitoneally (i.p.) with poly(I:C) at a dose 

of 2 mg/kg body weight or PBS control, and then 6 h later injected i.p. with 4 µg purified 

OMVs per mouse or equal volume PBS control. Serum was obtained 6 h post-OMVs 

injection. For LPS challenge experiments, mice were injected i.p. with LPS(E. coli 

O111:B4 LPS, L3024, Sigma) at a dose of 8 mg/kg body weight or PBS control. Serum was 

obtained 4 h post-injection. Serum IL-1β and IL-18 concentrations were measured via 

ELISA. For study of lethal endotoxemia, mice were first challenged via i.p. with 

poly(I:C) (2 mg/kg) followed 6 h later by i.p. injection of LPS (20 mg/kg). Mice were 

monitored every 3 h for 48 h following initial injection. Mice were considered moribund 

and euthanized if they dropped below 80% starting weight, or if they exhibited severe 

ataxia, indicated by lack of righting response.   
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4.4.9 Statistical analyses 

Data analysis was performed using GraphPad Prism 6.0 software. Data shown 

are mean ±SEM unless otherwise indicated. Statistical significance was calculated using 

the two-way ANOVA (with Tukey’s or Sidak’s multiple comparison test), unless 

otherwise noted in figure legends. Significance was defined as ***P < 0.001; **P < 0.01; *P 

< 0.05.
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5. Introduction to Immunity Related GTPase Family M 
proteins 

5.1 Brief introduction to murine and human IRGs 

Much of our understanding of the immunity related GTPases (IRGs) comes from 

murine studies. The murine IRGs can be grouped into two subfamilies: the GKS IRGs 

and the Immunity Related GTPase Family M (IRGM) proteins (14, 17, 168). These groups 

are defined by the sequence of their nucleotide binding pocket; the GKS IRGs have a 

canonical lysine residue in their first GTP-binding motif while the IRGMs have a 

methionine (17). These sub-families are also functionally distinct; the GKS proteins are 

‘effector’ proteins, and are able to localize to some PVs and pathogens and promote 

pathogen destruction (159, 240). In contrast, the IRGMs are generally considered as 

‘regulator’ proteins. Our lab and others have found that the IRGMs both direct the GKS 

IRGs to PVs/pathogens and preclude GKS targeting to self-structures (159, 168, 241). 

These functions for the GKS and IRGMs are described in detail in section 2.3.5. Recent 

focus on the murine IRGMs has begun to shift to their GKS-independent functions, 

owing to the fact that humans do not express any GKS IRGs (17).  

Humans express a single IRGM protein, named IRGM, while mice express three 

homologous proteins: IRGM1, IRGM2, and IRGM3 (17). There are two notable 

differences between the human and murine IRGMs. First, human IRGM is C-terminally 

truncated when compared with its murine counterparts (167). The functional 

consequences of this truncation are not readily apparent. Second, human IRGM is not 
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IFN-inducible (167). Instead, it is constitutively expressed at low levels, and LPS 

exposure has been found to enhance its expression (167, 242). Due to these differences 

and the lack of GKS IRGs in humans, the degree of functional conservation between the 

human and murine IRGMs has been debated.  

Some evidence suggests human and murine IRGMs may have common roles in 

regulating inflammation. In the following sections, I review the known connections 

between IRGMs and inflammation. First, I summarize the findings of various genetic 

association studies linking human IRGM to inflammation. I go on to describe the known 

roles of IRGMs in regulating inflammation. Finally, I detail the established relationship 

between IRGMs and autophagy, a process by which IRGMs have been proposed to 

regulate inflammation.  

5.2 Human IRGM is a susceptibility locus for inflammatory 
disease 

In 2007, a pair of genome wide association studies (GWAS) revealed IRGM as a 

susceptibility locus for Crohn’s disease (CD) (243, 244). These studies linked two 

common single nucleotide polymorphisms (SNPs) with increased risk for developing 

CD and piqued interest in IRGM as a regulator of inflammation. Since these initial 

observations, follow-up studies have both confirmed the relationship between IRGM 

and CD incidence and identified other related SNPs (245, 246). Researchers have also 

identified a correlation between these polymorphisms and increased severity of disease, 

e.g. increased need for surgical intervention (247). Furthermore, studies have shown 
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IRGM is not only a susceptibility locus for CD, but for other inflammatory and infectious 

diseases as well. Polymorphisms in the IRGM locus have been linked to increased 

incidence/severity of non-alcoholic fatty liver disease, Tuberculosis, ankylosing 

spondylitis, and severe sepsis (242, 248-251).   

The various IRGM disease-linked SNPs are in strong linkage disequilibrium and 

are associated with the IRGM minor allele (246, 252). Thus, the IRGM minor allele is 

considered a risk allele for inflammatory disease. The prevailing hypothesis is that the 

increased risk results from altered IRGM expression as opposed to altered protein 

function. In support of this, no non-synonymous SNPs in the IRGM coding region have 

been linked to disease risk (244). Furthermore, studies have since demonstrated that the 

minor allele is linked to decreased IRGM expression (242, 246). One study of note 

identified a large 20-kb deletion upstream of IRGM in linkage disequilibrium with the 

minor allele. This same study demonstrated this deletion correlates with decreased 

IRGM mRNA levels in cell culture models (246). It is unclear if this deletion is causative 

or if the expression changes result from another feature of the haplotype. Future 

mechanistic studies will be necessary to determine precisely how the minor allele 

impacts IRGM expression. 

5.3 IRGM1 deficiency leads to immune dysregulation 

The body of work exploring how expression of IRGMs impacts immune 

homeostasis is somewhat limited. The majority of studies have focused solely on IRGM1 
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deficiency. Still, the wide breadth of immune dysfunction evident in IRGM1-/- mice is 

revealing, and emphasizes IRGMs as critical immune regulatory proteins. Loss of 

IRGM1 has been reported to result in: i) increased TLR4 activity, ii) pro-inflammatory 

metabolic shifts, iii) constitutive type I IFN production, iv) lymphocytic infiltration at 

mucosal tissues, and v) lymphopenia during infection with some pathogens. These 

observations are briefly detailed below (18, 253-256).  

i) IRGM1 is a negative regulator of some TLR4 activity and protects against 

endotoxemia. In response to LPS treatment, IRGM1-/- macrophages produce enhanced 

quantities of TNF and IL-6, but not IFN-β. These data suggest that IRGM1 regulates the 

MyD88-dependent branch of TLR4-signaling. Consistent with these results, IRGM1-/- 

mice reportedly exhibit increased susceptibility to LPS challenge (18).  

ii) Loss of IRGM1 expression leads to pro-inflammatory metabolic shifts. In one 

study, metabolic profiling was performed on IFN-γ primed IRGM1-/- macrophages. Their 

analyses found that in the absence of IRGM1 there is an accumulation of long chain 

acylcarnitines (LC-ACs). LC-ACs reportedly enhance inflammatory cytokine production 

(257). This same study also found that IRGM1-/- macrophages exhibit enhanced 

glycolytic activity (253). Increased glycolysis leads to enhanced mitochondrial reactive 

oxygen species (ROS) production which can in turn cause tissue damage (258).  

iii) IRGM1-/- mice have chronic elevated serum type I IFN levels. Using a bioassay 

system, researchers found enhanced IFN activity in the serum of IRGM1 deficient mice. 
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This increase in circulating IFNs was reported to enhance epithelial cell turnover in the 

intestines and to promote wound healing (254). Interestingly, excessive type I IFN 

production has been associated with a variety of inflammatory diseases collectively 

considered type I interferonopathies (255).  

iv) Enhanced lymphocyte infiltration of mucosal tissues has been observed in 

naïve IRGM1-/- mice. These studies found increased T cell and B cell numbers in the 

lungs of IRGM1-/- mice relative litter mate controls. These lymphocytes comprised 

lesions and correlated with increased antibody production in the lung (256).  

v) Loss of IRGM1 is correlated with lymphopenia during Mycobacterium avium 

and Trypanosoma cruzi infections (259, 260). Following up on this observation, one study 

examined CD4+ T cell dynamics in IRGM1-/- mice during M. avium infection. This study 

found that IRGM1 inhibited IFNγ-induced CD4+ T cell death, and that loss of IFNγ 

expression abrogated the observed lymphopenia in IRGM1-/- mice (261).  

5.4 IRGMs and autophagy 

IRGM has been found to be a mediator of macroautophagy, henceforth referred 

to as autophagy (262, 263). Autophagy is a bulk degradation pathway fundamental for 

the maintenance of cellular homeostasis (264). Through the process of autophagy, 

cytoplasmic materials are sequestered in a double-membrane structure, known as the 

autophagosome. The autophagosome then fuses with lysosomes exposing the contents 

to various hydrolases and initiating their breakdown. This process is essential for 
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turnover of damaged organelles, removal of protein aggregates, and ensures nutrient 

availability in times of starvation.  

