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Abbreviations 
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MAC The Mycobacterium avium complex 
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Mtb Mycobacterium tuberculosis 
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Abstract 
Understanding the basic biology of both a host and the pathogens they are afflicted 
by is a prerequisite for the development of effective clinical interventions. 
Mycobacterium tuberculosis, the causative agent of tuberculosis, remains one of the 
leading causes of disease worldwide. Despite extensive research, the appearance of 
highly drug-resistant bacterial strains and the prevalence of HIV co-infection in the 
most vulnerable populations have hindered the eradication of this devastating 
pathogen. Infections caused by non-tuberculous mycobacteria (NTM) such as 
Mycobacterium avium are much less common but are increasing globally. 
NTM infections are exceptionally difficult to diagnose and treat due to high 
levels of intrinsic drug resistance, and the relative paucity of knowledge 
surrounding NTM infections further complicates the development of more 
effective treatments.  

Numerous observations have associated the smooth transparent (SmT) morphology 
of M. avium with human disease, however substantial gaps in knowledge 
remain regarding the underlying mechanisms of disease establishment and 
progression. Likewise, while the ESX-1 type VII secretion system is well-
established to be a key driver of virulence in M. tuberculosis and close relatives 
such as Mycobacterium marinum, the exact mechanisms responsible for 
causing disease remain elusive. Further study of these two virulence 
determinants is thus an essential step towards understanding mycobacterial 
pathogenesis, facilitating the development of improved patient 
treatments. The work undertaken as a part of this thesis investigates how 
mycobacteria interact with their hosts, focusing on the bacterial and 
immunological processes that shape infection outcomes. 
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Popular science summary 
Microbes make up the vast majority of all life on Earth, inhabiting even the most 
inhospitable environments. While most of our daily interactions with microbial life 
go un-noticed, infection remains the second most common cause of death globally. 
However, only a minority of bacterial species have been described to cause disease. 
For an organism to establish an infection, it must first pass through the physical 
barriers of our bodies and escape killing by the immune system.  

Some bacteria are uniquely prepared for such a monumental task.  

Mycobacteria are a remarkably diverse group of bacteria that are found in nearly 
every environment: from gardens and ponds to the pipes and drinking water in your 
home. While most mycobacteria are harmless, several species, including 
Mycobacterium tuberculosis, cause some of the world’s most serious infectious 
diseases. In this book I present the results of three studies which investigate how 
two evolutionarily distinct species of mycobacteria cause disease.  

The first study used a clinical isolate of the Mycobacterium avium ssp hominissuis 
to search for bacterial genes and host factors that are required to cause lung disease. 
When grown in the lab, M. avium colonies appear in two main forms with different 
characteristics: smooth transparent (SmT) colonies are associated with disease and 
antibiotic resistance, and smooth opaque (SmO) colonies are killed by the immune 
system and are more sensitive to antibiotics. M. avium bacteria are thought to be 
able to switch back and forth between these two forms, how they do this though, has 
remained a mystery for over 100 years. In our study we found that the quality of 
bacterial cell wall plays an essential role in both colonization and persistence during 
infection, where SmO bacteria have an advantage in establishing lung disease, but 
only SmT bacteria can survive over time. 

The second and third studies use Mycobacterium marinum, a close relative to the 
deadly M. tuberculosis, as a model to study one of the most important bacterial 
mechanisms that allow tuberculosis to cause disease: the ESX-1 secretion system. 
In study two, we identified host cellular processes that result in disease-causing 
mycobacteria to escape containment by host cells. We further found that the ESX-1 
system helps bacteria manipulate the host environment to promote bacterial escape, 
killing the host cell in the process. In study three, we investigated how M. marinum 
influences how immune cells respond to infection. The study revealed that rapidly 
recruited cells called neutrophils are pushed towards a harmful inflammatory state 
by ESX-1, resulting in tissue damage. In contrast, recruited monocytes play a 
protective role by suppressing inflammatory neutrophil accumulation. 

Together, these studies add to our understanding of how mycobacteria interact with 
the immune system and identify bacterial traits and host responses that shape 
infection, highlighting potential targets for future treatments.  
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Populärvetenskaplig sammanfattning 
Majoriteten av livet på jorden utgörs av mikrober. De kan överleva även i de mest 
ogästvänliga miljöer. Trots att de flesta av våra dagliga interaktioner med dessa 
livsformer går obemärkt förbi, så är infektioner den näst vanligaste dödsorsaken 
globalt. Dock är det endast en minoritet av bakteriearter som har beskrivits som 
sjukdomsframkallande. För att en organism ska orsaka infektion måste den först 
passera de fysiska barriärerna i våra kroppar och sedan undgå immunförsvaret. 

Vissa bakterier är dock unikt förberedda för en sådan monumental uppgift. 

Mykobakterier är en oerhört varierande grupp bakterier som finns i nästan alla typer 
av miljöer; från trädgårdar och dammar, till rören och dricksvattnet i ditt hem. De 
flesta mykobakterier är harmlösa, men ett flertal av arterna, inklusive 
Mycobacterium tuberculosis, orsakar några av världens mest allvarliga infektioner. 
I denna bok presenterar jag resultatet av tre studier som undersöker hur två 
evolutionärt distinkta mykobakteriearter kan orsaka sjukdom. 

I den första studien användes kliniskt isolat av Mycobacterium avium ssp 
hominissuis för att söka efter bakteriegener och värdfaktorer som krävs för att orsaka 
lungsjukdom. När M. avium odlas i labbet uppträder två huvudformer med olika 
egenskaper: släta och genomskinliga (SmT) kolonier är förknippade med sjukdom 
och antibiotikaresistens, medan släta och ogenomskinliga (SmO) kolonier lättare 
dödas av immunförsvaret, och är mer känsliga för antibiotika. M. avium-bakterier 
tros kunna byta fram och tillbaka mellan dessa två former, men hur de gör det har 
varit ett mysterium i över 100 år. I vår studie fann vi att kvaliteten på bakteriens 
cellvägg spelar en avgörande roll i både kolonisation och infektionens ihärdighet. 
SmO-bakterier har en fördel när det gäller att etablera lungsjukdom, men endast 
SmT-bakterier kan överleva långsiktigt. 

De andra och tredje studierna fokuserade på Mycobacterium marinum, en nära 
släkting till den dödliga M. tuberculosis. Bakterien användes som modell för att 
studera en av de viktigaste bakteriella mekanismerna som tillåter M. tuberculosis att 
orsaka sjukdom: utsöndringssystemet ESX-1. I den andra studien identifierade vi 
värdcellprocesser som tillåter att sjukdomsorsakande mykobakterier bryter sig ur 
värdcellernas inneslutning. Vi fann dessutom att ESX-1 systemet hjälper bakterier 
att manipulera värdmiljön, som i sin tur främjar utbrytning av bakterier och dödar 
värdcellen. I den tredje studien undersökte vi hur M. marinum påverkar hur 
immunceller reagerar mot infektioner. Studien avslöjade att ESX-1 driver 
neutrofiler, en typ av snabbt rekryterade immunceller, mot ett överaktivt och 
skadligt inflammatoriskt tillstånd, som resulterar i vävnadsskada. Däremot har andra 
immunceller, som rekryterade monocyter, skyddande egenskaper, genom att hämma 
ansamlingen av inflammatoriska neutrofiler. 
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Tillsammans ökar dessa studier vår förståelse om hur mykobakterier interagerar 
med immunförsvaret, samt identifierar bakteriella egenskaper och värdresponser 
som formar infektioner. Därmed belyses potentiella terapeutiska måltavlor för 
framtida behandlingar 
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“We live in the Age of Bacteria  
(as it was in the beginning, is now,  

and ever shall be, until the world ends…)”  

–Stephen Jay Gould, 1993 
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I. Mycobacteria and 
their natural history 

Mycobacteria are a diverse genus of bacteria consisting of nearly 200 described 
species within the phylum Actinomycetota (formerly Actinobacteria). This clade is 
characterized by its members’ high GC content, abundant secondary metabolite 
production, and their presence across diverse environments (1). While most 
mycobacteria are considered non-pathogens, several species are associated with 
significant human disease. Mycobacterium tuberculosis (Mtb), the causative agent 
of tuberculosis (TB), was responsible for over 10 million infections and 1.2 million 
deaths in 2024, making it the 10th most common cause of death globally (2).  

Mycobacteria are often pragmatically classified into two major groups: the 
tuberculous mycobacteria, which cause tuberculosis and leprosy, and the atypical, 
or non-tuberculous, mycobacteria (NTM) representing all other species (3). 
Historically, NTM have been further grouped according to Runyon’s classification 
system based on growth rate and pigmentation production- two easily identifiable 
traits in a clinical lab (4). This classification system, while imperfect, correctly 
identified that most disease-causing NTM are slow growing, requiring more than 7 
days for colonies to appear on agar plates. Phylogenetic studies later found reduced 
growth rate to be a derived trait, with all slowly growing mycobacterial species 
diverging from a common, rapidly growing ancestor (Fig. 1) (5). It is speculated 
that a reduced growth rate is the consequence of adaptation to an intracellular 
lifestyle with the dual issues of limited access to nutrients and harsh environments 
within a host (6).  

Tremendous genetic and phenotypic diversity exists within NTM species- so much 
that the splitting of the unified Mycobacterium genus into five new genera has been 
proposed, though not widely accepted (7). The majority of research conducted on 
mycobacteria have focused on a small number of pathogenic species. At the same 
time, studies of diverse and newly discovered mycobacterial species, regardless of 
pathogenicity, have the potential to uncover new facets of mycobacterial physiology 
and evolution. Each distinct species represents an organism with a unique history 
that has adapted to a specific ecological niche while using a conserved 
mycobacterial ‘toolkit’. In 2008, Mycobacterium spongiae was discovered living 
within a marine sponge in the Great Barrier Reef (8, 9). Surprisingly, genetic 
analyses identified M. spongiae as the closest non-tuberculous relative of the 
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MTBC, with highly conserved virulence factors despite its drastically different 
lifestyle. This discovery of a new species 25 meters below the sea provides new 
opportunities to investigate the evolution of Mtb from a harmless microbe into the 
deadly pathogen it is today. 

The success which the ancestral Mtb strain found upon transitioning from the soil to 
the lungs was likely not due to chance. It is widely accepted that amoebae have 
provided mycobacteria with an evolutionary “training ground” for adapting to 
multicellular hosts (10, 11). These single-cell eukaryotes are present in diverse 
environments and take up free-living bacteria via phagocytosis before degrading 
their prey in acidified vacuoles. Mycobacteria, unlike most soil-resident microbes, 
are able to resist degradation and can even replicate intracellularly once consumed 
(12). Notably, the vacuoles of amoebae and their associated cellular machinery 
display a high degree of similarity to those of mammalian phagocytes, the first line 
of defense in the immune system. The intracellular environment, while associated 
with its own unique challenges, also represents a space free from microbial 
competition and external stressors. The progressive evolution of Mtb to become the 
devastating pathogen it is today, however, represents only one successful life 
strategy among mycobacteria.  

 
Figure 1. Simplified illustration of genetic diversity within the genus Mycobacterium 
Species discussed in this work are labeled. Orange branches indicate rapidly growing mycobacteria; 
black branches indicate slow growing mycobacteria. Unrooted tree topology and branch lengths are 
adapted from the maximum likelihood phylogeny obtained by Marin et al. (13) utilizing 16s rRNA 
sequences from 163 mycobacterial species. MTBC: Mycobacterium tuberculosis complex, MAC: 
Mycobacterium avium complex. 
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Mycobacterium tuberculosis 
Modern Mtb are highly specialized, host-adapted pathogens which have no 
environmental reservoir. Their adaptation to an intracellular life is most clearly 
illustrated by their reduced genome size relative to free-living mycobacteria. Where 
saprophytic mycobacteria have genomes of up to 8 Mb, the Mtb H37Rv genome has 
a size of only 4.4 Mb making up about 4000 genes (14). Such substantial genomic 
down-sizing is a characteristic step of evolution towards parasitism where optimal 
utilization of a host comes at the expense of extracellular persistence (15). 

The oldest preserved human remains with signs of tuberculosis-like disease date 
back to 8,000-10,000 BCE (16). Phylogenetic studies, however, have found 
evidence that an early ancestor of Mtb diverged from other soil-dwelling 
mycobacteria as early 70,000 years ago, coinciding with early human migration out 
of Africa (17).  The subsequent human migration throughout Eurasia has also been 
proposed to have driven the evolution of the distinct and geographically linked 
modern Mtb lineages (18). When small nomadic groups began transitioning to larger 
stationary settlements, the potential for person-to-person transmission increased 
rapidly. With the advent of agriculture and eventually the industrial revolution, 
human population centers became increasingly dense, accelerating infection 
especially among those living in poverty. During the 17th-19th centuries an estimated 
1 in 5 deaths were caused by tuberculosis in North America and Europe (19). Only 
after the introduction of the Bacille Calmette-Guérin (BCG) vaccine in 1921 and the 
isolation of streptomycin in 1944 by Schatz, Bugie, and Waksman, could 
tuberculosis become a treatable illness and not a death sentence (19). As standards 
of living and the quality of medical interventions continued to improve through the 
20th century, tuberculosis became all but eradicated in North America and Western 
Europe.  

