
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

AN ABSTRACT OF THE DISSERTATION OF 

 
Jayanthi J. Joseph for the degree of Doctor of Philosophy in Microbiology presented 

on August 10, 2022. 

 

Title:  Characterization of Mycobacterium avium subsp. hominissuis Interactions with 

Host Macrophages and Multinucleated Giant Cells 

 

 

 

Abstract approved: 

_____________________________________________________________________ 

         Luiz E. Bermudez 

 

 

 

Mycobacterium avium subsp. hominissuis (M. avium) is a ubiquitous 

environmental opportunistic pathogen that causes pulmonary disease humans. 

Pulmonary M. avium infections produce peribronchial granulomas which contain 

multinucleated giant cells (MGCs). Mycobacterial infection activates pro-

inflammatory and anti-inflammatory pathways in macrophages. The balance of pro- 

and anti-inflammatory signals determine the outcome of bacterial survival. However, 

there is limited knowledge of the macrophage response to M. avium infection and the 

involvement of inflammasomes and the cGAS/STING pathway. Also, the 

mechanisms by which M. avium to modulates the macrophage inflammatory response 

need further clarification, specifically the role of eDNA. The involvement of MGCs 

in M. avium pathogenesis remains undefined and the shortcomings of current models 

pose a barrier to study these interactions. The main goals of this dissertation were to 

investigate the macrophage response to M. avium, examine the role of eDNA in the 

host, study MGC-M. avium interactions, and further describe MGCs.  



 

 

 

To examine the macrophage response to M. avium, I compared inflammasome 

and cytosolic sensor expression and activation. My result demonstrated that virulent 

strains of M. avium (A5 and 104) suppress IL-1β production and induce IFN-β 

production in macrophages. M. avium mutants deficient at DNA export in the biofilm 

exhibited reduced intracellular survival and significantly higher IL-1β production 

than wildtype. IFN-β production appeared to be related to DNA export capability.  

To further characterize MGCs, we developed a novel in vitro model which is 

comprised of a human-derived cell line (THP-1) and cytokine stimulation (IFN-γ and 

TNF-α). Examination of MGCs with transmission electron microscopy uncovered 

increased lipid droplets and elevated autophagy. My results showed that M. avium 

survived and replicated in MGCs and that host lipids play a role in intracellular 

replication. MGC-passaged bacteria were readily phagocytosed and exhibited normal 

intracellular replication. The mechanism of cell exit is still unclear.  

The data presented in this dissertation significantly advance our understanding 

of the macrophage response to M. avium, and the features of MGCs, and how they 

interact with M. avium. Understanding these host-pathogen interactions has 

implications for NTM treatment. The idea that eDNA influences intracellular survival 

and anti-inflammatory signaling needs further study. However, DNA export genes 

could be a useful target for future therapies. 
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General Introduction 
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Characteristics of Mycobacteria 

Mycobacterium is a genus of actinobacteria with 188 distinct species that 

range from obligate pathogens to environmental bacteria. Mycobacteria are aerobic 

bacilli that are typically nonmotile. The mycobacterial cell wall is thick and waxy, 

due to the abundance of hydrophobic mycolic acids (Jarlier & Nikaido, 1994). The 

unique composition of the mycobacterial cell wall contributes to the hardiness and 

virulence of this genus (Jarlier & Nikaido, 1994). Gram staining of mycobacteria 

yields a positive result but is not specific due to the high lipid content of the cell wall. 

The acid-fast stain is the preferred alternative for mycobacterial identification 

(Murray et al., 1980). Mycobacteria lack the type III secretion system, and instead 

utilize the type VII secretion system (ESX) to survive in diverse environments. 

Mycobacteria have five ESX systems, which vary depending on the pathogenicity of 

the species. In Mycobacterium tuberculosis  ̧ESX-1 plays a vital role in cell entry, 

intracellular survival, DNA export, and phagosomal escape (Rivera-Calzada et al., 

2021). ESX-3 and ESX-5 are also involved in virulence, with ESX-5 playing a major 

role in M. avium pathogenesis (Ates et al., 2016, p. 5; Li et al., 2005; McNamara et 

al., 2012, p. 5; Tufariello et al., 2016). 

Nontuberculous Mycobacteria 

Nontuberculous mycobacteria (NTM), also called atypical mycobacteria, are 

environmental bacteria that do not cause tuberculosis or leprosy. NTM are ubiquitous 

in the environment and are commonly found in natural water bodies, household 

plumbing, and soil (Gebert et al., 2018; Griffith et al., 2007; Honda et al., 2018). A 

recent survey identified NTM  s in ice machines, rain water, showers, air conditioning 
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units, and dust from vacuum cleaners (Honda et al., 2018). NTM species are classified 

based on 16s RNA sequencing, which is also used as a diagnostic tool. NTM are further 

characterized as slow-growing or rapid-growing based on their growth rate on agar 

medium (Griffith et al., 2007). Rapid-growing NTM include M. smegmatis, M. 

abscessus, M. chelonae, and M. fortuitum (Griffith et al., 2007). Slow-growing NTM 

include Mycobacterium avium complex (MAC), M. kansasii, M. xenopi, M. 

haemophilum, and M. simiae (Griffith et al., 2007).   

Biofilms are a significant source of NTM infections in immunocompetent 

patients (Griffith et al., 2007; Vega-Dominguez et al., 2020). NTM biofilms are 

ubiquitous in household plumbing and have been described in the lung during 

pulmonary NTM infections (Fig. 1.1) (Chakraborty et al., 2021; Gebert et al., 2018; 

Griffith et al., 2007). Bacteria released from the surface of environmental biofilms are 

aerosolized, and inhaled (Fig. 1.1) (Appelberg, 2006; Griffith et al., 2007; Yamazaki 

et al., 2006). NTM biofilms are composed of mycobacteria encased in a protective 

layer of extracellular polymeric substance (EPS) (Rose et al., 2015; Vega-Dominguez 

et al., 2020). The EPS of NTM biofilms contains glycopeptidolipids, extracellular 

DNA (eDNA), mycolyl-diacylglycerols, lipooligosaccharides, and lipopeptides 

(Freeman et al., 2006; Ojha et al., 2005; Rose et al., 2015). eDNA is a common 

ingredient of bacterial EPS, and has been described in Listeria monocytogenes, 

Streptococcus pneumoniae, and Neisseria meningitidis (Harmsen et al., 2010; 

Lappann et al., 2010; Moscoso et al., 2006). eDNA plays a role in biofilm formation, 

nutrient acquisition, structural support, and provides protection against antibiotics and 

antimicrobial peptides (Harmsen et al., 2010; Ilinov et al., 2021; Lappann et al., 2010; 
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Moscoso et al., 2006; Rose et al., 2015; Rose & Bermudez, 2016). M. avium exports 

eDNA during biofilm formation in the host and in the environment (Chakraborty et 

al., 2021; Rose & Bermudez, 2016). During early infection, M. avium biofilms trigger 

hyperstimulation and apoptosis of host macrophages, which significantly impedes 

bacterial clearance (Rose & Bermudez, 2014). Consequently, biofilms present a 

barrier for bacterial clearance by the host.  

NTM Lung Disease 

Transmission of NTM from environmental sources occurs when bacteria or 

bacterial aggregates are aerosolized and inhaled (Gebert et al., 2018; Griffith et al., 

2007). Pulmonary NTM infections are characterized by the formation of non-necrotic 

and necrotic peribronchiolar granulomas, pulmonary nodules and lesions. Risk factors 

for pulmonary NTM disease include cystic fibrosis, chronic obstructive pulmonary 

disease (COPD), steroid therapy, vitamin D deficiency, being postmenopausal, or 

having a history of smoking (Griffith et al., 2007). NTM lung disease typically presents 

as nodular bronchiectasis in postmenopausal females (Griffith et al., 2007; Ratnatunga 

et al., 2020; Reich & Johnson, 1992; Wilińska & Szturmowicz, 2010). Classical 

presentation of NTM lung disease is apical fibrocavitary lung disease, which is most 

common in male patients (Ahn et al., 1982; Griffith et al., 2007). If left untreated, this 

presentation of pulmonary NTM infection can result in respiratory failure and extensive 

lung damage in 1-2 years (Ahn et al., 1982; Griffith et al., 2007).  

Treatment of NTM Lung Disease 

NTM lung disease is notoriously difficult to treat, partially due to the 

antibiotic tolerance of mycobacterial biofilms (Chakraborty et al., 2021). Treatment 
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yields inconsistent results even in immunocompetent patients (Griffith et al., 2007). 

Therapy involves a combination of antibiotics, including azithromycin or 

clarithromycin, rifampin, and ethambutol (Egelund et al., 2015; Griffith et al., 2007). 

The risk of adverse drug reactions or toxicity is heightened due to the use of multiple 

drugs. Major side effects include ototoxicity from aminoglycosides, gastrointestinal 

disturbance from macrolides and rifampin, leukopenia and hepatitis from rifampin, 

and optic neuritis from ethambutol. However, mono-macrolide treatment is not 

recommended because of the risk of developing macrolide-resistant NTM. Thrice-

weekly treatment lasts for at least 12 months after the first negative sputum results 

and is ineffective in 40-50% of patients (Griffith et al., 2007). 

M. avium Complex 

The Mycobacterium avium complex (MAC) is comprised of M. avium¸ M. 

chimaera, and M. intracellulare (Griffith et al., 2007; Johansen et al., 2020). 

Mycobacterium avium subsp. hominissuis (M. avium) is an opportunistic pathogen that 

causes pulmonary, and systemic infection in humans. M. avium strain 104 and A5 were 

originally isolated from the blood of an AIDS patient (Rose et al., 2015). Strain 104 is 

the reference strain for M. avium. A5 forms robust biofilms and exports large amounts 

of extracellular DNA (eDNA) during biofilm formation (Rose et al., 2015; Rose & 

Bermudez, 2016). Additionally, A5 possesses a unique 50-kBp genomic region 

associated with DNA export (Rose & Bermudez, 2016). This region is present in M. 

abscessus, M. chelonae, M. intracellulare, M. avium subsp. hominissuis strain 3388, 

which are all of concern in human infections (Rose & Bermudez, 2016). The MAC 
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lacks ESX-1, but has ESX-2, ESX-3, ESX-4 and ESX-5 (Jeffrey et al., 2017). ESX-5 

has been linked to virulence in MAC (McNamara et al., 2012, p. 5). 

MAC Pathogenesis 

Members of the MAC are facultative intracellular pathogens and 

preferentially infect antigen presenting cells such as macrophages and monocytes 

(Appelberg, 2006). MAC can enter host macrophages through receptor-mediated 

phagocytosis or macropinocytosis (L. E. Bermudez et al., 1999, 2004). MAC utilizes 

variety of receptors for receptor-mediated phagocytosis, including complement 

receptors, mannose receptor, and type A scavenger receptors (Appelberg, 2006; L. E. 

Bermudez et al., 1999; Polotsky et al., 1997). Once inside the macrophage, MAC 

survives and replicates within a vacuole by suppressing phagosome acidification and 

inhibiting lysosome fusion (Fig. 1.1) (Frehel et al., 1986; Oh & Straubinger, 1996; 

Sturgill-Koszycki et al., 1994). The MAC vacuole regularly fuses with non-lysosomal 

vesicles, which provide nutrients to intra-vacuolar bacteria (Russell et al., 1996). 

MAC triggers apoptosis of the host macrophage, escape, and infects neighboring cells 

(Fig. 1.1) (Early et al., 2011). MAC bacteria that exit host macrophages in this 

manner are taken up in significantly higher numbers by naïve macrophages (L. E. 

Bermudez et al., 1997, 2006). Additionally, a large percentage of these bacteria enter 

the next host cell by macropinocytosis, rather than receptor-mediated phagocytosis 

(L. E. Bermudez et al., 2004, 2006; Danelishvili et al., 2018).  

Macrophages kill intracellular pathogens through a variety of mechanisms, 

including the production of reactive oxygen species (ROI), nitric oxide (NO), 

phagosome acidification and maturation, cell death (apoptosis, pyroptosis or 
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necroptosis), and autophagy (Weiss & Schaible, 2015). Intracellular MAC bacteria 

are resistant to ROS and NO (L. E. M. Bermudez & Young, 1989; Doi et al., 1993). 

In fact, recent research suggests the NO plays a pro-pathogen role in the grand scale 

of host-pathogen interactions during MAC infection, at least in part due to its role in 

the formation of giant cells (Gharun et al., 2017). MAC induces macrophage 

apoptosis as a strategy for cell-to-cell spread in host macrophages which leads to 

dissemination (Early et al., 2011). 

Cell-to-Cell Transmission  

Intracellular bacterial pathogens utilize several different pathways to exit the 

host cell. Vacuolar bacteria enter the cytosol to trigger cellular escape via apoptotic or 

necrotic cell death, cell lysis, direct transmission via actin-mediated protrusion, or 

nonlytic ejection or exocytosis (Flieger et al., n.d.). Once extracellular, the bacteria 

spread to neighboring cells. M. abscessus and MAC induce apoptotic cell death in 

host macrophages as a mechanism of cellular escape (Early et al., 2011; Flieger et al., 

n.d.). M. marinum utilizes actin motility to move directly from cell-to-cell (Stamm et 

al., 2003). M. tb and M. marinum can exit macrophages without host cell lysis by 

utilizing autophagy to leave the cell (Gerstenmaier et al., 2015). As the infection 

spreads, infected macrophages secrete pro-inflammatory cytokines which activate and 

recruit lymphocytes to the site of infection. In this way, innate inflammatory signaling 

initiates the adaptive response and paves the way for granuloma formation.  

Mycobacterial Granulomas 

Granulomas are the host-pathogen interface during chronic pulmonary 

mycobacterial infections (Fig. 1.1). Proinflammatory cytokines TNF-α produced by 
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macrophages, and IFN-γ produced by T cells, are instrumental in granuloma 

formation during mycobacterial infection (Smith et al., 1997). Several types of 

immune cells are involved in granuloma formation, which requires a persistent 

antigen, foreign body, or pathogen to form (Ehlers & Schaible, 2013). Mycobacteria, 

infected macrophages, uninfected macrophages, dendritic cells, multinucleated giant 

cells, and foamy macrophages form the center of the mycobacterial granuloma (Fig. 

1.1) (Cronan et al., 2016; Ehlers & Schaible, 2013; Peyron et al., 2008). Lymphocytes 

(T cells and B cells) and fibroblasts surround the core of the granuloma (Ehlers & 

Schaible, 2013). As the infection progresses, infected macrophages in the core may 

become apoptotic or necrotic, releasing mycobacteria into the extracellular space. The 

necrotic center of the granuloma is lipid-rich and supplies bountiful nutrients for 

bacterial replication. The extracellular bacteria released by dying host cells infect 

neighboring uninfected macrophages, dendritic cells, or NK cells (if present), 

maintaining the chronic infection (Davis & Ramakrishnan, 2009; Early et al., 2011).  

In the past, granulomas were assumed to be host-protective structures that 

dealt with intractable mycobacteria by cordoning them off from the rest of the body. 

However, the last decade of research has demonstrated that mycobacterial 

granulomas are dynamic structures with replicating bacteria and newly recruited host 

cells (Ehlers & Schaible, 2013). It is now understood that mycobacteria survive and 

persist in granulomas, and in some cases prefer the granuloma environment over the 

extra-granuloma environment (Cosma et al., 2004). In M. marinum infections of 

zebrafish embryos, granulomas have been shown to facilitate cell-to-cell spread of 

mycobacteria, aiding in dissemination and bacterial growth (Davis & Ramakrishnan, 
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2009; Volkman et al., 2004). Dispersion of granulomas reduced bacterial loads and 

increased host survival in M. marinum infections (Cronan et al., 2016).  

Multinucleated Giant Cells 

Langhans multinucleated giants cells (MGCs) are a feature of mycobacterial 

granulomas (Brodbeck & Anderson, 2009). However, the precise role of 

multinucleated giant cells in NTM pathogenesis is poorly understood. Histology of 

granulomatous lung tissues from rabbits, mice, and humans revealed a high bacterial 

load in MGCs in vivo (Gharun et al., 2017; Klotz et al., n.d.; S. N. Kumar et al., 2013; 

Langhans, 1868; Ufimtseva, 2015). In the granuloma, monocytes fuse to form MGCs 

with multiple nuclei, which range from 2-20 depending on the mycobacterial strain 

(Brooks et al., 2019; Gharun et al., 2017). MGCs from MAC infections retain the 

ability to phagocytose bacteria, and in some cases are more phagocytic than 

macrophages (Braune et al., 2021; Gharun et al., 2017; Milde et al., 2015). MGCs are 

typified by a shift towards cholesterol metabolism, and the upregulation of iNOS 

(Gharun et al., 2017; Lösslein et al., 2021). The abundant host lipids in MGCs and 

granulomas provide nutrients to mycobacteria during infection.  

Utilization of Host Lipids  

Mycobacteria utilize a variety of host-derived lipids to fuel replication in the 

host (Wilburn et al., 2018). Mycobacteria are adapted to metabolize host 

triacylglycerols, cholesterol and sphingomyelin. Cholesterol and sphingolipids have 

been implicated in mycobacterial persistence, growth, and virulence (Keown, 2010; 

Pandey & Sassetti, 2008; Rolando & Buchrieser, 2019). Cholesterol is an important 
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structural component of the eukaryotic plasma membrane and is involved in 

intracellular bacterial survival (Wilburn et al., 2018).   

Sphingolipids are a critical structural component of the plasma membrane, 

and act as signaling molecules in a variety of cellular processes, including cell growth 

and inflammation (Rolando & Buchrieser, 2019). Sphingolipids are involved in the 

reorganization of plasma membrane receptors, modulation of autophagy, intracellular 

vesicle transport, and uptake of M. tb by macrophages. Ceramide is central to 

sphingolipid metabolism and acts as a precursor for ceramide-1-phosphate, which is 

another signaling molecule. Ceramide synthesized de novo from serine and palmitate 

or generated by the degradation of sphingomyelin (Rolando & Buchrieser, 2019). 

Sphingomyelin synthase catalyzes the reverse, sphingomyelin from ceramide. In the 

catabolic pathway, ceramide is converted to sphingosine, which is phosphorylated to 

form sphingosine-1-phosphate. M. tb utilizes host sphingomyelin as a source of 

nutrients in the host (Speer et al., 2015). The availability of lipids during MAC 

infection is influence by pro-inflammatory signaling. In the next section, we will 

explore the pro-inflammatory pathways that promote granuloma formation.  

Inflammasomes 

 Inflammasomes are multimeric cytosolic sensors of pathogen associated 

molecular patterns (PAMPS) and danger-associated molecular patterns (DAMPS). 

Pattern recognition receptors (PRRs) are key components of the inflammasome and 

fall into two main families: NOD-like receptors (NLRs) and absent in melanoma 2- 

like receptors (ALRs) (Guo et al., 2015). Each family of PRR is capable of sensing 

specific stimuli, which triggers oligomerization of the NLR or ALR into a scaffold 
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with the ability to activate caspase-1 (Guo et al., 2015). Apoptosis-associated speck-

like protein containing a card (ASC) is an adaptor molecule that is central to the 

formation of these oligomers. This thesis will focus on the NLR-containing NLRP3 

inflammasome, and ALR-containing AIM2 inflammasome (Fig. 1.2).  

The NLRP3 Inflammasome 

The NLRP3 inflammasome is a cytosolic multi-protein complex that has three 

components; NLRP3, ASC, and pro-caspase-1 (Fig. 1.2) (Guo et al., 2015). Prior to 

activation, the NLRP3 inflammasome requires priming (Fig. 1.2). Priming involves 

NF-κB activation (e.g. through LPS binding to TLR4), which induces transcription of 

NLRP3 and IL-1β (Guo et al., 2015). Following priming, NLRP3 activation is 

triggered by potassium efflux, ROS, cathepsin release, localization of NLRP3 to the 

mitochondria, calcium influx, or mitochondrial stress (ROS/DNA) (Guo et al., 2015). 

Multiple NLRP3 proteins oligomerizes in association with multiple ASC proteins, 

which interact with pro-caspase-1 filaments (Fig. 1.2). Inflammasome assembly 

induces the cleavage of pro-caspase-1 into active caspase-1. Cytosolic caspase-1 

cleaves pro-IL-1β and pro-IL-18 and produces active IL-1β and IL-18, which are 

secreted by the cell (Guo et al., 2015). Caspase-1 induces pyroptotic cell death, 

mediated by gasdermin D.  

Excessive activation of the NLRP3 inflammasome leads to cell death by 

pyroptosis or necroptosis (Swanson et al., 2019, p. 3; Wong & Jacobs Jr, 2011). 