A selective autophagy process, known as xenophagy, is used to capture and 

destroy intracellular pathogens (265). Once identified, cytosolic microbes or PVs are 

marked, typically with ubiquitin, leading to the recruitment of autophagy adapter 

proteins, e.g. P62. The interactions of these adapter proteins with members of the ATG8 

family of proteins, notably microtubule associated protein 1 light chain (LC3), facilitates 

delivery of the microbes and PVs to nascent autophagosomes. These autophagosomes 

are trafficked to lysosomes resulting in microbe killing.    

Polymorphisms in a variety of autophagy-related genes have been linked to 

inflammatory disease (243, 266). Initially, this association was attributed to defective 

xenophagy; insufficient xenophagy may lead to excessive pathogen growth or spread. 

More recently, autophagy has been reported to have broader roles in minimizing 

inflammation (267, 268). Of note, the clearance of damaged mitochondria by autophagy, 

i.e. mitophagy, is known to limit inflammation. Accumulation of damaged mitochondria 

leads to increased ROS production which in turn leads to further cellular damage (269). 

Mitochondrial-derived ROS can potentiate some PRR-signaling pathways or directly 

activate the NLRP3 inflammasome (270, 271). Damaged mitochondria also release DNA 

that can induce IFN protection in a CGAS/STING dependent manner (270). Other roles 



 

106 

for autophagy in regulating inflammation have been extensively described in a variety 

of reviews (267, 268).  

IRGMs have been proposed to modulate inflammation through control of 

autophagy. Studies have found that human IRGM is required for efficient xenophagic 

clearance of some bacteria (272, 273). Beyond this, IRGM has been reported to control 

various nodes of the autophagic process. One study showed that IRGM promotes 

assembly of the autophagy initiation complex through direct interactions with Unc-51-

like autophagy activating kinase (ULK1) and Beclin 1 (262). This same study proposed 

that IRGM links ULK1-Beclin 1 complexes with the autophagy conjugation machinery to 

promote localized autophagosome formation (262). IRGM has also been reported to 

promote autophagosome-lysosome fusion by delivering the SNARE protein syntaxin 17 

(Stx17) to autophagosomes (263). It is unknown if the murine IRGMs share these 

functions. While, like human IRGM, the murine IRGMs are reported to be essential for 

xenophagic clearance of pathogens, the relationship between the murine IRGMs and 

autophagy remains to be elucidated (274).   
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6. IRGM2 negatively regulates caspase-11 activity to 
protect against endotoxin induced shock  

6.1 Introduction 

Gram-negative bacterial infection frequently provokes a robust inflammatory 

response by the host. In most instances, this response is host beneficial, inhibiting 

bacterial growth and often leading to bacterial clearance. However, dysregulation of this 

inflammatory response can have devastating consequences; a weak inflammatory 

response allows pathogen growth while an overly robust response can result in tissue 

damage or even mortality (2). Severe sepsis is an example of the latter and refers to 

overwhelming microbe-induced inflammation resulting in organ dysfunction. Sepsis 

represents a major public health concern due to high mortality rates and lack of 

treatment options (275). In order to better manage cases of sepsis, we must first 

understand the complex immune mechanisms at play during infection. 

Lipopolysaccharide (LPS), commonly referred to as endotoxin, is considered the 

chief causative agent of gram-negative sepsis (215). Historically, mammalian LPS 

sensing was believed to be solely dependent on toll-like receptor 4 (TLR4). TLR4-sensing 

of LPS and the signal transduction that follows is well-characterized (216). Following 

LPS binding, TLR4 on the plasma membrane is able to initiate a MyD88-dependent 

signaling cascade leading to large-scale pro-inflammatory transcriptional changes, e.g. 

increased TNF transcription. Alternatively, in conjunction with the co-receptor CD14, 

LPS-binding can lead to endocytosis of TLR4 and subsequent activation of a TRIF-
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dependent response (217). More recently, a distinct LPS sensor has been identified, 

caspase-11. While TLR4 senses extracellular LPS, caspase-11 detects LPS that has 

aberrantly localized to the cytosol (190, 191). This recognition initiates a pro-

inflammatory cascade characterized by pyroptosis, and caspase-1 inflammasome-

dependent processing and secretion of several cytokines, including IL-1β and IL-18 

(182). Due to the inflammatory nature of these LPS-sensing pathways their activity is 

tightly controlled in order to minimize host tissue damage.  

Through genome-wide association studies (GWAS), researchers have been able 

to identify genetic risk factors for inflammatory diseases and in doing so discovered 

novel regulators of inflammation. One notable gene identified by GWAS encodes for 

Immunity Related GTPase family M (IRGM). Polymorphisms within the IRGM gene 

have been linked to increased susceptibility for Crohn’s disease and higher mortality 

rates amongst sepsis patients (242, 244). While these studies linked the IRGM gene to 

disease, the cellular activity by which IRGM suppresses inflammation during infection 

remains elusive.  

The complexity of inflammatory diseases requires the use of animal models to 

dissect the function of individual regulatory genes. Accordingly, to better understand 

the role of IRGM in inflammation, much work focused on its murine homologs: IRGM1, 

IRGM2, and IRGM3. Early studies proposed these proteins control inflammation by 

promoting cell-autonomous pathogen killing mechanisms, but more recent work 
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demonstrated that IRGMs may directly limit inflammatory cytokine production (18, 62, 

240, 276). One study found that loss of IRGM1 expression leads to an increase in TLR4-

mediated cytokine expression (18). While this study was limited as it focused primarily 

on IRGM1 and assessed a small number TLR4-associated cytokines, it identified IRGMs 

as potential regulators of LPS-triggered inflammation.  

In this study, we systematically assessed how loss of individual IRGMs impacts a 

panel of cytokines during endotoxemia. As expected, we saw an increase in serum TNF 

in the absence of IRGM1, indicative of increased TLR4 activity (18). While loss of IRGM3 

did not appear to impact cytokine levels, IRGM2-/- mice exhibited increased serum levels 

of a variety of cytokines. Of note, we observed significant increases in serum IL-1α and 

IL-1β, revealing a potential role for IRGM2 in regulating the activity of the cytosolic LPS 

sensor caspase-11. We went on to show that IRGM2-/-  mice are more susceptible to LPS-

induced shock, and that this increased sensitivity is dependent on caspase-11. 

Furthermore, we observed increased caspase-11-dependent inflammasome activation in 

IRGM2-/- macrophages exposed to LPS, Escherichia coli, or E. coli-derived outer membrane 

vesicles (OMVs). Together, these findings identify IRGM2 as a negative regulator of 

caspase-11 activation and thus reveal a novel role for IRGMs in promoting immune 

homeostasis.  
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6.2 Results 

6.2.1 Murine IRGM proteins shape immune response to LPS 

Previous studies found that mice lacking IRGM1 are more susceptible to LPS 

challenge(18). These studies also showed that IRGM1-/- mice display increased secretion 

of TNF in response to LPS injection(18). We wanted to determine if the other murine 

IRGM paralogs similarly regulate the LPS-induced immune responses. IRGM1-/- and 

IRGM3-/- mice were previously described. In order to assess the role of IRGM2, our 

laboratory generated an IRGM2-/- mouse. Consistent with loss of IRGM2 expression, we 

were unable to detect IRGM2 protein in bone marrow-derived macrophages (BMDMs) 

derived from this mouse line (Figure 21). To profile the role of the IRGM proteins in the 

response to LPS, we injected wildtype, IRGM1-/-, IRGM2-/-, and IRGM3-/- mice with LPS at 

a concentration of 8 mg/kg bodyweight and collected serum at 4 h post-injection. Serum 

was analyzed using a Luminex cytokine assay panel. Relative to wildtype mice, 

increased concentrations of a variety of cytokines were evident in LPS-challenged 

IRGM1-/- and IRGM2-/- mice, but not IRGM3-/- mice (Figure 22, Figure  23A). IRGM1-/- 

mice, but not IRGM2-/- mice¸ displayed enhanced TNF production following LPS 

challenge. This is consistent with the previously reported role for IRGM1 in regulating 

TLR4 activity (18). Notably, IRGM2-/- mice exhibited increased serum levels of IL-1α and 

IL-1β, indicating a potential function of IRGM2 in regulating inflammasome activation 

in vivo. To confirm these results and to assess the role of IRGM2 in regulating  



 

111 

 
Figure 21. Immunoblot confirmation of IRGM2-/- mice 

Wildtype and IRGM2-/- BMDMs were primed overnight with IFNγ or left 
unprimed. IRGM1, IRGM2, GBP2 and actin protein levels in total cell lysates were 

visualized via immunoblotting. Experiment performed by Sarah Luoma. 
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Figure 22 Serum cytokine levels in wildtype, IRGM1-/-, IRGM2-/-, and IRGM3-/- 

following LPS challenge 
Wildtype, IRGM1-/-, IRGM2-/-, and IRGM3-/- were injected i.p. with LPS at a dose 

of 8 mg/kg bodyweight in PBS and 4 hours post injection (hpi) serum cytokine levels 
assayed via Luminex multiplex array. Each symbol represents an individual mouse. 
Significance was measured via one-way ANOVA. Significance was defined as ***P < 

0.001; **P < 0.01; *P < 0.05. 
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Figure 23 Murine IRGM1 and IRGM2 differentially shape immune response 

to LPS 
Wildtype, IRGM1-/-, IRGM2-/-, and IRGM3-/- were injected i.p. with LPS at a dose 

of 8 mg/kg bodyweight in PBS and 4 hpi serum cytokine levels assayed via Luminex 
multiplex array. (A) Data represents mean cytokine concentration for indicated mouse 
line divided by mean cytokine concentration for wildtype mice. Statistical significance 

shown is relative wildtype (n = 4 mice per genotype) for absolute cytokine 
concentrations (see Figure 22). Significance was measured via one-way ANOVA. 