TB however is not a disease of the past: in 2024, 1.7% of the global population was 
diagnosed with TB infection (2). The majority of these infections were concentrated 
in low-income countries in South-east Asia and Africa where access to basic 
healthcare, including TB diagnosis and treatment remains limited. Many 
TB-endemic regions similarly face a disproportionately high burden of HIV 
infection due to limited resources for treatment and prevention (20). HIV 
significantly increases the risk of progression to active TB through immune 
suppression, resulting in increased mortality (21). Further, of the 630,000 worldwide 
AIDS-related deaths recorded in 2022, roughly one quarter were attributable to TB 
coinfection, highlighting ongoing need for continued research and focused public 
health efforts (22). 
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NTM disease and the rise of M. avium 
 

“The clinician is confronted with problems of treatment…The bacteriologist has 
new problems in identification, for these acid-fast organisms exhibit unique 
cultural characteristics. From another point of view, here are fascinating 
organisms for study as to origin, relationships and control. Their occurrence is 
not rare” 

Ernest Runyon, 1959 (4) 

 

Non-tuberculous mycobacteria (NTM) are ubiquitously found in soil and water 
environments, including drinking water reservoirs (Fig 2). While generally 
considered to be harmless saprophytes, several NTM species are capable of 
establishing disease in humans. NTM infections are rare globally, but are 
challenging both to diagnose and to treat, resulting in significant healthcare costs 
and poor patient outcomes (23–25). M. avium, M. intracellularae, M. abscessus, M. 
xenopus, and M. kansasii are commonly referred to as “pathogenic” NTM due to 
their more frequent association with human disease (26). As a result, these species 
are (comparatively) well-studied and species-specific treatment guidelines have 
been developed (27). Other less common strains, however, have no formal treatment 
guidelines due to the lack of rigorous clinical studies and low prevalence of isolation 
(28).  

 

   
Figure 2. Examples of common NTM reservoirs.  
(Left) Despite moving to Belgium, the student cannot escape her thesis project- NTM in the soil are 
everywhere. (Middle) Only the most robust bacteria can survive the toxins accumulated from student 
activities in Sjön Sjön. (Right) Despite exemplary cleaning (and periodic lunchbox decontamination 
events) there are almost certainly NTM lurking in the kitchen of the Biology C house as well. 
 



27 

Other important pathogenic NTM include M. ulcerans and M. marinum which are 
associated with soft tissue infections in humans after exposure to environmental 
reservoirs (29, 30). M. ulcerans is the causative agent of the Buruli ulcer, a treatable, 
but debilitating skin and soft tissue infection endemic to Western Africa that can 
lead to permanent disfiguration or disability (30). M. marinum is most associated 
with fish and marine mammal infections but can also cause soft tissue, bone, or joint 
infections of the extremities in humans (29). Despite its inability to cause pulmonary 
infection or survive at body temperatures above ~34°C, the lesions caused by M. 
marinum are highly homologous to the pulmonary granuloma caused by Mtb. Many 
of the mechanisms responsible for Mtb virulence are conserved in M. marinum, 
including the ESX-1 type VII secretion system (T7SS). Additionally, due to its 
conserved virulence factors, increased growth rate, and limited human 
pathogenicity, M. marinum has been utilized as a powerful model organism for 
studying Mtb in zebrafish (31) and mice (32). Paper II and paper III presented in 
this thesis utilize a M. marinum model of infection to study ESX-1 dependent 
virulence in vitro and in vivo. 

Even among clinically relevant NTM species, however, there is spectrum of 
pathogenic potential (Fig 3). Species such as M. kansasii are more often associated 
with causing progressive disease with poor patient outcomes (33). Other species 
such as M. fortuitum only rarely establish infection under specific host or 
environmental conditions and are often associated with hospital-acquired infections 
or medical device contamination (34). Individual NTM isolates of the same species, 
however, can additionally vary widely in their ability to cause disease- the genetic 
and physiological mechanisms of which remain incompletely understood (27, 35). 

 

 
Figure 3. Schematic representation of the spectrum of pathogenicity displayed by clinically 
relevent mycobacterial species.  
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The M. avium complex 
The M. avium complex (MAC) is a group of ten slow growing mycobacterial species 
associated with human infection which cannot be easily distinguished from one 
another by traditional culture methods (36). M. avium and M. intracellularae, are 
the most commonly isolated MAC species, together representing over half of all 
NTM infections globally (26). M. avium can further be separated into four 
subspecies based on growth characteristics and host tropism (37).  

M. avium ssp. hominissuis (MAH) is associated with pulmonary and disseminated 
infection in humans but can also cause lymphadenitis in pigs and other animals (38). 
MAH isolates have a high degree of genetic and phenotypic diversity. Unlike Mtb 
which is a largely clonal organism, there is evidence of a high degree of gene flow 
between individual MAH isolates. MAH have open “pan-genomes” of 
approximately 3500 core genes and large “clouds” of accessory genes which are 
unique to specific ecological niches or geographic regions (39).  

M. avium ssp. paratuberculosis (MAP) causes a form of chronic-wasting disease, 
called Johne’s disease, in ruminants and is a source of great economic burden in the 
agricultural industry (40). While not directly transmitted between animals, MAP is 
commonly isolated from farm soil and waste from infected animals can cause the 
rapid spread of disease in a herd. MAP has also been isolated from the GI tract of 
humans with Crohn’s disease, a chronic inflammatory condition with unclear origin 
and similar intestinal pathology observed in animals Johne’s disease (41). It has 
been speculated that MAP may contribute to the development of Crohn’s disease, 
though the evidence in support of this theory remains limited and controversial (42).  

M. avium ssp. avium and ssp. silvaticum are primarily associated with tuberculosis-
like infections in birds but poorly studied compared to MAH and MAP and rarely 
cause infection in humans (37). Interestingly, M. lepraemurium, the cause of leprosy 
in other mammals was found, contrary to previous assumption, to share a close 
common ancestor with M. avium and not with causative agent of human leprosy, M. 
leprae. Both leprosy-causing species underwent similar genome reductions, 
ultimately resulting in similar disease manifestations due to convergent evolution. 
(43, 44). 

HIV/AIDS and disseminated MAC infection 
During the rise of the HIV/AIDS epidemic in the early 1980s, a sharp increase in 
infections by MAC species were observed in AIDS patients with highly 
compromised immune systems (45, 46). MAC infection in HIV+ individuals 
typically presents as disseminated disease in the gastrointestinal tract and soft 
tissues. In these patients, the likelihood of NTM infection is tightly correlated with 
the reduction of protective CD4+ T cell counts (47, 48). In 1990, during the 
epidemic’s peak, 20-40% of HIV+ patients in the United States were estimated to 
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have MAC infection (47, 49). During this time anti-retroviral therapies (ART) were 
not widely available to treat the underlying cause of hyper-susceptibility to NTM 
and other opportunistic infections. In vulnerable patients, even if one infection was 
successfully treated, another was soon to follow, resulting in only 13-29% of HIV+ 
patients surviving more than one year after diagnosis of MAC disease (45, 46). 

The development of effective ARTs to combat HIV infection, as well as pre- and 
post- exposure HIV prophylaxis (PREP/PEP), has greatly decreased the incidence 
and mortality of AIDS in Western countries. As of 2022, of the estimated 39 million 
individuals living with HIV, nearly 30 million had access to antiretroviral treatments 
(22). However, 9 million individuals, the majority being in developing nations, still 
lack access to treatment, putting them at risk for NTM infection as well as severe 
TB disease.  

NTM Pulmonary disease 
In contrast to the progress made in reducing HIV-associated NTM disease, increases 
in pulmonary NTM disease (NTM-PD) have been observed globally in the past 
decades (50). Unlike TB which spreads by direct person-to-person transmission, 
NTM pulmonary infections result from environmental exposure, though exposure 
alone is far from sufficient to cause infection.  

Large-scale surveys across the United States found evidence of at least one NTM 
species present in over 75% of all household plumbing systems (51, 52). 
Contributing to their widespread isolation in household environments, NTM are 
highly resistant to common disinfectants that are used in drinking water treatment 
including chlorine (53). Exposure to contaminated water is thought to be the main 
route of NTM infection. Showerheads in particular have been implicated as a source 
infection due to the abundance of plumbing-associated biofilms (54) and the 
production of aerosols during showering which are then inhaled (55).  

Ecological surveys of mycobacterial diversity have found that many NTM species, 
including potential pathogens, are enriched in humid environments with acidic soil 
(56) or near large bodies of water (26). Several studies have additionally reported 
environmental NTM “hotspots” with increased mycobacterial abundance which 
correlate with increased NTM isolation from patients in local hospitals (57, 58). 
While still not fully understood, variations in environmental conditions and bacterial 
community composition likely account for much of the geographic trends 
consistently observed in NTM-PD prevalence (Table 1). NTM-PD in East Asian 
countries and the Pacific islands is estimated to be as much as five times more 
prevalent when compared to the continental United States and Europe (59, 60). Due 
to the nearly universal presence of NTM in both natural and human-engineered 
environments, most epidemiological studies of NTM disease focus on identifying 
patient risk factors underlying susceptibility to NTM infection. Increased age, sex, 
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and low body weight have all been strongly associated with increased risk for NTM-
PD (61, 62). Women are generally recognized to more likely to develop disease, 
with the term ‘Lady Windermere Syndrome” being coined in 1992 for the 
observance of immunocompetent elderly women, with low body weight but no other 
comorbidities, being over-represented in NTM-PD patients (63). In contrast, NTM-
PD in men is more likely to present alongside a wide range of comorbidities such as 
previous TB infection, poor lung function, or behaviors such as long-term cigarette 
smoking (61, 64). Regardless of these gender- and sex-related differences in disease 
manifestation, pre-existing lung disease is one of the most important factors 
predisposing an individual to NTM-PD (65).  

Table 1. Summary of estimated NTM-PD disease prevalence (active cases per 100,000)  
 a: yearly estimate of point-prevalence 2005-2013 
 

Country              (year) Total 
prevalence 

Advanced age 
 (age group) 

Reference 

Germany        (2014) 3.3 6.5 (>60) (66) 

UK                  (2016) 4.7 7-10 (>55) (67) 

USA                (2015) 11.7 47.5  (>65) (68) 

     Hawaii        (2013) 44     87 (a) (>65) (69) 

Japan (2014) 29  93  (70-79) (70) 

South Korea  (2016) 39.6 233 (>70) (71) 

Cystic fibrosis 
NTM infection is of particular concern for individuals with cystic fibrosis (CF). CF 
is a rare hereditary disease where loss of the CFTR chloride channel function results 
in dysfunction in numerous organ systems, most severely impacting the lungs. CF 
is most prevalent in those with European ancestry, where diagnosis is made in 
approximately 1 in 3500 live births (72).  

CF patients are particularly vulnerable to opportunistic NTM infection for numerous 
reasons. CFTR deficiency causes excess intracellular sodium and chlorine ions in 
lung epithelial cells, resulting in increased influx of extracellular water to 
compensate. This compensation, however, leads to thickening of lung surfactant 
which then cannot easily be cleared by normal mucociliary clearance (73). 
Excessive and thickened mucus traps bacteria and limits penetration of water-
soluble antibiotics. These compounding factors make treatment of NTM infection 
in these patients particularly challenging to treat, resulting in greatly reduced quality 
of life (74, 75). Among these patients in the US between 2010-2019, just over 5% 
were diagnosed with NTM-PD, with isolation rates increasing 3.5% each year of the 
study (76). 
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COPD and bronchiectasis 
Chronic lung disease is another important risk factor for developing NTM-PD. 
Chronic obstructive pulmonary disease (COPD) is a collective term for several 
airway dysfunctions including emphysema and chronic bronchitis resulting in 
narrowed airways and limited airflow due to inflammation. As COPD progresses, 
the lower airways become damaged, resulting in fibrosis and increased risk for lower 
respiratory infections (77). The estimated prevalence of NTM in individuals with 
COPD varies widely due to regional variations in diagnosis and, however as much 
as 22% of all COPD patients are predicted to be at least incidentally colonized by 
NTM (78, 79). Though colonization does not necessarily correspond to disease, the 
high overall prevalence of COPD likely represents an underappreciated cause of 
NTM-PD. In the last decades, COPD has risen to become the 4th most common 
cause of death globally, associated with 3,4 million deaths in 2021 (80). Both 
increased age and exposure to cigarette smoke or polluted air heighten the risk for 
COPD development— with both factors anticipated to become greater global 
concerns in coming decades. The combination of growing elderly populations and 
worsening air quality in urban areas is predicted to result in significant increases in 
the economic and health-related burdens of COPD (81, 82).  