Consequently, NLRP3 inflammasome activation is a tightly regulated process. 

Regulation of NLRP3 activation involves post-translational modifications of NLRP3, 

ASC, and associated proteins. These include phosphorylation, ubiquitination, de-
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ubiquitination, and de-phosphorylation (Swanson et al., 2019). M. tb and M. 

abscessus activate the NLRP3 inflammasome through the action of spleen tyrosine 

kinase (Syk) (Wong & Jacobs Jr, 2011). ASC phosphorylation (Tyr146) is controlled 

by Spleen Syk, which allows for NLRP3 oligomerization (Hara et al., 2013). 

Deubiquitination of NLRP3 and adaptor protein ASC is required for their association 

and activation (Fig. 1.2) (Guo et al., 2015). BRCA1/BRCA2-containing complex E3 

ubiquitin ligase (BRCC3) is involved in the deubiquitination of NLRP3 (Py et al., 

2013). NO negatively regulates the NLRP3 inflammasome, leading to a drop in IL-1β 

production in response to increased IFN-γ (B. B. Mishra et al., 2013b). In contrast, 

cytosolic ROS have a positive effect on NLRP3 activation (Zhou et al., 2010). M. tb 

infection in macrophages triggers the release of activated cathepsin B (CTSB) from 

lysosomes, which also plays a role NLRP3 activation (Amaral et al., 2018). CTSB 

expression is elevated in macrophages infected with MAC or M. tb, and is one way 

that the NLRP3 inflammasome is activated by these bacteria (Amaral et al., 2018; 

Gutierrez et al., 2008).  

M. tb utilizes several effectors to modulate NLRP3 inflammasome activation. 

NLRP3 activation by M. tb has been shown to involve ESX-1, ESXA, LpqH, and the 

RD-1 locus (Beckwith et al., 2020; Kurenuma et al., 2009; Rastogi & Briken, 2022; 

Xu et al., 2020). NLRP3 inhibition by M. tb involves Phosphokinase D (PknD) and 

serine hydrolase (Hip1) (Madan-Lala et al., 2011; Rastogi et al., 2021a). M. tb 

inhibits NLRP3 activation early on, in an effort to lessen proinflammatory signaling 

and avoid immune detection (Be et al., 2012; Madan-Lala et al., 2011). Late stage 
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NLRP3 activation is triggered to induce pyroptotic or necrotic cell death to enable 

cell-to-cell dispersal (Wong & Jacobs Jr, 2011).  

Chronic M. avium pulmonary disease reduces NLRP3 activation and IL-1β 

secretion in human patients (Wu et al., 2019, p. 3). M. kansasii induces NLRP3 

activation and subsequent IL-1β release in macrophages via potassium, efflux, 

lysosomal acidification, ROS, and cathepsin B (C.-C. Chen et al., 2012).  NLRP3-

dependent IL-1β secretion plays a major role in host defense against intracellular M. 

kansasii (C.-C. Chen et al., 2012).  

The AIM2 Inflammasome 

The AIM2 inflammasome is a cytosolic dsDNA sensor that consists of AIM2, 

ASC, and pro-caspase-1 (Fig. 1.2) (Guo et al., 2015). Priming is triggered by the 

detection of PAMPS or other NF-κB-activating signals (Rastogi & Briken, 2022). 

The HIN-200 domain of AIM2 can bind directly to cytosolic dsDNA, which triggers 

activation (Guo et al., 2015). The binding of AIM2 to dsDNA is nonspecific and the 

minimum length of dsDNA required for activation is 80 bp (Guo et al., 2015). 

Multiple AIM2 proteins oligomerizes in association with multiple ASC proteins, 

which interact with pro-caspase-1 filaments (Fig. 1.2). Pro-caspase-1 oligomerization 

induces the cleavage of pro-caspase-1 into active caspase-1. Cytosolic caspase-1 

cleaves pro-IL-1β and pro-IL-18 and releases active IL-1β and IL-18, which are 

secreted by the cell (Guo et al., 2015). Caspase-1 induces pyroptotic cell death, 

mediated by gasdermin D.  

Intracellular pathogens with cytosolic stages (e.g. Listeria monocytogenes) 

induce AIM2 inflammasome activation during infection (Briken et al., 2013). M. 
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smegmatis, M. fortuitum, M. kansasii induce AIM2 activation whereas M. tb inhibits 

AIM2 activation in vitro (Shah et al., 2013). Type I interferon signaling is involved in 

AIM2 activation (Shah et al., 2013). NTM infection induces significantly higher 

levels of IFN-β compared to M. tb (Shah et al., 2013). Interestingly, in M. bovis, 

AIM2 activation inhibits STING-dependent IFN-β production and autophagy (C. Liu 

et al., 2016).  

The cGAS/STING Pathway 

The cGAS/STING pathway is a cytosolic DNA sensing pathway that induces 

autophagy and the secretion of type I interferons (IFN-α and IFN-β) (Schoggins et al., 

2014; Watson et al., 2015). Cytosolic DNA sensor cyclic guanosine monophosphate-

adenosine monophosphate synthase (cGAS) recognizes and binds to pathogen or host 

dsDNA in the cytosol (Burdette & Vance, 2013). The DNA-cGAS association results 

in the activation of cGAS which produces the secondary messenger cGAMP 

(Burdette & Vance, 2013). cGAMP triggers Stimulator of Interferon Genes (STING) 

polymerization, which facilitates the transfer of STING from the endoplasmic 

reticulum to the golgi body. Downstream effects of STING activation include 

transcription and synthesis of IFN-β and IL-6 (Burdette & Vance, 2013; Ma et al., 

2020). In M. tb infection, cytosolic mycobacterial DNA activates the cGAS-STING 

pathway, resulting in IFN-β secretion and bacteria protection (Wassermann et al., 

2015; Watson et al., 2015). In the next section, we will describe the host response to 

M. avium infection, including the involvement of inflammasomes.  
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Host Immune Response to M. avium 

M. avium infection triggers an assortment of pro-inflammatory responses, 

which promote anti-bacterial pathways such as apoptosis and superoxide production. 

However, anti-inflammatory pathways are also activated during M. avium infection. 

Anti-inflammatory signals promote the creation of a permissive environment for 

intracellular bacterial growth (Rocco & Irani, 2011).  

Host macrophages possess a variety of intracellular sensors to detect pathogen 

associated pathogen associated molecular patterns (PAMPs) and danger-associated 

molecular patterns (DAMPs). Once detected, PAMPs and DAMPs activate 

inflammatory pathways in the host macrophage, which lead to the production of pro-

inflammatory signaling molecules called cytokines. Pro-inflammatory cytokines 

released during M. avium infections include TNF-α, IL-1β, IL-6, IL-12, IFN-γ.  

Mycobacterial cell wall glycopeptidolipids (GPLs) bind toll-like receptor 2 

(TLR2), which is located on the host cell plasma membrane. TLR2 activation triggers 

TNF-α secretion by the infected macrophages (Sweet & Schorey, 2006). TNF-α is 

involved in inflammation, macrophage activation, T cell activation, and granuloma 

formation (Bean et al., 1999). The NLRP3 and AIM2 inflammasomes produce IL-1β 

upon activation. IL-1β mediates inflammation, and is involved in granuloma 

maintenance and host resistance to mycobacterial infection via host cell apoptosis and 

autophagy (Appelberg, 2006; Mayer-Barber et al., 2010; Rastogi & Briken, 2022).  

IL-12 is produced by infected macrophages and dendritic cells, and is 

involved in bacterial clearance (Castro et al., 2018; Doherty & Sher, 1998). However, 

as infection progresses M. avium suppresses IL-12 production by host macrophages  
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(Corthay et al., 2005; Wagner et al., 2002). IFN-γ secreted by T cells and natural 

killer (NK) cells during M. avium infection is a key factor in macrophage and NK cell 

activation, cytotoxic T cell differentiation and granuloma formation (L. E. Bermudez 

et al., 1995; Castro et al., 2018; Smith et al., 1997). IFN-γ also triggers autophagy and 

the upregulation of MHC Class II molecules by antigen presenting cells, which 

increases CD4+ T cell activation (Castro et al., 2018; Corthay et al., 2005; Steele et 

al., 2015). Macrophage activation by IFN-γ leads to increased nitric oxide (NO), 

TNF-α production and apoptosis, which aid in bacterial killing (Castro et al., 2018; C. 

H. Wang et al., 2001). However, intracellular M. avium is not susceptible to NO 

killing, and recent research suggests that NO may have a negative effect on host 

defense later in infection by T cell suppression (Appelberg & Orme, 1993; Gomes et 

al., 1999).  

IL-6 is produced by activated macrophages, T cells, and endothelial cells at 

the site of infection, and can act as a pro-inflammatory or anti-inflammatory signal. 

IL-6 is an inducer of cytotoxic T cells, which act to remove infected macrophages 

during mycobacterial infection (Rocco & Irani, 2011). On the other hand, IL-6 blocks 

TNF-α receptors and suppresses antigen presentation, which aid in bacterial survival 

(Rocco & Irani, 2011). 

IL-10 and IFN-β are key anti-inflammatory cytokines released by 

macrophages and dendritic cells during mycobacterial infection. IL-10 suppresses 

TNF-α activity, which inhibits apoptosis and creates a permissive niche for 

intracellular survival and growth (Balcewicz-Sablinska et al., 1999; L. E. Bermudez 

& Champsi, 1993; Coclet-Ninin & Burger, 1997). Activation of the cGAS/STING 
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pathway by cytosolic mycobacterial DNA induces IFN-β production. IFN-β plays a 

host-protective role in viral infections, but is detrimental to the host in mycobacterial 

infections (Sabir et al., 2017; Watson et al., 2015). IFN-β inhibits the inflammasome 

activation and triggers increased IL-10 production by host macrophages (Guarda et 

al., 2011). IFN-β also interferes with the pro-inflammatory effects of IFN-γ. The 

suppression of pro-inflammatory pathways by IFN-β leads to reduced inflammation. 

Additionally, IFN-β promotes autophagic activity. Host macrophages utilize 

autophagy to regulate inflammasome activation, recycle damaged organelles, and kill 

intracellular bacteria. 

Autophagy 

Autophagy is a eukaryotic, intracellular maintenance process used to  recycle 

organelles, damaged cellular structures, and kill intracellular pathogens (Khandia et 

al., 2019; Stromhaug & Klionsky, 2001). During cellular stress, when nutrient 

availability is reduced, autophagy is a crucial mechanism by which host cells 

maintain sufficient nutrient levels (Khandia et al., 2019; Steele et al., 2015). The two 

main initiators of autophagy are the activation of AMP-activated protein kinase 

(AMPK; glucose deprivation) and inhibition of mammalian target of rapamycin 

(mTOR; amino acid deprivation or hypoxia) (Jung et al., 2010). Autophagy is 

downregulated by NO and glycolysis.  

There are several types of autophagy, but the main categories are bulk (non-

specific) and selective (specific) (Steele et al., 2015). Selective autophagy targets 

specific cellular or foreign structures such as lipids (lipophagy), mitochondria 

(mitophagy), or pathogens (xenophagy). Xenophagy is involved in recognition, 
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targeting, and subsequent degradation of intracellular pathogens (Khandia et al., 

2019; Steele et al., 2015). Mitophagy and xenophagy play a key anti-inflammatory 

role by reducing NLRP3 inflammasome activation through removal of damaged 

mitochondria, intracellular pathogens, NLRP3 effectors, and other cellular 

components that trigger inflammatory pathways (Biasizzo & Kopitar-Jerala, 2020, p. 

3).  

Following activation of AMPK, AMPK activates ULK1 via phosphorylation. 

ULK1 phosphorylates Beclin-1 and VPS34, which form a complex and localize to the 

phagophore, which is the double-membraned origin of the autophagosome (Steele et 

al., 2015). The nascent phagophore is elongated and engulfs the cytosolic target, 

forming the early double-membraned autophagosome. Elongation is carried out by 

the ATG5-ATG-12-ATG16L complex. Autophagosome maturation is controlled by 

LAMP-1/2. Microtubule-associated protein1A/1B-light chain 3 (LC3) binds to the 

autophagosome membrane upon phagophore formation. Targets of selective 

autophagy are labeled with polyubiquitin and autophagic adaptors p62, which bind to 

LC3-II (Khandia et al., 2019; Steele et al., 2015). The next step in maturation is 

acidification, which is controlled by ATG9 and V-ATPase (Khandia et al., 2019). The 

final step in autophagosome maturation is fusion with lysosomes, which deliver 

digestive enzymes to degrade autolysosome contents (Khandia et al., 2019).  

In some cases, autophagy is an effective killing mechanism against 

intracellular pathogens (Birmingham et al., 2006; Shin et al., 2010). However, several 

bacterial pathogens have evolved ways to escape autophagic killing by mimicking 

host protein, inhibiting autophagosome maturation, and the destruction or inhibition 
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of autophagy effectors (Steele et al., 2015). Other intracellular pathogens take it one 

step farther and repurpose autophagy for nutrient acquisition or as an escape pathway 

to exit the host cell (Birmingham et al., 2007; Deng et al., 2016). For example, 

Francisella tularensis, an intracellular bacterial pathogen, utilizes host autophagy to 

acquire nutrients to fuel intracellular replication (Steele et al., 2013). M. tb blocks 

autophagy in macrophages by suppressing the production of ROS (Shin et al., 2010). 

M. marinum inhibits autophagosome maturation and exploits host autophagy for cell-

to-cell spreading (Gerstenmaier et al., 2015). M. abscessus, a rapidly growing NTM, 

induces autophagy and inhibits autophagosome-lysosome fusion, suggesting that 

autophagosomes may be permissive for bacterial replication under these conditions 

(S.-W. Kim et al., 2017). 

Scope of Dissertation 

 Does M. avium modulate inflammasome expression and activation in host 

macrophages? Does mycobacterial eDNA play a role in immunomodulation and 

intracellular survival? What is the role of MGCs in M. avium infection? Are MGCs 

permissive to M. avium replication? How does the MGC environment differ from 

macrophages? These are the main questions that the following chapters aim to 

answer.  

I examined the interaction of virulent and nonvirulent mycobacteria with pro-

inflammatory and anti-inflammatory pathways in the host macrophage. I observed 

modulation of NLRP3 and AIM3 inflammasomes, and cGAS/STING pathway by M. 

avium and investigated the role of mycobacterial eDNA in intracellular 

immunomodulation. Together, my data suggest that M. avium modulates the 
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macrophage response early in infection to promote intracellular survival and induce 

anti-inflammatory pathways in tandem. Finally, mycobacterial eDNA may play a role 

in anti-inflammatory signaling via the cGAS/STING pathway.  

I developed and characterized a novel in vitro model of MGCs using THP-1 

macrophages and utilized this model to describe interactions of MGCs with M. avium. 

My model of MGCs exhibited large cellular volume, elevated autophagic activity, 

lipid droplet accumulation and increased bacterial replication. I characterized the 

phenotype of MGC-passaged M. avium to further understand the role of MGCs in 

pathogenesis. Collectively, my findings suggests that MGCs are permissive to 

intracellular replication, and act as a source for bacteria cell-to-cell spread.  
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Fig. 1.1. Summary of M. avium Pathogenesis. (1) M. avium forms biofilms in the 

environment, which consist of bacteria surrounded by extracellular polymeric 

substance (EPS). EPS is composed of glycopeptidolipids, mycolyl-diacylglycerols, 

lipooligosaccharides, lipopeptides, and extracellular DNA (eDNA). (2) Once in the 

airway, M. avium translocates across the bronchial epithelium. (3) M. avium enters 

macrophages and evades intracellular killing by inhibiting phagosome maturation, 

which allows bacterial replication to proceed. As infection progresses, M. avium 

triggers apoptosis and uses this type of cell death as a tool for spreading to 

neighboring cells. (4) If M. avium bacteria are not cleared by the initial response, 

macrophages, infected macrophages, and neutrophils form cellular aggregates and 

recruit additional immune cells to the site of infection. (5) Over time, granulomas 

develop around innate immune cell aggregates. The lipid-rich core of the granuloma 

contains M. avium, infected macrophages, and foamy macrophages. Surrounding the 

core are epithelioid macrophages, multinucleated giant cells, neutrophils, NK cells, 

and dendritic cells. T cells and B cells form the outer layer of the granuloma. Created 

with BioRender.com.  
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Fig. 1.2. Mechanism of NLRP3 and AIM2 Inflammasome Activation. The 

diagram shows an overview of the processes that activate the (a) NLRP3 and (b) 

AIM2 inflammasome and the downstream effect of inflammasome activation: 

caspase-1 activation and IL-1β release. A range of external and internal cellular stress 

signals can activate the NLRP3 inflammasome. Cytosolic double-stranded DNA 

(dsDNA) directly binds and activates the AIM2 inflammasome (Guo et al., 2015). 
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Abstract 

   Mycobacterium avium subsp. hominissuis (M. avium) is an opportunistic 

environmental pathogen that typically infects immunocompromised patients and 

those with chronic lung conditions. Pulmonary M. avium infection generates 

peribronchial granulomas that contain infected macrophages and multinucleated giant 

cells (MGCs). The role of MGCs in host-pathogen interactions during mycobacterial 

pathogenesis is poorly understood. To shed light on the role of MGCs, we established 

a novel in vitro model utilizing THP-1 cells and a combination of IFN-γ and TNF-α. 

In this study, we show that MGCs can take up M. avium, which replicates 

intracellularly before leaving the cell. Characterization of MGCs with transmission 

electron microscopy revealed an accumulation of cytoplasmic lipid droplets, 

autophagic activity, and multiple nuclei. Autophagy is important of intracellular 

growth of M. avium in macrophages. Depletion of host cholesterol and sphingomyelin 

in MGCs reduced intracellular growth of M. avium. These processes potentially 

contribute to the formation of a supportive intracellular environment for the pathogen. 

M. avium bacteria exit the host macrophage early in infection and express several 

ESX proteins, as well as proteins associated with lipid and pyruvate metabolism. 

These MGC-passaged bacteria exhibit higher uptake by naïve macrophages and 

survive and replicate in macrophages. Collectively, our results suggest that M. avium 

is well adapted to replicate in MGCs and utilize them as a springboard for local 

spread.  
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Introduction 

Mycobacterium avium subsp. hominissuis (M. avium) is an environmental 

opportunistic pathogen that causes pulmonary, and systemic infection in humans 

(Griffith et al., 2007). In recent years, the number of M. avium infections have been 

increasing worldwide (Prevots & Marras, 2015). Airway infections are chronic and 

characterized by the formation of pulmonary lesions, nodules, and both non-necrotic 

and necrotic peribronchiolar granulomas (Hong et al., 2016; Ohshimo et al., 2017). 

Treatment of pulmonary infections involves multiple antibiotics for a minimum of 12 

months, and is only effective in 50-60% of patients (Griffith et al., 2007; Ingen et al., 

2013). M. avium is a facultative intracellular bacterium and is ingested by 

macrophages and circulating monocytes. To survive the harsh intracellular 

conditions, M. avium inhibits phagosome acidification and prevents phagosome-

lysosome fusion (Frehel et al., 1986; Oh & Straubinger, 1996). After replicating in 

the vacuole, M. avium triggers apoptosis of the host cell, escapes, and infects 

neighboring host cells (Early et al., 2011). Since activated macrophages can kill 

intracellular M. avium, the primary target of macrophage-passaged bacteria are newly 

arrived monocytes, which are unable to control intracellular bacterial growth. 

Previous studies have demonstrated that upon leaving the primary macrophage, M. 

avium exhibits increased uptake and that uptake by new macrophages occurs 

primarily via macropinocytosis (L. E. Bermudez et al., 1997, 2004, 2006; 

Danelishvili et al., 2018). It is clear that M. avium takes advantage of host 

macrophages for replication, increased uptake, and spread to surrounding host cells.  
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To sustain a chronic infection, mycobacteria must evade the immune system 

and find supportive niches to foster bacterial growth and dissemination. There is 

growing evidence that mycobacteria utilize the granulomatous response for their 

benefit. Traditionally, granulomas were assumed to be protective structures formed 

by the host immune system to contain pathogenic bacteria and prevent dissemination. 

Previous research, however, has shown that mycobacteria can survive and persist in 

granulomas, and work carried out by Cosma and colleagues showed that 

mycobacteria prefer the granuloma over the extra-granuloma environment (Cosma et 

al., 2004). Studies on Mycobacterium marinum infection in zebrafish, demonstrated 

that granulomas facilitate cell-to-cell spread, increase bacterial loads, and contribute 

to dissemination (Davis & Ramakrishnan, 2009; Volkman et al., 2004). Additionally, 

disruption of granulomas in zebrafish can promote host survival as shown in studies 

performed by Cronan and colleagues, suggesting that granulomatous inflammation is 

pro-pathogen (Cronan et al., 2016).  