Wildtype, IRGM1-/-, IRGM2-/-, and casp1-/- casp11-/- mice were injected i.p. with LPS at a 
dose of 8 mg/kg bodyweight in PBS and 4 hpi serum cytokine levels assayed via ELISA. 

(B) Each symbol represents an individual mouse. Significance was measured via one-
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way ANOVA. (C) Wildtype, and IRGM2-/- mice were injected i.p. with LPS at a dose of 2 
mg/kg bodyweight and monitored for morbidity and mortality every 3 h for 48 h. 

Significance was measured via log rank test. Significance was defined as ***P < 0.001; **P 
< 0.01; *P < 0.05. Panels A and B performed in collaboration with Arun Haldar, panel C 

with Anthony Piro. 
 

inflammasome-dependent cytokine production, we injected wildtype, IRGM1-/-, IRGM2-/- 

and casp1-/- casp11-/- mice with LPS and assayed serum IL-1β, IL-18, and TNF 

concentrations via ELISA (Figure 23B). LPS-injected IRGM2-/- mice had higher serum 

concentrations of IL-1β, and IL-18, but not TNF. As expected, casp1-/- casp11-/- mice did not 

produce IL-1β, and IL-18 in response to LPS. Together these results support a role for 

IRGM2 in regulating LPS-induced inflammasome activation in vivo. 

Because cytosolic sensing of LPS by Casp11 promotes endotoxemia, we 

hypothesized that loss of IRGM2 increases susceptibility to LPS challenge(190, 191). To 

test our hypothesis, wildtype and IRGM2-/- mice were injected with LPS at a 

concentration of 2 mg/kg bodyweight and monitored every 3 h over a 48 h period. As 

predicted, IRGM2-/- mice displayed decreased survival rates relative wildtype mice 

(Figure 23C). These data support a model wherein IRGM2 prevents excessive pro-

inflammatory cytokine production thereby protecting mice during LPS challenge.   

6.2.2 IRGM2 suppresses LPS-induced cell death and interleukin 
secretion in macrophages 

To define the mechanism by which IRGM2 regulates cytokine production, we 

first wanted to determine if IRGM2 acts in a cell-autonomous manner. We treated 
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wildtype, IRGM2-/- and casp1-/- casp11-/- BMDMs with varying doses of LPS for 24 h and 

assessed supernatant IL-1β, IL-18, and TNF concentrations (Figure 24A). When exposed 

to higher doses of LPS, IRGM2-/- BMDMs secreted increased amounts of IL-1β and IL-18. 

Supernatant TNF levels were comparable across genotypes regardless of LPS dose. 

While IL-1β secretion is dependent on proteolytic processing downstream of 

inflammasome activation, expression of IL-1β mRNA is up regulated by TLR4-

dependent LPS sensing (277, 278). To determine if enhanced IL-1β secretion by IRGM2-/- 

BMDMs is the result of increased IL-1β expression in IRGM-deficient cells, we 

monitored cytokine mRNA expression   via qPCR. We found that not only TNF but also 

IL-1β mRNA levels were comparable in LPS-treated wildtype and IRGM2-/- BMDMs 

(Figure 25). These data support a role for IRGM2 in regulating interleukin processing, 

and not expression.  

 Alongside IL-1β/IL-18 processing, pyroptotic cell death is a hallmark of 

inflammasome activation (132). Wildtype, IRGM2-/- and casp1-/- casp11-/- BMDMs were 

treated with LPS and cell death was assessed as a factor of lactate dehydrogenase (LDH) 

release (Figure 24B) and propidium iodide (PI) uptake (Figure 24C). Increased cell death 

was evident in IRGM2-/- relative to wildtype BMDMs. We detected robust cell death and 

accordingly genotype-dependent differences in cell death at 16 h post-treatment, but not 

at earlier time points examined. Because the auxiliary Casp11 regulators guanylate-

binding proteins(GBPs) as well as Casp11 itself are IFN-inducible proteins, we  
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Figure 24. Loss of IRGM2 expression leads to increased cell death and 
interleukin secretion in cultured macrophages 

(A) Wildtype, IRGM2-/-, and casp1-/- casp11-/- BMDMs were treated with LPS at the 
indicated doses for 24 h and supernatant IL-1β, IL-18, and TNF levels measured via 

ELISA. Wildtype, IRGM2-/-, and casp1-/- casp11-/- BMDMs were treated with LPS (1 µg/ml) 
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and cell death measured at indicated times as a function of (B) LDH release or (C) 
propidium iodide uptake. Wildtype, IRGM2-/-, and casp1-/- casp11-/- BMDMs were primed 
overnight with IFNγ or left unprimed. BMDMs were subsequently treated with LPS (1 
µg/ml) and cell death was measured at indicated times as a function of (D) LDH release 

or (E) propidium iodide uptake. Data shown are means ± SEM of three experiments. 
Significance is relative wildtype cells of the same experimental condition and was 

measured via two-way ANOVA.  Significance was defined as ***P < 0.001; **P < 0.01; *P 
< 0.05. 

 

 

 

Figure 25. Loss of IRGM2 does not impact IL-1β or TNF mRNA levels 
Wildtype, and IRGM2-/- were treated with LPS (1 µg/ml) for 8 h and mRNA levels 

measured via qPCR. mRNA levels are relative to untreated wildtype cells. Data shown 
are means ± SEM of three experiments. Significance was measured via two-way 

ANOVA. N.S = p > 0.05. 
 



 

118 

hypothesized that IFNγ priming would promote a more rapid response to LPS (279). As 

predicted, IFNγ priming led to significantly elevated cell death in IRGM2-/- relative to 

wildtype BMDMs as early as 6-8 h post LPS treatment(Figure 24D,E). Together, these 

results identify IRGM2 as a novel suppressor of LPS-induced inflammasome activity 

and associated cell death. 

 

6.2.3 IRGM2 regulates TLR4-independent immune response to LPS 

Because interleukin mRNA expression was unchanged in IRGM2-/- BMDMs, we 

hypothesized that IRGM2 regulates inflammation independent of TLR4 signaling. To 

test this hypothesis further, we generated IRGM2-/- TLR4-/- mice and assessed responses 

to LPS. In the absence of a priming signal both the NLRP3 and caspase-11 

inflammasome pathways are unresponsive (280). LPS can prime the inflammasome, but 

does so in a TLR4-dependent manner. Therefore, we measured cell death (Figure 26A) 

and IL-18 production (Figure 26B) in IFNγ-primed wildtype, IRGM2-/-, TLR4-/- , and 

IRGM2-/- TLR4-/- BMDMs following LPS exposure. While loss of TLR4 resulted in reduced 

cell death and IL-18 secretion, IRGM2-/- TLR4-/- cells were more responsive than those 

solely deficient for TLR4. Thus, IRGM2 expression can suppress the pro-inflammatory 

response to LPS in a TLR4-independent manner. We next wanted to assess the role of 

TLR4 in the IRGM2-regulated response in vivo. Wildtype, IRGM2-/-, TLR4-/-, and IRGM2-/- 

TLR4-/- mice were first injected with poly(I:C) to prime inflammasome responsiveness.  
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Figure 26. IRGM2 suppresses LPS-induced TLR4-independent immune 
response 

IFNγ primed or unprimed wildtype, IRGM2-/-, TLR4-/-, and IRGM2-/- TLR4-/- 
BMDMs were treated with LPS. (A) Cell death was measured via LDH release assay 8 
hpt. (B) Supernatant IL-18 concentration was measured via ELISA 24 hpt. Data shown 

are means ± SEM of three experiments. Significance is relative wildtype cells of the 
same experimental condition and was measured via two-way ANOVA. (C) Wildtype, 
IRGM2-/-, TLR4-/-, and IRGM2-/- TLR4-/- were injected i.p. with poly(I:C) at a dose of 2 

mg/kg bodyweight. 6 h post initial injection mice were injected with LPS at a dose of 20 
mg/kg bodyweight and monitored for morbidity and mortality every 3 h for 48 h. Wildtype 
v  TLR4-/- p = 0.0169. IRGM2-/- v IRGM2-/- TLR4-/- p = 0.2350. Significance was measured 

via log rank test. Significance was defined as ***P < 0.001; **P < 0.01; *P < 0.05. Data 
for panel C obtained in collaboration with Anthony Piro. 
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At 6 h post-poly(I:C) injection, the mice were injected with LPS. While loss of TLR4 

expression was protective in wildtype mice, there was no significant difference in the 

response to LPS between IRGM2-/- and IRGM2-/- TLR4-/- mice (Figure 26C). These data 

confirm our in cellula observations and demonstrate that IRGM2 can regulate 

inflammation independent of TLR4 in vivo.   