Bronchiectasis (BE) is another form of structural lung disease characterized by the 
irreversible airway widening and severe fibrosis. Chronic bronchodilation causes a 
decline in lung function and poor mucus clearance, increasing the risk of bacterial 
infection. While less common than COPD, BE prevalence in North America and 
Europe is similarly increasing and is responsible for considerable healthcare costs 
due to infections and other co-morbidities (83). A recent study found that among 
patients diagnosed with BE, 7.7% had NTM infections (84). Concurrent BE and 
NTM-PD diagnoses were also found to greatly increase all-cause mortality 
compared to individuals with non-complicated NTM-PD (75). 

A common treatment for both COPD and BE exacerbations is inhaled 
corticosteroids, the long-term use of which causes mild immunosuppression (85). 
As immune suppression is a critical risk factor for NTM infection, these treatments 
have the potential to drive the progression of controlled or sub-clinical NTM 
infections (86). 

Antimicrobial resistance 
Despite increasing knowledge surrounding mycobacterial disease, numerous 
challenges remain for the diagnosis and treatment of both TB and NTM disease. 
Great progress has been made towards the eradication of TB globally, however the 
COVID-19 pandemic and reductions in UNAID funding have disproportionally 
affected low-income countries with high TB burden in recent years (2). NTM 
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disease, in contrast to TB, is not systematically reported in most countries, 
complicating epidemiological studies (50). Additionally, the clinical and 
radiological presentations of NTM-PD overlap significantly with pulmonary TB 
(87, 88), likely resulting in significant underestimation of NTM disease in regions 
where TB is endemic.  

One of the most significant clinical challenges for treating mycobacterial infection 
is antibiotic resistance, both intrinsic and acquired. “Drug sensitive” NTM isolates 
however have a baseline level of drug resistance comparable to “drug resistant” TB  
(89). Two studies of patients diagnosed with chronic, drug-resistant TB in Burkina 
Faso (90) and Mali (91) found that in approximately 20% of patients, NTM bacteria 
and not Mtb were in fact responsible for disease. This potential for misdiagnosis 
leads to further complications in both patient treatment and in the estimation of 
global NTM disease burden. 

Current consensus guidelines for treatment of NTM-PD are administration of three 
antibiotics of differing biological targets until 12 months of consistent negative 
sputum cultures are observed (27). The standard first-line treatment for non-resistant 
infections is similar to that of TB, and include a macrolide, rifampin, and 
ethambutol. In cases where lung disease is more severe, intravenous streptomycin 
or amikacin is additionally recommended for shorter periods of time in order to 
reach damaged tissues where drugs have difficulty penetrating. Lengthy, multidrug 
treatment regimens are often poorly tolerated, especially in elderly patients suffering 
from co-morbidities (92, 93). Early cessation of treatment, however, increases the 
risk for incomplete eradication of metabolically inactive, but viable bacteria— a 
major risk for the development of drug-resistant strains (27, 94). While lengthy 
antimicrobial treatments are also a concern in TB treatment, significant progress has 
been made in implementing 4- and 6-month regimens, which improve both access 
and adherence to treatment (95). These shortened treatments are likely not possible 
for NTM disease due to more extensive intrinsic drug resistance in NTM and the 
difficulty in recruiting sufficiently large cohorts for clinical trials (89). 

Even with access to timely and evidence-based interventions, an estimated 30-40% 
of first-line treatments will fail to eradicate an NTM infection (27, 96, 97). Yet, as 
of 2011 only an estimated 15% patients with NTM-PD globally received treatment 
in line with evidence-based recommendations, further reducing the rate of treatment 
success (98). As cases of NTM-PD are increasing globally, there is a growing need 
for new, more effective diagnostic and treatment strategies for NTM-PD. 
Ultimately, for both Mtb and NTM infection, development of improved treatments 
requires better understanding of the unique cellular biology of pathogenic 
mycobacteria.    
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II. Mycobacterial Cell biology  

The mycobacterial cell wall 
While closely related to Gram positive (or monoderm) bacteria, mycobacteria have 
a unique and highly specialized cell envelope architecture. The thick mycobacterial 
cell envelope is composed of peptidoglycan, (PG) branching arabinogalactans (AG), 
and an outer membrane composed of mycolic acids (99, 100). Many pathogenic 
species including Mtb and MAC additionally form an outer capsule composed of 
secreted lipids, polysaccharides, and proteins (101). This complex arrangement is 
both structurally and functionally analogous in many ways to the diderm structure 
of the Gram-negative envelope despite great evolutionary distance. The high lipid 
content of the mycobacterial cell envelope, however, gives mycobacteria a distinct 
‘acid-fast’ staining pattern where cells are resistant to decolorization by acid 
alcohol- distinct from both Gram positive and negative bacteria (Fig. 4)  

The mycobacterial cell envelope is a thick physical barrier, which is selectively 
permeable, excluding harmful compounds while allowing the uptake of essential 
nutrients. This permeability is tightly regulated and is coordinated by numerous 
proteins. As a result, mycobacteria are intrinsically resistant to diverse stressors 
including exposure to acidic stress, toxic heavy metals, and many antimicrobial 
compounds (100, 102). Understanding this robust structure is thus essential to 
understanding mycobacterial physiology.  

 

 
Figure 4. Comparison of Gram postitive, Gram negative, and acid-fast mycobacterial cell wall 
architecture. Cell envelople layers are simplified, but appoximate Gram staining results. 
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Peptidoglycan maintenance and remodeling 

Peptidoglycan (PG) is an essential component of the bacterial cell envelope, which 
is responsible for the maintenance of cell shape and osmoregulation (103). PG is 
composed of alternating N-acetylglucosamine (NAG) and N-acetylmuramic acid 
(NAM) molecules which are linked by glycosidic bonds.  In mycobacteria, NAM 
molecules are further oxidized to N-glycolylmuramic acid, a modification which 
enhances the strength of the mesh-like structure of the PG layer, increasing 
resistance of PG degradation by lysozyme (99). Each NAM molecule is additionally 
attached to chain of five amino acids. During cell growth and division, 
transglycosylase enzymes add additional NAG/NAM disaccharide units to PG 
polymers, and transpeptidases form cross-linkages between neighboring peptide 
stems. Cell division requires not only the synthesis, but also the cleavage, of PG 
polymers in order to generate new daughter cell. Lytic transglycosylases, amidases, 
and endopeptidases are also essential for cleaving glycan and peptide bonds during 
cell growth and repairing damaged PG (104, 105) (Fig. 5). The endopeptidase RipA, 
in particular has been found to play an essential role in Mtb response to acid and 
oxidative stress, as well as during adaptation host infection (105, 106). In Paper I 
presented in this thesis, we further identify the RipA and its activator MarP as 
essential factors underlying intra-host persistence in virulent M. avium. 

The PG layer of mycobacteria additionally has several unique features resulting in 
increased stability and resistance to cell wall-targeting antibiotics. D-D 
transpeptidase enzymes which form 34 cross-linkages between neighboring 
peptide stems are broadly essential and conserved among bacteria. Mycobacterial 
PG, however, is unusually enriched in 33 linkages formed by alternative L,D 
transpeptidases (107). During growth arrest, up to 80% of all cross-linkages are 
associated with increased PG stability and resistance to β-lactam antibiotics (108). 
Mycobacterial PG is further reinforced by interwoven arabinogalactan (AG) 
molecules which play a dual role in regulating both cell envelope structure and host 
-pathogen interactions (109). AG molecules are branching chains of primarily 
galactose and arabinose sugars which tether PG to the inner leaflet of the 
mycomembrane by covalently bonding to mycolic acids of the lipid-rich outer layer 
of the cell envelope (99).  
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Figure 5. Peptidoglycan structure and sites of enzymatic alterations.  
NAG: N-glucosylamine, NAM: N-acetylmuramic acid  LT: lytic transclycosylases,  PBP: penicillin binding 
protein, Rpf: ressusitation promoting factor, TP-ase: transpeptidase. 

Mycobacterial membrane lipids 
Biosynthesis and assembly of diverse lipids in the outer mycobacterial membrane is 
a complex and energetically expensive process. Both the eukaryotic-like fatty acid 
synthase module (FAS-I) and the prokaryotic-like module (FAS-II) as well as the 
polyketide synthase pks13 are required to synthesize mycolic acids with various 
lengths and functional modifications (110). The mycolic acid-derivatives trehalose 
mono- and -di mycolate (TMM/TDM) are the main components of the inner leaflet 
of the outer mycobacterial membrane (111). In addition to their structural role, TDM 
molecules are involved in modulating host cell invasion and trafficking (112, 113), 
as well as inhibiting and phagosome-lysosome fusion (114). The outer leaflet, in 
addition to mycolic acids, contains a variety of other lipid moieties, many of which 
have both structural and immune-modulatory properties when in contact with host 
cells (115). Mtb and related species such as M. marinum produce a number of 
specialized surface lipids such as phthiocerol dimycocerosate (PDIM) phenolic 
glycolipids (PGL) which are involved in modulating host cell interactions and 
virulence (116). During infection, PDIM has been observed to be shed from bacterial 
cells and become inserted into host membranes, modulating the early inflammatory 
response (117).  

Lipomannan (LM) and lipoarabinomanan (LAM) molecules are specialized 
glycolipids involved in maintaining the cell envelope. LMs are linked to the plasma 
membrane, non-covalently bound to phosphatidylinositol (PI) heads of membrane 
phospholipids. LAM then contains further branching arabinan polymers terminally 
capped by mannose (118). In pathogenic mycobacteria, mannose-capped LAM 
molecules have been found to inhibit numerous host processes including phagosome 
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maturation, apoptosis, and inflammation (119). Conversely, LAM molecules from 
non-pathogenic and rapidly growing NTM, which are alternatively capped with 
inositol phosphate, induce secretion of pro-inflammatory cytokines such as IL-8 and 
TNF-α (120, 121). 
Distinct from M. tuberculosis, most NTM produce glycopeptidolipids (GPL) which 
are inserted into the outer leaflet of the mycomembrane and result in a smooth 
colony appearance on agar (122). GPLs are structural components of the 
mycobacterial cell well and are present in the outer capsule. Non-polar, nonspecific 
GPL (nsGPL) molecules are conserved among NTM species and consist of a 
glycosylated tetra-peptide linked to fatty acid chain of 26 to 33 carbons in length. 
Core nsGPLs produced by MAC species can be further modified, resulting in polar 
serotype-specific GPL molecules (ssGPLs), which can be used to distinguish MAC 
isolates at the subspecies or serotype level (122).  

Mutations or deletions in key genes involved in GPL biosynthesis and transport 
result in a profound change in both cell and colony morphology (123). In MAC 
species, GPLs are required for biofilm formation (124) and sliding motility (123, 
125), two traits associated with extracellular persistence. Without surface-exposed 
GPLs, cells form large aggregates, or cords, resulting in rough (Rg) bacterial 
colonies. This change is most well-studied in M. abscessus where mutations in GPL 
loci commonly occur during infection and are associated with the development of 
progressive lung disease, whereas smooth colonies are primarily isolated during 
early infection and associated with mild disease (126, 127). M. abscessus GPLs have 
been found to interact with host toll-like receptor 2 (TLR2) resulting in a silencing 
of early inflammation during infection which appears to be beneficial to 
establishment of a lasting infection (128). Despite increased virulence and 
inflammation within host cells, Rg M. abscessus have reduced rates of survival in 
environmental conditions (129).  

Trans-membrane transportation 
The mycobacterial cell envelope provides resistance to numerous environmental 
stressors, yet the thickness and complexity of this protective structure also confer 
physiological challenges in nutrient uptake and protein secretion. As a result, 
mycobacteria have acquired a multitude of trans-membrane transporters to regulate 
cellular import and export. An overview of the localization and function of these 
transporters can be found in Fig 6. 
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Environmental mycobacteria express at least one porin protein allowing the passive 
transport of small molecules through the outer mycobacterial membrane (130). 
While useful for acquisition of essential nutrients, porins also facilitate the influx of 
antimicrobial compounds. In M. smegmatis, the porin MspA is essential for cell 
growth (130), however many pathogenic mycobacteria have entirely lost porin 
function, restricting their access to essential nutrients in exchange for increased 
resistance to antimicrobial compounds (131). Both environmental and pathogenic 
mycobacteria express numerous ABC transporters which require ATP hydrolysis to 
selectively bind extracellular ‘cargo’ molecules and translocate them through the 
outer membrane (132). In Mtb, over 30 distinct ABC transporters have been 
identified, many of which have been implicated in aiding bacterial survival during 
infection (133).  