Langhans multinucleated giants cells (MGCs) are a characteristic feature of 

granulomas formed in response to pathogens, rather than foreign materials (Brodbeck 

& Anderson, 2009). MGCs in mycobacterial granulomas contain high bacterial loads 

in vivo, shown by histological examination of granuloma tissues from rabbits, mice, 

and humans (Gharun et al., 2017; Klotz et al., n.d.; S. N. Kumar et al., 2013; 

Langhans, 1868; Ufimtseva, 2015). Multinucleated giant cells are formed by the 

fusion of monocytes and are characterized by multiple nuclei (2-20), elevated 

cholesterol metabolism, and upregulation of iNOS (Gharun et al., 2017; Lösslein et 

al., 2021). The interactions between mycobacteria and multinucleated giant cells have 
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not been fully characterized. Previous studies have shown that M. avium-induced 

MGCs are able to take up bacteria (Gharun et al., 2017; Ufimtseva, 2015).  

Understanding the role of MGCs in mycobacterial pathogenesis may shed light into 

the balance of host-pathogen interactions during chronic infection. We developed an 

in vitro model of MGCs to facilitate understanding the contribution of MGCs in 

mycobacterial pathogenesis and the balance of the host-pathogen interaction during 

chronic infection of M. avium.  

Cholesterol is required for persistence of Mycobacterium tuberculosis (M. tb) 

in the lungs of chronically infected mice and Mycobacterium avium subsp. 

paratuberculosis in human macrophages (Keown, 2010; Pandey & Sassetti, 2008). In 

humans, cholesterol accumulates in M. tb granulomas, accompanied by an increase in 

host lipid metabolism, and providing a nutrient rich environment for mycobacteria 

(M.-J. Kim et al., 2010). M. avium possesses genes involved in cholesterol 

metabolism, including several mce (mammalian cell entry) genes, which are 

associated with cholesterol uptake and utilization in mammalian hosts (Jeffrey et al., 

2017; Pandey & Sassetti, 2008).  

Sphingolipids are important components of eukaryotic cell membranes, and 

several intracellular pathogens have evolved mechanisms to utilize this class of lipids 

for growth (Rolando & Buchrieser, 2019). For example, Pseudomonas aeruginosa 

uses host sphingomyelin and ceramide as a nutrient by destroying them with a host-

mimicking sphingomyelin  synthase and ceramidase (Luberto et al., 2003; Okino et 

al., 1998). M. tb utilizes host sphingomyelin by expressing the SpmT (rv0888) gene 

to support intracellular replication in macrophages (Speer et al., 2015). While M. 
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avium lacks the SpmT gene, it possesses other genes involved in lipid uptake and 

degradation, which may play a similar role (Jeffrey et al., 2017). 

In this study, we developed an in vitro MGC model and characterized the 

cellular morphology, which included multiple nuclei, accumulation of cytoplasmic 

lipid droplets, and the presence of autophagic activity. We determined the uptake and 

survival of M. avium in MGCs and found that M. avium is well adapted at 

intracellular survival and replication in MGCs. Increased autophagy and cytosolic 

lipid droplets could explain increased bacterial growth in MGCs. M. avium escapes 

from MGCs earlier than macrophages, and express ESX-5 as well as proteins 

associated with lipid metabolism and pyruvate metabolism. These MGC-passaged 

bacteria exhibit increased uptake by naïve macrophages and are able to survive and 

replicate in in macrophages. Together, these data point to the role of MGCs as 

permissive replicative niches that aid in cell-to-cell spread of M. avium.  
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Materials and Methods 

Bacteria culture 

Mycobacterium avium subsp. hominissuis strains 104 (M. avium 104),  A5 (M. 

avium A5), 101 (M. avium 101), and 109 (M. avium 109) were originally isolated 

from the blood of AIDS patients (Aronson et al., 1999). M. avium 101 is the standard 

M. avium strain for susceptibility testing, and M. avium 109 has been used extensively 

in preclinical studies (Matern et al., 2018). M. avium A5 exhibits prolific biofilm 

formation, and eDNA export (Rose & Bermudez, 2016). M. avium 104 and M. avium 

A5 were grown on Middlebrook 7H10 agar supplemented with 10% w/v oleic acid, 

albumin, dextrose, and catalase (OADC, Hardy Diagnostics) for 7-10 days at 37°C.  

Tissue Culture and formation of multinucleated giant cells  

THP-1 (TIB-202) human monocytes were obtained from the American Type 

Culture Collection (ATCC) and maintained in RPMI 1640 supplemented with 10% 

heat-inactivated fetal bovine serum (FBS; Gemini Bio-Products) at 37°C with 5% 

CO2. THP-1 cells were seeded in 48-well plates at a density of 3.5 x 105 cells per well 

and differentiated with 50 ng/ml of Phorbol 12-myristate 13-acetate (PMA; Sigma 

Aldrich) for 24 hours, followed by 24 hours in RPMI 1640 supplemented with 10% 

FBS without PMA, prior to use in experiments. Differentiated macrophages were 

treated with IFN-γ (100 ng/ml) (R&D Systems) and TNF-α (25 ng/ml) (VWR). The 

cytokines were used in combination to promote multinucleated giant cell (MGC) 

formation. Cytokines in RPMI 1640 supplemented with 10% FBS were added every 

48 hours for 6 days after initial PMA treatment triggered differentiation. The fusion 
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index was calculated using the formula: (No. of Nuclei in MGCs)/ (Total No. of 

nuclei) x 100%.  

Flow Cytometry 

For CD40 surface marker analysis, THP-1 cells were seeded on a 6-well plate 

(1x106 cells/ml) and differentiated with 50 ng/ml PMA for 24 h. MGCs were formed 

as described above. Cells were detached from the plate using 0.25% EDTA-free 

trypsin (Thermo Fisher Scientific) in 1X Phosphate-buffered saline (PBS) for 5 min at 

37˚C, followed by gentle pipetting. Cell suspensions were washed with PBS, and 

either left unstained, or stained with fluorochrome conjugated antibodies: CD40 FITC 

(5C3) (eBioscience), or Mouse IgG1 kappa Isotype Control (P3.6.2.8.1) (eBiosciene) 

FITC, for 1 hour at 20°C. After staining cells were fixed with 2% paraformaldehyde 

(PFA) for 10 min at 37˚C, washed, and analyzed immediately. Gating was performed 

to exclude dead cells. Flow cytometry was performed using an Accuri C6 flow 

cytometer (BD Biosciences). Data were analyzed using Accuri C6 software, FlowJo, 

and GraphPad Prism 9.  

Mycobacterial infection and survival in MGCs 

M. avium bacteria were added to multinucleated giant cells at an MOI of 10, 

synchronized by centrifugation for 10 min at 150 x g, and allowed to infect for 1 

hour. Inoculums for these assays were formed in 1X HBSS supplemented with 0.05% 

Tween-20 (Sigma-Aldrich). Extracellular bacteria were removed by two wash steps 

with 1X HBBS followed by treatment with gentamicin sulfate (Sigma-Aldrich) for 1 

hour (100 µg/ml) and an additional wash step with 1X HBSS to remove the antibiotic 

and dead extracellular bacteria. Cells were lysed at appropriate timepoints with 0.1% 
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Triton-X for 10 min and resulting lysates were diluted and plated. Colony forming 

units (CFUs) were enumerated at 1, 24, 48, and 72 hours post infection (h.p.i.). 

Potential extracellular bacteria escaping from cells were quantified at each timepoint 

via spot plating. Briefly, 5 µL of media removed from infected wells where plated on 

7H10 agar. Colonies were counted after 7 days of incubation at 37°C.  

Quantification PCR of Autophagy Associated Genes During MGC Infection 

THP-1 and MGC RNA were isolated with the RNeasy mini kit (Qiagen), 

followed by treatment with DNase I recombinant (Roche Diagnostics) for 2 hours at 

37°C to remove contaminating genomic DNA. The DNase was inactivated with 

Turbo DNase-inactivation reagent (Turbo DNA-free kit, Thermo Fisher Scientific) 

for 2 min at 37°C. Inactivation reagent was removed via centrifugation for 1 min at 

10,000 x g, and RNA transferred to new collection tubes. RNA samples were stored 

at -4°C for future processing. cDNA was transcribed from host RNA using the iScript 

cDNA synthesis kit (Bio-Rad). The quality of cDNA was tested by PCR with Gold 

360 master mix using the manufacturer’s specifications (Thermo Fisher Scientific). 

The RT-qPCR reaction was performed using iQ SYBR Green Supermix (Bio-Rad) 

and an iCycler (CFX Connect Real-Time Systems, Bio-Rad) as previously described 

(Danelishvili et al., 2004). All gene expression data are presented as relative 

expression to beta-actin. Primers were designed in Primer3 using sequences from 

GenBank (National Center for Biotechnology Information). Primer sequences are as 

follows: 

Beclin-1, 5’-AGCTGCCGTTATACTGTTCTG-3’ (forward), and  

5’-ACTGCCTCCTGTGTCTTCAATCTT-3’ (reverse); 
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 LC3-II, 5’-GATGTCCGACTTATTCGAGAGC -3’ (forward) and  

5’-TTGAGCTGTAAGCGCCTTCTA-3’ (reverse); and  

Beta-actin: 5’-CATGTACGTTGCTATCCAGGC-3’ (Forward),  

5’-CTCCTTAATGTCACGCACGAT-3’ (Reverse) (J. Wang et al., 2013). 

Fluorescent and transmission electronic microscopy of MGCs 

Multinucleated giant cells were generated with cytokines in chamber slides 

(Falcon, VWR) and visualized by fluorescence microscopy. The cells were fixed in 

2% PFA for 15 min, washed twice with 1X HBSS and permeabilized for 10 min with 

0.1% Triton-X before staining with 1 µg/ml Hoechst 34580 (Invitrogen) for 15 min in 

the dark. Hoechst was removed, samples were washed twice with 1X HBSS, and 

stained with 0.165 µM Alexa Fluor 488 phalloidin (Thermo Fisher Scientific) for 15 

min in the dark, followed by two wash steps with 1X HBSS. Slides were allowed to 

dry before affixing glass coverslips with cytoseal (Thermo Fisher Scientific). Slides 

were imaged with a Leica DM4000B fluorescent microscope (Leica Microsystems) 

and QICAM Fast 1394 camera (QImaging) at a magnification of 1000X under oil 

immersion. Images were acquired and processed with Qcapture Pro 7 software. For 

TEM, Cells were detached from 6-well plates by treatment with 5mM EDTA for 30 

min, washed in 1X HBSS (HBSS, Cellgro), and suspended in fixative buffer with 

2.5% glutaraldehyde, 1% formaldehyde, and 0.1 M sodium cacodylate for 24 hours 

prior to submission to the electron microscopy facility for processing. Samples were 

sectioned, dehydrated, and visualized by a FEIT Titan 80-200 TEM/STEM 

microscope at Oregon State University Electron Microscopy Facility. 
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siRNA targeting of autophagy genes during mycobacterial infection 

To examine the role of ATG5 and Beclin-1 in activation of autophagy, we 

inhibited functionality of selected targets in THP-1 macrophages using siRNA 

technology in accordance with the manufacturer's recommendations (Santa Cruz 

Biotechnology, Inc). THP-1 cells were differentiated and seeded at 80% confluence 

in 6-well plates and, prior to infection, transfected with ATG5 and Beclin siRNAs. 

Briefly, siRNAs were diluted in RPMI without serum at a final concentration of 

25 nM and 3μl of ContinuumTM transfection reagent (Gemini). Macrophage 

monolayers were washed once with siRNA transfection medium and replenished with 

new transfection medium containing target specific siRNA transfection reagent 

mixture. Cells were incubated at 37 °C in presence of 0.5% CO2. Untreated and 

control siRNA (non-targeting sequences) transfected cells served as negative controls. 

After 48 h, monolayers were infected for different time-points, lysed and bacterial 

CFUs were recorded on Middlebrook 7H10 agar plates. Before infection, the ATG5, 

Beclin and β-actin protein levels from control and experimental wells were analyzed 

by semi-quantitative Western blotting. Lysed macrophages were resolved by 

electrophoresis on 12.5% SDS-PAGE gels, transferred to nitrocellulose membranes 

and blocked overnight with 5% Bovine Serum Albumin (BSA). After incubation with 

primary antibodies at a dilution of 1:200 for 2 h, membranes were washed three times 

with PBS and then probed with corresponding IRDye secondary antibody (Li-Cor 

Biosciences, Inc) at a dilution of 1:5000 for 1 h. Proteins were visualized using 

Odyssey Imager (Li-Cor). 
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Collection of MGC-passaged Bacteria 

MGCs, formed as described previously, were infected with wild type M. 

avium A5 for 1h at an MOI of 10. The infection was carried out as described 

previously. Fresh media was replaced every 24h. Supernatants were collected at 72 

h.p.i, and immediately kept on ice. Cell debris was removed by centrifugation for 5 

min, 150 x g at 4 °C. The supernatant containing bacteria were pelleted by 

centrifugation for 15 min, 2000 x g at 4 °C. The supernatant was removed, and the 

pellet resuspended in 2ml of HBSS and stored at 4 °C for up to 7 days before use in 

experiments. 

LC-MS 

MGC-passaged bacteria and intracellular bacteria were collected as described 

above and washed twice with 1X HBSS. Plate bacteria were suspended in 1X HBSS 

and washed twice before protein isolation. Bacterial pellets were lysed with CelLytic 

B lysis buffer (company) supplemented with a protease inhibitor cocktail, phosphatase 

inhibitor cocktail (HALT), lysozyme (conc), and DNase I (Promega) for 15 min at 

room temperature. Lysates were transferred to a bead beating tube containing 100 µl 

of 0.1 mm disruption media (beads), followed by 2 minutes of disruption with a bead-

beater. Debris was pelleted and supernatants were collected. Total protein was 

quantified using the Bradford assay. Samples were stored at -20 °C. Lysates were kept 

on ice between steps. To reduce disulfide bonds of the proteins, the samples were 

incubated at 56 °C for 1 hour with 5 mM dithiothreitol (ThermoFisher). Next, the 

samples were incubated with 10 mM iodoacetamide (MilliPore Sigma) for 1 hour at 

room temperature in the dark to carbamidomethylate cysteine residues. Samples were 
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digested overnight at 37 °C using Trypsin Gold (Mass Spectrometry Grade, Promega). 

After digestion, samples were spun down at 12000 rcf for 30 s to collect condensate, 

and the digestion was stopped by addition of 0.5% (v/v) trifluoroacetic acid. Samples 

were centrifuged at 12000 rcf for 10 minutes and then transferred to LC vials. 

A Waters nanoAcquityTM UPLC system (Waters, Milford, MA) was coupled 

online to an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific). 

Peptides were loaded onto a trap 2G nanoAcquity UPLC Trap Column (180um, 50mm, 

5um) at a flow rate of 5 μl/min for 5 minutes. The results were obtained on a 

commercially available Acquity UPLC Peptide BEH C18 column (100um, 100mm, 

1.7um). Column temperature was maintained at 37 °C using the integrated column 

heater. Solvent A was 0.1% formic acid in LC-MS grade water and solvent B was 0.1% 

formic acid in LC-MS grade acetonitrile. The separation was performed at a flow rate 

of 0.5 μl/min and using linear gradients of 3–10% B for 10 minutes, 10–30% B for 10 

minutes, 30–70% B for 5 minutes, 70–95% B for 3 minutes, 95–3% B for 4 minutes, 

95–3% B for 3 minutes. Total method length was 35 minutes. The outlet of the column 

was connected to Thermo Nanospray Flex ion source and +2300V were applied to the 

needle. 

MS1 spectra were acquired at a resolution of 120,000 (at m/z 200) in the 

Orbitrap using a maximum IT of 50 ms and an automatic gain control (AGC) target 

value of 2E5. For MS2 spectra, up to 10 peptide precursors were isolated for 

fragmentation (isolation width of 1.6 Th, maximum IT of 10 ms, AGC value of 2e4). 

Precursors were fragmented by HCD using 30% normalized collision energy (NCE) 

and analyzed in the Orbitrap at a resolution of 30,000. The dynamic exclusion duration 
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of fragmented precursor ions was set to 30 s. Raw files were processed in Thermo 

Proteome Discoverer 2.3. Precursor ion mass tolerance was set to 5 ppm, while 

fragment ion mass tolerance was 0.02 Da. The SequestHT search engine was used to 

search against the Swissprot human and M. abscessus protein database (). b and y ions 

only were considered for peptide spectrum matching. MS1 precursor quantification 

was used for label-free quantitation of the peptides. Protein abundances were calculated 

as a sum of abundances of unique peptides detected. LC-MS analysis was carried out 

by the mass spectrometry facility in the Center for Quantitative Life Sciences (CQLS) 

at Oregon State University.  

Statistical Analysis 

All described experiments were repeated at least three times and data shown 

are representative of the biological replicates. Comparisons between two groups were 

analyzed in Microsoft Excel using the two-tailed Student t test. Results with p-values 

below 0.05 were considered significant.  
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Results 

IFN-γ and TNF-α induce multinucleated giant cell formation in vitro 

To establish an in vitro MGC model THP-1 cells were differentiated with 

Phorbol 12-myristate 13-acetate (PMA) for 24 hours, followed by stimulation with a 

combination of TNF-α and IFN-ɣ for 6 days. After differentiation with PMA, THP-1 

cells do not proliferate and become adherent. TNF-α and IFN-ɣ were selected because 

they have been shown to drive granuloma formation, and contribute to MGC 

formation in vivo (Epstein & Fukuyama, 1989; Fais et al., 1994; Mezouar et al., 2019; 

Tambuyzer & Nouwen, 2005). A fusion index of 56.5% was observed when cells 

were treated with 25 ng/ml TNF-α and 100 ng/ml IFN-ɣ over a 6-day period (Fig. 

2.1A). The resulting mixed population of MGCs and activated THP-1 macrophages, 

was utilized for further experiments. MGCs formed with this protocol have 2-4 nuclei 

(Fig. 2.1B, C, and D). CD40 is a marker of MGCs associated with mycobacterial 

infection and is involved in MGC formation (Brooks et al., 2019; Sakai et al., 2012, 

p. 40). MGCs exhibited a large shift in mean fluorescent intensity (MFI) of FITC-

CD40, indicating that 98% of MGCs are CD40+ (Fig. 2.1E). THP-1 cells exhibited a 

small shift in fluorescent intensity, indicating a low percentage of CD40+ cells (Fig. 

2.1F). MGCs have an MFI of FITC-CD40 that is significantly higher than THP-1 

macrophages, MGCs stained with a FITC-isotype control, and unstained MGCs (Fig. 

2.1G). These results indicate that MGCs retain the CD40 marker and are biologically 

similar to MGCs observed in vivo. 

Intracellular survival and growth of M. avium in multinucleated giant cells 
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The intracellular stages of mycobacteria in MGCs have not been fully 

described. Survival assays were performed to characterize the uptake and intracellular 

growth of M. avium in the in vitro MGC model and compared to THP-1 

macrophages. M. avium A5 infected MGCs at a similar rate to THP-1 macrophages 

(Fig. 2.2A). Once cells were infected, bacterial survival was determined by CFU 

counts in either MGCs or THP-1 macrophages over 3 and 6 days respectively, and 

fold change relative to 1 h.p.i calculated. The time points selected for THP-1 survival 

assays are standard practice. The time points for MGC survival assays were selected 

from day 5 of stimulation up to the point where bacterial growth was observed. This 

happened to be at day 3 post-infection, so a day 6 time point was not necessary for 

MGCs. Additionally, the cells would have been on the plate for 12 days at the point, 

which would leave few viable cells to work with. At 4 d.p.i for THP-1 and 48 h.p.i for 

MGC, fold change of bacterial growth was 4 (Fig. 2.2B and C). In THP-1 

macrophages, M. avium intracellular growth exhibited a fold change of 11 at 6 d.p.i, 

whereas M. avium intracellular growth in MGCs exhibited a fold change of 7 at 3 

d.p.i (Fig. 2.2B and C). During the survival assay, CFU/mL of extracellular bacteria 

that exited MGCs was enumerated (Fig. 2.2D). The number of bacteria leaving 

MGCs was significantly greater at 72 h.p.i. compared to other timepoints. These data 

indicate that M. avium A5 can enter MGCs with the same efficacy as THP-1 

macrophages. Additionally, M. avium A5 survives in the MGC environment and 

matches the level of intracellular growth in THP-1 macrophages in a shorter time. 