6.2.4 LPS-induced inflammasome activation is enhanced in IRGM2-/- 
cells 

To determine if IRGM2 regulates inflammasome activation we assessed ASC 

speck formation and caspase-1 proteolytic processing. Inflammasomes consist of three 

major components: the cysteine-protease caspase-1, an adapter protein Apoptosis-

associated Speck-like protein containing a CARD(ASC), and a PRR that acts as a sensor. 

Upon stimulation of the PRR, these components oligomerize to form a single large 

bioactive protein complex (132, 182). In cell culture, inflammasome activation can be 

assessed by monitoring formation of this complex via fluorescence microscopy. Cells 

with an active inflammasome complex can be identified via immunofluorescence due to 

characteristic ASC foci. Wildtype, and IRGM2-/- BMDMs were treated with LPS and ASC 

puncta/cell were quantitated. Consistent with our predictions, loss of IRGM2 enhanced 

LPS-induced ASC speck formation (Figure 27A). Full-length monomeric caspase-1 is 

proteolytically inactive, but once recruited to an inflammasome complex it is cleaved 

into an enzymatically active form. To assess inflammasome activation in IRGM2-/- 

BMDMs we examined caspase-1 cleavage via immunoblot. Processed caspase-1 was  
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Figure 27 IRGM2-/- BMDMs exhibit enhanced LPS-induced inflammasome 
activation 
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(A) Wildtype, IRGM2-/-, casp1-/- casp11-/-, and IRGM2-/- casp1-/- casp11-/- BMDMs 
were treated with LPS (5 µg/ml) and ASC puncta formation assessed 4 hpt via 

immunofluorescence. Percent ASC-positive cells was determined as a function of # of 
puncta/total number of cells * 100. (B) Wildtype, IRGM2-/-, casp1-/- casp11-/-, and IRGM2-

/- casp1-/- casp11-/- BMDMs were treated with LPS (1 µg/ml) for 24 h. Protein levels in 
supernatant (Casp1 p20) and whole cell lysate (Casp1 and actin) visualized via 

immunoblot.  Wildtype, IRGM2-/-, casp1-/- casp11-/-, and IRGM2-/- casp1-/- casp11-/- 
BMDMs were treated with LPS (1 µg/ml). (C) Supernatant IL-1β, (D) supernatant IL-18 
and (E) cell death were assessed 24 hpt. Data shown (panels A, C, D and E) represent 
mean ± SEM for three experiments. Significance was measured via two-way ANOVA.  

Significance was defined as ***P < 0.001; **P < 0.01; *P < 0.05. Panels A and B 
performed in collaboration with Sarah Luoma. 

 

evident in the supernatants of LPS-treated IRGM2-/- BMDMs (Figure 27B). These 

observations reveal a specific role for IRGM2 in suppressing inflammasome activation.  

To test whether IRGM2-regulated IL-1β/IL-18 processing and cell death is 

inflammasome dependent, we generated an IRGM2-/- casp1-/- casp11-/- mouse line. LPS 

treatment did not induce IL-1β (Figure 27C) or IL-18 (Figure 27D) secretion in IRGM2-/- 

casp1-/- casp11-/- and casp1-/- casp11-/- BMDMs. Furthermore, LPS induced a comparable 

amount of cell death in IRGM2-/- casp1-/- casp11-/- and casp1-/- casp11-/- cells (Figure 27E). 

These data support our model wherein loss of IRGM2 expression leads to increased 

inflammasome-dependent inflammation.  

6.2.5 Caspase-11-dependent immune response is enhanced in 
absence of IRGM2 

LPS is able to directly induce inflammasome activation through binding to 

caspase-11 (147). We hypothesized that IRGM2 is a regulator of non-canonical caspase-

11 inflammasome activity. To determine if IRGM2 suppresses caspase-11 activity, we 

generated IRGM2-/- casp11-/- mice. As predicted, LPS did not induce ASC speck formation 
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in IRGM2-/- casp11-/- BMDMs (Figure 28A). Furthermore, LPS-induced cell death (Figure 

28B) and IL-1β/IL-18 secretion (Figure 28C/D) were comparable between IRGM2-/- casp11-

/- and casp11-/- BMDMs. We next examined whether the caspase-11 inflammasome was 

necessary for the increased sensitivity to LPS exhibited by IRGM2-/- mice. Wildtype, 

IRGM2-/-, casp11-/- and IRGM2-/- casp11-/- mice were injected with 8 mg/kg bodyweight LPS 

and monitored for 48 h (Figure 28E). Loss of caspase-11 was protective regardless of 

IRGM2 expression.  Furthermore, we observed casp11-/- and IRGM2-/- casp11-/- mice 

respond comparably to LPS challenge. Together, these data show IRGM2 protects 

against LPS-induced inflammation by suppressing caspase-11 inflammasome activity.  

6.2.6 IRGM2 regulates caspase-11 activity in a GBP-independent 
manner 

Previous work by our lab and others identified a role for GBPs in promoting 

caspase-11 activity (153, 155). In the absence of GBP expression, BMDMs are less 

responsive to cytoplasmic LPS (153). Furthermore, mice lacking the chromosome 3-

encoded GBPs (GBPchr3) show greater survival in a poly(I:C) primed model of LPS-

induced sepsis(281). Previous studies have identified IRGM proteins as regulators of 

GBP localization and function (159, 282). Therefore, we hypothesized that loss of IRGM2 

could lead to enhanced caspase-11 activity due to dysregulation of GBPchr3 function. For 

this model to be true, deletion of IRGM2 should fail to induce enhanced LPS-triggered 

inflammation in GBPchr3-/- mice. In disagreement with this model we found that loss of 

IRGM2 on a GBPchr3-/- background still led to an increase in cell death and IL-1β/IL-18  
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Figure 28. IRGM2 suppresses caspase-11-dependent immune response to LPS 
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(A) Wildtype, IRGM2-/-, casp11-/-, and IRGM2-/- casp11-/- BMDMs were treated with 
LPS (5 µg/ml) and ASC puncta formation assessed 4 hpt via immunofluorescence. 

Percent ASC-positive cells was determined as a function of # of puncta/total number of 
cells * 100. Data represent mean ± SEM for four independent coverslips. In the indicated 

cells, (B) cell death, (C) supernatant IL-1β and (D) supernatant IL-18 was measured 
following 24 h LPS treatment (1 µg/ml). Data shown (panels B-D) represent mean ± SEM 
for three experiments. Significance was measured via two-way ANOVA. (E) Wildtype, 
IRGM2-/-, casp11-/-, and IRGM2-/- casp11-/- mice were injected i.p. with LPS at a dose of 8 

mg/kg bodyweight and monitored for morbidity and mortality every 3 h for 48 h. 
Significance was defined as ***P < 0.001; **P < 0.01; *P < 0.05. Panel A performed in 

collaboration with Sarah Luoma.  
 

secretion (Figure 29A). Similarly, IRGM2-/- GBPchr3-/- mice were considerably more 

susceptible than GBPchr3-/- mice to LPS challenge(Figure 29B). GBPchr3-/-IRGM2-/- mice were 

more protected relative IRGM2-/- mice, an expected result considering that GBPs promote 

Casp11-mediated sepsis. Overall these data are consistent with our cell culture results 

and support a model wherein IRGM2 can suppress caspase-11 activity in a GBP-

independent manner.  