 
Figure 6. Generalized illustration of the mycobacterial cell wall and major classes of trans-
membrane transporters. ABC: ATP-binding cassette AG: Arabinogalactan,ESX: Early secretory 
antigenic target 6 (ESAT6) secretion system, GPL: glycopeptidolipid, IMS: inter-membrane space, MM: 
mycobacterial outer membrane, MmpL: mycobacterial membrane protein large, PG: peptidoglycan, PM: 
plasma membrane, TAG: triacylglycerol, TMM/TDM: trehalose mono/di mycolate. Adapted from (100, 
134). 
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Successful maintenance of the mycobacterial cell requires the coordinated transport 
of numerous protein, lipid, and polysaccharide “building blocks” to their precise 
cellular- or extracellular- destinations. Like other bacteria, mycobacteria utilize the 
conserved twin arginine translocation (Tat) and general secretory (Sec) pathways to 
export folded and non-folded proteins, respectively to the inter-membrane space 
(IMS) based on recognition of specific signal peptides (135). Additionally, members 
of the MmpL family of proteins specific to mycobacteria are responsible for the 
transport of a range of cell wall lipids and other molecules essential for growth and 
virulence. The members of this large family vary in number and function between 
species, likely reflecting adaptations to diverse ecological niches. Slow-growing 
pathogenic mycobacteria such as Mtb and M. avium have an average of 15 MmpL 
transporters while rapidly growing species such as M. abscessus can have up to 29 
MmpLs allowing them to utilize diverse resources from the environment (136). 
MmpL3, the only essential MmpL family, transports TMM and is required for 
assembling the mycolic acid- rich mycomembrane (137, 138). Other important 
Mmp transporters include MmpL4 which transports GPL in NTM (139), and 
MmpL7, which transports PDIM molecules which are essential for virulence in Mtb 
(116). In addition to their role in cell wall synthesis, several MmpL proteins, such 
as MmpL5, can act as drug efflux pumps, making them attractive targets for the 
development of new antimicrobial agents (38, 140). 

The type VII secretion system 
Mycobacteria additionally rely upon specialized type VII secretion systems (T7SS) 
for the transport of proteins through the many layers of the cell envelope. Five 
paralogous T7SS systems (ESX 1-5) have been described and are thought to have 
arisen by duplication of an ancestral plasmid-transmitted ESX-4 system (141). 
While structurally analogous, individual ESX systems in mycobacteria have diverse 
functions and their distribution is varied throughout NTM species.  

All five mycobacterial ESX systems share a set of conserved proteins (EccB/C/D/E) 
which assemble in the bacterial plasma membrane to form a heterodimeric channel 
for selective protein secretion (142). Importantly, EccC proteins have FtsK/SpoIII 
ATPase activity which facilitates the active transport of further T7SS structural 
proteins and secreted effector molecules into the inter-membrane space where they 
are further processed by MycP (143). Other ESX components are specific to 
individual secretion systems but display a high degree protein homology: Esp 
proteins play accessory roles in the ESX-1 secretion apparatus, and Esx proteins and 
PE/PPE proteins containing conserved Trp-X-Gly (WXG) motif, are primary 
secretion targets, many of which impact host cell processes during infection (144).  
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ESX-1  
The ESX-1 system is the most well-studied T7SS due to its essential role in Mtb 
virulence. Indeed, the attenuation of the M. bovis BCG vaccine strain resulted from 
the deletion of several ESX-1-encoding genes, in the region of difference 1 (RD1) 
genetic locus (145). Mtb strains lacking the RD1 locus are profoundly impaired in 
their ability to cause disease or granuloma formation in animal models, and do not 
induce host-detrimental type I interferon (IFN) immune response (146, 147).  
Despite extensive investigation, the structure and secretion targets of the ESX-1 
T7SS have yet to be completely determined (148). ESX-1 is under tight regulation 
on several levels, and its assembly occurs in a stepwise manner where disruption of 
one component has rippling effects. Combined genetic and proteomic analyses have 
begun to map the many inter-dependent proteins (149). 

Once translocated to the inter-membrane space, several proteins have been proposed 
to consecutively assemble after MycP activation and form a second channel in the 
outer mycobacterial membrane (150). While the exact structure of this second 
channel remains elusive, a general assembly hierarchy has been described based on 
interdependence observed between individual ESX-1 substrates (149). ESAT6, 
CFP10, PE35, and PPE68 translocation is first required for the assembly of channel-
like EspB heptamer (151–153). Subsequently, EspE and EspF are transported to the 
surface of the mycobacterial outer membrane, where proper localization and 
function rely additionally on PDIM membrane lipids (154, 155). Finally, the 
assembled ESX-1 system results in the secretion of bacterial effector proteins such 
as ESAT-6 (Early Secreted Antigenic Target 6 kDa; EsxA) and its “piggybacking” 
co-factor CFP-10 (10 kDa Culture Filtrate Protein; EsxB), PE/PPE proteins and 
EspA/C proteins (150, 156). 

Several Esp proteins (EspD/G/H/J/K/L) have also been reported to function as 
chaperones, stabilizing target proteins prior to secretion (152, 157–160). The 
cytosolic EccA is associated with regulating chaperone-target interactions and 
possibly aiding in protein delivery to EccC (159). WhiB6, EspH, EspI and EspM  
have also been identified as regulatory proteins which further fine-tune the 
expression of the entire ESX-1 locus based on ATP levels, ESX-1 protein 
accumulation and likely other, yet-unknown, signals (159, 161–163).  

Fig. 7 presents a consolidated model of the assembly and regulation of the ESX1 
T7SS based on the results of the studies summarized here. Interestingly, recent work 
in a preprint from the Champion lab suggests that the specific Esx/Esp proteins 
required for the assembly of the ESX1 apparatus vary depending upon cellular pH 
(164). This finding is likely to explain some of the difficulties in studying individual 
ESX-1 components and discrepancies in their sub-cellular localization between 
studies. 
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Figure 7. Overview of the ESX-1 T7SS secretion system of Mtb. 
A. Schematic representation of the genes involved in the ESX-1 secretion system and some of thei 
important regulators. B. Overview of the structure and assembly of ESX-1. CFP-10: 10 kDa Culture 
Filtrate Protein, Early Secreted Antigenic Target 6 kDa. 
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ESAT-6 function in virulence: the continuation of a saga 
Initial studies identified the ESAT-6 protein as a pore-forming toxin which was 
directly responsible for Mtb’s capacity for permeabilizing host membranes (156, 
165). The lytic activity described in some of these studies utilizing purified ESAT-
6 protein was later attributed to residual detergent from protein isolation, and not 
ESAT-6 itself (166, 167). Genetic studies have since found that the disruption of 
ESAT-6 secretion alone is not sufficient to prevent phagosomal escape in M. 
marinum, calling the exact role of ESAT-6 in causing membrane permeability into 
question (168). As phagosomal escape by Mtb requires the perturbation of host 
membranes for subsequent modulation of the host immune response, significant 
efforts have been made to understand the exact mechanisms of host membrane 
disruption (169, 170). Recently, several groups have proposed that the lytic activity 
of ESAT-6 may work in concert with secreted surface-exposed PDIM and PGL 
molecules to insert into, and destabilize, the host membranes (117, 171–173).  

Other ESX systems  
ESX-2 and ESX-5 are found only in slow-growing mycobacteria and are thought to 
be involved in adaptation to conditions of limited nutrient availability. The ESX-5 
in Mtb secretes numerous PE/PPE genes and is involved in fatty acid transport (143). 
The secretion of PPE25 by the M. avium ESX-5 system was described to block host 
phagosome acidification, a process essential for intracellular growth (174). ESX-4 
has recently been described to facilitate secretion of the TNT toxin in Mtb (175), as 
well as the effector proteins EsxU/T M. abscessus. EsxU and ESxT function 
analogously to Mtb ESAT-6 and CFP-10 and influence CD4 and CD8 T cell 
response during infection (176). ESX-3 is widely present in mycobacteria and is 
involved in siderophore-mediated iron and zinc uptake (144). In Mtb, ESX-3 is 
facilitates secretion of the effector proteins EsxG/H (177). ESX-2, however has no 
known function, and has been lost in the greatly reduced M. leprae genome 
indicating that it is unlikely to be involved in essential nutrient uptake or host cell 
interactions (143). Related, but structurally divergent, T7SSs have also been 
identified in to facilitate the secretion of toxins in Gram positive pathogens such as 
Staphylococcus aureus (178). 
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Adaptation to an environment in flux 
 

"Change is the only constant in life."    – Heraclitus ~500 B.C. 

 

Survival of an organism in any ecological niche requires adaptation. NTM live in 
diverse soil and water environments which vary greatly in terms of microbial 
competition, nutrient availability, as well as physical and chemical properties. The 
soil is home to dense communities of bacteria and fungi which produce diverse 
metabolites, including antibiotic compounds (179). Aquatic environments, in 
contrast, are more sparsely populated but have variations in oxygen and nutrient 
availability depending on location and depth (180). Both ecosystems are further 
subject to fluctuations in factors such as temperature, pH, and salinity (181).  

Despite (or rather, perhaps because of!) their simplicity, bacteria are experts in 
adapting and responding to a wide range of environmental conditions. While lacking 
the genomic complexity of eukaryotes, bacteria have the advantage of small 
genomes and rapid generation times. In this way, the genetic ‘risk’ of an individual 
cell in acquiring new mutations is spread across the clonal population. Mechanisms 
for increasing mutation rate in response to cytotoxic stressors, such as the SOS 
response to DNA damage, have further evolved in bacteria to facilitate the 
appearance of new, potentially beneficial mutations to increase chances of 
population survival (182). While the appearance of an adaptive mutation can be 
advantageous for surviving an acute threat, it can also have long-term consequences 
for a population. 

Phenotypic heterogeneity and phase variation  
An alternative strategy to reliance of repeated de novo mutation is the maintenance 
phenotypic heterogeneity within a population. Unlike fixed mutations, phenotypic 
heterogeneity is maintained by reversible mechanisms (183). As cells divide, 
phenotypes may be inherited by the daughter cells, but each new cell retains the 
capacity to transition to other phenotypes (Fig. 8). Heterogeneity can arise by 
numerous mechanisms- from unregulated, stochastic variation in gene expression, 
to variation in cellular response to diverse signals (184). Phase variable, or ON/OFF, 
patterns of gene expression have been recognized as a widespread strategy for 
pathogen adaptation to dynamic host environments (185). The term phase variation 
encompasses several mechanistically distinct including reversable alterations of 
DNA sequences, epigenetic base modifications, and altered transcriptional 
programs (186).   
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Figure 8. Simplified Illustration of the effect of phenotypic heterogenity and mutations in a  
bacterial population.  
 

Reversible genetic variation 
At the genomic level, two broad mechanisms of reversible phase variability have 
been described: microsatellite variation and genomic variation due to recombination 
or mobile genetic elements (MGEs). Both microsatellite regions and MGEs are 
common in bacterial genomes and rely upon the inherent instability of repetitive 
DNA sequences. The high prevalence of repetitive regions in bacterial genomes has 
been theorized to have arisen as a means of facilitating rapid environmental 
adaptation (187, 188). 

Microsatellites, or short, repetitive DNA sequences, are intrinsically more unstable 
and subject to a higher likelihood of errors during DNA replication and repair (189). 
Genetic stretches with numerous simple sequence repeats (SSRs) of 2-6 bp motifs 
or lengths of single nucleotide homopolymeric tracts (HTs) induce genetic variation 
due to “slipping” of the synthesis and template strands during DNA replication or 
repair. When polymerase enzymes reassemble at an incorrect (but identical) site, 
addition or deletion of nucleotides occurs (188). Accumulation of repeats in 
promoter binding regions can alter or completely silence downstream gene or 
operon expression (190). In Streptococcus pneumoniae and Hemophilus influenzae, 
the expansion of HT repeats upstream of key virulence proteins over time results in 
decreased expression of immunogenic surface proteins facilitates rapid adaptation 
to the onset of the adaptive immune response (191, 192). 

Microsatellites can also be present within coding sequences, where a single base 
alteration can result in a shift in reading frame and complete protein disruption. 
Indeed, HTs present in coding regions are more likely to be found in the 5’ end of 
the gene sequence, resulting in an early frameshift or stop codon, more profoundly 
effecting the resulting protein (185). Rapid HT variation has been described in 
Listeria monocytogenes where a truncated host-invasion protein is associated with 
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spoiled food and full-length proteins were over-represented in farm animals, 
suggesting a role for phenotypic heterogeneity in underlying niche adaptation (193, 
194). 

Highly repetitive genomic regions are “hot-spots” for recombination events which 
can result in phase-variable gene expression (189). The genetic regions affected by 
rearrangements can be as small as single gene or operon (195) or larger genomic 
regions exceeding 200 kb (196). When a genetic locus is flanked by repetitive 
sequences, recombinases such as RecA can cause gene inversion, duplication, or 
excision. RecA is normally involved in the repair of damaged DNA through 
homologous recombination. However, when RecA acts on a genetic region flanked 
by repetitive sequences, there is an increased likelihood for the mispairings resulting 
in rearrangement (197). RecA activity is upregulated during the bacteria SOS 
response to mitigate DNA damage due to cellular stress, and as a result, RecA-
mediated genetic rearrangements increase in frequency during environmental 
challenges.  