Our data support the idea of a favorable niche existing inside the MGC environment 
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that M. avium A5 can utilize to survive and eventually leave to infect other cells 

nearby.  

Electron Microscopy Observations of M. avium A5 in MGCs 

To increase our understanding of the behavior of bacteria inside MGCs, transmission 

electron microscopy (TEM) was used. MGCs were infected with M. avium over 72 h 

then processed for TEM. THP-1 macrophages that are not treated with cytokines or 

infected with bacteria show normal cellular structures including a single nucleus and 

cell size. After cytokine exposure, MGCs were formed and autophagosomes were 

visible in the cytosol, identified by double membranes (Fig. 2.3A). In MGCs infected 

with M. avium A5 for 72 h, bacteria can be seen inside autophagosomes (Fig. 2.3B), 

and bacterium-containing vacuoles can be seen interacting with autophagosomes (Fig. 

2.3C and D). Comparing multiple cells, numerous autophagic vacuoles exist within 

MGCs, and once these cells are infected with M. avium A5 the number of 

autophagosomes increased substantially.  

Prominent lipid droplets were observed in MGCs at multiple timepoints. The 

formation of MGCs causes several cellular changes and one of the changes observed 

was the accumulation of lipid droplets in the cytosol (Fig. 2.4A). At 1 h.p.i, bacteria 

were present the cytosol near lipid droplets (Fig. 2.4B) as well as in autophagosomes 

(Fig. 2.4C & E). Intracellular lipid inclusions were present in intracellular bacteria at 

several timepoints (Fig. 2.4B-E). Vacuoles containing multiple bacteria were 

observed at 72 h.p.i. (Fig. 2.4D). After 24 h bacteria started to leave MGCs and were 

observed near the plasma membrane (Fig. 2.4F).  
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in vitro multinucleated giant cells exhibit increased autophagic activity compared to 

macrophages 

To determine autophagic activity in MGCs, we measured the mRNA levels of 

autophagy markers LC3 and Beclin-1 via real-time quantitative PCR. Beclin-1 

controls phagophore formation and LC3 is involved in phagophore elongation (Glick 

et al., 2010). Beclin-1 gene levels after 4 h indicated that MGCs have naturally 

greater expression compared to THP-1 macrophages, and once infected, MGCs 

exhibited even greater gene expression of Beclin-1 (Fig. 2.5A). The trend continued 

through 24 h.p.i, except there was no difference between infected and uninfected 

MGCs gene expression. Later in the infection there was no difference in Beclin-1 

gene expression between experimental groups. LC3 expression by MGCs at 4 h 

showed significant increase compared to LC3 expression by THP-1 macrophages 

(Fig. 2.5B). After 24 h LC3 gene expression by uninfected MGCS increase, and 

expression by infected MGCs decreased. After 72 h, LC3 gene expression was 

undetectable for all experimental groups. These data support our previous observation 

that infected MGCs have a greater number of autophagosomes than uninfected 

MGCs.  

Silencing of Beclin and ATG5 reduces intracellular survival of M. avium in THP-1 

macrophages  

Since there is a clear tendency of MGCs cells to express autophagy upon M. 

avium infection we questioned if autophagy was an important occurrence for survival 

in macrophages. To assess the importance of increased autophagy during M. avium 

infection in THP-1 macrophages, siRNA technology was used to knockdown 
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expression of Beclin-1 and ATG5 host genes. THP-1 macrophages treated with 

siRNA targeting either Beclin, ATG5, empty vector, or no vector, showed reduced 

but not absent protein levels inside of cells, confirmed by western blot (Fig. 2.6A). 

These THP-1 macrophages where then infected with multiple strains of M. avium 

including, 101, 104, and 109 (Fig. 2.6B). Our results demonstrate that inhibition of 

ATG5 or Beclin, markers of autophagy, decreased the ability for bacteria to survive 

in macrophages over 4 days (Fig. 2.6B). These data suggest that M. avium uses 

autophagy for intracellular survival in resting macrophages.  

Intracellular cholesterol transport and M. avium A5 survival in MGCs 

The TEM micrographs show that M. avium is utilizing host lipids in MGC. 

We wanted to determine whether host cholesterol was essential for intracellular 

growth. Uptake and survival assays were carried out in MGCs treated with (3β)-3-[2-

(Diethylamino) ethoxy] androst-5-en-17-one hydrochloride (U18666A), an 

intracellular cholesterol transport inhibitor. The final concentration was chosen based 

on previously published studies in mouse macrophages and human fibroblasts 

(Härmälä et al., 1994; Iftakhar-E-Khuda et al., 2009). As a control, it was determined 

that a concentration of 3 µg/ml of U18666A had no effect on the growth of M. avium 

A5 in 7H9 broth over 6 days (Fig. 2.7A). Since U18666A did not affect bacterial 

growth, we then used the inhibitor on MGCs infected with M. avium A5. U18666A 

was added 1 hour after infection of MGCs and replenished daily over 72 h. MGCs 

were lysed and CFUs were counted at 1, 24, and 72 h.p.i. In MGCs that were infected 

with M. avium A5, treatment with U18666A did not affect whether bacteria were 

taken up by the cells (Fig. 2.7B). M. avium A5 intracellular growth over 72 h was 
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significantly hindered by U18666A compared to without inhibition, with a reduction 

of about 25% (Fig. 2.7B). This shows that M. avium can utilize alternate sources of 

energy if cholesterol is unavailable in host cell during early stages of infection. 

However, M. avium is unable to overcome the lack of cholesterol later in infection 

and intracellular growth plateaus. Since the inhibition of intracellular cholesterol 

transport with U18666A reduces, but does not prevent intracellular growth of M. 

avium, we propose that cholesterol is not essential for intracellular growth.  

Effect of sphingomyelin synthase inhibition on M. avium A5 survival in MGCs 

Since sphingomyelin has been shown to be advantageous for TB in 

macrophages, we determined whether M. avium A5 utilizes sphingomyelin in MGCs 

to aid intracellular growth (Speer et al., 2015). MGCs were either treated with 

tricyclodecan-9-yl-xanthogenate (D609) or untreated. D609 is an inhibitor of 

sphingomyelin synthase that reduces intracellular diacylglycerol and sphingomyelin, 

and increases ceramide levels (Luberto & Hannun, 1998; A. Meng et al., 2004; 

Milhas et al., 2012). D609 was added to infected MGCs 1-hour post-infection and 

was replenished daily over the course of three days (Fig. 2.7C). The concentration of 

100 µM was chosen based on previously established inhibitory concentrations in 

human lung fibroblast and monocyte cell lines (Luberto & Hannun, 1998; A. Meng et 

al., 2004). A concentration of 100 µM of D609 had no effect on the growth of M. 

avium A5 in 7H9 broth after 4 days of growth (Fig. 2.7A). To account for the effects 

of D609 on bacterial growth at day 6, all in vitro experimental timepoints were 

determined by day 3. MGCs were infected then lysed and CFUs were counted at 1, 

24, and 72 h.p.i. In MGCs that were treated with 100 µM of D609, uptake of M. 
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avium A5 was not affected as D609 was added after infection. M. avium A5 

intracellular growth was significantly hindered with treatment only at 72 h.p.i, with a 

reduction of about 30% (Fig. 2.7C). This shows that during early stages of infection 

M. avium can utilize alternate sources of energy if sphingomyelin is unavailable in 

host cell.  

To determine the effect of sphingomyelin synthase inhibition after the 

infection had been more established, MGC survival assays were conducted in which 

D609 was added to the cells at either 24 h.p.i or 48 h.p.i (Fig. 2.7D). When D609 was 

added to M. avium A5-infected MGCS at 24 h.p.i, there was a reduction in bacterial 

survival at 48 h.p.i. However, M. avium A5 was able to overcome the effect of the 

inhibitor and resumed growth, which is shown by the increase in CFUs from 48- to 72 

h.p.i. When D609 was added to M. avium A5-infected MGCS at 24 h.p.i, there was a 

reduction in bacterial survival at 72 h.p.i. The number of extracellular bacteria 

leaving the MGCs was counted for untreated, 24h D609, and 48h D609 groups (Fig. 

2.7E). In both the untreated and 24h D609 groups, the number of extracellular 

bacteria increase between 48 and 72 h.p.i, however the 48h D609 group show no 

increase during this period. Our results show that M. avium A5 can overcome 

sphingomyelin depletion when it occurs at 24 h.p.i, but not 48 h.p.i. and suggest M. 

avium dependency on sphingomyelin at later stages of infection. 

Passage through MGCs Increases Uptake, but not survival of M. avium A5 in naïve 

macrophages 

To determine if the phenotype of MGC-passaged M. avium A5 is different than 

WT M. avium A5, uptake and survival assays were carried out in THP-1 macrophages. 
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To passage M. avium A5, MGCs were infected with WT M. avium A5 for 1h, and at 

72 h.p.i, bacteria that exited the MGCs (MGC-passaged A5) were collected in cell 

culture media and kept on ice or at 4˚C while pelleted and washed. THP-1 cells were 

infected for 1 hour with MGC-passaged bacteria or M. avium A5 from a 7H10 streak 

plate. Uptake of M. avium A5 was tested by inhibiting macropinocytosis and receptor 

mediated phagocytosis. Wortmannin inhibits the macropinocytosis pathway by 

preventing complete closure of the cytoplasmic ruffles. Blocking complement receptor 

3 (CR3) with a CD11b antibody inhibits complement receptor-mediated phagocytosis. 

MGC-passaged A5 exhibited a percent uptake approximately 3 times greater than M. 

avium A5 grown on a plate, under normal infection conditions (Fig. 2.8A). Blocking 

the CR3-receptor with an anti-CD11b antibody for 1 hour prior to infection led to a 

52% reduction in uptake for both bacterial phenotypes (Fig. 2.8B). Inhibition of 

macropinocytosis with wortmannin for 2h prior to infection led to a 33% reduction in 

uptake for both bacterial phenotypes (Fig. 2.8B). Inhibiting uptake pathways reduced 

the uptake of both phenotypes, but did not completely block them, indicating that M. 

avium of either phenotype can circumvent the effect of the inhibitors and entering the 

macrophage via an alternate route. This suggests that MGC-passaged bacteria can enter 

THP-1 cells via alternate routes. Survival in THP-1 macrophages over 6 days with 

MGC-passaged A5 is comparable to A5 from the plate, thus once bacteria enter 

macrophages there was no added advantage to MGC-passaged bacteria (Fig. 2.8C). 

These data suggest that the MGC-environment increases the uptake of M. avium A5, 

but that they retain their ability to enter the next host cell in multiple ways.  

Virulence and Metabolic Proteins Expressed by MGC-Passaged M. avium 
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 To understand how M. avium exits the MGC, proteomic analysis MGC-

passaged M. avium was performed. When compared to plate-grown bacteria, MGC-

passaged bacteria did not express any unique proteins, and the abundance of all proteins 

was lower than in plate-grown bacteria. This could be due to the small size of the 

bacterial pellet used in the MGC-passaged LC-MS sample during preparation. 

Although the same total amount of protein was process for LC-MS in both samples, 

the MGC-passaged sample contained a significant number of human proteins as well. 

An alternate explanation is that bacteria that leave the cell adapt quickly to the 

extracellular environment. On-going proteomics work will look at intracellular M. 

avium from MGCs collected at 24 h.p.i, with the idea that proteins involved in escape 

from the host cell will be expressed intracellularly before exit. As a result of these 

limitations, the proteomic results discussed in this section are qualitative and will focus 

on proteins expressed by MGC-passaged bacteria.  

• Increased uptake could be due to acquisition of host factor 

• Change in bacteria lipid profile  
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Discussion 

Multinucleated giant cells play an important role in the host-pathogen 

interaction during the granulomatous response to mycobacteria. Past studies have 

used in vitro multinucleated giant cell models that utilize mycobacteria or 

mycobacterial components, and a combination of  primary lymphocytes and 

macrophages to trigger the formation of cellular aggregates with few MGCs (Gasser 

& Möst, 1999; Lay et al., 2007; Puissegur et al., 2004). The MGC model described in 

this study focuses on a single cell type, avoiding the use of bacterial components and 

complexities of cell-aggregate models (formed with several cell types) to detail 

characteristics of MGCs in the absence of confounding bacterial factors. The absence 

of bacterial components allows this model to have broader applications beyond 

mycobacterial studies. In addition, the model utilizes an immortalized cell line, rather 

than primary cells, this makes it affordable and reproducible. Foreign body 

multinucleated giant cell models induce macrophage fusion with IL-4 stimulation, 

however, these MGCs are typically found near medical implants and biomaterials, 

and are significantly different than MGCs found in mycobacterial granulomas 

(Aghbali et al., 2017; Anderson et al., 2008). In addition, MGCs formed in this model 

have the CD40 surface marker, which is present in MGCs during acute tuberculosis 

infection, and is required for MGC formation in tuberculosis (Brooks et al., 2019; 

Sakai et al., 2012, p. 40).  

Multinucleated giant cells are a common feature of mycobacterial granulomas 

in vivo, and typically contain large bacterial loads (Gharun et al., 2017; Klotz et al., 

n.d.; Langhans, 1868; Ufimtseva, 2015). It is not clear whether multinucleated giant 
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cells play a host-protective role or act in favor of the pathogen. In previous studies, 

MGCs have been shown to exhibit increased phagocytic activity compared to 

macrophages (Braune et al., 2021; Gharun et al., 2017; Milde et al., 2015). Recent 

research by Gharun and colleagues supports the idea that multinucleated giant cells 

are permissive to mycobacterial replication (Gharun et al., 2017). In this study, we 

demonstrated that MGCs formed by the fusion of macrophages after IFN-γ an TNF-α 

stimulation can phagocytose M. avium and permit intracellular replication (Fig. 2.10).  

After infection, M. avium survives in a cytoplasmic vacuoles of macrophages 

and prevents the acidification and vacuole fusion with lysosomes (Sturgill-Koszycki 

et al., 1994). The lack of Rab7 marker on M. avium late phagosomes influence the 

phago-lysosome fusion (Via et al., 1997). Furthermore, intracellular M. avium is 

resistant to ROS and nitric oxide and capable of subverting macrophage killing 

mechanisms (L. E. M. Bermudez & Young, 1989). Presumably, M. avium uses 

similar strategies for survival in MGCs.  

Autophagy is a process used by eukaryotic cells to recycle organelles or to 

degrade damaged cellular structures (Stromhaug & Klionsky, 2001). In some cases, 

autophagy is used as a mechanism to kill intracellular pathogens, such as Salmonella 

enterica serovar Typhimurium and M. tuberculosis (Birmingham et al., 2006; Shin et 

al., 2010). However, some bacterial species have strategies to avoid autophagic 

clearance, while others utilize autophagy to fuel intracellular growth or to drive their 

escape from the host cell (Birmingham et al., 2007; Deng et al., 2016). For instance, 

Francisella tularensis, an intracellular pathogen that infects macrophages, exploits 

autophagy to amass nutrients for intracellular growth (Steele et al., 2013). M. 
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tuberculosis suppresses macrophage autophagy through the inhibition of production 

of reactive oxygen species (ROS) (Shin et al., 2010). Mycobacterium marinum, a 

model organism for M. tuberculosis, employs host autophagic machinery for cell-to-

cell transmission of bacteria, and is able to prevent maturation to autophagolysosomes 

(Gerstenmaier et al., 2015). Our work demonstrates that the inhibition of autophagy 

using RNAi in THP-1 cells leads to a significant reduction in intracellular survival of 

M. avium. Altogether, data collected on the increased autophagy in MGCs, the 

presence of M. avium in autophagosomes, and the permissiveness for bacterial 

growth, suggest that M. avium utilizes autophagy to fuel intracellular growth in both 

macrophages and MGCs. However, further work is required to confirm the 

involvement of autophagy in intracellular M. avium replication in MGCs. This could 

be accomplished by inhibiting autophagy in MGCs with chemical inhibitor, or 

siRNA, and determining the effect on intracellular growth.  

Lipids are a well-known source of nutrition for mycobacteria in the host 

(Wilburn et al., 2018). Host lipid metabolism shifts during mycobacterial infections, 

and the inhibition of lipid accumulation in mycobacterium-infected macrophages 

reduces bacterial survival (Gago et al., 2018; McClean & Tobin, 2020). Host lipids 

utilized by mycobacteria include triacylglycerols, cholesterol and sphingomyelin. 

Several intracellular pathogens manipulate host sphingolipid metabolism, including 

M. tb, P. aeruginosa, and L. pneumophila (Rolando & Buchrieser, 2019). M. 

tuberculosis possesses several genes involved in cholesterol metabolism, a neutral 

sphingomyelinase SpmT (Rv0888), and alkaline ceramidase (Rv0669c) (Lunge et al., 

2020; Speer et al., 2015). Although M. avium lacks homologs for either of these 
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genes, it possesses several uncharacterized hypothetical genes that may have similar 

activity (Jeffrey et al., 2017; Pandey & Sassetti, 2008). When we inhibited 

intracellular cholesterol transport in MGCs, M. avium survival was significantly 

reduced at 72 h.p.i. These data indicate that cholesterol is not vital for intracellular 

survival, and that M. avium is able to overcome the lack of cholesterol and replicate 

in MGCs. Work from Stanley’s group have indicated that accumulation of lipids in 

M. tuberculosis infected macrophages is not triggered by the bacteria but by the host 

(Knight et al., 2018). These findings agree with our observation that M. avium makes 

use of the cholesterol only because it is available; however, it does not affect bacterial 

survival if cholesterol is limited or absent. Depletion of host sphingomyelin with 

D609 during M. avium infection at different time points temporarily reduced bacterial 

intracellular growth in MGCs. M. avium was able to resume intracellular growth 24 

hours after each D609 treatment, indicating that it may use host lipids as an energy 

source if they are present but can utilize alternative sources of energy if host lipids are 

not available. Improving our understanding of the role of host lipids in intracellular 

replication is an important avenue of future research. Characterization of MGC lipid 

droplets by lipidomics would provide further information about the MGC model and 

might point to specific lipids utilized by intracellular bacteria.  

Additionally, M. avium that leaves the MGC readily enters neighboring 

macrophages. Previous work by Bermudez and colleagues has shown that 

macrophage-passaged M. avium  exhibit higher uptake and induces apoptosis in 

macrophages as a mechanism of cell exit (Early et al., 2011). Apoptosis was not 

observed during visual inspection of macrophages infected with MGC-passaged M. 
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avium. To follow-up, an experiment is to measure apoptosis with an Annexin V assay 

is necessary to confirm this observation. The study published by Early et. al. shows 

that macrophage-passaged M. avium enters uninfected macrophages primarily via 

macropinocytosis rather than complement receptor-mediated phagocytosis, which is 

the typical pathway (Early et al., 2011). Our work demonstrates that blocking 

macropinocytosis or complement receptor-mediated phagocytosis significantly 

reduces the uptake of macrophages by MGC-passaged M. avium, suggesting that this 

phenotype uses multiple routes of entry. The precise escape mechanism of M. avium 

from MGCs remains unclear. M. marinum utilizes autophagy to escape from host 

macrophages in a nonlytic mechanism (Flieger et al., n.d.). M. avium may utilize a 

similar autophagy-mediated pathway of cell exit. Together, these findings 

demonstrate that exposure to the MGC environment increases the uptake of M. avium, 

by naïve macrophages which may help minimize the time spent in the extracellular 

space and maximize transmission. Further work is needed to describe the precise 

mechanism utilized by M. avium to exit MGCs.  

Previous studies by Ramakrishnan and colleagues, in the M. marinum 

zebrafish model, demonstrated that infected macrophages control the bacterial 

burden, migrate into tissues, and recruit additional cells to form granulomas in early 

stages of infection (Clay et al., 2007). Additionally, granulomas themselves facilitate 

cell-to-cell spread of bacteria and increase bacterial burden (Davis & Ramakrishnan, 

2009; Volkman et al., 2004). Our finding that M. avium exits multinucleated giant 

cells and exhibits higher uptake suggests that the intracellular environment of 

multinucleated giant cells may enhance and contribute to the bacterial replicative 
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niche and drive cell-to-cell spread. Characterizing the cell exit mechanism utilized by 

MGC-passaged M. avium is an important future direction. Probing the involvement of 

autophagy on bacterial cell exit would be a good starting point.  