6.2.7 Macrophage response to cytosolic LPS is IRGM2-independent 

While caspase-11 is known to sense cytosolic LPS, our previous experiments 

examined the response to extracellular LPS (190, 191). To test whether IRGM2 regulates 

sensing of cytosolic LPS, we transfected wildtype, IRGM2-/-, casp11-/- and IRGM2-/- casp11-/- 

BMDMs with LPS and measured cell death via LDH assay. We observed similar levels 

of cell death in wildtype and IRGM2-/- BMDMs (Figure 30A). As expected, transfected 

LPS did not induce cell death in cells deficient for caspase-11. To further confirm these  
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Figure 29. IRGM2 suppresses caspase-11 activity independent of chromosome 
3 GBPs 

Cells of indicated genotypes were treated with 1 µg/ml LPS. (A) Cell death, (B) 
supernatant IL-1β and (C) supernatant IL-18 were measured 24 hpt. Data shown (panels 
A-C) represent mean ± SEM for three experiments. Significance was measured via two-

way ANOVA. Wildtype, IRGM2-/-, GBPchr3-/-, and IRGM2-/- GBPchr3-/- mice were injected i.p. 
with LPS at a dose of 2 mg/kg bodyweight and monitored for morbidity and mortality 
every 3 h for 48 h. Significance was defined as ***P < 0.001; **P < 0.01; *P < 0.05. Data for 

panel B obtained in collaboration with Anthony Piro. 
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Figure 30. IRGM2 does not regulate cell death in response to cytosolic LPS 
Wildtype, IRGM2-/-, casp11-/-, and IRGM2-/- casp11-/- BMDMs were primed 

overnight with IFNγ and then LPS delivered to cytosol via (A) lipid transfection or (B) L. 
monocytogenes infection. Cell death was measured via LDH assay 4 h post LPS delivery. 
Data shown represent mean ± SEM for three experiments. Significance was measured 
via two-way ANOVA. Significance was defined as ***P < 0.001; **P < 0.01; *P < 0.05. 
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findings, we assessed cell death following delivery of LPS to the cytosol via Listeria 

monocytogenes infection. Following internalization, L. monocytogenes secretes the toxin 

listeriolysin O (LLO) which disrupts the vacuolar membrane and facilitates bacterial 

escape into the cytosol. When added to cells alongside L. monocytogenes infection, LPS 

leaks into the cytosol from disrupted vacuoles. Even at low concentrations of LPS, cell 

death was equivalent between wildtype and IRGM2-/- BMDMs (Figure 30B). Together 

these data suggest that IRGM2 does not regulate activation of caspase-11 when LPS is 

introduced directly to the cytosol.  

6.2.8 IRGM2 controls Escherichia coli- and OMV-induced caspase-11 
activation 

We wanted to determine if IRGM2 could regulate the immune response to 

bacterial infection. We have previously observed that nonpathogenic E. coli K12 can 

induce robust caspase-11 activation in cultured macrophages (281). Wildtype, IRGM2-/-, 

Casp11-/- and IRGM2-/- Casp11-/- BMDMs were infected with E. coli at varying MOIs and 

cell death was assessed (Figure 31A). IRGM2-/- BMDMs were more susceptible to E. coli 

induced cell death than wildtype cells. This response was dependent on caspase-11. 

Consistent with this data, we also observed increased IL-1β and IL-18 secretion from 

IRGM2-/- cells following E. coli infection (Figure 31B). A recent study proposed that outer 

membrane vesicles (OMVs) naturally released from E. coli are responsible for the 

bacteria’s propensity to induce caspase-11 activation (19). Therefore, we wanted to know 

if IRGM2 could regulate the response to OMVs. We treated wildtype, IRGM2-/-, casp11-/-  
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Figure 31. IRGM2-/- BMDMs exhibit increased cell death and interleukin 
secretion in response to E. coli K12 infection and E. coli-derived OMVs 
Wildtype, IRGM2-/-, casp11-/-, and IRGM2-/- casp11-/- BMDMs were infected with E. 

coli at indicated MOIs and (A) cell death and (B) IL-1β/IL-18 secretion measured 24 hpi. 
Wildtype, IRGM2-/-, casp11-/-, and IRGM2-/- casp11-/- BMDMs were treated with OMVs at 
indicated concentrations. (C) Cell death and (D) supernatant IL-1β/IL-18 secretion were 
measured 24 hpt. Data shown represent mean ± SEM for three experiments. Significance 
was measured via two-way ANOVA. Significance was defined as ***P < 0.001; **P < 0.01; 

*P < 0.05. 
 



 

130 

and IRGM2-/- casp11-/- BMDMs with E. coli derived OMVs and measured cell death 

(Figure 31C) as well as IL-1β/IL-18 secretion  (Figure 31D). As with infection, loss of 

IRGM2 expression resulted in hypersusceptibility to OMVs in a caspase-11-dependent 

manner. Together, these data identify IRGM2 as a mediator of the immune response to 

nonpathogenic E. coli and OMVs. 

6.3 Discussion 

Infection induced disease is often a consequence of host-mediated 

inflammation(2). Here we sought to further define mechanisms responsible for 

regulating and minimizing inflammation. Previous studies linked single nucleotide 

polymorphisms associated with expression of the human IRGM with autoinflammatory 

diseases, but the role of IRGM during infection-induced inflammation remains poorly 

understood (244, 246). In order to elucidate the function of human IRGM, our work has 

focused on its three murine homologs. Using a cytokine array, we first characterized the 

inflammatory role of the murine IRGMs during endotoxemia. These data revealed a 

novel role for IRGM2 in suppressing cytokine production in response to LPS. We went 

on to show that IRGM2-/- mice and BMDMs are hyper-responsive to LPS in a caspase-11 

dependent manner. Finally, we demonstrate that when LPS is delivered directly to the 

cytosol this increased responsiveness is lost. Together, these results reveal a previously 

unknown link between IRGMs and caspase-11 and a potential novel mechanism for 

regulation of caspase-11 activity, i.e. minimization of cytosolic LPS.  



 

131 

While caspase-11 is known to sense LPS in the cytosol, it’s unclear how LPS 

becomes available to the sensor (190, 191). The majority of LPS is internalized via 

receptor-mediated endocytosis or macropinocytosis and then trafficked to the lysosomal 

compartment for detoxification (283, 284). How free LPS exits these membrane-bound 

compartments has remained mostly unstudied owing in part to the observation that 

when wildtype cells are exposed to LPS there is little caspase-11 activation. Here, we 

demonstrated that in the absence of IRGM2, extracellular LPS can potently activate the 

inflammasome. We propose a model wherein loss of IRGM2 leads to increased cytosolic 

exposure of LPS. Consistent with this, IRGM2 deficient macrophages do not display 

increased sensitivity to transfected or co-delivered LPS. Thus it is unlikely that IRGM2 

directly regulates sensitivity of caspase-11 to LPS or downstream activity of the 

pathway.  

There are a variety of nodes in the LPS uptake/processing pathway where 

IRGM2 could act to ultimately suppress aberrant LPS localization, e.g. i) detoxification, 

ii) internalization, and iii) containment. i) It’s unlikely that decreased lysosomal 

detoxification of LPS explains our observations. While deacylation of LPS does block its 

ability to activate caspase-11, acyloxyacyl hydrolase (AOAH) activity has been reported 

to inactivate only 25% of LPS over a 12 h period (285). Thus, we would predict even 

complete loss of AOAH to only have a minor effect on caspase-11 activation under the 

conditions used in this study. ii) While IRGM2 has never been associated with 
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internalization pathways, a previous study linked IRGM1 expression to internalization 

of oxidized low density lipoprotein (oxLDL) (286). That study reported IRGM1 

promotes oxLDL uptake via CD36 by regulating F-actin polymerization. IRGM2 could 

play an opposing role and minimize lipid internalization or if, like IRGM1, IRGM2 

regulates actin polymerization, loss of IRGM2 could lead to increased macropinocytosis 

promoting bulk nonspecific uptake of extracellular LPS. iii) Alternatively, IRGM2 may 

prevent endosomal release of LPS. Thus far, no controlled mechanism of LPS release into 

the cytosol has been identified. While it’s possible a transporter or pore exists, it has 

been proposed that antigen release is a passive process resulting from membrane 

destabilization (287, 288). IRGM2 could minimize membrane damage, e.g. by blocking 

reactive oxygen species production. Alternatively, IRGM2 could promote repair of 

damaged LPS-containing endosomes or containment of these endosomes via 

macroautophagy (289, 290). Additional studies are necessary to define if and how 

IRGM2 regulates each of these processes.    

While our results reveal a novel function of IRGM2, it is unclear whether this is 

shared with human IRGM. Human IRGM shares large sequence similarity with the three 

murine IRGMs, but is significantly truncated at the c-terminus (167). How this impacts 

the function of IRGM isn’t apparent. The c-terminal portion of IRGM1 is essential for 

membrane association, specifically with the Golgi apparatus and mitochondria(291). 

Still, both Golgi and mitochondrial targeting have been reported for human IRGM 
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suggesting it may have evolved a different localization motif (292, 293). Like human 

IRGM and IRGM1, IRGM2 is also known to associate with the Golgi apparatus (294). 

