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Abstract 

Infection represents a complex interplay between invading microorganisms and the 

immune system. The immune system dynamically responds to the presence of 

pathogens, employing various defence mechanisms to neutralize and eliminate 

invaders. However, pathogens have evolved strategies to evade detection and 

elimination, leading to infections. This thesis focuses on mycobacterial regulation 

of macrophages, a key interplay in the pathogenesis of tuberculosis. The 

macrophage aims to neutralize intruding mycobacteria through the process of 

phagocytosis, however, Mycobacterium tuberculosis evades the phagosome, 

allowing it to gain access to the cytosol of the macrophage. From here it manipulates 

macrophage functions and other immune responses. The specialized protein 

secretion system ESX-1 is required for full virulence of mycobacteria and is 

involved in evasion strategies such as phagosomal escape and induction of type I 

interferons. The role of type I interferons in mycobacterial infection remains 

incompletely understood, although evidence strongly suggests a host detrimental 

role. The work presented in this thesis brings light on these key events during 

mycobacterial infection and contributes with new insights regarding the onset and 

functional role of the type I interferon response during infection.  
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Populärvetenskaplig sammanfattning 

Mycobacterium tuberculosis är en av världens mest framgångsrika 

sjukdomsorsakande bakterier. Denna plåga har gäckat människan i tiotusentals år, 

och är fortfarande en av de 20 vanligaste dödsorsakerna i världen med nästan 1,5 

miljoner dödsoffer varje år.  

Tuberkulossmitta sprids genom hostningar, där små partiklar med bakterier flyger 

genom luften från den sjuka individen och andas in av en person i omgivningen. I 

lungorna stöter bakterierna på celler från vårt immunsystem, så kallade makrofager, 

vars uppgift är att äta upp, eller fagocytera, främmande substanser så som bakterier. 

Vid fagocytering hamnar bakterierna i en fagosom, en sluten blåsa som liknande vår 

magsäck bryter ner dess innehåll genom att syror tillsätts. Men, häpnadsväckande 

nog, så har Mycobacterium tuberculosis funnit ett sätt att hindra produktionen av 

syror, och därmed även nedbrytningen. I stället tar bakterien sönder fagosomen och 

får tillgång till makrofagens insida, den så kallade cytosolen. På så vis kan bakterien 

undvika avdödning, och därtill manipulera makrofagen att bete sig till bakteriens 

fördel. Makrofagen blir därmed bakteriens kompanjon, liknande ett Stockholms-

syndrom i miniatyr.  

I vår forskningsgrupp studerar vi mötet mellan bakterie och makrofag och försöker 

förstå hur bakterien lyckas ta sönder fagosomen och fly till cytosolen. För att lyckas 

med detta behöver bakterien ett fungerande proteinutsöndringssystem vid namn 

ESX-1. Tidigare trodde man att utsöndring av faktorn ESAT-6 skapade porer i 

fagosomen, som resulterade i att den gick sönder. Vi kan dock visa att så sannolikt 

inte är fallet, vilket är en betydelsefull insikt för fältet då denna teori behöver 

revideras. Våra resultat tyder i stället på att fagosomens membran går sönder på 

grund lipidperoxidering, vilket är en process där fria syreradikaler förstör fettkedjor, 

och för framtida arbete är det av intresse att utreda hur bakterien driver denna 

process.  

I samband med att fagosomen, och andra interna membran, går sönder så läcker 

DNA ut i cytosolen där makrofagens försvarssystem reagerar och börjar producera 

signalsubstansen typ I interferon. Under en virusinfektion så hjälper typ I interferon 

oss att röja infektionen, men i fallet med Mycobacterium tuberculosis, och dess 

kusin Mycobacterium marinum vilken vi använder som modelsystem, så verkar typ 

I interferon snarare gagna bakterien. Detta är ytterligare en fråga vi försöker få svar 

på, hur det kommer sig att makrofagens eget försvarssystem inte gagnar oss, utan 

bakterien. Vi har förstått att en bidragande faktor verkar vara att typ I interferon 

resulterar i produktion av två skyddsproteiner, vilka hindrar makrofagen från att dö 

som resultat av de membran som går sönder i samband med att bakterien tar sig ut 

från fagosomen. Detta blir en skyddande feedbackloop för bakterien, då den kan ta 

sönder membran och fly till cytosolen, men samtidigt förhindra att makrofagen inte 

dör på grund av skadorna. Enligt våra resultat skulle det möjligen faktiskt vara bättre 
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om makrofagen dog, och därmed blottade bakterien för andra medlemmar av 

immunförsvaret.  

Trots omfattande forskning så är insatser mot Mycobacterium tuberculosis och 

resulterande sjukdom inte tillräckliga. Det nuvarande vaccinet är över 100 år 

gammalt och de mest framgångsrika läkemedlen har nästan 50 år på nacken. Det är 

tydligt att ett mer framgångsrikt vaccin och/eller läkemedel behövs för att få bukt 

på denna uråldriga plåga. Jag hoppas att min avhandling har bidragit med några 

insikter som hjälper oss att uppnå detta mål.  
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Preface 

Infection is a complex interplay between invading microorganisms and the host’s 

defence mechanisms. Whether caused by bacteria, viruses, fungi or parasites, 

infections often initiate a battle of survival where pathogens strive for resources and 

shelter, while the immune system assembles its defences to eliminate the threat. 

The process of infection begins with the entry of pathogens into the host through 

various routes such as inhalation, ingestion or direct contact with the skin. Once 

inside, pathogens may adhere to host cells, evade detection by the immune system 

and proliferate, leading to tissue damage and the manifestation of symptoms specific 

for that particular infection. However, infections are not one-sided encounters. The 

host’s immune system responds dynamically to the presence of pathogens, 

deploying a myriad of defence mechanisms aimed at neutralizing and eliminating 

the invader. These defences include physical barriers, such as the skin and mucous 

membranes, as well as a complex array of immune cells and molecules that 

recognize, confront and eliminate foreign substances. 

Despite the remarkable response of the immune system, pathogens have evolved 

elegant strategies to subvert or evade detection by the immune system, allowing 

establishment of infection. This ongoing evolutionary arms race between pathogen 

and host presents a challenge for medical science and underscores the importance 

of continued research to understand the mechanisms of infection. 