Using the in vitro model established in this study, we characterized some of 

the interactions between MGCs and M. avium. Bacterial survival assays in MGCs 

confirm a favorable intracellular environment promoting M. avium growth and 

escape. We also demonstrated that autophagy is elevated in MGCs, and its inhibition 

reduces M. avium survival in phagocytic cells. M. avium also appears to utilize host 

cholesterol and sphingomyelin to fuel intracellular growth. Further study is needed to 

define the role of lipids versus autophagy in nutrient acquisition by intracellular M. 

avium. Our data indicate that while M. avium is well adapted to replicate in MGCs, 

the host environment stimulates the uptake of bacteria and efficient escape from 

phagocytic cells likely for local spread (Fig. 2.10).  
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Figures 

Figure 2.1. IFN-γ and TNF-α induce formation of multinucleated giant cells in 

vitro. THP-1 cells were fluorescently labeled after cytokine treatment to determine 

MGC formation via microscopy at 1000X magnification. The expression of CD40, a 

marker associated with classical macrophage activation and Langhans giant cells was 

measured via flow cytometry. (A) The macrophage fusion index determined the 

percentage of multinucleated cell having at least 2 nuclei in 10 fields of view. (B) 

Hoechst stain of MGC nuclei (white arrow). (C) Alexa Fluor Phalloidin 488 stain of 

actin cytoskeleton (white arrow). (D) Merged image of MGC (white arrow). (E) 

FITC-CD40 levels in MGCs (Black: unstained, Blue: Isotype control, Red: CD40+). 

(F) FITC-CD40 levels in PMA-differentiated THP-1 cells (Black: unstained, Red: 

CD40+). (G) Mean Fluorescent intensity of FITC-CD40 (Black: unstained, Blue: 

Isotype control, Red: CD40+). All groups were compared to MGC CD40+. Data are 

representative of 3 independent experiments. Statistical comparisons: *, P < 0.01, **, 

P < 0.001, ***, P < 0.0001. 
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Figure 2.2. MGCs Phagocytose M. avium and Permit Intracellular Replication. (A) 

Percent uptake of M. avium A5 in THP-1 macrophages and MGCs after 1 hour of 

infection. (B) Fold change relative to 1 h.p.i (dashed line) of M. avium growth over 6 

days in THP-1 macrophages. (C) Fold change relative to 1 h.p.i (dashed line) of M. 

avium growth over 3 days in MGCs. (D) Extracellular bacteria CFUs recovered after 

infection of MGCs. Data shown are representative of results from three independent 

biological replicates. Statistical comparisons: *, P < 0.05; **, P < 0.005; ***, P < 

0.0005. 
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Figure 2.3. Autophagic Activity in MGCs. (A) Autophagosomes containing cellular 

components in uninfected MGCs (B) Autophagosomes containing M. avium 72 h.p.i. 

of MGCs. (C) At 72 h.p.i. vacuoles containing M. avium interacting with an 

autophagosome. (D) Same as (C). Black arrows: bacteria, orange arrows: 

autophagosomes. 
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Figure 2.4. Characteristics of Intracellular M. avium in MGCs. (A) Uninfected 

MGC with three nuclei surrounded by lipid droplets. (B) Cytosolic M. avium inside 

MGCs at 1 h.p.i. (C) M. avium bacterium in a vacuole at 1 h.p.i in MGCs. (D) 

Vacuole containing multiple M. avium 72 h.p.i. inside MGCs. (E) Intracellular M. 

avium in autophagosome in MGC at 1 h.p.i. (F) 24 h.p.i., extracellular M. avium from 

an MGC. Blue arrows: host lipid droplets, black arrows: bacteria, green arrows: intra-

bacterial lipid inclusions, white arrows: nuclei, and orange arrows: autophagosomes. 
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Figure 2.5. Gene expression of autophagic markers is elevated in MGCs. Either 

MGCs or THP-1 cells were infected with WT M. avium A5 for 4 h. (A) LC3 

transcripts were measured by RT-qPCR at indicated times. mRNA levels are 

presented as relative expression to actin. (B) Beclin-1 transcripts were measured at 

indicated timepoints. mRNA levels are represented relative to actin expression. Data 

are representative of two independent experiments. Statistical comparisons: *, P < 

0.01; **, P < 0.001; ***, P < 0.0001. 
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Figure 2.6: siRNA targeting of autophagy markers decreases protein levels. 

THP-1 cells were depleted of either ATG5 or Beclin-1 48 h after siRNA targeting. 

(A) Western blot band intensities were quantified using β-actin as a loading control 

by Odyssey imager software (Li-Cor). (B) Survival of M. avium strains 109, 101, and 

104 at 48 h.p.i. in THP-1 macrophages transfected with ATG5 or Beclin-1 siRNA. 

CFU/ml of Data are representative of three experiments. Statistical comparisons: *, P 

< 0.01; **, P < 0.001; ***, P < 0.0001. 
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Figure 2.7. Effects of altering lipid cellular components during mycobacterial 

infection. (A) Growth curve of M. avium A5 in 7H9 supplemented with either 

DMSO, U18666A (3 µg/ml), or D609 (100 µM). D609 was added at specified 

timepoints after inoculation of growth media. (B) Survival of M. avium in MGCs in 

the presence of intracellular cholesterol transport inhibitor U18666A (3 µg/ml) or in 

media only. (C) Survival of M. avium in MGCs in the presence of sphingomyelin 

synthase inhibitor D609 (100 µM) or in media only. (D) D609 added to MGCs at 24, 

or 48h.p.i. then CFUs were determined over 72 h. (E) Extracellular CFUs from (D) 

supernatants from infected MGCs was plated at each time point. Statistically 

significant treatments are compared to untreated. Data shown are from 3 independent 

experiments. Statistical comparisons: *, P < 0.01; **, P < 0.001. 
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Fig. 2.8. Passage through MGCs Increases Uptake, but not survival of M. avium 

A5 in naïve macrophages. Uptake and survival of MGC-passaged M. avium A5 in 

THP-1 cells. (A) Percent Uptake of M. avium A5 inoculums in THP-1 cells after 1h 

of infection. THP-1 cells were treated with either wortmannin for 2h, or with a 

CD11b antibody for 1h, prior to infection. (B) Fold change relative to 1 h.p.i (dashed 

line) of bacterial survival by plate or MGC-passaged M. avium in THP-1 

macrophages over 6 days. ‘Plate’ refers to M. avium A5 grown on a 7H10 plate, and 

‘MGC-passaged’ refers to M. avium A5 that was collected from infected-MGCs at 72 

h.p.i. Data are representative of three independent experiments. Statistical 

comparisons: *, P < 0.01, **, P < 0.001, ***, P < 0.0001. 
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Fig. 2.9 Proteomics Analysis of MGC-Passaged versus Plate-Grown M. avium.  

MGC-passaged bacteria were collected at 72 h.p.i from the supernatant above 

infected MGCs. Plate-grown bacteria were collected from an agar streak plate. Total 

protein was isolated and sequenced. Data for MGC-passaged bacteria represents 8 

pooled, independent experiments. Data for Plate-grown bacteria represent 3 pooled, 

independent experiments. 
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Fig. 2.10. Proposed M. avium Cell Cycle in Multinucleated Giant Cells. (1) M. 

avium enters MGC. (2) (3) (4) Intracellular bacteria are in phagosomes, autophagic 

vacuoles, and the cytosol. Some of these structures are near lipid droplets. (5) 

Intracellular bacteria replicate in phagosomes and autophagic vacuoles. (6) M. avium 

leaves the MGC by an unknown mechanism. (7) Extracellular M. avium infects 

neighboring macrophages. (8) Bacteria enter the macrophage through complement 

receptor 3-mediated phagocytosis, macropinocytosis, and may enter through other 

pathways as well. (9) Bacteria replicate in permissive phagosomes in the macrophage. 

Created with BioRender.com.  
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Abstract 

Mycobacterium avium subsp. hominissuis (M. avium) is an environmental 

opportunistic pathogen that causes pulmonary, and systemic infection in humans. 

Mycobacterial infection activates pro-inflammatory and anti-inflammatory pathways 

and bacteria must modulate these pathways to escape killing mechanisms of the host. 

Inflammasomes, such as NLRP3 and AIM2, play a crucial role in host immunity 

against M. tuberculosis infection through the production of pro-inflammatory IL-1β. 

NLRP3 detects a variety of cellular stress signals and AIM2 detects cytosolic dsDNA. 

The cGAS/STING pathway also detects cytosolic dsDNA but induces anti-

inflammatory IFN-β secretion. eDNA is critical for environmental survival and 

biofilm formation of M. avium. We hypothesized that M. avium eDNA plays a role in 

intracellular survival via the cGAS/STING pathway. To investigate the macrophage 

response to M. avium and the involvement of eDNA, we utilized two virulent strains, 

M. avium 104 and A5, eDNA-deficient A5 mutants, and nonvirulent M. smegmatis. 

We demonstrated that M. avium, but not M. smegmatis, suppress IL-1β production 

and NLRP3 expression by host macrophages. eDNA-deficient mutants were 

attenuated at macrophage survival and yielded significantly higher IL-1β than 

wildtype. We also observed that M. avium A5, 104, M. smegmatis, and eDNA-

deficient mutants triggered IFN-β production in a DNA-dependent manner but did not 

have an effect on cGAS expression. Taken together, these data indicate that M. avium 

strains modulate macrophage responses and is able to inhibit pro-inflammatory 

signaling pathways. Finally, our results suggest that eDNA found in M. avium strain 
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A5 plays a role in intracellular survival and manipulation of the macrophage 

responses to infection. 
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Introduction 

     In recent years, the number of M. avium infections have been increasing 

worldwide (Prevots & Marras, 2015). Treatment of pulmonary infections requires 

multiple antibiotics for a minimum of 12 months and is only effective in 50-60% of 

patients (Griffith et al., 2007; Ingen et al., 2013). Mycobacterial biofilms are 

ubiquitous in household plumbing, natural water sources, and the soil (Griffith et al., 

2007). These biofilms are the primary source of infection in immunocompetent 

individuals (Griffith et al., 2007; Vega-Dominguez et al., 2020). To sustain a chronic 

infection, mycobacteria must evade the immune system and find supportive niches to 

foster bacterial growth and spreading. A key component of innate immunity is the 

ability for cells to sense stress or foreign material from viruses, bacteria, even 

dysregulated “self” material. To accomplish this the cell employs the inflammasome 

pathway to clear infections. 

Manipulation of the host inflammasome response is a vital part of 

mycobacterial pathogenesis. The NLRP3 inflammasome was selected because it has 

been implicated in both bacterial clearance and bacterial dissemination in M. tb 

infection (Rastogi et al., 2021a; Xu et al., 2020).  M. tb differentially modulates the 

NLRP3 inflammasome depending on the stage of infection. Early on, M. tb inhibits 

NLRP3 inflammasome activation in host macrophages via PknD and Hip1 (Madan-

Lala et al., 2011; Rastogi et al., 2021a). During chronic infection, M. tb promotes 

NLRP3 activation to trigger cell death and bacteria cell-to-cell spread. Canonically, 

activation of the NLRP3 inflammasome leads to the secretion of pro-inflammatory 

IL-1β and can lead to pyroptosis (Guo et al., 2015). In patients with M. avium lung 
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disease, NLRP3 activation and IL-1β secretion are attenuated in PBMCS (Wu et al., 

2019).  

NLRP3 activation is a tightly regulated process involving phosphorylation of 

specific sites, ubiquitination control, and the interaction of specific effectors with 

NLRP3 (Swanson et al., 2019).  Regulation of the ASC adaptor protein, is required 

for phosphorylation activation at Tyr146 by Spleen Tyrosine Kinase (Syk) (Hara et 

al., 2013). Syk has been implicated in NLRP3 activation during M. tuberculosis 

infection (H.-M. Lee et al., 2012). BRCA1/BRCA2-containing complex E3 ubiquitin 

ligase (BRCC3) deubiquitinates NLRP3, which promotes NLRP3 activation (Py et 

al., 2013). During M. tuberculosis infection of macrophages, lysosomal release of 

activated cathepsin B (CTSB) is required for NLRP3 activation (Amaral et al., 2018). 

Both M. avium and M. tuberculosis infection increase the expression of CTSB 

macrophages (Amaral et al., 2018; Gutierrez et al., 2008).  

M. avium strain A5 is a high-biofilm producing strain of M. avium and unlike 104, 

exports large amounts of extracellular DNA (eDNA) in the biofilm (Chakraborty et 

al., 2021; Rose & Bermudez, 2016). The proteins for eDNA export in M. avium strain 

A5 was found within a unique 50-kbp genomic region and is present in other 

Mycobacterial species including, M. abscessus, M. chelonae, M. intracellulare, M. 

avium subsp. hominissuis strain 3388, which are all of concern in human infections 

(Rose & Bermudez, 2016). Previous work has shown that M. avium strain A5 bacteria 

are able to invade epithelial cells more efficiently than M. avium strain 104, forming 

aggregates on the cells surface, a precursor to biofilm formation; suggesting that 

biofilm-related genes play a role during infection (Yamazaki et al., 2006). eDNA is a 
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critical structural component of the extracellular matrix in M. avium strain A5 

biofilms, and forms a protective barrier against antimicrobial peptides and antibiotics 

(Rose et al., 2015). With this added component of eDNA it is important for this strain 

and others to be able to manipulate DNA sensing pathways that lead to host killing 

mechanism evasion. To piece together the role of eDNA in the host macrophage  

we looked at a pro-inflammatory DNA sensor (AIM2) and an anti-inflammatory 

DNA sensor (cGAS/STING). 

The AIM2 inflammasome is a cytosolic dsDNA sensor, which induces 

cleavage of pro-IL-1β by caspase 1 upon activation, similar to NLRP3 (Guo et al., 

2015). M. smegmatis, M. fortuitum, M. kansasii induce AIM2 activation whereas M. 

tuberculosis inhibits AIM2 activation in vitro (Shah et al., 2013). To demonstrate 

AIM2 importance, knockout mice given M. tuberculosis are highly susceptible to 

infection compared to wildtype, which suggests that AIM2 plays a vital role in host 

defense for specific mycobacterial strains (Saiga et al., 2012). Additionally, both 

NLRP3 and AIM2 require Syk phosphorylation for IL-18 secretion, another pro-

inflammatory cytokine (Hara et al., 2013). AIM2 is not the only DNA sensor within a 

cell. The cGAS-STING pathway also senses cytosolic dsDNA. 

During M. tuberculosis infection cytosolic bacteria DNA is detected by the 

cGAS-STING pathway, leading to the production of type I interferons which have a 

suppressive effect on NLRP3 activation and IL-1β secretion (Ma et al., 2020; 

Wassermann et al., 2015; Watson et al., 2015). The STING pathway is a cytosolic 

surveillance pathway typically involved in the antiviral response and is characterized 

by the production of type I interferons (IFN-α and IFN-β) and activation of autophagy 



69 

 

 

(Schoggins et al., 2014; Watson et al., 2015). Briefly, Cytosolic dsDNA binds to 

cyclic GMP-AMP synthase (cGAS), dimerizing stimulator of interferon genes 

(STING) to induce IFN regulatory factor 3 (IRF3), upregulating Type I interferons 

(Burdette & Vance, 2013). Type I interferons have a suppressive effect on the 

macrophage antibacterial response (Boxx & Cheng, 2016; Guarda et al., 2011, p. 1).  

In this study we examine the interaction of eDNA producing M. avium strain 

A5 with host inflammasomes as well as modulation of DNA sensing mechanisms. 

We demonstrate that M. avium strain A5 modulates pro-inflammatory pathways 

during early infection. Additionally, we demonstrated the important role of bacterial 

eDNA in anti-inflammatory signaling during the intra-macrophage phase of infection. 
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Methods 

Bacteria culture 

Mycobacterium avium subsp. hominissuis strains 104 (M. avium 104) and  A5 (M. 

avium A5), were originally isolated from the blood of AIDS patients (Aronson et al., 

1999). M. avium 104 is the reference strain and M. avium A5 exhibits prolific biofilm 

formation and eDNA export (Rose & Bermudez, 2016). M. avium A5 MycomarT7 

phagemid-based transposon mutants generated by Sasha Rose were screened for 

deficiency in eDNA export during biofilm formation (Rose & Bermudez, 2016). As 

previously published, the eDNA/optical density (OD) value for each mutant was 

calculated by normalizing the fluorescence reading for day 7 RFU of eDNA bound to 

propidium iodide to the starting OD of the respective sample (Rose & Bermudez, 

2016). The eDNA/O.D. for wildtype A5 was 30,000 (Rose & Bermudez, 2016). 

Ligation mediated PCR (LMPCR) was used to sequence transposon locations. M. 

avium 104, M. avium A5, and Mycobacterium smegmatis strain MC2-155 (MS) were 

grown on Middlebrook 7H10 agar supplemented with 10% w/v oleic acid, albumin, 

dextrose, and catalase (OADC, Hardy Diagnostics) for 7-10 days at 37°C. M. avium 

A5 transposon mutants were grown on 7H10 agar supplemented with 10% w/v OADC 

and 400 µg/ml Kanamycin. 

Tissue Culture  

THP-1 (TIB-202) human monocytes were obtained from the American Type Culture 

Collection (ATCC) and maintained in RPMI 1640 supplemented with 10% heat--

inactivated fetal bovine serum (FBS; Gemini Bio-Products) at 37°C with 5% CO2. 

THP-1 cells were seeded in 48-well plates at a density of 3.5 x 105 cells per well, 24-
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well plates at 1x106 cells/well, and 6-well plates at 2x106 cells/well. THP-1 cells were 

differentiated with 50 ng/ml of Phorbol 12-myristate 13-acetate (PMA; Sigma Aldrich) 

for 24 hours, followed by 24 hours in media without PMA, prior to use in experiments.  

MycomarT7 transposon Mutants 

A library of MycomarT7 (Mmt7) was created and screened by Sasha Rose as 

previously described (Rose & Bermudez, 2016). Briefly, the Mmt7 phagemid was 

transduced into M. avium A5, and the resulting transposon mutant library was screened. 

The library was screened for deficiency in eDNA export in biofilms by Sasha Rose 

(Rose & Bermudez, 2016). The location of transposon insertion selected eDNA-

deficient mutants was determined using ligation-mediated PCR (LMPCR) as 

previously described (Rose & Bermudez, 2016).   

Survival Assay 

M. avium 104 and A5, M. smegmatis, and eDNA-deficient mutants were added to THP-

1 cells at an MOI of 10, synchronized by centrifugation for 10 min at 150 x g, and 

allowed to infect for 1 hour. Inoculums for these assays were formed in 1X HBSS 

supplemented with 0.05% Tween-20 (Sigma-Aldrich). Extracellular bacteria were 

removed by two wash steps with 1X HBBS followed by treatment with gentamicin 

sulfate (Sigma-Aldrich) for 1 hour (100 µg/ml) and an additional wash step with 1X 

HBSS to remove dead bacteria. Cells were lysed at appropriate timepoints with 0.1% 

Triton-X for 10 min and resulting lysates were diluted and plated. Colony forming units 

(CFUs) were enumerated at 1, 24, 48, and 72 hours post infection (h.p.i.). Potential 

extracellular bacteria escaping from cells were quantified at each timepoint via spot 
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plating. Briefly, 5 µL of media removed from infected wells where plated on 7H10 

agar. Colonies were counted after 7 days of incubation at 37°C.  

NLRP3 Inhibition Survival Assay 

Infection with M. avium 104 and A5 was carried out as described above. THP-1 cells 

were treated with 1 µM MCC950 (Millipore, Sigma) for 24 hours after infection. Cells 

were lysed and CFUs enumerated at 1, 24, and 48 h.p.i.  

Growth Curve 

M. avium was cultured in 7H9 broth supplemented with 10% w/v OADC at 37˚ C in a 

shaking incubator. MCC950 was added at day 0 to a final concentration of 1 µM. 

Control tubes were left untreated. The absorbance at 595nm was measured at day 0, 2, 

4 and 6.  

qPCR  

THP-1 cells and MGCs were infected with M. avium 104, A5, MS, and M. avium A5 

mutants as described above. RNA was isolated using the RNeasy mini kit (Qiagen). 

Genomic DNA was removed by treatment with DNase I recombinant (Roche 

Diagnostics) for 1 hour at 37°C. The DNase was inactivated with Turbo DNase-

inactivation reagent (Turbo DNA-free kit, ThermoFisher Scientific) for 2 min at 

37°C. Inactivation reagent was removed via centrifugation for 1 min at 10,000 x g, 

and RNA transferred to new collection tubes. RNA samples were stored at -4°C until 

cDNA synthesis. cDNA was transcribed from host RNA using the iScript cDNA 

synthesis kit (Bio-Rad). The quality of cDNA was tested by PCR with Gold 360 

master mix using the manufacturer’s specifications (ThermoFisher Scientific). The 

qPCR reaction was performed using iQ SYBR Green Supermix (Bio-Rad) and an 
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iCycler (CFX Connect Real-Time Systems, Bio-Rad) as previously described 

(Danelishvili et al., 2004).  Primers were designed in NCBI Blast using sequences 

from GenBank (National Center for Biotechnology Information).  