This shared localization pattern suggests potential for conserved function. Future 

studies using human macrophages are essential to identify how loss of IRGM impacts 

the response to LPS.   

Subsequent studies will define the specific function of IRGM2 in suppressing 

caspase-11 activity. These studies will expand our mechanistic understanding of how 

LPS arrives in the host cell cytosol. This understanding will allow us to identify 

additional regulatory proteins and potential avenues for therapeutic intervention. Thus, 

our work here represents a foundation upon which future studies into caspase-11 can 

build. 

6.4 Materials and methods 

6.4.1 Mice and cell culture 

Wildtype (C57/BL6J) mice were originally purchased from Jackson Laboratories. 

IRGM1-/-, IRGM3-/-, casp1-/- casp11-/-, casp11-/-, TLR4-/- and GBPchr3-/- mice were previously 

described (157, 182, 209, 295-297). IRGM2-/- mice were generated by our lab (described in 

6.4.2). IRGM2-/- casp1-/- casp11-/-, IRGM2-/- casp11-/-, IRGM2-/- GBPchr3-/- and IRGM2-/- TLR4-/- 

mice were generated through crossing aforementioned mouse lines. Animal protocols 

were approved by the Institutional Animal Care and Use Committees at Duke 

University. BMDMs were derived from mouse femur and/or tibia bone marrow as 
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previously described (see section 4.4.1). BMDMs were cultured in RPMI 1640, 20% FBS, 

2-mercaptoethanol, and 14-20% conditioned media unless noted otherwise.   

6.4.2 Generation of IRGM2-/- mice 

To generate an IRGM2 targeting vector, we inserted a loxP site together with a 

neo marker (floxneo) flanked by two flippase recognition target sites (frt) before the ATG 

of IRGM2 and a loxP site after the stop codon of IRGM2 using backbone vector pEZ-Frt-

lox-DT (Addgene plasmid #11736; gift from Klaus Rajewsky). We placed this cassette 

between 5’ and 3’ arms of homology flanking the IRGM2 gene. We then transfected the 

IRGM2 targeting construct into PRX-B6N ES cells (Primogenix) that are derived from 

C57BL/6N mice. Properly targeted ES cell clones were identified by PCR screening, 

confirmed by Southern blotting and used for blastocyst injection. The resulting chimeras 

were crossed with C57BL/6J mice and germline transmission of targeted ES clones was 

obtained. We performed Southern blot analysis to confirm the proper targeting in F2 

mice that were either heterozygous or homozygous for the inserted IRGM2floxneo allele. 

These mice were crossed with a germline flippase-expressing strain B6(C3)-Tg(Pgk1-

FLPo)10Sykr/J to remove the neomycin cassette (298). Offspring from this cross harbored 

an IRGM2 allele (Irgm2flox) that is flanked by two lox sites and can be deleted using Cre 

recombinase. IRGM2flox mice were crossed with the germline-expressing Cre strain 

B6.FVB-Tg(EIIa-cre)C5379Lmgd/J to generate IRGM2-/- mice (299).  
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6.4.3 LPS treatment and cytosolic delivery of LPS 

For all cell culture experiments, ultra-pure LPS from Salmonella Minnesota R595 

(List Biologicals) was used. LPS treatment experiments were performed by simply 

mixing LPS with cell culture media and adding to cells for indicated amounts of time. 

For cytosolic delivery, LPS (1.5 µg/ml) was transfected to the cytosol of IFNγ BMDMs 

using either DOTAP liposomal transfection reagent (Sigma-Aldrich) or Lipofectamine 

LTX (Invitrogen). 4 h post-transfection cell death was assessed. For co-delivery of LPS to 

the cytosol, L. monocytogenes was grown overnight on a slant at 30 ˚C in Brain Heart 

Infusion (BHI) broth. Bacteria was pelleted and resuspended in PBS. Following 

resuspension, bacteria was diluted to an MOI of 10 in optiMEM (Gibco). LPS was added 

to solution at indicated concentrations. Mixture was added to IFNγ   primed cells and 

plates were centrifuged at 200 x g for 10 min. 1 h post treatment gentamicin was added 

to a final concentration of 15 µg/ml. Cell death was assayed 3 h post-gentamicin 

addition.  

6.4.4 E. coli culture, infection procedures, OMV isolation, and 
treatment 

For infections, E. coli K-12 BW25113 was utilized (238). Bacteria was grown 

overnight at 37 ˚C in in Luria Bertani broth (LB) and then diluted in cell culture medium. 

Diluted bacteria was added to wells and plates centrifuged at 700 x g for 10 min. 1 h 

post-infection gentamicin was added to a final concentration of 100 µg/ml. Cell death 

and cytokine levels were measured 24 h post-infection. E. coli OMVs were isolated as 
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previously detailed(see section 4.4.2). For treatments, OMVs were diluted to indicated 

concentrations, added to cells and plates centrifuged at 700 x g for 10 min. BMDM 

immune response was assessed 24 h post treatment.  

6.4.5 Cytotoxicity assays and cytokine measurements 

For cell culture experiments, cytotoxicity was measured via LDH release or 

propidium iodide (PI) uptake. LDH release was measured using the CytoTox One 

homogenous membrane integrity assay (Promega) per manufacturer’s instructions. Cell 

death was calculated as follows: (sample – untreated control) / (lysed control – untreated 

control) * 100. For E. coli and OMV experiments cell death was calculated as a function of 

cell viability using the CellTiter-Glo Luminescent Cell Viability Assay (Promega). For PI 

uptake experiments, cells were treated with LPS (1 µg/ml) in OptiMEM containing 6 

µg/ml PI and fluorescence measured at indicated times. Relative fluorescence was 

calculated by subtracting fluorescence at 0 h post-treatment. For experiments measuring 

cytokine secretion, supernatants were collected at indicated time points and assessed via 

enzyme-linked immunosorbent assay (ELISA). The following ELISA kits were used: IL-

1β (eBioscience), IL-18 (eBioscience), and TNF (Biolegend). As appropriate, fluorescence 

or absorbance was measured via Enspire 2300 (PerkinElmer) Multilabel Reader. 

6.4.6 RNA isolation and quantitative PCR 

For qPCR experiments, BMDMs were treated with 1 µg/ml LPS for 8 h. RNA was 

isolated using the RNeasy mini kit (QIAGEN) per manufacturer’s instructions. Reverse 
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transcription was accomplished using the iScript cDNA synthesis kit (Bio-Rad 

Laboratories). Quantitative PCR was performed using PerfeCTa SYBR green FastMix 

(Quanta BioSciences) on a 7500 Fast Real-Time PCR system (Applied Biosystems). The 

following primers were used: mGAPDH F, 5′-GGTCCTCAGTGTAGCCCAAG-3′;

 mGAPDH R, 5′-AATGTGTCCGTCGTGGATCT-3′; mIL-1β F, 5’-

GCAACTGTTCCTGAACTCAACT-3’; mIL-1β R, 5’-

ATCTTTTGGGGTCCGTCAACT-3’;  mTNF F, 5’-

CATCTTCTCAAAATTCGAGTGACAA-3’; mTNF R, 5’-

TGGGAGTAGACAAGGTACAACCC-3’; 

6.4.7 Immunocytochemistry and analysis 

For ASC-puncta experiments BMDMs were primed overnight with IFNγ and 

then treated with LPS (5 µg/ml) for 4 h. Cells were fixed in ice-cold methanol for 5 

minutes at RT. Following fixation cells were blocked in 5% BSA in PBS for 30 min and 

stained overnight at 4 ˚C with rabbit anti-ASC antibody (AG-25B-0006, AdipoGen). Cells 

were washed thrice for 5 min with PBS containing 0.1% saponin and 5% BSA and 

stained at RT for 1 h with anti-rabbit Alexa Fluor 568-conjugated secondary antibody 

(Invitrogen) and Hoescht. Percent ASC-positive cells was determined as a function of # 

of puncta/total number of cells * 100. 
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6.4.8 Immunoblotting 

For visualizing IRGM1, IRGM2, and GBP2, cells were first treated with overnight 

with IFNγ  (100 U/ml) or left untreated. Following treatment, whole-cell lysates were 

harvested in RIPA Lysis Buffer (Sigma-Aldrich). For visualizing caspase-1, cells were 

treated with LPS (1 µg/ml) for 24 h in optiMEM. Supernatants were collected and 

concentrated via trichloroacetic acid (TCA) precipitation as previously described. Cell 

lysates were harvested in RIPA Lysis Buffer. Samples were loaded on 4-20% gradient 

SDS/PAGE gel and transferred to nitrocellulose (IRGM1, IRGM2, GBP2) or PVDF 

(caspase-1). Blots were blocked in tris-buffered saline-0.1% Tween 20 (TBST) with 5% 

BSA and incubated overnight at 4 ˚C with primary antibody. Blots were then washed 3x 

with TBST and incubated with appropriate HRP-conjugated secondary antibodies for 1 

h at RT. Proteins were visualized on film. The following antibodies were used: rabbit-

anti-GBP2 (159) (1:1000), rabbit anti-Caspase-1 (AG-20B-0042, AdipoGen, 1:1000), mouse 

anti-β-actin (A2228, Sigma-Aldrich, 1:1000).  Polyclonal rabbit anti-IRGM2 antibody 

(Sigma-Aldrich) was generated against the peptide KEAVESPEVKEFEYFS and used at 

1∶500.  