  



16 

  



17 

Tuberculosis 

The lung disease tuberculosis (TB) is caused by the bacterium Mycobacterium 
tuberculosis. The ancestor of M. tuberculosis arose some 70’000 years ago making 

it the oldest known human pathogen, and it has caused more human deaths than any 

other pathogen in history (1–3). In fact, M. tuberculosis is still the pathogen that 

causes most deaths world-wide, making it one of the top twenty causes of death 

globally (4). One quarter of the world’s population is estimated to be infected with 

the bacteria, resulting in 1.3 million deaths each year. The densest TB-areas of the 

world are currently South-East Asia (46% of all cases), Africa (23% of all cases) 

and the Western Pacific (18% of all cases), whereas in some parts of the world, such 

as Sweden, it is almost like an ancient memory (4). However, with the global 

mobility of today’s society, in combination with an alarming rate of increased cases 

of antibiotic resistant strains, the geographical patterns of TB-disease could 

inevitably change. 

Out of 10 individuals infected with M. tuberculosis, one will develop active disease 

in their lifetime (Fig 1). This is most likely to occur during the first year after 

infection but may happen many years afterwards (4,5). Naturally, the high level of 

TB disease draws attention, however, it is rather striking that out of 10 infections 

only one leads to active disease. This indicates that 9 out of 10 infected individuals 

either live with latent infection, or that some individuals can clear the infection. 

Why some infected individuals, or individuals who are heavily exposed to TB 

contamination, do not develop disease is poorly understood (6). Several historical 

case-contact studies suggest that some individuals are resistant and never show any 

signs of infection even after many years of follow ups. However, epidemiological 

methods are inconsistent and impair comparative analysis, which makes it difficult 

to understand why this might be (6).  

Up until recently it was generally thought that TB remained latent for many years, 

or even decades. However, this dogma was recently challenged by Marcel Behr and 

colleagues, who argue that most cases of TB do not have a clear latent period, but 

that disease rather manifests soon after infection (7). This new insight is of great 

importance for prioritising research and public health strategies, as epidemiological 

studies brought forward by Marcel Behr and colleagues suggest that most of the TB 

develops from a recently transmitted infection.  
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Figure 1. TB in numbers. 

Global numbers of individuals who are infected (grey), who develop active disease (orange) and who die 
(red) due to M. tuberculosis. Some individuals seems to be resistant to infection, even if heavily exposed, 
so called resisters (green). Statistics from 2022 as presented in Global Tuberculosis Report 2023 by 
WHO. Image created with BioRender.com.  

Pathogenesis 

M. tuberculosis spreads via aerosols that are coughed up by a diseased individual, 

travels through the air and is inhaled by a new host (3). It seems to be favourable 

for the bacteria to end up in the lower parts of the lungs, as the immune cells in these 

sterile areas are not primed/activated by commensal bacteria such as in non-sterile 

areas closer to the throat (8). Also, it has been observed that successful colonization 

results only if a few bacteria are inhaled rather than plenty (9). It is speculated that 

the reason for this is due to that fewer bacteria would mean a smaller aerosol, which 

is able to travel further into the sterile areas of the lungs, but it could also be due to 

that fewer bacteria increases the chance to infect incognito, i.e. without being 

detected by the immune system (3). 

Upon arrival, the bacteria are phagocytosed by alveolar macrophages aiming to 

remove and eliminate the intruders (10,11). As a result of phagocytosis the bacteria 

ends up in a phagosome, in which acids and reactive oxygen species are generated 

to degrade the content (12). However, M. tuberculosis can halt the acidification of 

the bacteria-containing phagosome by preventing the phagosome to fuse with a low 

pH lysosome, and thus avoid degradation (13,14). Furthermore, after a few days of 

infection M. tuberculosis escapes the phagosome, allowing it to gain cytosolic 

access (15–17). From this position M. tuberculosis is able to manipulate the 

functions of the macrophage, as well as other members of the immune system (18). 

As the alveolar macrophages become infected, they migrate from the alveolar space 

to the lung interstitium where interstitial macrophages and recruited innate immune 
cells, like monocyte-derived cells and neutrophils, accumulate, become infected and 

create an early replicative niche for the bacteria (Fig 2)(11,19). Over time a 
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granuloma, composed of different types of immune cells, will start to take form at 

the site of infection (1,3,18). The granuloma may remain intact and rather inactive 

for long periods of time, though, it is continuously renewed and several studies 

suggest that the bacteria drive this environmental setting (1,3,18,20). This phase of 

the infection is considered as latent disease, and the infected individual does not 

transmit mycobacteria. However, at some point latent disease can turn into active 

disease and bacteria will start to multiply. As the level of bacteria increases so will 

the level of necrotic cell death, resulting in an eruption of the granuloma leading to 

escalated inflammation. This phase of the infection is considered active disease, and 

the infected individual transmits mycobacteria by vigorous coughing, as coughing 

generates bacteria-containing aerosols, which can travel through the air into a new 

potential host (3,21). 

 

Figure 2: Pathogenesis of TB. 

M. tuberculosis is inhaled into the lungs and phagocytosed by alveolar macrophages located in the 
alveolar space. Infected macrophages then migrate to the lung interstitium and interact with other 
immune cells such as interstitial macrophages, dendritic cells and neutrophils. Over time a granuloma, 
composed of different types of immune cells, will start to take form at the site of infection. Image created 
with BioRender.com. 

Treatment and current vaccine 

When diagnosed with tuberculosis the current treatment regimen entails a cocktail 

of the four antibiotics isoniazid, rifampicin, ethambutol and pyrazinamide for two 

months, followed by four months of treatment with isoniazid and rifampicin. If 

completing the treatment there is a good chance, about 85%, of recovery, however 
in many parts of the world the logistics and economic burden of a 6-month long 

treatment with four different medications is difficult  (4,21). In 2006, mathematical 
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models predicted that if current treatment was replaced with a shorter treatment 

period, such as a 2-month treatment with chemotherapy, it would lead to a 20% 

reduction of TB-cases and 25% less TB-related deaths in the time frame of 2012-

2030, only in the region of South-East Asia (22). The complicated logistics of drug-

distribution, in combination with the spread of antibiotic resistant strains highlight 

the need for new and more effective medications. 

There is however a vaccine available, the Bacille Calmette-Guérin (BCG)-vaccine 

developed by Albert Calmette and Camille Guérin and used in humans since 1921. 

The BCG is the most widely used vaccine in the world. Unfortunately, the vaccine 

does not offer efficient protection (23,24). Vaccination of new-borns reduces the 

risk of severe disseminated tuberculosis but does not effectively protect from 

pulmonary tuberculosis in adults and adolescents (23). Efficacy levels of BCG-

vaccination in adults and adolescents range from 0-80% depending on study and 

geographic location (25). There is an urgent need for an improved vaccine that 

effectively protects adult and adolescents from developing pulmonary disease, as 

these patients are the main drivers of TB transmission (26). 