Other recombinases such RecV found in Clostridioides difficile (198), or 
transposases associated with MGEs (199) similarly mediate rearrangements at 
repetitive sites but through site-specific mechanisms. Insertion sequences (IS 
elements) are the simplest form of MGE, consisting of a transposase gene flanked 
by short, inverted repeats. In contrast, transposons contain additional genes which 
follow during transposition. (199). Repeated cycles of insertion, recombination, and 
deletion contribute to long-term genome remodeling. In many bacteria, including 
Mtb, MGE proliferation is associated with reductive evolution, niche specialization, 
and altered pathogenicity (200, 201). The translocation of MGEs can also directly 
alter gene expression in a reversible manner. For example, multiple copies of IS256 
are found in enterococci and staphylococci but are particularly abundant in disease-
associated isolates from patients (202–204). In these isolates, insertion/excision 
events occur frequently in regulatory genes, leading to adaptive phenotypic 
heterogeneity during infection and antimicrobial treatment.  

Epigenetic variation 
DNA methylation has been well studied in the epigenetic regulation of eukaryotic 
genomes, however, the regulatory function of methylation in bacterial genomes is 
only just being uncovered. DNA restriction-modifications (R-M) systems are 
present in over most bacteria as phage defense systems (205). Through the constant 
methylation of bacterial DNA by methyltransferases, invading viral can be 
distinguished by its lack of methylation and degraded by endonucleases. In recent 
years, however, DNA methylation status has also been identified to influence 
bacterial gene expression (206). 
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In H. influenzae and Neisseria species, R-M systems have been found to control 
global gene expression during infection. In S. pneumoniae, DNA methylation 
regulates the appearance of 6 distant phase states and various degrees of virulence 
over the course of infection (192). Additionally, DNA methylation itself can be 
regulated on several levels. For example, the transcription of DNA 
methyltransferases has been found to be regulated by SSR variation in upstream 
promoter regions in Nisseria species, adding an additional level of complexity (207). 

Transcriptional regulation 
Transcriptional regulation without underlying genetic or epigenetic changes can also 
facilitate phase variation. Bacterial two-component systems (TCS) are one such 
conserved system for bacterial response and adaptation to diverse conditions. TCSs 
consist of a membrane-bound sensor domain and response regulator protein. Upon 
detection of a specific signal by the sensor, the response regulator becomes 
phosphorylated and binds to specific DNA regions, directing transcription (208). 
While bacterial TCSs are generally characterized as being discrete regulatory 
systems, in the 12 TCSs described in mycobacteria, significant sensor/regulator 
cross talk has been observed (209). In particular, the MtrB sensor proteins which 
has been observed interact with five response regulators in addition to its partner 
MtrA, a finding which may partially explain the involvement of MtrAB in diverse 
cellular processes (106, 210) 

Other examples of transcriptional regulators include inducible TetR family 
regulators which at best described in regulating cellular responses to antibiotics 
(211). In Acinetobacter baumannii a temperature-sensitive TetR type transcriptional 
repressor has been found to drive a switch between a virulent phenotype and a 
proposed environmentally adapted phenotype (212). Until recently, the intra-host 
smooth-to-rough conversion colony switch in M. abscessus was thought be an 
evolutionary “dead-end” where mutations resulting in increased virulence limit 
environmental transition (129). A recent study, however, identified the possibility 
for reversible phenotypic switching mediated by a TetR transcription factor 
regulating GPL production (213). 

These broad mechanisms of producing population heterogeneity (summarized in 
Table 2) are not mutually exclusive. A clonal population may in fact have a 
combination of a number of these mechanisms. Ongoing advances in single cell 
RNA sequencing (scRNAseq) technologies adapted to RNA-poor bacterial cells 
have great potential for elucidating the true magnitude of phenotypic heterogeneity 
both at a steady state as well as upon exposure to antimicrobial agents or during 
infection (214–216). 
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Table 2. Examples of phase variation in human pathogens and their underlying mechanisms.  
SSR: simple sequence repeats, HT: homopolymeric tract, IS: insertion sequence, RM: restrisction 
modification, TCS: two component system. 
 

Source of variation Level of 
regulation 

Mechanism Examples 

Microsatellite variation DNA SSR 
SSR 
HT 
HT 

H. influenzae (190) 
Neisseria spp. (207) 
L. monocytogenes (194) 
M. tuberculosis (217) 

Genomic 
rearrangement 

DNA RecV 
RecA 
IS256  
IS256 

C. difficile (195) 
B. thailandensis (196) 
S. aureus (170) 
E. faecalis (202) 

DNA methylation Methyltransferase 
activity 

Type III RM 
Type I RM 

Neisseria spp. (164) 
S. pneumoniae (192) 

Transcriptional 
regulation 

RNA TetR-like repressor 
TetR (Gpl1) 
TCS (5 RRs) 
TCS (PhoPR) 

A. baumanii (212) 
M. abscessus (213) 
S. pneumoniae (218) and  
S. typhimurium (219) 

 

Phenotypic heterogeneity in Mtb  
Mtb, have low background mutation frequency and low levels of horizontal gene 
transfer (220, 221). Despite this, Mtb are able to adapt to a wide range of conditions 
encountered over the course of infection. Phase variable expression of metabolic 
and virulence-associated genes is increasingly recognized as an underlying factor 
complicating complete bacterial eradication during TB treatment (184). Within the 
lungs of a single individual, pH, oxygen levels, and nutrient availability vary both 
spatially and temporally (222, 223). Bacteria within a stable granuloma are restricted 
by surrounding immune cells, whereas bacteria found in the caseum of necrotic 
lesions are more often extracellular and have increased access to nutrients from dead 
immune cells (224). During active TB disease, bacteria escaping unstable lesions 
are subsequently phagocytized by new immune cells and must once again adapt in 
order to survive and propagate in new conditions.  

The researchers Vargas et. al recently identified the parallel evolution of 
microsatellite variation in diverse Mtb isolates. In this study, 45 conserved variable 
regions were identified across all major Mtb lineages, many of which were found to 
impact genes involved antibiotic resistance and ESX-1 activity (217). One variable 
HT region impacting transcription was found upstream of the espACD operon, 
which is essential for full ESX-1 secretory function. This locus is further under the 
control of both the two-component systems MprAB and PhoPR, as well as the DNA-
binding protein EspR (143). Adding yet another layer of complexity, the 
transcription of espR itself has been found to be influenced by HT variation over the 
course of infection (225). The abundance of these variable phase sites in key 
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virulence genes suggests that Mtb must carefully balance ESX-1 expression during 
infection, similar to the cyclical expression patterns of highly antigenic virulence 
factors in other pathogens (190, 218).  

This study, and others, additionally found numerous instances of reversible 
metabolic shifts impacting central metabolism (217, 226, 227). Single nucleotide 
insertions resulting in an inactivating frameshift in the HT within the Mtb glycerol 
kinase glpK have been observed to appear during both human and mice infection 
(226) Bacteria with non-functional glpK have decreased growth rates and 
heightened antimicrobial resistance, similar to so-called persister cells (228).  

Morphological and phenotypic variation in MAC 
In 1933, when investigating the “avian tubercule bacillus”, the researchers Winn 
and Petrov described the bacterial colonies to have predominantly flat and spreading 
smooth-transparent (SmT), or larger and domed-shaped smooth-opaque (SmO) 
morphology (Fig. 9). A further minority of dry, rough (Rg) colonies, resembling 
Mtb in morphology were additionally found (229). Already then, the researchers 
connected this visible morphological variation to distinct virulence patterns in 
chickens based on crude variations in leukocyte recruitment upon infection. They, 
like future investigators, found that SmT bacteria were associated with more severe 
disease. 
 
 

 
 
Figure 9. Morphological variation in MAC colony apperience 
Representative SmT (black arrow) and SmO (white arrow) colony morphologies exhibited by M. avium 
ssp hominissuis strain LU439, described in Paper I of this work.  
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Later studies of members of the now-recognized Mycobacterium avium complex 
found that, regardless of isolation source, bacteria with SmT morphology were 
associated with increased virulence in cell culture and animal models of infection 
(230–232) and heightened antimicrobial resistance (233, 234). Unlike the 
appearance of rough colonies, which occur spontaneously to mutations, SmT and 
SmO morphotypes have been found to inter-convert (123). The researchers Kansal 
et. al found that upon infecting mice with SmO MAH, as early as 8 days post 
infection, SmT colonies were recovered from tissue. By day 35 significant bacterial 
proliferation in the tissue had occurred and 100% of recovered bacteria from the 
lungs, spleen and liver were described as having a SmT morphology (235). This 
observation suggests that MAH undergo phenotypic switching to a virulent and 
persistent infection-associated morphology during the course of infection. In 
contrast, under laboratory culture conditions, the spontaneous SmT-to-SmO 
conversion occurs several orders of magnitude more frequently than the reverse 
transition (236, 237). Together, these observations suggest that each MAC 
morphology may provide distinct advantages under different conditions, however 
they fail to differentiate phenotypic switching on a cell level from phenotypic 
selection on a population level or identify mechanisms underlying this switch. To 
address these open questions, Paper I of this thesis investigates the mechanisms 
underlying virulence-linked phenotypic and morphological variation found in MAH 
using genomic and transcriptomic approaches. 

Interestingly, descriptions of reversible SmO and SmT morphologies have also been 
made in phylogenetically distant NTM, including the slowly growing species M. 
malmoense (238) and M. celatum (239), as well as the rapidly growing species M. 
fortuitum (240). These colony phenotypes remain almost entirely uncharacterized, 
but their further study may identify conserved cellular processes involved in 
environmental adaptation and pathogenesis. 
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III. The innate immune system and 
inflammation 

The innate immune system represents one of the first lines of defense against 
invading pathogens. Innate immune cells surveil the body and neutralize identified 
microbial threats or compromised cells. Macrophages and dendritic cells (DCs) are 
present in tissue environments at a steady-state, and enriched in mucosal barriers, 
positioned to phagocytize and degrade harmful microbial intruders. DCs are further 
specialized to migrate and present processed foreign antigens to T lymphocytes, 
facilitating the coordination of the adaptive immune response. Neutrophils and 
monocytes circulate through the bloodstream and are recruited to sites of infection 
by chemokines. Neutrophils in particular are involved in the destruction of foreign 
threats, producing an arsenal of antimicrobial compounds. Recruited monocytes can 
become further differentiated into macrophages and DCs depending on local stimuli 
to contribute to the local immune response. Natural killer (NK) cells are innate 
lymphocytes which, upon detection of non-self molecular patterns during infection 
or malignancy, eliminate compromised cells. Together these innate leukocytes drive 
the first arm of the immune response within minutes of pathogen recognition. 

Sensing and responding 

Immune surveillance  
An essential characteristic of the innate immune system is the ability of cells to 
rapidly detect threats and begin orchestrating a fitting immune response. Sensing of 
bacterial threats by is facilitated by the binding of host pattern recognition receptors 
(PRRs) to conserved antigens. PRRs recognize conserved proteins which are only 
found in foreign or damaged cells. Pathogen-associated molecular patterns (or 
PAMPs) are evolutionarily conserved microbial antigens which are never produced 
by the host (241). It is worth noting, however, that even non-pathogenic commensal 
bacteria express identical antigens. As such, alternative terms such as microbial-
associated molecular patterns (MAMPs) have been proposed but are less widely 
used (242). 
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 Many PRRs can also recognize host-derived molecules (so-called damage-
associated molecular patterns; DAMPs) found in damaged or dysfunctional cells 
(243, 244). During infection numerous “danger signals” of both microbial and host 
origin are produced, and the resulting downstream signaling response influences the 
outcome of infection. To initiate the right response at the right time, PRRs are 
distributed in both within the membranes and in the cytosol of cells, with their 
abundance varying between different immune cell populations as well as over the 
course of infection (245, 246). 

Toll-like receptors (TLRs) are one important class of membrane-bound PRR with 
10 receptors described in humans and 12 in mice (241). TLRs are sensitive to a wide 
range of stimuli and activate varied cytokine responses dependent upon the cellular 
location of ligand binding and downstream signal transduction (115). TLRs 
expressed on the cell surface and in the endosomal compartment are crucial in 
sensing extracellular pathogens and except for TLR3, all TLRs utilize a common 
MyD88 adaptor protein for signal transduction, resulting in expression of pro-
inflammatory cytokines. Some TLRs such as TLR9 and endosomal TLR4, can also 
contribute to type I IFN production (246). Other membrane-bound PRRs include C-
type lectin receptors (CLRs), such as the mannose receptor and MINCLE which are 
essential in triggering phagocytosis of extracellular mycobacteria (121). 

Cytosolic PRRs, in contrast, detect signs of intracellular infection or cellular 
dysfunction. These receptors respond to molecules which are normally not present 
in the cytosol including nucleotides resulting from viral infection or host DNA 
leaking from the mitochondria or nucleus due to damage (247). The presence of 
cytosolic DNA activates sensors such as cGAS, which generates cGAMP to 
stimulate STING, leading to type I interferon production (248). Similarly, cytosolic 
RNA is detected by RIG-I-like receptors (247). Activation of these cytosolic 
nucleotide sensors results in the induction of a cellular antiviral response including 
the production of type I IFNs. Intracellular bacteria can also be detected by cytosolic 
NOD‑like receptors (NLRs) such as NOD2 which recognizes muramyl dipeptides 
from shed PG molecules (249). 