6.4.9 In vivo challenges 

For in vivo experiments E. coli O111:B4 LPS (L3024, Sigma) was used. To assess 

serum cytokine levels, mice were injected intraperitoneally (i.p.) with LPS at a dose of 8 

mg/kg body weight. Serum was obtained 4 h post-injection. Cytokine levels were 
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assessed either via ELISA or Luminex Multiplex Assay (Invitrogen Mouse 20-plex). 

Luminex assay was performed in the Immunology Unit of the Regional Biocontainment 

Laboratory at Duke, which received partial support for construction from the National 

Institutes of Health, National Institute of Allergy and Infectious Diseases (UC6-

AI058607). For studies of endotoxemia, mice were monitored every 3 h for 36-48 h 

following initial injections. Mice were euthanized if considered moribund or if they 

dropped below 80% starting weight.  

6.4.10 Statistical analysis 

Unless otherwise noted in figure legend, comparisons were made via two-way 

ANOVA. Data analysis was performed using GraphPad Prism 6.0 software. Significance 

was defined as ***P < 0.001; **P < 0.01; *P < 0.05
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7. Conclusions 
In the following sections, I summarize the conclusions of the previous the 

chapters and discuss the mechanisms by which the GBPs and IRGM2 may regulate 

inflammasome activity. I also propose approaches to further validate and characterize 

these mechanisms. Lastly, I offer some brief concluding remarks.          

7.1 GBPs as positive regulators of inflammasome activation 

In the first part of this dissertation, I described my work to define the role of the 

guanylate-binding proteins (GBPs) in promoting inflammasome activation. I found that 

GBPs are essential for a rapid and robust inflammasome response to Chlamydia infection. 

This function for the GBPs was independent of PV-lysis, as C. muridarum precludes GBP 

targeting to the inclusion membrane. Consistent with a role for GBPs beyond the host-

PV interface, I observed that OMV-induced inflammasome activation was similarly 

dependent on expression of the chromosome 3 GBPs. This requirement was also true in 

vivo; GBPchr3-/- mice injected with E. coli-derived OMVs exhibited decreased serum 

levels of IL-1β and IL-18. Similarly, GBPchr3-/- mice displayed lower serum 

concentrations of IL-1β/IL-18 when challenged with purified LPS. Together these data 

support a model wherein GBPs regulate either LPS recognition or caspase-11 activation 

downstream of ligand availability.  

The work presented here provides evidence that GBPs can promote caspase-11 

activation independent of pathogen and PV lysis. This is consistent with previous work 



 

141 

from our laboratory that demonstrated a role for GBPs in the response to transfected 

LPS (153). This work has since been independently confirmed by at least two other 

groups (300, 301).  Questions remain surrounding the mechanism(s) by which GBPs are 

able to promote inflammasome activation.  

It is possible that GBPs can promote ligand availability through interactions with 

OMVs. Consistent with this model, we did observe apparent colocalization of GBPs and 

LPS aggregates (Figure 17). Furthermore, another study published soon after our own 

reported robust association of OMVs and GBP1/2/5 (300). Despite these apparent 

interactions, Santos et al demonstrated that loss of the chromosome 3 GBPs does not alter 

the rate at which OMVs access the host cell cytosol or the levels of cytosolic LPS in 

OMV-treated BMDMs (300). Thus, it is improbable that GBPs have a specific function in 

mediating LPS-release from OMVs.  

The most compelling evidence for a role of GBPs downstream of cytosolic 

availability of LPS comes from previous work in our lab associating caspase-11 and 

GBPs. Pilla et al showed that GBPchr3-/- BMDMs exhibited less cell death in response to 

cytoplasmic LPS, implying attenuated inflammasome activation (153). In this study, LPS 

was delivered via different methods, including transfection, co-delivery with L. 

monocytogenes, and co-treatment with cholera toxin B. Regardless of LPS delivery 

method, pyroptosis was muted in GBPchr3-/- BMDM (153). A second study published at 

the same time reported a conflicting result wherein they did not identify a role for GBPs 
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in the response to transfected LPS (155). That said, this study assessed cell death at a 

much later time point (16 hours post treatment). A later study from the same group 

repeated the same experiment as a time course and found that GBPs were essential for a 

rapid caspase-11 response to transfected LPS (300). Together, these studies illustrate 

GBPs as potentiators of caspase-11 activity.  

Consistent with a role for GBPs in promoting a response to cytosolic LPS, I 

observed that GBPchr3-/- mice were protected in a model of poly(I:C) primed LPS-

induced sepsis (Figure 20). While GBPs could have a unique feature in vivo wherein they 

assist in LPS uptake or promote LPS availability, this has yet to be studied. Recently, a 

mechanism for cytosolic delivery of LPS in vivo was detailed (302). This mechanism 

depends on binding of LPS to circulating high mobility group box-1 (HMGB1). HMGB1-

LPS complexes are internalized via the receptor for advanced glycation end-products 

(RAGE) and trafficked to lysosomes. Once in the acidic lysosomal environment, HMGB1 

induces membrane permeabilization thereby allowing LPS leakage into the cytosol. It 

was also shown that HMGB1 is sufficient to induce membrane destabilization when 

incubated with liposomes in silico. Based on these observations, it is likely that in vivo 

LPS reaches the cytosol independent of GBP function. Future experiments could 

leverage HMGB1 to confirm this hypothesis. Wildtype and GBPchr3-/- BMDMs could be 

treated with HMGB1-LPS complexes, and pyroptosis and LPS localization could be 

assessed. Based on our model of GBP function, I predict that we would observe equal 
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levels of cytosolic LPS across genotypes, but decreased cell death in GBPchr3-/- BMDMs. 

Furthermore, rates of RAGE internalization could be compared between wildtype and 

GBPchr3-/- BMDMs to test the possibility that GBPs are required for receptor 

internalization.  

The data described thus far support a role for GBPs in promoting activation of 

caspase-11 by cytosolic LPS, but it is still unclear how GBPs do so. There are two models 

that could explain the activity of GBPs: i) GBPs promote binding of LPS to caspase-11; 

and ii) GBPs promote oligomerization of caspase-11 following LPS binding. It is worth 

noting that these models are not mutually exclusive, and there is evidence in support of 

each.   

The first evidence that GBPs could promote LPS-caspase-11 interactions calls 

back to Pilla et al (153). This study demonstrated that lipid A structure affects the extent 

to which GBPs are necessary to promote caspase-11 activity. Pilla et al observed that 

while the response to Legionella pneumophila LPS was almost completely GBP-dependent, 

the response to E. coli or Salmonella minnesota LPS was only partially GBP-dependent at 

early time points(153). L. pneumophila lipid A has significantly longer fatty acid chains 

relative to the other species (303). Lipid A acylation is known to impact LPS-receptor 

binding (147, 190). Thus, GBPs could enhance binding efficiency of LPS to caspase-11, 

which would both increase the rate of activation for those LPS species with strong 

affinity for caspase-11, and enable caspase-11 activation by atypical, lower affinity 
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species. In further support of this model, one study indirectly observed that the presence 

of GBPs promotes binding of LPS by caspase-11 (300). Cell lysates from wildtype and 

GBPchr3-/- BMDMs were incubated with biotinylated LPS, and caspase-11 levels probed 

following LPS pulldown with streptavidin-coupled beads. The researchers observed a 

mild decrease in caspase-11 associated with LPS in the lysates of GBPchr3-/- BMDMs. 

Future studies will be necessary to validate this model. Biochemical studies assessing 

LPS-caspase-11 binding could reveal whether the presence of GBPs impacts the kinetics 

of interaction. Alternatively, a proximity-ligation assay following LPS transfection could 

be performed to visualize and compare LPS-caspase-11 binding in a cell culture model.  