Great efforts have been invested into developing a more efficient vaccine; either a 

completely new candidate or as a secondary boost to the BCG vaccine (23). One 

new candidate, the M72/AS01E vaccine, was brought forward by the WHO-report 

of 2020 as a promising future vaccine (27). This candidate, produced by 

GlaxoSmithKline in co-operation with the Bill & Melinda Gates Medical Research 

Institute, provided protection against progression to pulmonary disease for at least 

3 years in individuals with latent tuberculosis (28). The efficacy after 3 years was 

49,7%, which is just on the boarder of WHO’s encouraged 50% efficacy of a new 

tuberculosis vaccine (29). However, it is still to be investigated if the vaccine has 

the same effect in tuberculosis and BCG naïve individuals, as all participants in the 

study had latent tuberculosis, and a majority had previously been vaccinated with 

BCG (28). Nevertheless, boosting pre-existing BCG-induced immunity with a 

secondary novel vaccine might be an effective way to improve immunity to prevent 

TB (23). 

A more efficient vaccine in combination with more convenient treatment regiments 

could make a big difference in the eradication of tuberculosis. Together with 

improved diagnostic tools and better knowledge and utilization of biomarkers, 

humanity might finally take control of one of the world’s most successful pathogens. 
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Mycobacterium tuberculosis 

Mycobacteria 

The genus Mycobacterium belongs to the phylum of Actinomycetota (previously 

Actinobacteria) and consists of more than 190 described species (30,31). 

Mycobacterium was first termed in 1896, primarily based on phenotypical 

characteristics such as presence of mycolic acids in the cell wall, aerobic growth 

and bacillary cell shape. However, modern high-throughput sequencing allows a 

higher resolution of informative data and comparison, resulting in continuous 

revisions of the taxonomy of mycobacteria (31–33). 

Mycobacteria are divided into two categories: tuberculous mycobacteria, which 

cause TB and leprosy, and non-tuberculous mycobacteria. Tuberculous 

mycobacteria have evolved to host-adapted pathogens and require a host for 

successful progression. Non-tuberculous mycobacteria, on the other hand, mainly 

exist in environmental sources such as water and soil. However, some can cause 

disease in, primarily, immune-compromised individuals such as Mycobacterium 

abscessus, Mycobacterium avium, Mycobacterium marinum, Mycobacterium 

xenopi, Mycobacterium gordonae and Mycobacterium kansasii. It is generally 

thought that host-adapted tuberculous mycobacteria originate from an 

environmental ancestor, through a multiple step adaptation that required both 

gaining new genes through horizontal gene transfer, as well as genome downsizing 

and losing genes that are dispensable for a pathogenic lifestyle (34). The ability of 

mycobacteria to infect immune cells correlates with its ability to infect amoebae, 
suggesting that it was initially a soil-dwelling bacterium and that parasitizing on 

amoebae was an early step to gain its virulent features (3). 

One important difference between mycobacterial species is their growth rate, if they 

require less than, or more than 7 days to form a colony. Based on their growth rate, 

they have traditionally been divided into two groups: fast-growing and slow 

growing-mycobacteria (32). The major mycobacterial pathogens of humans are all 

slow-growing. The species are then further grouped into complexes, such as the M. 

tuberculosis complex. 
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The Mycobacterium tuberculosis complex 

The M. tuberculosis complex consists of M. tuberculosis, M. africanum, M. bovis, 

M. microti, M. caprae, M. pinnipedii and M. canetti (35,36), which are closely 

related and share more than 99% nucleotide sequence identity (34). All members of 

the complex cause disease in humans, but to a different degree and likelihood 

depending on geographic location (37). The only continent that contains all lineages 

is Africa, suggesting that the common ancestor originated here. In the last few years 

new sequencing technologies have enabled identification of two new strains in 

eastern Africa, further strengthening this hypothesis (38,39). It is now 25 years ago 

since the first publication of the complete genome sequence of M. tuberculosis and 

the steadily improving sequence technologies and analysis tools have had a big 

impact on the phylogenetic inter- and intraspecies relationships in the M. 

tuberculosis complex, as well as in the genus (40,41). There is promising potential 

in modern sequencing technologies to identify even more strains, which can 

contribute with genetic information to fill in the gaps about the evolutionary journey 

made by these disease-causing strains (37,38). 

Physiology 

M. tuberculosis was discovered by the German scientist Robert Koch and his 

findings were announced at the Berlin Physiological Society in 1882 (42). It is an 

intracellular pathogen with the capacity to infect several animal species, however 

humans are its primary host. M. tuberculosis is a rod-shaped, non-motile, and non-

spore forming bacillus that prefers highly oxygenated tissue, such as the lungs. The 

generation time is 15-20 hours, which is extremely long as compared to many other 

bacteria. It does not fit into the traditional categories of Gram-positive or Gram-

negative bacteria. Instead, it is characterized as acid fast as, after staining, it retains 

the dye even when treated with acidified organic solvents, unlike most other bacteria 

(36). The cell wall consists of a multilayer of different elements with a layer of 

peptidoglycan beyond the cell membrane, followed by a layer of arbinogalactan that 

is connected to a thick layer of mycolic acids (Fig 3). The extensive cell wall 

protects the bacterium, but also contains important virulence factors that are 

essential for disease progression (Brennan, 2003; Gröschel et al., 2016). Due to the 

thickness and composition of the cell wall, there are special demands for secretion 

of the bacterial proteins from the cytoplasm into the external environment. To 

enable transport of proteins across the cell wall specialized secretion systems such 

as the ESX, or type VII, secretion systems are required (43). 
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Figure 3. Membrane structure and ESX-1 localization. 

Schematic representation of the ESX-1 secretion system, as described in the adjacent text. Adapted 
from paper (43). Image created with BioRender.com. 
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ESX-secretion systems 

There are five different ESX-secretion systems (ESX-1 to 5) identified in M. 
tuberculosis, of which at least three (ESX-1, -3 and -5) are required for virulence. 

An alternative name commonly used for the ESX-secretion system is type VII 

secretion system. Multiple genus within the phylum Actinomycetota, such as 

Streptomyces, Corynebacterium, Nocardia and Gordonia, possess ESX-secretion 

systems, and more distantly related ESX-secretion systems are also found in the 

phylum of Firmicutes. All esx loci across the different genus contain presence of 

genes encoding for small (about 100 amino acids) secreted proteins with a conserved 

Trp-X-Gly (WXG) motif, and transmembrane proteins of the FtsK-SpoIIIE-like 

ATPase family. In mycobacteria, ESX-secretion systems are in particular important 

to enable secretion of proteins across its thick mycomembrane (43). 