The concerted efforts of the innate immune system further rely on communication 
between cells via cytokine and chemokine signaling. Upon sensing PAMPs and/or 
DAMPs, sentinel cells secrete signaling molecules to recruit additional cells to the 
site of infection and coordinate an appropriate antimicrobial response. Successful 
immune control of TB and other mycobacterial infections requires a finely tuned 
inflammatory response. A summary of PRRs involved in response to mycobacterial 
infection can be found in Table 3. Two important responses will be described here 
in more detail: the inflammasome mediated secretion of active IL-1β and the 
induction of type I IFNs. 
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Table 3. Summary of membrane-bound PRRs involved in mycobacterial infection.                                
DGR1: Dendritic Cell Natural Killer Lectin Group Receptor-1, ER: endoplasmpic reticulum, GPL: 
glycopeptidolipids, HMGB-1: High mobility group box 1 protein, IFN: interferon, LM/LAM: 
Lipo(arabino)mannan, MINCLE: Macrophage Inducible C-type Lectin, MR: mannose receptor, PG: 
peptidoglycan. Adapted from (243, 244, 247). 

Receptor Bacterial Ligand Host Ligand Location Downstream response 

TLR 2 

(dimerizes 
with TLR 

1/6) 

GPL, PG,  

Lipoprotein, 

LM/ LAM 

β-defensin,  

HMGB-1 

Extracellular Pro- inflammatory cytokines 

TLR 4 Mannose- capped 
LAM 

Neutrophil elastase, 
 

Lactoferrin. 
HMGB-1 

Extracellular Pro- inflammatory cytokines 

 Endosome Type I IFNs 

TLR 9 Microbial CpG 
DNA 

Mitochondrial 
CpG.DNA 

Endosome Pro- inflammatory cytokines 
Type I IFNs 

CLRs Manose (MR), 

TDM (MINCLE) 

Glycans (Dectin-1) 

Histones (Clec2d) 

F-actin (DGR-1) 

Extracellular Pro- or anti-inflammatory 
cytokines 

NOD2 PG ER Stress Cytosol Pro-inflammatory cytokines, 
Type I IFNs 

cGAS Microbial DNA Self DNA Cytosol Type I IFNs 

RIG-I Microbial RNA Self RNA Cytosol Type I IFNs 

AIM2 Microbial DNA Self DNA Cytosol IL-1B, IL-18, and Gasdermin 
D  activation 

NLRP3 Bacterial toxins K+ efflux,  
Cytosolic Ca+ , 
lysosome and 
mitochondrial 

damage 

Cytosol IL-1B, IL-18, and Gasdermin 
D  activation 

 

IL-1β and the inflammasome 
IL-1β is a tightly regulated and pro-inflammatory cytokine, which is essential in the 
control of diverse bacterial infections. IL-1β is a potent pyrogen, mediating the onset 
of fever, vasodilation, and immune cell recruitment to the site of infection (250). In 
macrophages, two signals are required for the secretion of active IL-1β. The first, or 
priming, signal is initiated by PRR detection and signaling, resulting in the 
transcription of pro-IL-1β, and protein components of the inflammasome complex 
(251). A second activating signal, such as ion influx, cytosolic cathepsin B, ROS, or 
mitochondrial DNA, is required to trigger the assembly and activation of the 
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inflammasome. Inflammasome activation results in cleavage of pro-caspase 1 into 
its active form which in turn cleaves and activates pro-IL-1β and pro-IL-18. Inactive 
gasdermin D proteins are also cleaved by inflammasome activity. When activated, 
gasdermin D oligomerizes and insert into the plasma membrane, forming pores in 
the plasma membrane. Formation of these membrane pores, however, disrupts 
cellular homeostasis and results in an immunogenic and inflammatory form of cell 
death known as pyroptosis (252). Extracellular IL-1α and IL-1β are recognized by 
the IL-1 receptor (IL-1R1) present on both immune and non-immune cells, resulting 
in additional NF‑κB- and MAPK-driven inflammatory gene expression (Fig. 10). 
The detection of IL-1α and IL-1β impacts the differentiation of nearby cells and is 
a signal for the recruitment of further leukocytes, such as neutrophils and CD4+ T 
cells (251, 253).  

 
Figure 10. Overview of the NLRP3 inflammasome assembly and secretion of active IL-1β.  
ASC: Apoptosis-associated Speck-like protein containing a CARD (caspase recruitment domain), IL-1R: 
IL-1 receptor, NF-κB: Nuclear factor kappa B, NLRP3: NLR family pyrin domain containing protein 3, 
PRR: patern recognition receptor, TLR: toll-like receptor. 
 

At the same time, excessive IL-1β secretion during infection results in uncontrolled 
inflammation and pathological neutrophilic influx (254, 255). During the 
inflammatory response, additional IL-1 family proteins are produced to regulate 
inflammation including the IL-1 receptor antagonist (IL-1Ra) and a decoy IL-1 
receptor (IL-1R2) proteins. These proteins bind IL-1R1 without inducing 
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downstream signaling and competitively bind IL-1α/IL-1β, limiting cytokine 
availability for detection by IL-1R, respectively, to dampen the uncontrolled 
propagation of inflammation (256). 

During Mtb infection, mice unable to produce for IL-1α/IL-1β (257) or lacking the 
IL-1 receptor (251, 258) display greatly increased disease and mortality, indicating 
the essential role of this signaling pathway in mounting a protective immune 
response (257). While individuals deficient in IL-1 production have been found to 
have a higher risk for NTM-PD (259, 260), the role of IL-1β in NTM infection 
remains overall poorly understood. Interestingly, pro-inflammatory cytokines such 
as IL-1β have been described to be highly induced during infection with avirulent, 
but not virulent MAH, however mechanistic details of this phenomenon are lacking 
(261–263). It additionally remains unclear what role this differential IL-1β secretion 
has on the trajectory of infection in vivo. As such, a major aim of Paper I in this 
thesis is to describe the role of early inflammasome activation during the 
establishment of MAH pulmonary infection. 

Type I IFNs 
Type I IFNs are another important family of cytokines which play a key role in 
response to microbial threats. Named for their role in interference of viral 
replication, Type I IFNs coordinate the expression of over 100 interferon stimulated 
genes (ISGs) and are required for an effective antiviral response. Though essential 
for responding to viral infection, the type I IFN response results in variable outcomes 
during bacterial infection (264). In the cases of human TB, blood IFNβ 
concentration is a widely recognized predictor of progression from stable to active 
disease (265–267). In contrast, during NTM infection, type I IFNs are generally not 
induced to a high degree but are associated with bacterial control (268, 269). 

Despite the ability of many PRRs to induce type IFNs, the recognition of cytosolic 
DNA by the cGAS/STING cytosolic surveillance pathway is considered the primary 
driver of IFNβ production during infection with Mtb  (270–272) and M. marinum  
(168). Upon recognition of cytosolic DNA, cGAS produces the secondary 
messenger cyclic GMP–AMP (cGAMP) which in turn interacts with the ER-bound 
STING protein. Activated STING then recruits TBK1 which phosphorylates the 
transcription factor IRF3, enabling its translocation to the nucleus where it triggers 
IFNβ production. Secreted, extracellular type I IFNs then signal through the IFNAR 
receptor resulting in amplification of downstream interferon-stimulated gene (ISG) 
expression (Fig. 11) (273). 

During experimental infection with virulent Mtb, IFNAR-deficient mice exhibit 
decreased bacterial burden and do not succumb disease, indicating that type I IFNs 
drive a maladaptive immune response (265). The host-detrimental role of type I 
INFs is further exemplified by the hyper-susceptibility of C3HeB/Fej mice to Mtb 
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infection. Unlike other mouse lines, C3HeB/Fej mice develop necrotic lung 
granulomas similar to those seen in human TB, a trait determined by variation in a 
single genetic locus (274). During infection congenic B6 mice with “super 
susceptibility to tuberculosis 1” allele (sst1S) display heightened IFN‑β production, 
as well as increased neutrophil influx and tissue damage (275). Hyper‑induction of 
IFN‑β in these mice leads to a heightened abundance of IL‑1Ra which suppresses 
protective IL‑1β production (255, 276).  

 

 
Figure 11. Overview of cGAS/STING signalling (left) and  induction of interferon stimulated genes 
(ISGs) after IFNβ detection by IFNAR 1/2 (right). cGAS: cyclic GMP-AMP synthase, cGAMP: Cyclic 
guanosine monophosphate–adenosine monophosphate, GAS: gamma-activated site, IFNAR1/2: 
Interferon Alpha and Beta Receptor Subunit 1/2. IRF: interferon regulatory factor, ISRE: Interferon-
sensitive response element, JAK: Janus kinase, STING: Stimulator of interferon genes, STAT: signal 
transducer and activator of transcription proteins, TBK1: TANK-binding kinase 1. Adapted from (264, 
273).  
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Innate immune cells during mycobacterial infection 
 

“Disease would be a fight between the morbid agent, the microbe from outside, 
and the mobile cells of the organism itself. Cure would come from the victory of 
the cells and immunity would be the sign of their acting sufficiently to prevent the 
microbial onslaught.”  

                  -Ilya Mechnikov, 1908 (277) 

 

Much of the success of mycobacteria as human pathogens lies in their ability to 
subvert the immune system (10). When recognized and taken up host phagocytes, 
pathogenic mycobacteria are often not killed and can instead persist and utilize their 
host cells as a source of nutrients and as a replicative niche.  

Macrophages and monocytes 
Macrophages are highly heterogenous immune cells which are abundant at mucosal 
surfaces. Macrophage phenotypes are influenced both by their origin and the local 
conditions they encounter (278). During normal conditions, the majority of 
macrophages in the lungs are self-renewing tissue resident alveolar macrophages 
(AMs) which are derived from the fetal liver. AMs act as sentinels in the normally 
sterile lower airways phagocytizing foreign bodies and are the initial host cells for 
mycobacteria (279). Mtb-infected AMs are permissive to bacterial growth and have 
been found to migrate to the lung interstitium in an ESX-1- and IL-1β- dependent 
manner where they serve as an initial replicative niche (218). AM metabolism relies 
preferentially on fatty acid oxidation, resulting in increased cellular lipids and a 
nutrient replete for infecting mycobacteria (280). 

The relative abundance of permissive tissue resident AMs decreases over time 
during infection, as monocytes are recruited from the bloodstream and bone marrow 
(281). Sustained inflammation results in enrichment of monocytes in the affected 
tissue where they are a major source of effector molecules such as nitric oxide (NO) 
(282, 283). Recruited monocytes further differentiate into resident, interstitial 
macrophages (IMs). In contrast to AMs, IMs represent a more restrictive 
environment for intracellular pathogens due to their shift towards glycolytic 
metabolism. This metabolic shift is associated with increased production and 
inflammatory cytokines and augmented phagosomal acidification (281). 

Both tissue resident macrophages and recruited monocyte-derived macrophages can 
be further influenced to express distinct inflammatory programs, often referred to as 



56 

M1 and M2 phenotypes. M1 (or classically activated) macrophages characterized 
by their increased phagocytic capacity and production of pro inflammatory 
cytokines via MyD88 signaling or stimulation with IFN-γ. In contrast, M2 (or 
alternatively activated) macrophages express anti-inflammatory cytokines and are 
associated with the resolution of inflammation and tissue repair functions (284). 
AMs are often described to exhibit an M2-like phenotype due to their essential role 
in recycling lung surfactant and maintaining airway homeostasis, however upon 
encountering pathogens, they can adopt a pro-inflammatory phenotype (285). These 
activation phenotypes are well-studied in in vitro systems but are likely to 
underestimate the level of cellular heterogeneity in vivo. Studies utilizing single cell 
RNA sequencing (285, 286) and cell sorting approaches (287, 288) to investigate 
individual cells during infection have identified both protective and permissive 
macrophage phenotypes based on transcriptional profiles and infection status. 

Neutrophils 
Neutrophils, or polymorphonuclear monocytes (PMNs), are the most abundant 
human immune cells, making up 90% of the leukocytes in the bloodstream in 
humans. Circulating neutrophils are rapidly recruited to sites of injury or infection 
by recognition of chemokines and are essential in the control of many bacterial 
infections. Individuals with impaired neutrophil function are hyper-susceptible to 
bacterial infections, highlighting the essential role these cells play in host defense 
(289). At the same time, excessive neutrophil recruitment is associated with 
pathological inflammation in infections such as TB (267) and SARS-Cov-19 (290), 
as well as in COPD and acute lung injury (289, 291).  

Like other phagocytes, neutrophils recognize and take up microbial threats and 
eliminate them through the induction of intraphagosomally generated reactive 
oxygen and nitrogen species (ROS and RNS). Neutrophils, however, also express 
myeloperoxidase which converts superoxide ions into hypochlorous acid, a more 
stable and antimicrobial molecule (292). Neutrophiles form three distinct types of 
intracellular granules (azurophilic, specific, and gelatinase) as well as secretory 
vesicles, each of which contain numerous proteins exhibiting bactericidal activities. 
Upon stimulation by bacterial PAMPs, neutrophils additionally produce neutrophil 
extracellular traps (NETs) composed of host DNA, histones and granule contents. 
This cellular response is also frequently referred to as NETosis, as the end result of 
this process results necessarily in cell death (293). These responses, however, are 
largely ineffective for the control of mycobacterial infections. 