Primer sequences are as follows:  

NLRP3 Forward CTTCTCTGATGAGGCCCAAG J. Joseph 

NLRP3 Reverse GCAGCAAACTGGAAAGGAAG J. Joseph 

AIM2 Forward CAACGTGCTGCACCAAAAGT J. Joseph 

AIM2 Reverse GCTTGCCTTCTTGGGTCTCA J. Joseph 

SYK Forward TGCACTATCGCATCGACAAA J. Joseph 

SYK Reverse GATTATTCCACCCGCTGACC J. Joseph 

Cathepsin B Forward  TGTGGGGACGGCTGTAAT J. Joseph 

Cathepsin B Reverse GCTATTGGAGACGCTGTAGG J. Joseph 

BRCC3 Forward TGCTTCCAATCCATACAGGC J. Joseph 

BRCC3 Reverse CAAGGCACACTTTCCCGATA J. Joseph 

cGAS Forward GGAGCCCTGCTGTAACACTT J. Joseph 

cGAS Reverse GTGAGAGAAGGATAGCCGCC J. Joseph 

STING Forward CAGCCTTGGTTCTGCTGAGT J. Joseph 

STING Reverse ACCCCGTTTAACAGCAGTCC J. Joseph 

Beta-actin Forward CATGTACGTTGCTATCCAGGC J. Joseph 

Beta-actin Reverse CTCCTTAATGTCACGCACGAT Wang, 2013 

 

ELISA  

Supernatants from infections carried out as described above were collected at 1, 6, 24, 

and 48 h.p.i. Supernatants were immediately spun down to remove cell debris for 10 

min at 150 x g and stored at -20˚C until analyzed. IL-1β concentration was quantified 

with the Human IL-1β ELISA kit according to manufacturer’s specifications 

(ThermoFisher Scientific). IFN-β was quantified using the Human IFN-β ELISA kit 

according to manufacturer’s specifications (ThermoFisher Scientific).  
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Statistical Analysis 

All described experiments were repeated at least three times and data shown are 

representative of the biological replicates. Comparisons between two groups were 

analyzed in Microsoft Excel using the two-tailed Student t test. Results with p-values 

below 0.05 were considered significant.  
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Results 

eDNA exporting M. avium strain A5 modulates NLRP3 expression differently than 

M. avium strain 104 

To determine if eDNA export has an effect on host stress sensors we examined the 

gene expression of NLRP3. M. avium strain A5 (A5), high eDNA exporter, was 

compared to a low eDNA exporter M. avium strain 104 (104). Since regulation of the 

inflammasome response needs to occur early on during infection, time points were 

chosen between 1-48 h.p.i. M. smegmatis (MSMEG) was a control strain of 

mycobacteria that can be killed by macrophages by 48 h.p.i but produces eDNA. 

Uninfected macrophages (UN) determine normal cellular expression of genes. 

NLRP3 expression was upregulated significantly at 1 h.p.i in all strains tested (Fig. 

3.1A) compared to uninfected macrophages. The most upregulation being observed in 

MSMEG. Over time, NLRP3 expression in all treatments beings to reduce and at 48 

h.p.i 104 and A5 have similar levels to uninfected. MSMEG however greatly 

increases expression of NLRP3 at 48 h.p.i (Fig. 3.1A). This over expression is in 

response to intracellular killing of MSMEG and the release of PAMPs into the 

cytosol. This is not seen with M. avium, as both strains survive in macrophages and 

do no induce stress associated pathways.  

 Naïve macrophages are not the only type of cell mycobacteria will encounter 

in the host. Macrophages can be activated into M1 or M2 phenotypes depending on 

cell signaling (Yunna et al., 2020, p. 2). A stimulator of M1 macrophages, LPS, also 

induces upregulation of NLRP3 (Gritsenko et al., 2020; Zheng et al., 2013, p. 2). We 

compared A5 to 104 and MSMEG after LPS stimulation to determine what effects 
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they have on inflammasome regulation in activated macrophages. NLRP3 expression 

is upregulated by LPS stimulation in all treatment groups at 1 h.p.i (Fig. 3.1B) 

compared to untreated cells. M. avium 104 and MSMEG infected macrophages had a 

significant upregulation of NLRP3 after 1 h.p.i compared to uninfected cell. 

Interestingly, A5 does not increase NLRP3 expression beyond the effects of LPS 

stimulation, similar to uninfected macrophages after 1 h.p.i. Again, after early 

stimulation, NLRP3 expression decreases over time, until 48 h.p.i, where all strains of 

mycobacteria increase NLRP3 expression (Fig. 3.1B). In addition to NLRP3 

upregulation due to TLR4 signaling, the LPS can lead to increased bacteria killing in 

macrophages which may lead to the observable NLRP3 increase.  

 NLRP3 leads to the activation of IL-1β, a pro-inflammatory cytokine, and 

ultimately pyroptosis in macrophages. We examined if the upregulation seen in 

NLRP3 expression affects the quantity of IL-1β protein secreted by macrophages. 

When naïve macrophages are infected with 104, A5 or MSMEG, IL-1β protein 

concentration significantly (~500 pg/ml) increases by 6 h.p.i. (Fig. 3.1C). After 6 

h.p.i, IL-1β protein concentration drops down to background levels. At 48 h.p.i, M. 

avium strain reduce protein levels while MSMEG increases protein concentration 

compared to uninfected macrophages. When macrophages are activated with LPS, IL-

1β protein levels increase in uninfected cells and stay elevated (~500 pg/ml) over 48 

h.p.i (Fig. 3.1D). Macrophage activation via LPS stimulation and measurable IL-1β 

production takes 2-4 hours (Gritsenko et al., 2020). However, LPS-induced NLRP3 

inflammasome activation occurs within 15 min (Song et al., 2017). Activated 

macrophages infected with mycobacteria initially reduce IL-1β protein levels at 1 
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h.p.i, but after 6h, IL-1β levels increase to uninfected amounts. Interestingly, after 6h 

IL-1β protein levels in all mycobacterial strains tested are suppressed, diminishing 

this pro-inflammatory pathway (Fig. 3.1D). We wanted to investigate how A5 might 

be mitigating the NLRP3 pathway via regulation of NLRP3 activation.  

NLRP3 Inflammasome Regulatory Protein SYK is Upregulated by M. avium strain 

A5 

 NLRP3 inflammasomes are tightly regulated by multiple checkpoints. For 

example, SYK protein phosphorylates ASC, an adaptor protein in the inflammasome 

complex. BRCC3 is a deubiquitinating enzyme that modulates the activity of NLRP3 

by deubiquitinating NLRP3, which leads to activation. Another avenue of regulation 

is by affecting levels of NLRP3 activators like cathepsin B, which is upregulated in 

M. kansasii infection (C.-C. Chen et al., 2012). We investigated the gene expression 

of SYK, BRCC3, and Cathepsin B at 24 h.p.i via qPCR. A5 significantly increased 

the expression of Syk compared to uninfected macrophages (Fig. 3.2A). MSMEG 

also increased levels of Syk but to a lesser extent than A5. 104 did not increase this 

regulatory protein. Upon infection with A5, Syk is greatly increased presumably 

allowing ASC phosphorylation and further NLRP3 activation potentially leading to 

increased IL-1β. However, the increase of IL-1β protein level is not observed. A5 is 

suppressing pro-inflammatory signaling in an unknown manner. Expression of 

BRCC3 was not upregulated by mycobacterial infection compared to uninfected 

macrophages (Fig. 3.2B). Cathepsin B, an activator of the NLRP3 inflammasome, 

was not upregulated by mycobacterial strains when compared to uninfected 

macrophages (Fig. 3.2C). Overall, we observe an increase of regulatory Syk protein at 
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24 h.p.i, however this increase does not affect NLRP3 expression significantly as 

seen previously. Next, we determined how chemical inhibition of NLRP3 affected M. 

avium survival. 

Chemical Inhibition of NLRP3 Activation does not affect early survival of M. 

avium in macrophages 

We investigated whether inhibition of NLRP3 with compound MCC950 affected M. 

avium A5 and 104 infection and survival in macrophages. M. avium strain 104 and 

A5 were grown in 7H9 broth with or without NLRP3 inhibition to determine if this 

compound affects bacterial replication directly (Fig. 3.3A). Over 6 days of culture, 

there was no observable difference in growth capacity of either strain. To confirm the 

inactivation of NLRP3, IL-1β protein levels were determined for LPS stimulated 

macrophages, LPS and MCC 950 treated macrophages, and untreated macrophages. 

LPS again increased IL-1β (~350 pg/ml), while MCC950 significantly reduced IL-1β 

levels to ~100 pg/ml (Fig. 3.3B). After confirming reduction of NLRP3 activation by 

MCC950, we investigated the survival of M. avium strains in THP-1 macrophages. 

Treatment with MCC950 had no effect on 104 (Fig. 3.3C) survival compared to no 

inhibition of NLRP3. This observation was also seen in A5 (Fig. 3.3D). These data 

indicate that NLRP3 inflammasome activation does not affect infection or early 

survival in macrophages. However, since M. avium possesses the ability to actively 

reduce NLRP3 activation early in infection, so the effects of external NLRP3 

inhibition may be indistinguishable from bacteria-induced suppression. 
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Expression of eDNA Sensors AIM2 and cGAS/STING after M. avium strain A5 

infection 

The NLRP3 inflammasome is only one pathway that produces IL-1β. The mechanism 

by which A5 reduces IL-1β production may be due to AIM2 inflammasome 

activation. The AIM2 inflammasome senses foreign and host dsDNA in the cytosol. 

To determine the effects that eDNA producing mycobacteria have an AIM2, gene 

expression was determined by qPCR. Early infection of naïve THP-1 with MSMEG 

showed an increasing amount of AIM2 over 48 h.p.i (Fig. 3.4A). A5 initially 

increased AIM2 over 6 h.p.i but then gradually decline after 48 h.p.i (Fig. 3.4A). 104 

significantly upregulated AIM2 up to 24 h.p.i but less than high eDNA producing 

strain A5 and after 48 h.p.i upregulation was reduced (Fig. 3.4A). A5 exports higher 

quantities of extracellular DNA in the biofilm, which could explain why the initial 

spike in AIM2 expression differs from 104 (Rose & Bermudez, 2016). When THP-1 

macrophages are pre-stimulated with LPS, uninfected cells upregulated AIM2 at 1h, 

then expression remained relatively low (Fig. 3.4B). Like NLRP3, AIM2 

inflammasome expression was initially upregulated by LPS stimulation, but was 

reduced over 48 h.p.i. MSMEG upregulation of AIM2 increases over 48 h.p.i and is 

much more than uninfected macrophages (Fig. 3.4B). Both M. avium strains have 

significantly elevated AIM2 over 48 h.p.i but there was no difference between eDNA 

exporting strain (Fig. 3.4B). With high expression of AIM2 we would expect 

increased levels of IL-1β, but as observed previously, IL-1β is suppressed.  

 dsDNA can also be detected by the cGAS/STING pathway. Activation of this 

pathway leads to the production of IFN-β, an anti-inflammatory cytokine, and has 
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been shown to act in a host detrimental manner during chronic bacterial infections. 

IFN-β may counteract the effects of pro-inflammatory cytokine signaling. Since 

cGAS/STING is a multistep pathway, we investigated cGAS and STING expression. 

cGAS is the cytosolic sensor that binds to dsDNA and produces a secondary 

messenger (cGAMP) that leads to STING activation downstream. THP-1 

macrophages infected with M. avium strains showed no increase in cGAS expression 

while MSMEG led to a significant increase (Fig. 3.4C). Macrophages stimulated with 

LPS showed an increase of cGAS overall but a significant increase in 104 and 

MSMEG at 24 h.p.i (Fig. 3.4C). A5 did not increase cGAS expression after 24 h.p.i. 

STING activation leads to the IFN-β transcription. STING expression in macrophages 

is not upregulated in M. avium infections. LPS stimulated macrophages demonstrated 

the upregulation of STING expression while all mycobacterial strains tested actively 

reduced STING expression (Fig. 3.4D). IFN-β ELISA were used o determined effects 

on cGAS/STING modulation by mycobacteria. Macrophages infected with eDNA 

generating mycobacteria produce high levels of IFN-β, A5 (~65 pg/ml) and MSMEG 

(~77 pg/ml) while 104 induces much lower levels (~30 pg/ml) (Fig. 3.4E). LPS 

stimulation reduces IFN-β levels for eDNA mycobacteria but increased IFN-β for 104 

(Fig. 3.4E). Since LPS stimulates pro-inflammatory cytokines, a reduction in anti-

inflammatory IFN-β would allow for host killing mechanism to prevail. Mycobacteria 

may use IFN-β to reduce the pro-inflammatory state of the macrophage especially 

when these bacteria actively reduce levels of IL-1β as seen previously. eDNA has 

been demonstrated to effectively modulate the inflammatory state of macrophages so 
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to understand these effects more in depth we utilized mutants deficient in eDNA 

export.  

eDNA-deficient Mutants are Attenuated in THP-1 Macrophages 

 eDNA has been previously shown to be important for A5 biofilm formation. 

A library of M. avium strain A5 Mmt7 transposon mutants was previously screened 

for eDNA-deficiency during biofilm formation (Rose & Bermudez, 2016). We 

selected three mutants with varying eDNA deficiencies summarized in Table 3.1. 

Mutant 11e7 being the most deficient while mutant 9e11 is the least deficient at 

eDNA export. We tested the three mutants for their capacity to infect and survive in 

THP-1 macrophages, 7d3 (metal-dependent hydrolase), 9e11 (PknB-serine/threonine 

kinase) and 11e7 (Ftsk/SpoIIIE-DNA pore ATPase) compared to A5 (WT). All three 

mutants infected macrophages similarly to WT (Fig. 3.5A). After infection, mutants 

were extracted from THP-1 macrophages at 24 h.p.i and CFUs enumerated. All three 

mutants showed significantly reduced survival compared to WT whether in naïve or 

LPS stimulated macrophages (Fig. 3.5B). Replication of mutants 7d3 and 9e11 

bacteria was similar to WT at day 2, however mutant 9e11 was significantly lower 

than WT at day 4 (Fig. 3.5C).  Replication of mutant 11e7 was lower than WT at day 

2, but similar to WT at day 4 (Fig. 3.5C). The slower rate of growth exhibited by 

mutant 11e7 at day 2 is not as pronounce at day 1, so it might only partially affect the 

intracellular survival at 24 h.p.i. Taken together these data demonstrate the 

importance of eDNA for survival of A5 in macrophages. Since we have eDNA 

deficient mutants that are attenuated in macrophages, inflammasome modulation was 

determined.  
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eDNA-deficient Mutants Alter IL-1β Secretion Through Inflammasome Pathways 

 A5 can modulate the expression of NLRP3 and AIM2 as seen previously. In 

naïve macrophages, eDNA deficient mutants had no upregulation of NLRP3 

expression at 24 h.p.i (Fig. 3.6A). Interestingly, mutant 7d3 significantly upregulated 

NLRP3 with LPS stimulation (Fig. 3.6A). When investigating AIM2, mutant 7d3 had 

upregulated expression similar to A5 after LPS stimulation while all other mutants 

had no effect on the expression of AIM2 (Fig. 3.6B). Since NLRP3 and AIM2 

stimulate IL-1β production, we determined cytokine protein levels. In naïve 

macrophages all mutants increased IL-1β levels compared to WT and uninfected 

macrophages. While LPS macrophages demonstrated that mutants still suppressed IL-

1β but not as significantly as WT (Fig. 3.6C). eDNA export appears to play an 

important role in controlling IL-1β protein levels, especially mutant 7d3, which 

upregulated both NLRP3 and AIM2. These mutants can help narrow down specific 

interactions that affect pro-inflammatory cytokine levels in macrophages. The 

observation that NLRP3 expression did not correlate with the increased IL-1β during 

mutant infection, indicates that M. avium is affecting NLRP3 activation somewhere 

between expression and IL-1β production. 

M. avium A5 eDNA-deficient Mutants are Downregulate STING Expression in 

LPS stimulated Macrophages and Modulate IFN-β Production 

 eDNA-deficient mutants effect the secretion of IFN-β through the 

cGAS/STING pathway. A5 previously showed no effect on cGAS upregulation 

compared to uninfected THP-1 macrophages. Whether or not these cells were primed 

by LPS addition. Attenuated mutants did not stimulate the upregulation of cGAS in 
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naïve macrophages similar to WT (Fig. 3.7A). This pattern was also seen in LPS 

stimulated macrophages. eDNA export did not affect the expression of cGAS in THP-

1 macrophages. STING expression was greatly reduced only after LPS stimulation of 

macrophages similar to WT A5 (Fig. 3.7B). cGAS/STING stimulates IFN-β 

production when dsDNA is sense. Mutant 7d3 and 11e7 had significantly reduced 

levels of IFN-β compared to WT A5 in naïve macrophages (Fig. 3.7C). Mutant 9e11, 

the serine/threonine kinase, greatly stimulated anti-inflammatory activation and IFN-

β production. In LPS stimulated macrophages, IFN-β levels were reduced compared 

to WT, likely due to the heightened inflammatory environment generated by LPS 

(Fig. 3.7C). However, these levels of IFN-β were still higher than uninfected 

macrophages, demonstrating that M. avium is still able to induce anti-inflammatory 

signaling. These data indicate an importance for eDNA export to promote anti-

inflammatory signal expression during infection of macrophages to over host killing 

mechanisms. More work is needed to pinpoint what is truly affecting the modulation 

of inflammatory responses in host macrophages.  
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Discussion 

Intracellular pathogens, like mycobacteria, modulate cytosolic sensing 

pathways to avoid  macrophage killing mechanisms and premature cell death. The 

NLRP3 and AIM2 inflammasomes and cGAS/STING are cytosolic sensors of 

importance during mycobacterial infection. In this chapter, we found that M. avium 

104 and A5 modulate NLRP3 inflammasome expression and activation early in 

infection. IL-1β secretion spiked early in infection but dropped to background levels 

up to 48 h.p.i. M. abscessus triggers high levels of NLRP3 activation, but the 

subsequent IL-1β secretion is countered by cGAS-STING dependent IFN-β 

production (B.-R. Kim et al., 2020). This is one possible explanation for the observed 

reduction of IL-1β during M. avium infection. In LPS stimulated macrophages IL-1β 

levels in M. avium infected macrophages increased at 48 h.p.i compared to uninfected 

macrophages. This could be due to increased bacterial killing after LPS stimulation. 

LPS is a potent macrophage activator and induces autophagy, pro-inflammatory 

cytokine secretion, nitric oxide, and enhance bacterial killing (F. Meng & Lowell, 

1997). LPS also activates NLRP3 through a non-canonical pathway (Guo et al., 

2015). LPS has also been shown to induce AIM2 and STING expression in 

macrophages (Lugrin & Martinon, 2018, p. 2; Ning et al., 2020). This explains the 

upregulation of NLRP3, AIM2, and STING expression and IL-1β production in 

uninfected cells stimulated with LPS.  

Nonvirulent M. smegmatis induced significantly higher expression of NLRP3 

and IL-1β production at 48 h.p.i than M. avium. However, IL-1β production by 

MSMEG-infected macrophages at 48 h.p.i was not increased in LPS-stimulated cells. 
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MSMEG is not adapted to survival in human macrophages. Macrophages clear 

MSMEG infection by 24-48 hours post-infection. MSMEG inhibits phagosome 

acidification during early infection, but after 5 hours, phagosome maturation 

continues (Kuehnel et al., 2001). Thus, phagosome maturation and subsequent 

intracellular killing of MSMEG could lead to increased cytosolic PAMPS which 

explains the upregulation of NLRP3 and AIM2 at 48 h.p.i. MSMEG matched M. 

avium A5 and 104 NLRP3 expression and IL-1β secretion at 6 h.p.i. The inhibition of 

phagosome maturation by MSMEG, while attenuated compared to M. avium, extends 

long enough to explain the similar macrophage response at early time points. At later 

timepoints, macrophage killing of MSMEG could explain the increase in 

inflammasome expression and IL-1β production due to increased cytosolic PAMPs. 

The activation of the NLRP3 inflammasome may play different roles at 

different stages of infection. A previous study demonstrated that the early 

macrophage response to M. avium infection is pro-inflammatory, but is reversed once 

the bacteria are internalized (Greenwell-Wild et al., 2002). M. tb induces NLRP3 

activation during chronic infection to facilitate cell-to-cell spread (Xu et al., 2020, p. 