ESX-1 was the first ESX-secretion system to be discovered (44–47) and is known 

to secrete the factors ESAT-6 (6 kDA early secretory antigenic target, also known 

as EsxA) and CFP-10 (10 kDa culture filtrate protein, also known as EsxB). ESX-3 

regulates iron-homeostasis and ESX-5 secretes a wide array of so-called Pro-Glu 

(PE) and Pro-Pro-Glu (PPE) proteins (43). ESX-2 and ESX-4 are less well known, 

but were recently suggested to be needed together with ESX-1 for phagosomal 

escape in M. tuberculosis infection of human macrophages (48). The ESX-5 

secretion system of M. tuberculosis was recently successfully reconstituted in M. 
smegmatis, which for the first time allowed high resolution analysis of the assembly 

of the secretion system (49). The components of all ESX-secretion systems have a 

high sequence conservation, are incorporated similarly in the cell membrane and 

translocate their substrates into the mycobacterial periplasm-like space, located 

between the cytoplasmic membrane and the mycomembrane (Fig 3 and 4)(43,49). 

How the substrates then cross the cell wall is currently unknown.  

The ESX-1 secretion system 

The ESX-1 secretion system is required for full virulence, as indicated by the loss 

of virulence in the attenuated BCG vaccine strain that lacks the genetic stretch of 

Region of Difference 1 (RD1), encoding for several members of the ESX-1 

apparatus (Fig 4A)(43–47,50). The ESX-1 locus encodes a core set of subunits, so 

called ESX-conserved components (Ecc), present in most of the five systems. It also 
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encodes several ESX-1 secretion-associated proteins (Esp), although some of them 

have homologues in the other ESX-systems. Furthermore, it encodes secreted 

factors such as ESAT-6 and CFP-10, as well as PE35 and PPE68, where all but 

PE35 express the ESX-secretion system specific WXG-motif. Additional units 

required for full functionality of the ESX-1 are located upstream of the RD1, such 

as the espACD operon, which have a sequence similarity to espE, espF and espH, 

respectively (43). The operon is located more than 260 kb upstream of esx-1, but 

nevertheless, secretion of ESAT-6 and CFP-10 requires EspA and EspC, and vice 

versa, illustrating well-orchestrated interdependence between ESX-1 substrates 

(51). This complicated genetic network, is required for stability and functionality of 

the secretion system, and has invited some challenges when studying the system 

using classical bacterial genetic approaches. Removing one factor, such as through 

a genetic mutation, might risk collapsing the whole system and experiments 

generated with these mutants need to be interpreted carefully (43). 

ESAT-6 and CFP-10 are secreted as a 1:1 heterodimer (52), with CFP-10 being 

physically connected to the transport protein of EccC and translocated with ESAT-

6 piggy-backing for the ride (Fig 4B)(53). Upon secretion the heterodimer is thought 

to dissociate at low pH, such as in the phagosome (54). Multiple functions have been 

attributed to ESAT-6 and CFP-10; suppression of pro-inflammatory cytokine 

signalling such as interleukin-12 (IL-12) and tumour necrosis factor  (TNF) (47), 

inducing host detrimental type I interferon (IFN) signalling (55), halting 

acidification of the phagosome (56), inducing cell death (57,58) and maybe most 

famously the phagosome rupture (15–17). Many of these functions have been linked 

to the ability of ESAT-6 to form a pore and permeabilize host membranes (53). 

However, a lot of observations attributed to ESAT-6 are currently under discussion 

since an observation by the Ramakrishnan group suggests that some of these 

observations are due to a detergent contamination of the used ESAT-6 protein 

preparations (59). Moreover, our group recently used a phenotypic approach to 

demonstrate that ESAT-6 secretion, in fact, may not be needed for phagosomal 

escape, whereas it might be required for induction of type I IFN, as shown in paper 

I (60). 
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Figure 4. Components of the ESX-1 secretion apparatus.  

A. The genetic region of esx-1 including multiple genes required for the ESX-1 secretion apparatus. The 

Region of Difference 1 (RD1) of Mycobacterium bovis bacille Calmette-Guérin is marked with shaded 
box. B. Model of the ESX-1 secretion system and some of its secreted factors. DUF: domain of unknown 
function. Adapted from paper (43).  Image created with BioRender.com. 

Mycobacterium marinum as a model system 

Mycobacterium marinum is a close relative to M. tuberculosis and shares 3000 

orthologs (genes that have evolved from a common ancestor by speciation) with an 

average amino acid identity of 85% (61). Interestingly, they both carry esx genes of 

all five ESX-systems, including the ESX-1 system. In comparison, M. smegmatis 
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and M. ulcerans both lack a functional ESX-1 system, and neither of them are 

capable to replicate intracellularly. However, the genome of M. marinum is 1.5-

times larger (6.6 million base pairs) than the genome of M. tuberculosis (4.4 million 

base pairs), most probably due to the larger host repertoire it can infect and its ability 

to persist in water reservoirs (61,62). M. marinum causes disease in fish and 

amphibians but can also cause superficial infection in humans, the so-called fisher 

man’s disease (63). Its optimal growth temperature is 25-35°C and it grows poorly 

at 37°C. Thus, it can only cause infection in cooler tissues, such as the skin, in 

humans. The granuloma formed by M. marinum is similar to granulomas caused by 

M. tuberculosis, indicating a similar pathogenesis (61,64,65). 

Just like for M. tuberculosis, the ESX-1 secretion system is required for successful 

infection of macrophages by M. marinum, and for avoiding phagosome-lysosomal 

degradation and escaping the phagosome into the cytosol (63,66,67). Upon cytosolic 

access M. marinum can create an actin tail, described to provide motility and enable 

spread between adjacent cells (67,68). This is also true for several other intracellular 

bacteria such as Listeria monocytogenes, Shigella flexneri and Rickettsia rickettsii 

(62,69). However, there has been no sign of actin tail formation in M. tuberculosis 

infection (15). Independent of the function, actin tail formation in M. marinum 

infection has been a useful tool to detect and study phagosomal escape since actin 

is only located in the cytosol of host cells, a feature that we exploit in paper I and 

II. 

All in all, M. marinum’s biological similarities to M. tuberculosis in combination 

with more laboratory favourable aspects, such as its shorter doubling time of 4 hours 

(15-20 hours for M. tuberculosis) and its inability to cause severe disease in humans, 

makes it an attractive model system to study the host-pathogen interactions and 

pathogenesis of mycobacterial infection (62,63). 
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The immune response 

To combat infection a complex crosstalk involving both the innate and the adaptive 

immune response is often needed. The coordinated interactions of immune cells 

require cytokines to mediate recruitment and activation. M. tuberculosis has evolved 

several strategies to manipulate the host response to successfully establish and 

maintain a chronic infection. Throughout this chronic infection a continuum of 

infection stages is taking place, involving both the innate and adaptive immune 

system, rather than being a static condition. The infection may range from active to 

latent, to potentially active again (18,70). 