During pulmonary MAC infection, excessive NET production by degranulating 
neutrophils, has been associated with lung pathology (294). Further, several clinical 
studies have found overall neutrophilic content of patient bronchoalveolar lavage 
(BAL) fluid to correlate with NTM-PD severity and treatment outcome (295, 296). 
Despite the implication of neutrophils in many aspects of mycobacterial lung 
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disease, the exact mechanisms responsible for dysregulated inflammation and 
pathology have yet to be fully elucidated. Similarly to the heterogenous phenotypes 
found in macrophages and monocytes in vivo, recent studies have begun to describe 
the varied phenotypes displayed by neutrophils during mycobacterial infection (216, 
297, 298). Paper III of this thesis provides further insight into the role of the ESX-
1 T77S in influencing neutrophil recruitment and phenotype during M. marinum 
infection. 

 

The life and death of infected cells 

“Death is not the opposite of life, but an innate part of it.”  

– Haruki Murakami, Norwegian Wood 

 

To prevent the uncontrolled spread of pathogens during infection, often the best 
thing an infected cell can do is die. How cell death occurs, however, has a profound 
effect on the progression of infection. While numerous cell death pathways have 
been described they can be broadly grouped into regulated forms, such as apoptosis, 
and unregulated or “accidental” forms such as necrosis. Much work has been done 
in recent years to describe specific routes of cell death induced during mycobacterial 
infection in order better understand the underlying factors develop host-directed 
therapies (299).  

Apoptosis is a type of programmed cell death where still-intact cells undergo a 
tightly controlled process resulting in the non-inflammatory destruction of the cell 
(252). Apoptosis is driven by so-called executioner caspases which are activated in 
response to the loss of mitochondrial membrane potential. Cells undergoing 
apoptosis appear to shrink and form so-called membrane “blebs” during which 
phosphatidylserine (PS) membrane lipids become inverted and abnormally exposed 
on the cell surface (252). Phagocytes recognize exposed PS and degrade damaged, 
but intact, cells thus minimizing further inflammation in a process known as 
efferocytosis (300). Efferocytosis of While this Mtb-infected cells has been At the 
same time, it has been suggested that host cell apoptosis promotes bacterial spread 
to new host cells (301), Similarly, apoptosis of M. avium infected cells appears to 
be host protective. Indeed, the induction of the apoptosis inhibitor of macrophages 
protein (AIM) produced during infection acts to prolong host cell survival and is 
found to contribute to chronic M. avium infection (302, 303).  

In contrast, necrotic cell death, or necrosis, occurs when mechanisms of 
programmed cell death fail to be induced or are insufficient to contain cellular 
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damage (252). During necrosis, cellular contents are released rapidly from ruptured 
cell membranes, many of which are inflammatory DAMPs and triggering additional 
immune cells to the site of infection. Necrotic cell death can further classified into 
several modalities, some with a degree of regulation reflecting that not all necrosis 
is purely accidental. For example, necroptosis is driven by RIPK signaling, 
pyroptosis results from gasdermin‑mediated pore formation, and ferroptosis occurs 
due to excessive lipid peroxidation and catastrophic membrane damage (304). 

In Mtb infection, apoptosis is generally associated with the control of infection, 
while necrosis is the result of rapid bacterial growth upon failure of immune control 
(305, 306). Pathways such as pyroptosis (254, 307) and necroptosis (308) have been 
identified as important modalities of necrotic cell death occurring during Mtb 
infection in vivo. Other studies have observed that excess type I IFN production by 
Mtb infected cells results in a distinct mode of cell death not consistent with 
previously described pathways (305).  

Oxidative stress and lipid peroxidation 
During infection, host cells become damaged directly by the invading pathogens, 
but much of the accumulated cellular damage results from host processes. A 
common feature in many cell death pathways is the accumulation of reactive oxygen 
species (ROS). ROS are a byproduct of normal cellular metabolism but are also 
actively produced by phagocytes to control infection (309). The inability of a cell to 
resolve heightened levels of intracellular ROS results in the accumulation of 
damaged proteins, lipids, and DNA, ultimately resulting in cell necrosis (310).  

The phagosomal NADPH peroxidase, NOX2 is an important source of antimicrobial 
ROS during infection (309). After phagocytosing a microbial threat, the NOX2 
complex is assembled in the phagosomal membrane and produces highly reactive 
superoxide ions. This response, though, is inefficient for controlling infection by 
virulent mycobacteria which are naturally resistant to diverse stressors (311). 
Pathogens such as Mtb and M. avium further interfere with host processes such as 
phagosomal acidification and NOX2 recruitment (312, 313). Mitochondrial damage 
or passive leakage, peroxisomal dysfunction, and cellular enzymes are additional 
sources of cellular ROS under normal, as well as pathological conditions (310). The 
accumulation of free cellular iron acts as a further accelerator of ROS-mediated 
damage due to Haber-Weiss and Fenton reactions occurring in the cytosol.  These 
reactions generate hydroxyl radicals, which are highly unstable and readily oxidize 
the polyunsaturated fatty acids which are abundant in cellular membranes (314). The 
accumulation of lipid hydroperoxides (LOOH) destabilizes the membrane structure 
and, when not detoxified by enzymes such as GPX4, accumulate to levels that 
trigger plasma membrane rupture and cell death (315) (Fig. 12). Paper III of this 
thesis further investigates role of host processes involved in the process of ESX-1 
dependent host membrane disruption seen during Mtb and M. marinum infection. 



59 

 

 
Figure 12. Overview of cellular sources of reactive oxygen species.  
ALOX: Arachidonate lipoxygenase, COX2: cyclooxygenase, LOOH: lipid hydroperoxide, Nox2: NADPH 
peroxidase 2, PUFA: poly-unsaturated fatty acids, XO- Xanthine oxidase.  

Recently, the term ferroptosis was introduced to describe one specific mode of ROS-
mediated, necrotic cell death resulting from lipid peroxidation, and catalyzed by 
excessive cellular iron. In addition to being implicated in numerous pathologies such 
as cancer and neurodegeneration, the induction of ferroptosis has been identified as 
a significant factor involved in Mtb pathogenesis (315, 316). Mtb infection results 
in inflammation and oxidative stress as well as dysregulated immune cell 
metabolism (288, 317). Ferroptosis is characterized by host membrane disruption 
due to peroxidized lipids and high levels of cellular iron- two molecules which are 
present in increased amounts in granulomas during Mtb infection (316, 318, 319). 

The granuloma 
Granuloma formation is a hallmark of both TB and NTM pulmonary disease (92, 
320, 321). Granulomas arise from the sustained aggregation of immune cells which 
surround and attempt to contain a foreign threat. The maintenance of a stable 
granuloma has historically been considered a protective host response which limits 
bacterial growth and protects the uncontrolled spread infection. At the same time, 
mycobacteria have numerous mechanisms to resist immune clearance, enabling 
their long-term persistence within these structures (184, 223). The tuberculosis 
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granuloma consists of several layers with distinct immune cell populations, with a  
(322). The tuberculosis granuloma is organized into distinct layers. In stable 
granulomas, the majority of mycobacteria are contained intracellularly in the 
granuloma core, however disease-associated necrotic granulomas have a caseous, 
necrotic, core where bacterial containment has failed. Surrounding this core region 
are concentric zones of infected epithelioid and foamy macrophages as well as 
multinucleated giant cells. On the exterior of this structure is and outer cuff of T- 
and B-lymphocytes (Fig. 13).  

Recent advances in single cell RNA sequencing technologies, such as spatial 
transcriptomics, as well as multiplex microscopy have made tremendous progress 
in understanding the complexity of this structure (216, 222, 322, 323). Of note, the 
cellular microenvironment of granulomas and solid tumors share features which 
complicate treatment. Both structures result in the exclusion, and exhaustion, of 
adaptive immune cells, poor drug penetrance, and abnormal tissue remodeling 
(324). The development of future TB therapies targeting pathological granuloma 
formation will likely need to target not only the invading mycobacteria but also the 
environment that supports their survival.  

 

 
Figure 13. Structure and cellular composition of stable (top) and necrotic granulomas (bottom).  
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A bridge to adaptive immunity  
The innate arm of immune system rapidly responds to a wide range of infections; 
however, the adaptive immune response is needed for long-lasting, control of 
infectious agents (325, 326). Antigen presenting cells (APCs) such as macrophages 
and DCs take up invading bacteria and process microbial antigens to be presented 
on MHCII molecules. Activated DCs then migrate to draining lymph nodes, where 
they interact with naive T and B lymphocytes. DCs present processed antigens and 
provide costimulatory signals needed for T cell priming. At the same time, B cells 
recognize and bind presented antigens through the B‑cell receptor and after the full 
activation by follicular T cells, they generate antibodies with high specificity to 
specific microbial threats (327). 

Pathogenic mycobacteria, however, have numerous strategies to evade and inhibit 
the adaptive immune response. Throughout the course of infection, mycobacteria 
primarily reside within host cells, protected from and circulating antibodies 
produced by B cells (10). While inside host cells mycobacteria additionally interfere 
with processes required for initiation of the adaptive immune response such as DC 
migration and antigen presentation by APCs, resulting in a delayed onset of adaptive 
immunity (328). 

T Cells 
T cells are responsible for facilitating cell-mediated immune responses. In both Mtb 
and NTM infections, CD4+, but not CD8+, T cells are essential for host control of 
infection (329). CD4+ T cells are a primary source of IFN-γ, a pro-inflammatory 
cytokine which supports cell-mediated control of infection through the 
augmentation of antimicrobial responses (330). The essentiality of the CD4+ 
response in controlling mycobacterial infection is best highlighted by the increased 
susceptibility to both active tuberculosis and systemic NTM infection seen in HIV+ 
individuals. During HIV and mycobacterial co-infections, the progression to active 
mycobacterial disease correlates diminished CD4+ cell counts and loss of 
immunological control (47, 330, 331). In stable granulomas, IFN-γ-producing T 
cells are found at the periphery, surrounding the aggregation of myeloid cells (322). 
The reduced infiltration of these T cells is a key factor underlying the breakdown of 
the granuloma structure and the progression to active disease in TB patients with 
suppressed immune systems (330).  
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B Cells 
B cells drive the humoral arm of the adaptive immune response through the 
production of antigen‑specific antibodies. B cells, similarly, to T cells, are found in 
the outer cuff region of stable granulomas, but their exact role in the structure is not 
fully understood (332).  Experimental investigations of Mtb infection in B cell-
deficient mice have found conflicting roles for B cells during infection, indicating a 
less clear protective roll for these cells (333, 334), in contrast to the severe disease 
susceptibility observed in T cell deficiency (330) . 

 In many infectious diseases, the production of antibodies and the maintenance of 
immunological memory are required for the resolution of disease and preventing re-
infection. In the case of Mtb, however, the role of antibody-mediated immunity is 
limited and relatively poorly understood (335). Although exposure to both 
environmental and pathogenic mycobacteria results antibody production, these 
antibodies generally do not correspond to protection from infection ref. As a result, 
identifying robust protective antibodies remains a key challenge in Mtb vaccine 
development (336).  
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IV. Results  

Aims of this thesis 
 

The over-arching goal of this PhD thesis was to investigate the molecular 
mechanisms of virulence in two evolutionary distinct mycobacterial pathogens.  

 

In Paper I, a virulent M. avium ssp. hominissuis clinical isolate was used to identify 
the bacterial and host factors responsible for the observation of 
virulence-linked morphological variation in species of the M. avium 
complex.  

 

Paper II and Paper III utilize an M. marinum model system to investigate the 
underlying mechanisms of ESX-1-mediated virulence on different 
levels. 

 
Paper II evaluated the role of host processes in driving ESX-1 
dependent bacterial translocation to the cytosol and subsequent type I 
IFN induction. 

 

 Paper III employed a murine model of infection to investigate the role 
of neutrophils in ESX-1 dependent tissue immunopathology.  
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Paper I: A cell wall remodeling-dependent morphotype 
switch in Mycobacterium avium differentially regulates 
lung colonization and tissue persistence.  
Numerous studies in M. avium and M. intracellularae have observed that bacterial 
colony appearance on agar correlates with distinct virulence profiles. Smooth 
transparent (SmT) bacteria are over-represented patient isolates (232, 337), display 
heightened antimicrobial resistance (338, 339) and replicate efficiently in host cells 
(262, 340). Smooth opaque (SmO) bacteria, however, are less resistant to antibiotics 
and fail to grow intracellularly. These virulence-linked morphotypes have been 
described to be reversible, where SmT colonies become enriched after macrophage 
or mouse infection (235, 262) and SmO bacteria arise after sustained culture in the 
lab (237, 341). Despite decades of study, no underlying mechanism responsible for 
morphological variation in smooth M. avium has been identified. 