2). We observed no effect on intracellular M. avium survival in the presence of an 

NLRP3 inhibitor. This gives credence to the idea that M. avium possesses 

mechanisms by which to evade early inflammasome activation and modulate the pro-

inflammatory response to further intracellular replication. One such strategy is 

employed by M. tb to inhibit NLRP3 activation during early stages of infection (Be et 

al., 2012). NLRP3 inhibition by M. tb involves Phosphokinase F (PknF) (Rastogi et 

al., 2021a). M. avium A5 has a homolog for PknF, and which is the gene disrupted in 
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mutant 9e11 (MAVA5_13430; PknB). MAVA5_13430 is in an operon that contains 

several hypothetical proteins, efflux pump, and transporter. Mutant 9e11 induces 

significantly higher IL-1β production than WT A5, which could be due to the lack of 

functional PknB. However, the same upregulation was observed for other eDNA-

deficient mutants, so increased IL-1β may be a result of bacterial killing.  

Next, we examined the modulation of DNA-sensing pathways AIM2 and 

cGAS/STING in the macrophage during M. avium and MSMEG infection. Activation 

of the AIM2 inflammasome leads to pro-inflammatory IL-1β production, which 

increases anti-bacterial activity. Activation of the cGAS/STING pathway leads to the 

production of type I interferon IFN-β. The role of type I interferons in NTM infection 

is inconclusive. Prolonged expression contributes to persistence during chronic viral 

and bacterial infections. IFN-β promotes chronic mycobacterial infections by 

inducing anti-inflammatory IL-10 production and suppressing pro-inflammatory IL-

12 and IFN-γ (Boxx & Cheng, 2016; Teles et al., 2013). This limits inflammation-

related tissue damage but slows bacterial clearance.  

While the role of STING in M. tb is well-described, the importance of STING 

in NTM infection is still unclear. Recent research demonstrated that M. abscessus, a 

rapidly growing NTM, induces high levels of cGAS/STING-derived IFN-β, which 

counteracts NLRP3-derived IL-β, and facilitates bacterial survival (B.-R. Kim et al., 

2020). During M. tb infection, the cGAS/STING pathway is activated by cytosolic 

mycobacterial DNA, and mycobacterial c-di-AMP (N. Liu et al., 2022; Watson et al., 

2015). This activation induces autophagy, which has a negative effect on 

inflammasome activation and bacterial survival (Watson et al., 2015). However, M. tb 
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is able to survive by inhibiting autophagy and reducing the availability of STING via 

mycobacterial protein MmsA (Maphasa et al., 2021; Sun et al., 2020). M. avium has a 

homolog of the MmsA gene and may be able to utilize a similar mechanism. Further 

work could determine if MmsA is involved in the modulation of STING during M. 

avium pathogenesis. 

We found that high eDNA-producing M. avium strain A5 induced 

significantly higher AIM2 expression and IFN-β production than low eDNA-

producing 104 in naïve macrophages. However, LPS stimulation reduced these 

differences, indicating crosstalk between inflammasomes and cGAS/STING. We 

found that M. avium A5 eDNA-deficient mutants induced varied responses in human 

macrophages. All three mutants inhibited the LPS-induced upregulation of STING 

expression similar to WT A5. This suggests that eDNA may not be involved in the 

modulation of STING expression. Unfortunately, there is no evidence of intracellular 

eDNA export by M. avium, which is a significant gap in our understanding of this 

interaction. Intracellular DNA export has been established during M. tb infection, so 

it is feasible for mycobacteria to accomplish this in the host. However, the 

observation of reduced IFN-β during mutant 7d3 and 11e7 infection, compared to the 

increased IFN-β induced by WT A5, supports the hypothesis that eDNA is being 

secreted in the host macrophage. Future work could examine cGAS/STING activation 

and DNA export at later time points to shed light on this question. 

  All three mutants were attenuated at intracellular survival in human 

macrophages. Mutant 11e7 (MAVA5_03380; DNA pore ATPase) is the most 

attenuated at DNA export, which explains the reduction in AIM2 expression and IFN-
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β production compared to wildtype. These differences are likely due to lower 

amounts of cytosolic mycobacterial DNA. The homolog of MAVA5_03380, M. tb 

gene Rv3871, encodes an ESX-1 Type VII secretion system protein EccB, which 

contains a FtsK/SpoIIIE domain, similar to MAVA5_03380, and is involved in 

protein secretion by the type VII secretion system, interaction with the host, and 

evasion of the host immune response (Brodin et al., 2006; Stanley et al., 2003). EccB 

interacts with EspL (Rv3876), which is the only ESX-1 protein found in M. avium 

(MAVA5_16875) (Jeffrey et al., 2017). EspL is essential for M. tb virulence and 

mediates ESX-1 function. Given the similarity of the ESX secretion systems, EspL 

may interact with an alternate ESX secretion system that is present in the M. avium 

genome. This could explain the attenuation of macrophage survival observed by 

mutant 11e7 (Fig. 3.5). 

Mutant 9e11 is the least eDNA-deficient mutant used in this study, which 

could mean that there is sufficient cytosolic DNA to trigger the cGAS/STING 

pathway. This could explain the unexpected increase in IFN-β production induced by 

9e11. Additionally, intracellular killing could release increased DNA into the cytosol. 

The gene disrupted in mutant 9e11, MAVA5_13430, has a serine/threonine protein 

kinase B domain (PknB), which is essential for growth, stress response and metabolic 

regulation in M. tb (Grundner et al., 2005). Additionally, MAVA5_13430 has three 

homologs in the M. tb genome: Rv2914c (PknI), Rv2088 (PknJ), and Rv1746 (PknF). 

All three genes encode serine/threonine protein kinases, which carry out a range of 

function in the host. PknI regulates bacterial growth in the host and specifically slows 

bacterial growth in the macrophage (Gopalaswamy et al., 2009).  PknJ phosphorylates 
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several substrates in the host, including pyruvate kinase, and macrophage-entry 

associated protein GroEL2 (Arora et al., 2010; Vinod et al., 2021). PknF interacts 

with an ABC transporter encoded by Rv1747, to inhibit the NLRP3 inflammasome 

during M. tb infection (Rastogi et al., 2021a). The lack of any of these functions could 

explain the significant attenuation of extracellular and intracellular growth displayed 

by the 9e11 mutant (Fig. 3.5). This gene would be an ideal candidate for further study 

since it appears to be central to survival in the host and environment.  

Mutant 7d3 (MAVA5_10275; hydrolase) is not as DNA deficient as 11e7, so 

there may be sufficient cytosolic DNA to induce AIM2 expression, cGAS/STING 

activation, and IFN-β production. Unexpectedly, 7d3 induced significant upregulation 

of NLRP3 and AIM2 in LPS pre-treated macrophages, but IL-1β production was 

unaffected. Mutant 7d3 induced significantly lower IFN-β than WT A5 in naïve 

macrophages and significantly higher levels in LPS stimulated macrophages. The 

neighboring genes upstream and downstream of MAVA5_10275 are involved in 

glycolysis and cellular metabolism. Additionally, the homolog of MAVA5_10275 in 

M. abscessus, MAB_2069, is a metal-dependent hydrolase involved in fatty acid 

metabolism. MAB_2069 interacts with AraC transcriptional regulator appY, which 

regulates the response to oxidative stress, acid stress and antibiotics in E. coli (Dale et 

al., 2022). AraC transcriptional regulators are known to be important for the 

regulation of virulence and response to stress (Gallegos et al., 1997). Disruption of 

MAVA5_10275 and surrounding genes in mutant 7d3 could interfere with the 

utilization of host lipids, and adaptation to intracellular conditions, leading to the 

observed attenuation of this mutant in the macrophage, but not extracellular growth 
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(Fig. 3.5). Complementation of these mutants is on-going and is needed to confirm 

that the interrupted gene is the cause of the observed effects.  

 A limitation of this study lies in the methodology used to determine 

inflammasome activation. The activation of both the NLRP3 and AIM2 

inflammasome leads to IL-1β production by the macrophage, so additional controls 

are needed to rule out the contribution of each inflammasome. Comparing gene 

expression of each inflammasome partially addressed this issue, however, the 

activation of each inflammasome must be examined individually using chemical 

inhibitors, siRNA, or knockout cell lines. This limitation will be tackled in on-going 

work. Given our observation of low NLRP3 expression and IL-1β production, is 

important to explore the mechanisms, if any, employed by M. avium to modulate 

expression and activation of the NLRP3 inflammasome. On-going work is examining 

the effect of M. avium infection on NLRP3 phosphorylation, which is a key step in 

inflammasome activation. Future work should expand this idea to investigate 

mechanisms of AIM2 and cGAS/STING regulation and activation. 

 We started to explore the role of the NLRP3 inflammasome on bacterial 

survival. Next, it is important to investigate the effect of AIM2 inflammasome 

activation and cGAS/STING activation on bacterial survival. Knockout cell lines 

would be a useful tool and would allow us to determine bacterial survival and growth 

in the absence of each inflammasome or sensor. Alternatively, siRNA or chemical 

inhibition would allow us to investigate the involvement of inflammasomes and 

sensors at different points during infection. Now that we have begun to establish the 

macrophage response, we plan to investigate the MGC response to M. avium 
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infection. It is also important to look at AIM2 and cGAS/STING expression in 

MGCs, since we observed cytosolic M. avium in MGCs as early as 24 h.p.i. Cytosolic 

bacteria increase the amount of dsDNA available to activated DNA sensing pathways 

and this may reveal additional roles for eDNA in a cell type associated with chronic 

infection (MGCs).  
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Figures 

Figure 3.1. M. avium Suppresses NLRP3 Expression and IL-1β Secretion by 

THP-1 Macrophages. THP-1 cells were stimulated with 10 ng/ml LPS for 2h prior 

to infection with M. avium A5, 104, or MSMEG. Supernatants and RNA were 

collected at 1, 6, 24, and 48 h.p.i. NLRP3 expression was quantified by qPCR and IL-

1β levels were quantified by ELISA. NLRP3 expression in (A) Untreated THP-1 

cells. (B) LPS pre-treated THP-1 cells. IL-1β levels in supernatants from (C) 

Untreated THP-1 cells and (D) LPS-pre-treated THP-1 cells. Statistical comparisons 

represent significant difference from uninfected cells at each timepoint. The dashed 

line indicates 0.02 NLRP3/ACTIN in (A) and (B). Data are representative of three 

independent experiments. Statistical comparisons: *, P < 0.05; **, P < 0.005, ***, P < 

0.0005. 
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Figure 3.2. M. avium Infection Upregulates Expression of Syk and IL-1β, but not 

BRCC3 or Cathepsin B in THP-1 Macrophages. THP-1 cells infected with M. 

avium A5, 104, or MSMEG. RNA was isolated at 24 h.p.i. Expression of (A) Syk (B) 

BRCC3 and (C) Cathepsin B. Data are representative of two independent 

experiments. Statistical comparisons: *, P < 0.05; **, P < 0.005, ***, P < 0.0005. 
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Figure 3.3. Chemical Inhibition of NLRP3 Activation Does Not Reduce M. avium 

Survival in Macrophages. (A) Growth curve of M. avium 104 and A5in 7H9 broth. 

MCC950 at a final concentration of 1µM was added at day 0. Absorbance was 

measured at 595 nm over 6 days. (B) Inhibition of NLRP3 activation was measured 

by IL-1β ELISA. THP-1 cells were treated with LPS (10 ng/ml) for 2 hours, followed 

by MCC950 (1 µM) for 24 hours. THP-1 cells were infected with (C) M. avium 104, 

or (B) M. avium A5 and treated with MCC950 (1µM) at 1 h.p.i. Statistical 

comparisons: *, P < 0.05; **, P < 0.005, ***, P < 0.0005.  
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Figure 3.4. M. avium Suppresses the Expression of DNA sensors AIM2, cGAS, 

and STING, and triggers IFN-β Secretion. AIM2, cGAS and STING expression 

was quantified by qPCR and IFN-β levels were measured by ELISA. Expression of 

AIM2 in (A) Untreated THP-1 cells and (B) LPS pre-treated THP-1 cells infected 

with M. avium A5, 104, or MSMEG. Expression of (C) cGAS and (D) STING by 

untreated and LPS pre-treated THP-1 cells. Statistical comparisons  (E) IFN-β 

secretion by untreated and LPS pre-treated THP-1 cells. THP-1 cells were treated 

with 10ng/ml LPS for 2 hours prior to infection. Data are representative of at least 

two independent experiments. Statistical comparisons: *, P < 0.05; **, P < 0.005, 

***, P < 0.0005. 
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Table 3.1. eDNA-deficient M. avium A5 mutants. 

*WT A5 eDNA (d7/O.D) was ~30,000.  

**Gene is in 50 kb genomic region that is associated with DNA export. 

***Italics: downstream, Normal: upstream. 
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Figure 3.5. eDNA-deficient Mutants are Attenuated in THP-1 Macrophages. 

Untreated and LPS-primed THP-1 cells were infected with M. avium A5 and eDNA-

deficient mutants 7d3, 9e11, 11e7 and c11e7. CFUs were enumerated and 

supernatants were collected at 24 h.p.i. (A) Uptake assays of eDNA-deficient mutants 

at wildtype A5 at 1 h.p.i. (B) Survival assay of eDNA-deficient A5 mutants compared 

to WT A5 in THP-1 cells at 24 h.p.i. Statistical comparisons: all mutants compared to 

WT in each condition. (C) Growth curve of wildtype A5 and eDNA mutants in 7H9 

broth. Absorbance at 595nm was read at day 0, 2, 4, and 6. Statistical comparisons are 

between WT and mutants. Data are representative of three independent experiments. 

Statistical comparisons: *, P < 0.05; **, P < 0.005, ***, P < 0.0005. 
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Figure 3.6. eDNA-deficient Mutants Alter IL-1β Secretion Through 

Inflammasome Pathways. THP-1 cells were stimulated with 10 ng/ml LPS for 2h 

prior to infection with M. avium A5 and eDNA-deficient mutants 7d3, 9e11, and 

11e7. Supernatants and RNA were collected at 24 h.p.i. NLRP3 and AIM2 expression 

were quantified by qPCR and IL-1β levels were quantified by ELISA. (A) NLRP3 

expression and (B) AIM2 expression by untreated and LPS pre-treated THP-1 cells 

(c) IL-1β secretion by untreated and LPS pre-treated THP-1 cells infected as describe 

above. Data are representative of three independent experiments. Statistical 

comparisons: *, P < 0.05; **, P < 0.005, ***, P < 0.0005. 
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Figure 3.7. M. avium A5 eDNA-deficient Mutants Downregulate STING 

Expression in LPS stimulated Macrophages and Modulate IFN-β Production. 

Untreated and LPS-primed THP-1 cells were infected with M. avium A5 and eDNA-

deficient mutants 7d3, 9e11, 11e7 and c11e7. The expression of cGAS and STING 

was quantified by qPCR and IFN-β levels were measured by ELISA at 24 h.p.i. (A) 

cGAS expression and (B) STING expression in untreated and LPS pre-treated THP-1 

cells. (C) IFN-β levels in supernatants from untreated and LPS-primed THP-1 cells. 

Data are representative of three independent experiments. Statistical comparisons: *, 

P < 0.05; **, P < 0.005, ***, P < 0.0005. 
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Overview 

Nontuberculous mycobacteria (NTM) are ubiquitous in the environment and 

cause pulmonary and disseminated disease in humans. NTM exhibit a wide range of 

pathogenicity, with M. abscessus, M. chelonae, and M. avium being some of the most 

virulent species. NTM are opportunistic intracellular pathogens that utilize biofilms, 

host macrophages, granulomatous inflammation to maintain chronic infections. 

Biofilms act as environmental sources of infection, as well as drivers of persistence in 

the host. Macrophages are involved with bacterial replication, dissemination, and 

MGC formation. MGCs in mycobacterial granulomas retain phagocytic activity and 

contain high bacterial loads in vivo. Innate and adaptive pro-inflammatory signals 

contribute to granuloma formation during NTM infection, and this process begins in 

the macrophage. The research presented in this dissertation has contributed to the 

understanding of M. avium pathogenesis, specifically the role of eDNA in modulating 

the macrophage response, and interactions with multinucleated giant cells. 

MGC Model  

Limitations of current in vitro models necessitated the development of the 

novel MGC model presented in Chapter 2. Existing MGC models are complex, and 

involved multiple cell types, bacteria, and primary cells. The ability of MGCs to 

uptake bacteria is generally accepted by the literature, however early in vitro 

granuloma-focused models generated MGCs that exhibited restriction of cell-to-cell 

spread and loss of phagocytic activity. These models utilized primary lymphocytes, 

macrophages, and M. tb or BCG, and MGCs were only one component of the model 

(Brooks et al., 2019; Byrd, 1998; Gasser & Möst, 1999; Lay et al., 2007). These 
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models are expensive and difficult to scale up due to the use of primary cells. Also, 

the high level of complexity generated by utilizing multiple cell types, M. tb, and 

cytokines limits the application of these models in NTM research.  

In contrast, recent MGC-focused models demonstrated that MGCs associated 

with mycobacterial granulomas are phagocytic and exhibit reduced intracellular 

killing (Y. Chen et al., 2022; Gharun et al., 2017; Lösslein et al., 2021). One such 

model utilized primary bovine macrophage and BCG or mycobacterial glycolipid 

lipomannan, to generate MGCs, and reported that nitric oxide was important for 

MGC formation. MGCs from this model exhibited increased phagocytosis of bacteria 

and apoptotic macrophages (Gharun et al., 2017). Another recent model utilized 

primary monocyte progenitors from mice stimulated with BCG lipomannan (Lösslein 

et al., 2021). MGCs from this model exhibited elevated cholesterol levels and were 

permissive to mycobacterial survival.  

My model of MGCs improves upon existing models by utilizing a single cell 

line and recombinant cytokines, instead of specific bacterial species or antigens. This 

reduces the complexity of the model and increases the potential applications of the 

model. Unlike previous models, my MGC model can be used to study the MGC-

bacterial interactions of a wider range of mycobacterial species, including NTM 

which tend to be overlooked by other models. Additionally, the components of my 

MGC model are readily available and can be scale up for larger experiments, which is 

difficult to do with primary cells and BSL-3 bacteria. MGCs generated by my model 

are similar to recent primary cell derived MGCs in that they are phagocytic,  

permissive to intracellular survival, and lipid rich. A limitation of my model is the 
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lower number of nuclei in MGCs produced by this method compared to other models 

that utilized M. tb. However, MGCs induced by M. avium infection tend to have 

fewer nuclei than M. tb or BCG MGCs, so this does not detract from the use of this 

model for NTM infections (Brodbeck & Anderson, 2009).  

The Role of Multinucleated Giant Cells in Pathogenesis 

MGCs are granuloma-associated cells and are of interest due to the high levels 

of intracellular bacteria observed during chronic NTM lung infections. In Chapter 3, I 

developed and characterize a novel in vitro model representing MGCs. To form MGCs, 

human THP-1 macrophages were stimulated with TNF-α and IFN-γ for five days to 

recreate conditions during granuloma formation. The role of MGCs within 

mycobacterial granulomas and their involvement in host-pathogen interactions is 

poorly understood. TNF-α and IFN-γ are required for granuloma formation in response 

to mycobacteria and are induced upon infection (Bean et al., 1999; Hogan et al., 2001). 

Additionally, IFN-γ is known to be involved in MGC formation (Sakai et al., 2012). 

MGC produced in this method contained multiple nuclei and were CD40 positive. 

MGCs from acute tuberculosis are CD40 positive and CD40 is involved in Langhans 

MGC formation (Brooks et al., 2019; Sakai et al., 2012, p. 40). They exhibited lipid 

droplet accumulation, elevated autophagic activity, and large size. M. avium was 

readily phagocytosed by the MGCs and replicated intracellularly at a higher rate than 

macrophages. M. avium was observe in autophagosomes and in autophagosomes 

interacting with lipid droplets. Interestingly, M. avium started leaving the MGC as early 

as 24 h.p.i by an unknown nonlytic mechanism. Perhaps the heightened autophagy 

renders the intracellular MGC environment more permissive than the macrophage. 
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However, the acquisition of host lipids could also explain the enhanced growth of M. 

avium in MGCs. Further characterization of the MGC model is needed to clarify the 

involvement of host lipids versus autophagy in intracellular survival. Lipidomic 

analysis of the lipid droplets that accumulate in MGCs and intracellular M. avium, 

could shed light onto the role of host lipids on intracellular survival. Additionally, 

measuring the expression of mycobacterial genes related to lipid metabolism could 

point to specific host lipids that are utilized by M. avium in the MGC. siRNA inhibition 

of autophagy could shed light on the role of autophagy in intracellular survival in 

MGCs. Understanding the mechanism of cell exit from MGCs and the implications for 

M. avium pathogenesis was the next step.  

Mechanisms of Host Cell Exit and Cell-to-Cell Transmission 

Pathogenic intracellular bacteria utilize a range of mechanisms for cell-to-cell 

transmission: membrane-dependent exit, host cell death, host cell lysis, or direct cell-

to-cell transmission via actin-mediated protrusion (Flieger et al., n.d.). Bacteria that 

escape from the host cell to the extracellular space are free to infect neighboring cells. 