The innate immune response 

Upon detection of M. tuberculosis, the combined performance of innate immune 

cells has a critical role in the early anti-bacterial response, as well as for recruiting 

the adaptive immune system. Members of the innate immune system such as 

monocytes, macrophages, neutrophils, natural killer (NK) cells and dendritic cells 

(DCs), are early defenders at the site of a mycobacterial infection (18). Epithelial 

cells of the lung also contribute by secreting various inflammatory cytokines to 

recruit more immune cells when sensing M. tuberculosis (71). Macrophages, 

neutrophils and DCs are effective executers of phagosomal degradation as a mean 

to eliminate the intruder, but where DCs also have an important role as an antigen 

presenting cell (APC) to activate specific immunity in local lymph nodes (72). DCs 

may leave the site of infection and migrate to local nymph nodes to alert and activate 

adaptive cells by presenting bacterial antigens to members of the adaptive immune 

system (Fig 5) (73,74). DCs may also receive live M. tuberculosis or bacterial 

proteins in the lymph node, which have been transported from the infection site by 

inflammatory monocytes (75). 

C-C chemokine receptor 2 (CCR2) binds monocyte chemoattractant proteins 

(MCPs) and is crucial in the early immune response during M. tuberculosis 

infection, for recruitment of myeloid cells, such as monocytes/macrophages and 

DCs, to the lungs (76,77). In CCR2-KO mice, fewer myeloid cells are observed at 

the site of infection and the mice exhibits a rapidly progressive course of disease, as 

compared to mice with a functional CCR2 (76,78). Interestingly, there was also 

reduced activation and migration of T-cells, however, this was not due to T-cell 
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expression of CCR2, but because of the inadequate recruitment of myeloid cells 

(79). Although this effect might be dose dependent, as it is not noticeable during 

low-dose infection (77), it highlights the importance of coordinated interactions 

between immune cells to establish an effective response. These findings suggest a 

host-protective role for monocytes in mycobacterial infection, possibly by 

regulating onset of specific immunity, or by inhibiting excessive neutrophilic 

inflammation (78). 

 

Figure 5. Extended pathogenesis of TB. 

Members of the innate immune system, such as dendritic cells (purple), migrate to lymph nodes and 
present antigens to CD4+ T-cells. Activated T-cells then migrate to the site of infection and contributes to 
the immune response, and formation of the granuloma. Image created with BioRender.com. 

Until recently, the macrophage was considered the major host of intracellular M. 

tuberculosis, but it is becoming evident that other cell types such as neutrophils, 

DCs and/or inflammatory monocytes, are also cellular reservoirs of the bacteria 

(11,73,78,80). However, why the bacteria infect different cell types, and how this 

might affect the outcome of the infection is still fairly unknown (18). 
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The adaptive immune response 

The adaptive immune system is required for protective immunity in mycobacterial 

infection and consists of a cellular and a humoral arm. The main player of the 

cellular arm during M. tuberculosis infection is the CD4+ T-cell (72). The important 

role of CD4+ T-cells is unquestionable, as well as its defining cytokine IFN (81,82). 

IFN increases the microbicidal activity of macrophages, driving them into a so 

called M1 phenotype, by inducing the nitric oxide synthase (NOS) leading to 

production of reactive nitrogen intermediates (RNI) (81,83), as well as by inducing 

important anti-bacterial systems such as autophagy (84) and apoptosis (85). IL-1 

(86) and IL-12 (87,88) are important cytokines from the innate immune response to 

establish a functional CD4+ T-cell response. The importance of an intact and 

efficient adaptive immune response in M. tuberculosis infection is illustrated by the 

high level of active disease in AIDS patients, and thus lack a healthy CD4+ T-cell 

compartment. A HIV-positive patient with latent TB faces a 10% annual risk of 

developing active disease, as compared to a 5-10% risk in a life-time in healthy 

individuals (18). In fact, a seventh of all TB-related deaths in 2022 was in patients 

co-infected with HIV (4). The important role of CD4+ T-cells is further emphasised 

in mice lacking these cells, as they succumb early to TB-infection (89,90). CD8+ T-

cells are also important for protective immunity in TB-infection, however this 

cellular compartment cannot compensate for the function of CD4+ T-cells (89). 

The humoral arm of the adaptive immune system may also be important as 

illustrated by the finding that protective antibodies have been isolated from diseased 

patients (91), as well as from asymptomatic healthcare workers (92). Indeed, 

isolated antibodies from the healthcare workers were injected into mice and shown 

to have a protective capacity (92). However, the importance of antibody-mediated 

immunity in TB is debated. B-cells have been shown to be a part of the granuloma, 

and mice lacking B-cells seem to have enhanced susceptibility to infection (93), 

although studies in B-cell deficient mice infected with M. tuberculosis have yielded 

various results (70). 
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The macrophage 

Alveolar macrophages are the first immune cells to encounter M. tuberculosis in the 

alveolar space and phagocytose the intruder (10,11). In many cases clearance might 

be successful, and disease will not establish (6,94,95). However, M. tuberculosis 

exploits an array of strategies to subvert the antibacterial defences performed by the 

macrophage, resulting in progressed infection and a skewed outcome to the 

bacteria’s favour. The macrophage seems particularly favoursome for mycobacteria 

to hijack and manipulate, allowing the bacteria to drive the immune response to a 

state that enables their propagation (3,18,70,94). 

Subsets of macrophages 

There are two major macrophage populations located in the lung: alveolar and 

interstitial macrophages. Alveolar macrophages line the airways within the lumen 

of the alveoli, interstitial macrophages on the other hand are located on the other 

side of the thin alveolar wall in the interalveolar space (96). Whereas alveolar 

macrophages continuously self-renew from progenitors derived from fetal liver 

during embryogenesis, interstitial macrophages arise from monocytes continuously 

generated in the bone marrow (96,97). The metabolic state also differs between the 

subsets, alveolar macrophages have a more prominent fatty acid-based metabolism, 

while interstitial macrophages are glycolytically active (80,98). It is becoming 

evident that alveolar macrophages are more permissive to mycobacterial growth, 

with lower bacterial stress levels and higher replication, as compared to interstitial 

macrophages where bacterial growth is more restrictive (19,80,98). The relative 

abundance of fatty acids and iron in alveolar macrophages seems to be important 

factors of a permissive milieu (80,98). 