 Thus, in Paper I, we set out to describe and characterize the transition of the 
disease-associated SmT M. avium morphotype to the avirulent SmO form. 
Specifically, we aimed to address the following questions: 

i. What is the genetic basis for SmT and SmO colony morphotypes M. 
avium ssp. hominissuis?  

 
ii. How do SmT and SmO bacteria differentially interact with the  

host immune system during infection?  
 

Through complementary genomic and transcriptomic approaches, we demonstrated 
the essentiality of the MarP/RipA peptidoglycan remodeling pathway in maintaining 
a virulent SmT phenotype (Fig. 14). Long read sequencing of five representative 
bacterial morphotypes identified no signs of reversible genetic mechanisms 
associated with variation colony morphology.  Instead, when isolating de novo SmO 
bacteria from SmT colonies, we found three independently arising, and non-
identical, instances of mutations in the MarP-RipA peptidoglycan modification 
system. These mutations were associated with a concomitant loss of virulence and 
sensitization to diverse stressors. Importantly, while these mutations resulted in 
morphologically “locked” SmOs, they displayed all characteristic traits of SmO 
bacteria described in other studies. Transcriptomic analyses identified an 
enrichment in genes involved with cell envelope maintenance and trans-membrane 
transportation in SmT bacteria. Many of these SmT-enriched genes have been 
previously reported to be under the control of the MtrAB TCS in Mtb (210, 342–
344), suggesting a possible role for this system in the regulation of SmT/SmO 
morphological variation in M. avium. 
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In accordance with other studies, SmO, but not SmT, bacteria induced the secretion 
of the pro-inflammatory cytokines IL-1β and TNF-α in macrophages. When 
investigating the interaction of colony morphotypes with the immune system during 
infection in vivo, we identified distinct roles for each morphotype in the 
establishment and persistence of infection. Surprisingly, SmO bacteria efficiently 
colonized the lungs at one day post-infection, though they were rapidly cleared from 
the lungs. SmT bacteria, in contrast, had a greatly reduced capacity for colonization, 
but could persist in the tissue. Colonization by SmO bacteria, however, was reduced 
to SmT-like levels infecting mice deficient for inflammasome activation (ASC-/-) 
or with ablated IL-1 signaling (via Anakinra treatment), indicating a requirement for 
early inflammation in bacterial colonization. To our knowledge, this study is the 
first to confirm the functional role of NLRP3 inflammasome activation in bacterial 
morphotype-dependent IL-1β secretion using relevant genetic knockouts. 

 
Figure 14. Working model for Paper I.   
 
Based on our findings in Paper I, we can propose two potential scenarios for the 
involvement of distinct M. avium phenotypes during infection. First, SmO-
associated traits may provide an early advantage in host colonization, but persistent 
infection may require the transition to a SmT phenotype. Alternatively, while SmT 
bacteria are poorly able to colonize the lungs of healthy individuals, the lungs of 
individuals with pre-existing inflammation may provide suitable conditions for SmT 
colonization. Future work utilizing models of chronic lung inflammation or fibrosis 
would be of great interest to further evaluate these hypotheses.  
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Paper II: Detection of mycobacterial infection by 
cytosolic surveillance pathways requires ESX-1-
dependent lipid peroxidation of internal host membranes 

Since the discovery of the ESX-1 type VII secretion system, significant efforts have 
been made to understand its role in driving pathogenesis during mycobacterial 
infection. ESX-1 is a key virulence determinant in Mtb and M. marinum and is 
required for the induction host-detrimental type I IFNs in host macrophages (146, 
265). Phagosomal escape, and the resulting detection of cytosolic DNA by the 
cGAS/STING surveillance pathway, is an essential step in the establishment of 
infection, yet the exact processes responsible remain poorly understood (168, 270). 
Initially, the secretion of ESAT-6 was identified as the bacterial factor responsible 
for host membrane disruption (169, 170). Previous work in our lab using M. 
marinum mutants carrying transposon-insertions in several ESX-1 associated genes, 
however, determined that this is not strictly the case (168). Several of these mutants, 
including those unable to secrete ESAT-6, could still translocate to the cytosol, 
suggesting that a yet-unknown factor is responsible for host membrane 
permeabilization. Thus, in Paper II, we investigated potential host processes 
involved in ESX-1 dependent membrane permeability. 

Necrotic cell death results in large-scale membrane disruption and is a downstream 
consequence of ESX-1-dependent type I IFN induction in virulent Mtb and M. 
marinum infection in vitro (308, 345, 346). Taking advantage of this, we screened 
pharmacological inhibitors of cell death-related processes for an effect on ESX-1 
mediated necrosis and cytokine signaling. Our pharmacological screen found no 
impact of the inhibition of pyroptosis, necroptosis, or DNA damage-associated cell 
death on type I IFN production during WT infection. Instead, we identified 
ferrostatin-1 (fer-1), as a potent inhibitor of ESX-1-mediated cell death as well as 
IL-1β and IFNβ secretion. Fer-1 treatment additionally suppressed bacterial cell-to-
cell spread and actin tail formation by WT M. marinum (a measure of phagosomal 
escape) to levels observed in the ESX-1-defecient ΔRD1 mutant.  

Unlike many of the compounds investigated, fer-1 is an antioxidant which has 
documented specificity for reducing lipid hydroperoxides and preventing cell 
membrane damage (347). Further investigation found that WT, but not ΔRD1, M. 
marinum infection resulted in increased accumulation of iron and MDA (a common 
peroxidized lipid) in host macrophages. Examination of metabolic pathways 
involved in iron metabolism and cellular antioxidant network by RTqPCR identified 
a transcriptional profile consistent with the accumulation of intracellular iron and 
the suppression of GPX4 activity (Fig. 15).   
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Figure 15. Working model for Paper II.   
DMT1: Divalent Metal Transporter 1, FPN1: Ferroportin 1, LOOH: Lipid hydroperoxide. 

Together, the findings described in Paper II suggest that ESX-1 dependent 
membrane disruption may be facilitated by host processes resulting in excess lipid 
peroxidation. These results are in line with the observation of crosstalk between type 
I IFN signaling and cellular antioxidant responses during infection (348), cancer 
(349), and autoimmune disease (350), as well as recent studies associating excessive 
oxidative stress with TB disease (317, 351). 
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Paper III: Intra-granuloma accumulation and inflammatory 
differentiation of neutrophils underlie mycobacterial ESX-1-
mediated immunopathology 
In Paper III we utilized a M. marinum model of infection, to investigate the role of 
ESX-1 mediated inflammation in the progression of disease. M. marinum infection 
via tail vein injection results in the formation of visible lesions in the tail from day 
7 post-infection, displaying similar characteristics to granulomas in human TB, 
allowing us to follow the progression of disease over the course of infection (352). 
Neutrophils are one of the first and most abundantly recruited immune cells during 
Mtb infection and their association with pathological inflammation is well-
established (267, 298, 353). Recently neutrophils have also been implicated as an 
important replicative niche during infection (354). Still, the exact role of neutrophils 
in the development of ESX-1 dependent pathology remains poorly understood.  

In this study, we find, in line with previous works, that WT, but not ΔRD1 bacteria, 
cause significant neutrophilic influx to the tissue. These recruited neutrophils, along 
with Ly6C+MHCII+ monocytes, represent the majority of cells harbouring bacteria 
during infection. To investigate the role of ESX-1 in regulating the phenotype of 
recruited neutrophils, we analysed the transcriptional profiles of individual infected 
and bystander neutrophils recruited to the site of infection by single cell RNA 
sequencing analysis. Trajectory analysis revealed that bacterial ESX-1 contributes 
to the differentiation of recruited neutrophils towards a more inflammatory 
phenotype. 

Depletion of neutrophils during infection by administration of α-Ly6G antibodies 
resulted in decreased immunopathology, confirming neutrophils as an important 
driver of detrimental inflammation. As recruited monocytes have been previously 
identified as a protective population responsible for limiting excessive 
inflammation, we tested their role in the context of neutrophil-associated pathology. 
As expected, when infecting CCR2-/- mice unable to mobilize monocytes from the 
bone marrow, we observed a marked increase in neutrophilic influx and more severe 
tail lesion formation. A similar exaggerated inflammatory phenotype was found by 
pharmacological blockade of iNOS activity. Together, these experiments identified 
an antagonistic relationship between monocytes and neutrophils during infection 
where monocytes are required for suppressing ESX-1 dependent neutrophil 
recruitment and pathogenic inflammation through the production of NO (Fig. 16). 
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Figure 16. Working model for Paper III. 
iNOS: inducible nitric oxide synthase, MPO: myeloperoxidase, NO: nitric oxide. 

Further studies are required to fully understand the molecular mechanisms by which 
the ESX-1 secretion system modulates neutrophil recruitment and polarization 
during mycobacterial infection. This work, however, joins other recent studies in 
identifying dysfunctional, neutrophil-dominant inflammation as an important driver 
of disease. Despite utilizing different model systems, our findings of neutrophil-
mediated tissue pathology closely parallel those conducted in Mtb infection of mice 
(254, 353, 354) and non-human primates (355).  
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Conclusions and future directions 

The work presented in this thesis provides several new insights into host–pathogen 
interactions during mycobacterial infection. These findings reveal previously 
unrecognized aspects of mycobacterial pathogenesis and suggest new directions for 
future research. 

 

Paper I provided genetic insight into the bacterial factors required for the 
appearance of the disease-associated SmT M. avium colony morphotype. While 
many previous studies have investigated the phenomenon of virulence-linked 
morphological switching in MAC species, variations in experimental design and 
colony morphotype definitions and have limited the generalizability of many of 
these works. Identification of the MarP/RipA peptidoglycan remodeling pathway as 
essential for virulence and represents a significant contribution towards 
understanding the virulence mechanisms of pathogenic M. avium. This finding 
represents one of the first genetic insights into the morphological and phenotypic 
variation observed in smooth M. avium colony variants. While many of the SmO 
bacteria described in this study were phenotypically “locked” by acquired 
mutations, we additionally identified completely isogenic MAC 101 isolates of each 
colony morphotype. This indicates that morphological switching in M. avium 
appears to be driven primarily by transcriptional regulation. Our transcriptomic 
analyses also identified many SmT-associated genes which are likely to be regulated 
by the MtrAB TCS, highlighting an exciting avenue for future studies in MAC as 
well as other species. 

In Paper I we further found that SmO bacteria, while otherwise avirulent, were 
efficient at colonizing the lungs in vivo in an inflammasome-dependent manner. 
Interestingly, several other reports in M. avium have linked biofilm formation, a trait 
normally associated with environmental persistence, to epithelial cell invasion (356, 
357). While not a primary focus of our investigations, we found that colonizing 
SmO, but not persistent SmT, bacteria display characteristics linked to biofilm 
formation (e.g. sliding morality and CR binding). These findings suggest that the 
SmO phenotype may provide a situational advantage in both environmental and host 
conditions and will be of great interest for further study. 
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In Paper II we described the peroxidation of host lipids during M. marinum 
infection as a key event required for bacterial escape from the phagosome and the 
subsequent induction of host-detrimental type I IFNs. Both iron accumulation (318) 
and reduced GPX4 activity (316, 317, 351) have been observed in necrotic lesions 
during Mtb infection and implicated in the pathologic accumulation of peroxidized 
lipids. These studies, however, have primarily focused on characterizing the role of 
peroxidized lipids in advanced TB-like disease and not during the early stages of 
macrophage infection as we describe here.  

While the exact factor responsible for inducing host lipid peroxide formation 
remains unknown, the identification of a host process involved in ESX-1 dependent 
phagosome escape represents a significant finding that may be valuable in the 
development of host-directed therapies. Several clinical studies have found that 
deficiency in vitamin E, a lipid-soluble antioxidant with similar ROS-specificity as 
fer-1, correlates with increased TB risk (358, 359). While vitamin E is a much 
weaker antioxidant than fer-1 (347), it is possible that host even minor deficiencies 
in host antioxidant systems play a role in resistance to TB infection. If this is the 
case, the supplementation of vitamin E, in at-risk populations could represent a 
cheap and well-tolerated adjunctive therapy- a strategy that has been proposed for 
other micro-nutrients such as zinc and vitamin C (360). In the same way, 
repurposing currently available drugs which reduce cellular LOOH accumulation, 
such as those used for treatment of heart disease or asthma (361, 362), is another 
potential strategy for improving available TB treatments. 

Finally, in Paper III we characterized the antagonistic interaction between 
neutrophils and monocytes in the development of tissue immunopathology during 
virulent M. marinum infection. We found that bacterial ESX-1 is essential for the 
excessive and sustained recruitment of neutrophils, as well as for their polarization 
towards a pro-inflammatory phenotype. This polarization was seen both in infected 
cells, as well as in uninfected bystander cells which make up >90% of neutrophils 
during infection, drastically altering the inflammatory milieu. Our study joins many 
others in connecting dysfunctional neutrophilic inflammation with mycobacterial 
disease and highlights the interplay between immune cell types as an important 
factor in the outcome of infection. Since publication, other studies have continued 
to explore the role of specific neutrophils phenotypes as a source of host-mediated 
pathology (216, 297, 298).  
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