In most cases, intracellular bacteria that reside within vacuoles must enter the cytosol 

to trigger cell exit pathways. Listeria monocytogenes utilizes a cytolysin for lytic 

vacuolar escape (Flieger et al., n.d.). Cytosolic bacteria have been observed in M. tb, 

M. marinum and M. leprae infections, and phagosomal exit is lytic and ESX-1 

dependent (Flieger et al., n.d., 2018; van der Niet et al., 2021, p. 1). Mycobacterial 

translocation from the phagosome to the cytosol in increased in immunocompromised 

hosts (van der Niet et al., 2021, p. 1).  
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In Chapter 2, cytosolic M. avium were observed in MGCs which indicates that 

M. avium can leave the vacuole by an ESX-1-independent mechanism. Mycobacteria 

utilize several pathways to exit host cells and further infection. M. tb, M. abscessus 

escape the host cell by triggering apoptotic or necrotic cell death, and by actin-

mediated nonlytic ejection (Flieger et al., n.d.; Hagedorn et al., 2009). M. marinum is 

the only mycobacterial species that employs actin motility to facilitate direct cell to 

cell spread (Stamm et al., 2003). M. avium disrupts the actin filament network to 

prevent phagosome maturation and is therefore unable to utilize actin for cellular 

egress (Guérin & de Chastellier, 2000). A recent study revealed a novel nonlytic 

egress mechanism in M. marinum which involves ESX-1-independent mechanisms 

(Gerstenmaier et al., 2015). M. marinum enters the autophagic pathway, blocks 

autophagosome maturation, and is ejected from the host cell in a nonlytic manner 

(Gerstenmaier et al., 2015). M. avium triggers apoptosis to exit host macrophages, but 

does not employ actin-dependent ejection (Early et al., 2011; Hagedorn et al., 2009). 

Our observation of elevated autophagy in MGCs, together with autophagosomal and 

extracellular M. avium, suggests that M. avium may be using autophagy to leave the 

host cell without triggering cell death. It is possible that an alternative mechanism 

may be involved, given the fact that our understanding of MGC-M. avium interaction 

is still developing.  

Describing the mechanism of exit utilized by M. avium in MGCs is an 

important topic for future research to explore. To unravel the potential involvement of 

autophagy in M. avium escape from MGCs, it would be useful to determine the effect 

of autophagy on bacterial escape, as well as intracellular localization of bacteria 
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through the inhibition of autophagy. Proteomic analysis of MGCs during M. avium 

infection could also shed light on the role of autophagy in this process. It would be 

exciting to uncover a novel exit mechanism previously undescribed in M. avium.  

Cell-to-cell spreading is facilitated by bacterial exposure to the intracellular 

environment, which leads to phenotypic changes that aid in host cell entry and 

pathogenesis. Previous studies in M. avium have demonstrated that intracellular 

replication in macrophages increases the efficiency of uptake through complement 

receptor 3-mediated phagocytosis (L. E. Bermudez et al., 1997). In M. 

paratuberculosis, passage through epithelial cells generates an inflammatory 

phenotype, alters lipid composition, and increases intracellular growth in 

macrophages (Everman et al., n.d.; Phillips et al., 2021). In M. tb macrophage-

passaged bacteria exhibited increased vacuolar fusion compared to non-passaged 

bacteria, indicating that growth within the host macrophage leads to a change in 

bacterial phenotype (McDonough et al., 2000).  Several intracellular pathogens utilize 

this phenotypic change as a strategy for cell-to-cell spread but must escape the host 

cell before this can occur.  

Once M. avium escapes from the host cell, it enters neighboring macrophage 

and monocytes. M. avium that leave human macrophages by triggering apoptosis are 

readily taken up by naïve macrophages  (Early et al., 2011). A recent study 

demonstrated that interactions between mycobacterial phthiocerol dimycocerosate 

(PDIM) and host epithelial membranes influenced infectivity and blocked immune 

activation (Cambier et al., 2020). Additionally, PDIM facilitates phagosomal 

permeabilization which permits translocation of bacteria from the phagosome to 
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cytosol (Osman et al., 2020). Given the observed accumulation of lipids in 

intracellular M. avium in MGCs, the expression of LppX could explain the enhance 

uptake exhibited by MGC-passaged bacteria. Further characterization of the 

interactions between MGC-passaged bacteria and different types of host cells could 

shed light on the role of MGCs in cell-to-cell spread of M. avium.  

The Interaction between M. avium and host Macrophages 

The observation of cytosolic bacteria at early time points in MGCs is similar 

to what is known about M. tb intracellular stages in macrophages. Cytosolic M. tb 

eDNA activates several host pathways and triggers cytokine production in host 

macrophages. In Chapter 2, the objective was to assess the macrophage response to 

M. avium infection and examine the role of eDNA in survival in the host. I originally 

planned to study the host response in MGCs as well, but I faced significant technical 

and logistical barriers that prevented me from completing this work in MGCs. It was 

difficult to get a sufficient RNA from MGCs, but this was solved by scaling up the 

number of cells. However, due to the COVID-19 pandemic, supply chain issues made 

the use of larger amounts of reagents and materials unsustainable and time 

consuming. So, I decided move to MGCs after establishing the system in 

macrophages, which are the preferred host cell type of M. avium. Macrophages are 

the key innate immune cells involved in the response to mycobacterial infections and 

initiate the adaptive immune response by the secretion of pro-inflammatory cytokines 

and antigen presentation. To survive in the host, M. avium must evade detection by 

intracellular sensors of PAMPS and DAMPS to facilitate bacterial replication and 

prevent premature cell death. The balance of pro-inflammatory and anti-inflammatory 
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signals is a crucial part of M. avium pathogenesis and survival in the host. The 

NLRP3 and AIM2 inflammasomes are key innate immune system sensors that trigger 

inflammation during infection. Prolonged activation of inflammasomes can lead to 

bacterial clearance, cell death and tissue damage. Anti-inflammatory pathways work 

to temper inflammation and limit cell death. The DNA-sensing cGAS/STING 

pathway is one such pathway. The macrophage inflammatory response decides the 

intracellular fate of M. avium and eDNA is a crucial part of the equation. eDNA is a 

major structural component of mycobacterial biofilms. Although well-studied in M. 

tb, DNA export by intracellular M. avium has not been established. With the use of 

eDNA-deficient M. avium mutants I was able to utilize their differential DNA export 

to approach the problem from a different perspective.  

In Chapter 2, I investigated the macrophage response to M. avium infection 

with a focus on the NLRP3 and AIM2 inflammasomes, and the cGAS/STING 

pathway. My research shows that M. avium activates the NLRP3 inflammasome 

immediately upon entry into the macrophage but possesses a mechanism to inhibit 

activation as infection progresses. M. abscessus and M. kansasii also activate the 

NLRP3 inflammasome and induce IL-1β production at early time points in the host 

macrophage (<18 h.p.i), which is similar to what we observed (C.-C. Chen et al., 

2012; B.-R. Kim et al., 2020, p. 3). However, these studies did not go beyond 18 

h.p.i, so the downregulation of NLRP3 during NTM remains undescribed in the 

literature. NLRP3 activation and IL-1β production is important for bacterial clearance 

during acute mycobacterial infections, however it may help maintain chronic 

infections by promoting bacterial spread. M. kansasii, an NTM, induces NLRP3 
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activation and IL-1β release early in infection, which restricts bacterial replication 

(C.-C. Chen et al., 2012). M. tb activation of NLRP3 has been demonstrated at later 

time points and can lead to pyroptosis of the host macrophage, which facilitates cell-

to-cell spread of bacteria (Beckwith et al., 2020; Xu et al., 2020, p. 3). A possible 

mechanism for NLRP3 inhibition could be shared with M. tb, which inhibits NLRP3 

activation by the indirect action of serine/threonine kinase F (PknF) (Rastogi et al., 

2021b). M. avium possesses a homolog for M. tb PknF, MAVA5_13430 (PknB), 

which could be involved in NLRP3 suppression. An A5 transposon mutant of 

MAVA5_13430, mutant 9e11, induced significantly higher IL-1β secretion than 

wildtype A5, indicating that MAVA5_13430 may play a similar NLRP3 inhibitory 

role in M. avium. However, significant work is needed to confirm that 

MAVA5_13430 inhibits NLRP3 activation in M. avium infection. Nitric oxide (NO) 

is another possible mechanism for NLRP3 inhibition during M. avium infection. M. 

avium infection triggers nitric oxide (NO) production in macrophages. NO attenuates 

NLRP3 inflammasome activity at the post-translational level by direct S-nitrosylation 

(B. B. Mishra et al., 2013a). This may account for the some of the reduction in 

NLRP3 expression and activation observed in this chapter. However, more work is 

needed to confirm the involvement of NO in NLRP3 modulation during M. avium 

infection.  

The AIM2 and cGAS/STING response to M. avium were used to investigate 

the role of eDNA in intracellular survival and modulation of the macrophage 

response. The involvement of the AIM2 inflammasome and cGAS/STING in NTM 

pathogenesis is not well described (Shah et al., 2013). In Chapter 2, I found that M. 
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avium strain A5 significantly upregulated AIM2 expression at 6 h.p.i compared to 

104, but AIM2 expression was comparable at all other time points. Interestingly A5, 

but not 104, significantly upregulated Syk in the host macrophage. Syk 

phosphorylates inflammasome adaptor ASC, which is necessary for NLRP3 and 

AIM2 inflammasome oligomerization and activation (Lin et al., 2015). M. abscessus 

utilizes Syk to induce NLRP3 activation and like A5, is an avid DNA exporter in the 

biofilm. Potentially, the enhanced DNA export ability of A5 is involved in this 

upregulation. Although I investigated Syk expression because of its role in NLRP3 

activation, my results suggest that it may be involved in AIM2 activation as well 

during M. avium infection. Future work utilizing NLRP3-/- and AIM2-/- cell lines can 

separate the involvement of each inflammasome in the macrophage response to M. 

avium.  

IFN-β production, the result of cGAS/STING activation, was induced by M. 

avium infection of macrophages. This points to cGAS/STING activation and suggests 

that mycobacterial DNA is in the cytosol. eDNA-deficient mutants 7d3 and 11e7 

induced significantly less IFN-β than WT A5, which supports the assertion that 

mycobacterial eDNA is involved in cGAS/STING activation during M. avium 

infection. However, WT A5 and the eDNA-deficient mutants did not significantly 

modify cGAS expression compared to uninfected cells. cGAS may sense eDNA at 

the bacterial cell surface, which may be part of the targeting mechanism for 

cGAS/STING-induced autophagy (N. Liu et al., 2022). Even a small amount of 

extracellular DNA on the bacterial surface may be sufficient to initiate this response, 

which explains why my DNA deficient mutants were able to induce cGAS expression 
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that was equivalent to WTA5. Interestingly, WT A5 and all three mutants suppressed 

the LPS-induced upregulation of STING. The upregulation of STING expression and 

activation leads to increased NLRP3 activation in macrophages, which could explain 

why high STING levels could be detrimental to bacterial survival (Ning et al., 2020, 

p. 3).  Investigating the interaction of STING and NLRP3 during M. avium infection 

could help explain this observation.  

All three eDNA-deficient A5 mutants were attenuated at intracellular survival 

in the macrophage and induced a strong IL-1β response independent of NLRP3 

upregulation. Two of the mutants, 7d3 and 11e7, were attenuated at IFN-β 

production, which lends support to the idea that M. avium secretes eDNA 

intracellularly. Collectively, these data suggest that eDNA is involved in the 

intracellular survival of M. tb in macrophages and induces IFN-β production via 

cGAS/STING. However, the mutant-related data needs to be supplemented with data 

from complemented mutants to confirm that complementation of the affected gene re-

establishes the wildtype phenotype.  

Pathogenic bacteria have evolved different mechanisms to evade or induce 

cGAS/STING activation. Activation of cGAS/STING triggers autophagy in Listeria 

monocytogenes, Legionella pneumophila, and Burkholderia pseudomallei (N. Liu et 

al., 2022; Whiteley et al., 2017). L. monocytogenes and L. pneumophila inhibit 

autophagy and escape intracellular killing (Birmingham et al., 2007; Watson et al., 

2015). Activation of cGAS/STING increases bacterial replication in Brucella abortus 

and Staphylococcus aureus infection. Intracellular cytosolic eDNA modulates the 

macrophage response to M. tb by inducing IFN-β production and autophagy, which 



112 

 

 

promote bacterial survival and dissemination. Conversely, M. tb is also able to evade 

cGAS/STING activation by inhibiting autophagy and decreasing cytosolic STING 

levels (Maphasa et al., 2021; Sun et al., 2020). This suggests that the role of 

cGAS/STING fluctuates during mycobacterial infection.  

Current research is not in agreement about the host protective versus bacterial 

protective role of Type I Interferons in NTM infections. Recent studies demonstrated 

that M. abscessus induces NLRP3 and cGAS/STING activation, and that 

cGAS/STING-induced IFN-β suppresses NLRP3-induced IL-1β, thus contributing to 

bacterial survival (B.-R. Kim et al., 2020). This could explain my observation of 

increased IFN-β and decreased IL-1β at 24 h.p.i during M. avium infection. Another 

study described the utilization of IFN-β signaling for cell to cell spread by M. 

abscessus (B.-R. Kim et al., 2019). In contrast, IFN-β produced during M. abscessus 

infection increased nitric oxide, which led to reduced intracellular survival. However, 

the behavior of these pathways in acute infection is different than in chronic 

infections (Brady et al., 2018). The cGAS/STING pathway has been shown to be 

detrimental to the host during chronic viral infections, and beneficial to the host 

during acute viral infections. If pro-inflammatory pathways are activated over 

prolonged periods, the extensive cell death and tissue damage would lead to 

significant pathology and mortality. In chronic infections pro-inflammatory pathways 

are diminished to preserve host tissues (Kurtz et al., 2017; Wu et al., 2019).  

Due to the technical limitations of ELISAs I was only able to analyze a few 

cytokines in this thesis. Future work could improve upon this by utilizing new 

technology such as the Luminex assay, which can analyze multiple cytokines 
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simultaneously. This would provide a much fuller picture of the macrophage response 

to M. avium infection. Investigating the regulation of NLRP3 and AIM2 inflammasome 

activation could be improved using proteomic analysis to determine post-translational 

modifications of the inflammasomes.  

 Understanding the modulation of the macrophage response by M. avium will 

help tune medical treatment to match the phase of infection. For example, macrolides, 

the typically antibiotic of choice for NTM infections, have immunomodulatory 

effects on the host. Macrolides azithromycin, clarithromycin, roxithromycin, and 

erythromycin have been shown to reduce TNF-α, IL-1β, IL-12, IL-6, and IFN-γ levels 

in the host (Gualdoni et al., 2015; Kanoh & Rubin, 2010; Zimmermann et al., 2018). 

Early treatment with macrolides might inhibit granuloma formation and aid bacterial 

clearance. Although most NTM infections are not diagnosed until they become 

chronic, but advances in diagnostics may allow for the treatment of acute NTM 

infections in the future.  

Conclusions and Future Directions 

Our understanding immunomodulatory capacity of M. avium continues to 

deepen, however there still aspects of M. avium-host interactions that require further 

investigation. In this dissertation, I revealed the ability of M. avium to modulate host 

inflammasome and cGAS/STING expression, and subsequent IL-1β and IFN-β 

release. Additionally, I uncovered a potential role for eDNA in intracellular survival 

and immunomodulation in host macrophages. Finally, I established and characterized 

a novel MGC model which I used to investigate the role of MGCs M. avium 
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pathogenesis. The work presented in this dissertation has paved the way for future 

research in M. avium immunomodulation and escape from MGCs  

The work presented in Chapter 3 revealed an immunomodulatory role of M. 

avium eDNA in the macrophage. An important next step is to investigate the 

inflammasome response to M. avium in MGCs, and to characterize the involvement 

of cGAS/STING and eDNA in this cell type. This especially interesting because of 

the observed upregulation of autophagy in MGCs during early infection. Autophagy 

suppresses the cGAS/STING pathway in a Beclin-1-mediated mechanism, which 

make it likely that the MGC response will be different than the macrophage response 

to M. avium (Xiong et al., 2018). The MGC model established in this dissertation will 

be a useful tool to accomplish this.  

In Chapter 2, I developed and characterizer an in vitro model of MGCs which 

allowed me to investigate MGC-mycobacterial interactions. My work revealed that 

MGCs are permissive to intracellular survival and growth of M. avium, and host 

lipids and autophagy may be involved in the creation of the permissive environment. 

Additionally, MGCs may aid the cell-to-cell spread of bacteria in granulomas. My 

observation that M. avium escapes from MGCs in high numbers early in infection 

revealed a key difference between MGCs and macrophages. M. avium typically 

leaves host macrophages later in infection, and immediately triggers apoptosis in 

neighboring macrophages. In contrast, M. avium that escape from MGCs do not 

induce apoptosis in macrophages. By acting as a source for M. avium, MGCs could 

promote maintenance of chronic infection. The characterization of MGC-passaged 

bacteria is a new and exciting avenue for future research in M. avium pathogenesis. 
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Investigating the inflammatory response to MGC-passaged bacteria in naïve 

macrophages could further illuminate the involvement of MGCs in M. avium 

infections.  
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Appendix 1. Abstract of Additional Manuscript 

 

Amikacin Liposome Inhalation Suspension (ALIS) Penetrates Non-tuberculous 

Mycobacterial Biofilms and Enhances Amikacin Uptake Into Macrophages 

 

Authors: Jimin Zhang, Franziska Leifer, Sasha Rose, Dung Yu Chun, Jill Thaisz, 

Tracey Herr, Mary Nashed, Jayanthi Joseph, Walter R. Perkins and Keith DiPetrillo. 

 

Journal: Frontiers in Microbiology. May 16, 2018.  

 

Abstract: 

Non-tuberculous mycobacteria (NTM) cause pulmonary infections in patients with 

structural lung damage, impaired immunity, or other risk factors. Delivering 

antibiotics to the sites of these infections is a major hurdle of therapy because 

pulmonary NTM infections can persist in biofilms or as intracellular infections within 

macrophages. Inhaled treatments can improve antibiotic delivery into the lungs, but 

efficient nebulization delivery, distribution throughout the lungs, and penetration into 

biofilms and macrophages are considerable challenges for this approach. Therefore, 

we developed amikacin liposome inhalation suspension (ALIS) to overcome these 

challenges. Nebulization of ALIS has been shown to provide particles within the 

respirable size range that distribute to both central and peripheral lung compartments 

in humans. The in vitro and in vivo efficacy of ALIS against NTM has been 

demonstrated previously. The key mechanistic questions are whether ALIS penetrates 

NTM biofilms and enhances amikacin uptake into macrophages. We found that ALIS 

effectively penetrated throughout NTM biofilms and concentration-dependently 

reduced the number of viable mycobacteria. Additionally, we found that ALIS 

improved amikacin uptake by ∼4-fold into cultured macrophages compared with free 

amikacin. In rats, inhaled ALIS increased amikacin concentrations in pulmonary 
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macrophages by 5- to 8-fold at 2, 6, and 24 h post-dose and retained more amikacin at 

24 h in airways and lung tissue relative to inhaled free amikacin. Compared to 

intravenous free amikacin, a standard-of-care therapy for refractory and severe NTM 

lung disease, ALIS increased the mean area under the concentration-time curve in 

lung tissue, airways, and macrophages by 42-, 69-, and 274-fold. These data 

demonstrate that ALIS effectively penetrates NTM biofilms, enhances amikacin 

uptake into macrophages, both in vitro and in vivo, and retains amikacin within 

airways and lung tissue. An ongoing Phase III trial, adding ALIS to guideline-based 

therapy, met its primary endpoint of culture conversion by month six. ALIS 

represents a promising new treatment approach for patients with refractory NTM lung 

disease. 

 