Detection of mycobacterial PAMPs by PPRs 

Like other innate immune cells, macrophages detect pathogen associated molecular 

patterns (PAMPs) by an array of various evolutionary conserved pattern recognition 

receptors (PRRs). These can either be localized on the surface of the macrophage, 
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in enclosed compartments such as endosomes, or in the cytosol. Activation of a PRR 

by PAMPs stimulates intracellular signalling resulting in activation of an early 

response, as well as initiating processes leading to activation of the adaptive immune 

response (99,100). 

Mycobacterial PAMPs may be detected by the macrophage’s membrane receptors, 

or by cytosolic receptors due to leakage of antigens from the phagosome into the 

cytosol. Toll-like receptors (TLRs) are positioned in different compartments to 

recognize both external and internal antigens and induce important cytokines such 

as IL-12 and TNF (70,101,102). The importance of each TLR during 

mycobacterial infection is variable (103,104), but mice lacking the TLR/IL-1R 

family receptor adaptor protein myeloid differentiation primary response 88 

(MyD88) quickly succumb to M. tuberculosis infection. Although Myd88 is not 

exclusively involved in TNF signalling, it indicates an important role of TNF in 

controlling mycobacterial infection (104–106). 

Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) sense 

mycobacterial infection and activate inflammasomes, such as NLR family pyrin 

domain containing 3 (NLRP3) or absent in melanoma 2 (AIM2), that through 

activation of capsase-1 converts members of the IL-1 family into their bioactive 

forms (Fig 6)(107). Furthermore, mycobacterial DNA may be detected via PRRs 

such as cyclic GMP-AMP (cGAMP) synthase (cGAS) and stimulator of interferon 

genes (STING) resulting in induction of type I IFN (Fig 7). Importantly, the cGAS-

STING pathway similarly respond to endogenous DNA translocated into the 

cytosolic compartment (108). 

However, there are also scenarios of PAMP-recognition that favours mycobacterial 

propagation. One elegant example is when M. tuberculosis (and M. marinum) uses 

cell-surface-associated phthiocerol dimycocerosate (PDIM) lipids to shield surface 

PAMPs, such as peptidoglycan and phenolic glycolipids (PGLs), and instead 

present related PGLs that recruit macrophages more permissive for mycobacterial 

growth, thus benefitting mycobacterial propagation (8). 

Cytokine signalling 

One important outcome of PRRs activation is cytokine production and subsequent 

signalling. This allows the macrophage to up-regulate self-defence (autocrine 

signalling), warn and alert neighbouring cells (paracrine signalling) or prepare and 

recruit other parts of the immune system, both innate and adaptive (109). Bellow, 

players of particular relevance for this thesis are described. TNF and IL-1 are two 

examples of inflammatory cytokines with critical contribution to the immune 

response against M. tuberculosis, whereas the role of type I IFN may in fact be host 

detrimental.  
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TNF 

TNF is induced by members of the TLR-family via the adaptor molecule MyD88, 

where TLR2 is thought to be especially important for TNF production in 

macrophages (107). TNF is produced by several immune cells and is a crucial 

inflammatory cytokine to control M. tuberculosis infection. It has several beneficial 

functions such as macrophage activation, induction of chemokines and granuloma 

formation (70). TNF is also an important player in induction of cell death, where 

low levels tend to induce apoptosis, and high levels may cause necroptosis (85). 

CD4+ T-cells are an important source of TNF in vivo, and high levels of TNF-

positive CD4+ T cells is a strong predictor of active disease (110). The important 

function of TNF in M. tuberculosis infection is clearly indicated by injecting mice 

with neutralizing anti-TNF or by employing TNF-receptor deficient mice 

(TNFRp55-/-), as these mice quickly succumb to the infection (111). Furthermore, 

the critical role of TNF in humans with M. tuberculosis infection is illustrated by 

the increased rate of reactivation in patients with a latent TB-infection that take anti-

TNF medications for other medical reasons (112,113). 

IL-1 

IL-1 has two isomers; IL-1 and IL-1, which both signal through the common 

receptor IL-1R (114). IL-1R signalling is necessary for host resistance to 

mycobacterial infection as mice lacking the IL-1 receptor, IL-1 or the TLR/IL-1R 

family receptor adaptor molecule MyD88 quickly succumb to disease and have a 

higher bacterial load as compared to wild type (WT) mice (86,114,115). Monocytes, 

macrophages and DCs are main producers of IL-1 during the early stages of 

infection with M. tuberculosis (116). IL-1 is also described to be important for the 

T-cell response (and IFN signalling), as well as in the formation and maintenance 

of granulomas (86,117). However, too high signalling over time might result in a 

host detrimental state with inflammatory damage and cell death (118). 

The induction of IL-1 requires PRR-activation from two different arms (Fig 6). 

One arm induces production of pro-IL-1 mRNA that is translated into a pro-IL-1 

protein, which in the case of a M. tuberculosis infection, either can be activated by 

cell surface TLR2/6 or alternatively cytosolic NOD-containing protein 2 (NOD2) 

(119). In parallel, activation of a second arm is required to activate the players 

converting pro-IL-1 into a mature and biologically active protein product. This is 

executed by the assembly of inflammasomes such as AIM2 and NLRP3, upon 

detection of DNA or other PAMPs/damage-associated molecular patterns (DAMPs) 

in the cytosol. The oligomerization of inflammasomes activates the cysteine 

protease caspase-1 that cleaves pro-IL-1 to mature IL-1 (118). However, this 
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description might be over-simplified as there are more contributing factors in M. 

tuberculosis infection that influence and drive this pathway (114,118,119). 

 

Figure 6. Activation of the NLRP3 inflammasome.  

Signal 1, or arm 1, acts by inducing expression of various factors needed for inflammasome activation 

as well as pro-forms of IL-1 and IL-18. Signal 2, or arm 2, induces an activation signal resulting in 
oligomerization of the inflammasome, which cleaves the pro-forms into their mature protein form. Image 
created with BioRender.com. 