Rather than or in addition to enhancing LPS binding, GBPs could promote 

oligomerization of caspase-11 complexes. A recent study presents some correlative 

evidence supporting this hypothesis. This study showed that Francisella novicida 

infection elicits a caspase-4-dependent response in human macrophages(301). This was a 

surprising finding as F. novicida LPS is tetra-acylated, and caspase-11 responses are 

limited to penta- or hexa- acylated LPS. This study went on to demonstrate that 

transfection of F. novicida LPS or synthetic tetra-acylated lipid-A leads to robust caspase-

4-dependent pyroptosis and IL-1β production. This response was found to be muted 

when GBP expression was depleted through the use of siRNAs. They also reported that 

GBPs were dispensable for the response to E. coli LPS, although these experiments were 

limited to late time points (20 h post-infection) and do not exclude the possibility that 
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human GBPs can alter the kinetics of caspase-4 activation. It was previously reported 

that tetra-acylated LPS could bind caspase-4, but that binding was insufficient to induce 

caspase-4 oligomerization in silico (147). Thus, the GBPs may act as adapter proteins and 

promote oligomerization following LPS binding. Future studies should examine 

whether the addition of purified GBPs could enable oligomerization of F. novicida LPS 

bound caspase-4 in silico.  

Regardless of the precise mechanism, the studies referenced and my own suggest 

that GBPs are important for promoting caspase-11 activity in response to cytosolic LPS. 

When considered together, the data reveal that GBPs promote more rapid activation of 

caspase-11 and may even enable caspase-11 to respond to more diverse ligands. 

7.2 IRGMs as negative regulators of LPS-induced inflammation 

The work described in the second part of this dissertation focused on 

understanding the role of IRGMs in regulating inflammation. Using cytokine array 

technology, I characterized the response of IRGM1-/-, IRGM2-/- and IRGM3-/- mice to 

endotoxin challenge and found that both IRGM1-/- and IRGM2-/- mice exhibited increased 

serum levels of various cytokines. Consistent with previous studies, IRGM1-/- mice had 

increased levels of TNF, indicative of increased TLR4 activity. Among other cytokines, 

IRGM2-/- mice displayed enhanced production of IL-1α and IL-1β, hallmarks of 

inflammasome activation (132). Expanding these studies to cell culture, I found that 

treatment of IRGM2-/- macrophages with LPS resulted in increased inflammasome 
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activity, as indicated by ASC foci formation and caspase-1 cleavage, and that this 

increased activity was dependent on caspase-11. Finally, I found that IRGM2-/- mice were 

more susceptible to LPS challenge and that this increased sensitivity was dependent on 

expression of caspase-11.  Overall, these data reveal a role for IRGM2 in regulating 

caspase-11 activity.  

This work revealed a novel link between IRGMs and suppression of caspase-11 

activity. Based on this association, I propose two major questions upon which future 

work should build: i) What is the mechanism by which IRGM2 suppresses caspase-11 

activation? ii) Is this function shared with human IRGM? 

I showed that IRGM2 specifically regulates the response to extracellular and not 

cytosolic LPS (Figure 30). This result suggests that rather than directly modulating 

caspase-11 activity, IRGM2 inhibits aberrant LPS localization. There are many potential 

mechanisms by which IRGM2 could limit cytosolic availability of bioactive LPS, e.g. 

IRGM2 could prevent excess LPS internalization, IRGM2 could promote detoxification 

of LPS, or IRGM2 could ensure LPS remains sequestered in membrane-bound 

compartments.  In the following paragraphs, I discuss these three potential mechanisms 

and suggest approaches to test them.   

Decreased internalization of LPS could lead to decreased levels of cytosolic LPS. 

While currently there is little evidence to suggest IRGM2 suppresses LPS uptake, this 

mechanism is relatively simple to test. BMDMs could be treated with fluorescein 
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isothiocyanate conjugated LPS and fluorescence measured at various intervals using 

flow cytometry. The rate of internalization would be determined as a function of 

fluorescence intensity. If IRGM2 suppresses internalization, I would expect to detect 

increased fluorescence in IRGM2-/- BMDMs relative to wildtype cells. Addition of trypan 

blue to cultures could be used to distinguish between surface bound and internalized 

LPS (304).    

Detoxification of LPS is necessary to prevent sustained or reoccurring 

inflammation (235). On a cellular level this occurs through the activity of lysosomal 

enzymes. One enzyme in particular, acyloxyacyl hydrolyase (AOAH) catalyzes the 

removal of acyl chains from lipid A, thereby preventing its activation of TLR4 or 

caspase-11 (305). It is possible that IRGM2 suppresses caspase-11 activity by promoting 

inactivation of internalized LPS. Based on previous studies, this is somewhat unlikely as 

AOAH has been shown to act relatively slowly, deacylating only about 25% of 

internalized LPS over a 12 h period (285). That said, AOAH activity has not been 

assessed in IFN-primed macrophages, and it is possible that IFN could promote more 

rapid detoxification. Radiolabeled LPS has been previously used to measure the rate of 

deacylation (285). This method could be extended to wildtype and IRGM2-/- BMDMs to 

determine whether IRGM2 expression impacts LPS deacylation.  

 Rather than limit the amount of internalized bioactive LPS, IRGM2 could ensure 

LPS remains sequestered in membrane-bound compartments. Typically, LPS is 
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internalized via receptor-mediated endocytosis or macropinocytosis and trafficked to 

lysosomes where it remains contained (284, 306). In order for LPS to activate caspase-11 

it must escape to the cytosol (190, 191). Recently, it was shown that host-driven 

lysosomal permeabilization leads to LPS release (302). Vesicular membrane damage 

could be a more general mechanism which enables LPS to exit to the cytosol. IRGM2 

could suppress caspase-11 activation by either promoting capture and/or repair of 

damaged vesicles, or by protecting against membrane damage. If IRGM2, like human 

IRGM, promotes autophagy it is possible that its absence would promote the 

accumulation of damaged “leaky” vesicles (289). Alternatively, decreased autophagy 

could lead to increased mitochondrial ROS production which could subsequently 

disrupt membranes (307). To test whether IRGM2 has these functions, future work 

should assess autophagic flux and endosome/lysosome integrity in IRGM2-/- cells.  

 While my work thus far has remained focused on the murine IRGMs, future 

studies must probe the function of human IRGM. Human IRGM is c-terminally 

truncated and thus it is difficult to assess functional conservation based on homology 

alone (167). That said this structural difference does not exclude the possibility of shared 

cellular functions. Human IRGM, IRGM1, and IRGM2 all localize to the Golgi (292, 294). 

Studies have found that the c-terminus of murine IRGM1 is necessary for localization to 

the Golgi (291). Thus, human IRGM may have evolved a unique targeting mechanism 

that obviates the need for the c-terminus. While speculative, this alternative targeting 
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mechanism could also enable IRGM to perform similar functions as the murine IRGMs 

despite its truncated nature.  

Currently there is no direct evidence that human IRGM regulates inflammasome 

activity, however its reported connection to autophagy is suggestive of this function. 

Like IRGM2, autophagy has been found to negatively regulate caspase-11 activity (308). 

Similar to IRGM2-/- BMDMs, macrophages deficient for various autophagy components 

exhibit increased inflammasome activity following exposure to LPS. The mechanism by 

which autophagy regulates caspase-11 activation is unclear. One study suggested that 

loss of mitophagy results in increased ROS production which in turn potentiates 

caspase-11 expression and activity (308, 309). Alternatively, it has been proposed that 

autophagy promotes the degradation of inflammasome complexes (310). Consistent 

with this model, P62 is recruited to active NLRP3 inflammasomes and can facilitate their 

delivery to autophagosomes (311). These models do not exclude a role for autophagy in 

limiting cytosolic LPS availability.  

Experimental evidence is essential to determine whether human and murine 

IRGMs similarly regulate the immune response to LPS. Using CRISPR-CAS9 technology 

it is now simple to perform targeted gene deletions (312). Thus, the first step in assessing 

the function of human IRGM should be to generate IRGM-/- macrophage cell lines. These 

IRGM-/- macrophages can then be assessed for LPS responsiveness. A cytokine array 

could be used to broadly characterize how loss of IRGM impacts LPS-induced cytokine 
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production. Inflammasome activation should be directly assessed by monitoring ASC-

puncta formation, pyroptosis, and caspase cleavage following LPS treatment and LPS 

transfection. The results of these experiments could create a foundation upon which 

future mechanistic studies could build.  

7.3 Concluding remarks 

Precise regulation of inflammation is essential for a successful immune response. 

Too little inflammation leads to uncontrolled microbe growth, while too much causes 

disease. Throughout this dissertation, I explored the opposing roles of two families of 

IFN-inducible GTPases in regulating inflammation. I expanded our understanding of 

the role of GBPs in promoting inflammasome activation, and revealed a novel function 

for IRGM2 in limiting inflammasome activity. When taken together these results 

highlight the ability of IFNs to fine-tune an immune response. It is through this balance 

of pro- and anti- inflammatory mechanisms that hosts are able to maintain immune 

homeostasis. 
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