In addition to the two IL-1 isomers, the IL-1 receptor antagonist (IL-1RA) also binds 

to the same receptor, thereby dampening the signalling (118). M. tuberculosis has 

been shown to induce production of the IL-1RA, indicating that it might be 

favourable for the bacteria to suppress this pathway (120,121). The bacteria also 

suppress IL-1-signalling via induction of type I IFN, which has a pro-bacterial 

outcome (114,122). Furthermore, there are also examples of TB-patients who have 

taken anti-IL1 drugs for other medical reasons, who seem to have a worsening 

outcome of the TB-pathology (123,124). These observations provide further 

confidence to that IL-1-signalling is critical for host resistance.  
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Type I IFN 

Type I IFN can be secreted by a large repertoire of cells and is induced by several 

PAMP-PRR pathways, such as by detecting peptidoglycan via NOD1 and NOD2, 

RNA via retinoic acid-inducible gene I (RIG-I) or melanoma differentiation-

associated gene 5 (MDA5), or upon recognition of DNA via DNA-dependent 

activator of IFN-regulatory factors (DAI), or the DNA sensor cGAS. Type I IFN 

may also be induced by the TLR-family, including TLR4 and the endosomal 

TLR3/7/8 and 9 (125,126).  

In the case of M. tuberculosis infection, there is a consensus that cGAS is a central 

driver of type I IFN production, and induction is impaired in both human and mouse 

macrophages with deficient cGAS or STING (127–131). This is also observed 

within our model system with M. marinum infection, where type I IFN signalling 

completely depends on both cGAS and STING (132). As DNA enters the cytosol, 

cGAS senses the backbone of double stranded DNA and forms a 2:2 complex. The 

interaction with DNA induces a conformational change of cGAS allowing the 

synthesis of a cyclic dinucleotide (cGAMP) from ATP and GTP. cGAMP functions 

as a second messenger that binds to and activates STING at the endoplasmic 

reticulum, which thereafter translocates to the Golgi. Here, tank binding kinase 1 

(TBK1) phosphorylates STING allowing recruitment of IFN-regulatory factor 3 

(IRF3), which also is phosphorylated by TBK1, and thereafter translocate as a 

homodimer to the nucleus to promote transcription of type I IFNs (Fig 7)(133).  

 

Figure 7. Induction of the type I IFN in mycobacterial infection. 

1. cGAS is activated by double stranded DNA and produces cGAMP, which in turn binds to and activates 
STING. 2. Activated STING migrates from the endoplasmic reticulum to the Golgi and phosphorylates 
TBK1, resulting in phosphorylation and dimerization of IRF3. 4. IRF3 induces expression of type I IFN 

such as IFN. Image created with BioRender.com. 
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The source of DNA that activates cGAS-induced type I IFN-signalling in M. 

tuberculosis infection is still under debate, whether it is bacterial DNA coming from 

the phagosome (128–130,134,135), or if it is host DNA coming from the 

mitochondria (131). In paper I, data suggests that it is host DNA, rather than 

bacterial DNA inducing type I IFN signalling in our model system and that it 

requires a fully functional ESX-1 secretion systems to do so (60). 

The type I IFN family consists of several gene products such as 13 different IFN 

subtypes (14 in mice), one gene product of IFN as well as several poorly defined 

single gene products such as: IFN, IFN, IFN, IFN IFN and IFN. All gene 

products signal through the type I IFN receptor (IFNAR), composed by the two 

subunits IFNAR1 and IFNAR2, which upon engagement activate the receptor-

associated protein Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2). Activation 

of JAK1/TYK2 results in tyrosine phosphorylation of signal transducer and 

activator of transcription (STAT)-1 and -2, which dimerize and bind IRF9 to form 

a complex known as IFN-stimulated gene (ISG) factor 3 (ISGF3). The complex 

translocates to the nucleus and binds to the corresponding DNA site, so called IFN-

stimulated response elements (ISREs), resulting in the induction of interferon 

stimulated genes (ISGs). There are two other IFN families; type II IFN consisting 

of one gene product of IFN mainly produced by T-cells and NK cells, and type III 

IFN consisting of the four, rather understudied, gene products IFN1, IFN2, 

IFN3 and IFN4 (125,126,136). 

Generation of reactive oxygen species 

One important antimicrobial activity performed by the macrophage is production of 

reactive oxygen species (ROS). The antimicrobial features can function to directly 

target and destruct invading pathogens, or through redox-regulation of 

inflammatory signalling. ROS is defined as a group of molecules with at least one 

oxygen atom and with higher reactivity than molecular oxygen (O2), such as 

superoxide anion (O2
•-), peroxide ion (O2

•-2) and the hydroxyl radical (•OH). The 

main producers of ROS in macrophages are the phagosomal NADPH oxidase 2 

(Nox2), peroxisomes and the respiratory electron transport chain (ETC) of the 

mitochondria. Hydroxyl radicals are mainly produced via the Fenton reaction, 

where free iron (Fe2+) reacts with hydrogen peroxide (H2O2) in the cytosol. ROS 

production is balanced by antioxidant defence systems, however oxidative stress 

will result if ROS becomes too abundant (137). 

Oxidative stress causes damage to proteins, DNA and lipids, and thus has an 

essential antimicrobial function in pathogen-containing compartments such as the 

phagosome (12). Whereas damage to proteins and DNA results in potential 

mutations or destruction rendering the DNA or protein non-functional, damage to 
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lipids may result in the chain reaction of lipid peroxidation resulting in whole 

membrane disruption (Fig 8)(138). In paper II we are investigating the role of lipid 

peroxidation and resulting membrane destruction in mycobacterial infection. 

 

Figure 8. The main producers of reactive oxygen species (ROS) in the macrophage.  

ROS is part of the antimicrobial defence, although oxygen stress may result if ROS becomes too 
abundant leading to lipid peroxidation and collapsed membranes. Image created with BioRender.com. 

Cell death 

Up until recently cell death was classified either as apoptosis or necrosis, where 

apoptosis occurs in a controlled manner whereas necrotic cells swell and burst in an 

uncontrolled manner. Today, the concept has been revised and a whole array of 

different types of cell death have been described such as intrinsic apoptosis, 

extrinsic apoptosis, necroptosis, pyroptosis, pyronecrosis, mitoptosis, NETosis, 

parthanotos, mitotic death, lysosome-dependent cell death, immunogenic cell death, 

ferroptosis, entotic cell death, autosis and autophagy-dependent cell death. Many of 

these types of cell death have been reported to occur in mycobacterial infection 

(35,85). 

Cell death of macrophages might result due to intense inflammatory signalling but 

is also thought to occur as an active mechanism either by the macrophage to degrade 

the intruder, or by M. tuberculosis to leave its host. A general view has been that 

apoptosis occurs to the benefit of the host, as the controlled degradation allows a 

chance of targeting the bacteria by efferocytosis (clearance of apoptotic cells by 

phagocytes), whereas necrosis might favour the bacteria as a means to break free 

(18,85). However, the new array of cell death mechanisms indicate that it might be 

more complicated than this. Most likely, different types of cell death occur in 
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different situations depending on the type of mycobacteria, the bacterial load and 

the stage of the infection. In paper III we investigate one phenomenon of ESX-1 

mediated cell death. During mycobacterial infection ESX-1 induces membrane 

permeabilization to break free from the phagosome    (15,17,66,67,139,140), as well 

as to induce type I IFN  (128,129,134,135,141). Simultaneously, the lysosomal 

compartment is permeabilized in an ESX-1 dependent manner, resulting in leakage 

of various proteases (142). One of these, cathepsin B, is active in the cytosol (143) 

and mediates lysosome-dependent cell death (144,145). In paper III we find that 

type I IFN signalling induce expression of two cytosolic serine protease inhibitors 

(serpins), serpina3f and serpina3g, which inhibit extralysosomal cathepsin B and 

thereby lysosome-dependent cell death. Cytosolic serpins thus act in a 

cytoprotective feed-back loop that limits the consequences of ESX-1 mediated 

membrane permeabilization. 
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Type I IFN in mycobacterial 

infection 

It is clear that type I IFN play a protective role in host defence towards viral 

infections, whereas in bacterial infections the outcome is pathogen dependent 

(126,136). The role of type I IFN in mycobacterial infection is still not fully 

understood, although combined observations strongly suggest a host detrimental 

role  (55,82,126,135). Whole blood gene expression analysis identifies type I IFN 

signalling as the most dominating signature profile of active TB, a signature that 

correlates with the extent of disease (146). 

One indication that type I IFN signalling benefits the bacteria is the fact that ESX-

1 has evolved to promote the production in infected macrophages  (55,135). Also, 

in M. marinum infection, we observed that type I IFNs are induced only with an 

intact ESX-1 secretion system, as investigated in paper I (60). Furthermore, when 

infecting IFNAR-/- mice (lacking the type I IFN receptor) with M. tuberculosis, 
colony forming units (CFU) levels decreases (55) and host survival increases (147) 

as compared to WT mice. Vice versa, when infecting immunocompetent mice with 

M. tuberculosis and treating with additional type I IFN, a strong correlation was 

observed between high levels of IFN and increased pathology (82). This all together 

suggest that type I IFN signalling is host-detrimental and favours mycobacterial 

infection. 

Although there is a strong consensus that type I IFN signalling has host detrimental 

effects during M. tuberculosis infection, it is not fully understood how type I IFN 

regulates the anti-mycobacterial immune response (148). Several studies have 

demonstrated various mechanisms taking place that reduce important pro-

inflammatory cytokines such as IL-1 TNF and IL-12  (82,114,116,122,149). 

Furthermore, type I IFN block IFN-mediated activation of macrophages by 

abrogating the ability of IFN to induce antimycobacterial effects  (82,149,150). 

Multiple of ISGs are induced upon type I IFN signalling, many which are cell-type 

and context-dependent (125). Intense research is performed to investigate how each 

ISG contribute to the shift of the inflammatory landscape, potentially providing 

insights into how they could be exploited for therapeutic purposes. In paper III we 

discovered and explored the role of two novel ISGs in mycobacterial infection 

namely serpina3f and serpina3g. 
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Animal models 

The complexity and heterogeneity of TB-disease makes it difficult to cover all 

aspects in only one type of model system. The mouse model has been of great 

importance to TB-research as it is susceptible to disease of the lungs and allow 

manipulation of cellular compartments of the immune system. Furthermore, it 

allows genetic manipulation of the host immune system, which in combination with 

genetic manipulation of bacterial strains enables informative investigations. 

Additionally, the mouse model system has been of great benefit to evaluate drug 

and vaccine candidates (18). On the other hand, pulmonary infection in mouse does 

not appropriately recapitulate the fully stratified and mature granulomatous 

structures seen in humans (151). 

Infecting transparent zebrafish larvae with M. marinum to study granuloma 

formation is an example of an inventive way of overcoming investigation barriers 

in the mouse model. The transparency of the zebrafish larvae allows real-time 

observations of the early immune response as well as granuloma formation (20). 

Injecting M. marinum intravenously into mice represents another successful way of 

investigating mycobacterial infection as granuloma-like structures establish in the 

infected tissue (66,78). These granuloma-like structures are histologically similar to 

the M. tuberculosis induced granulomas found in humans (66). The M. marinum 

model offers a unique advantage by closely mimicking certain critical 

characteristics of human tuberculosis, which are not effectively reproduced in the 

traditional murine M. tuberculosis model. These include the formation of 

granulomas featuring central caseating necrosis and the spontaneous progression 

towards a latency-like stage (66). 

The mouse model, as well as other animal model systems, have variations in the 

immune response as compared to humans, as well as variations of the physiological 

properties of the lungs. This is illustrated by the lack of translation for many results 

obtained in animals into the human system (152). To overcome some of these 

dilemmas, different types of model systems may be used in order to better 

understand the crosstalk between M. tuberculosis and the multitude of host cells 

involved. 

Of note, we investigate a novel way of infecting Drosophila melanogaster as a 

potential candidate for genetic screening in mycobacterial infection. D. 

melanogaster has previously been successfully infected by M. tuberculosis (153), 
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however this was achieved through microinjections that is extremely time 

consuming and thus hampers large study groups. We hypothesised that we could 

infect flies orally, through food intake. This was particularly promising as M. 

marinum causes infection of fish intestines, and thus we hypothesised that we could 

mimic the route of infection also in flies. At this point we only have very preliminary 

data, but our findings suggest that we might be able to establish a model enabling 

large scale screenings. 
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Summary of papers 

Paper I: 

The Mycobacterium marinum ESX-1 secretion system mediates phagosomal 

permeabilization and type I interferon production via separable mechanisms. 

In paper I we aimed to investigate the genetic requirements of the secretion system 

ESX-1 during mycobacterial infection of macrophages. At the time, the dogma was 

that the ESX-1 secretion factor ESAT-6 (EsxA) is required for phagosome 

permeabilization, leading to leakage of DNA into the cytosol and a subsequent 

induction of type I interferons, which are key events in mycobacterial infection. 

However, by employing an array of M. marinum ESX-1 transposon insertion 

mutants we could show that the secretion of ESAT-6 is, in fact, not required for 

phagosomal escape, and that induction of type I IFN is induced by a genetically 

separable mechanism (Fig 9). 

To investigate the genetic requirements of ESX-1 mediated phagosomal escape and 

induction of type I IFN production, we employed WT M. marinum (with a fully 

functional secretion system), the RD1-mutant (with a complete lack of secretion 

function) and 9 isogenic transposon mutants with deficiency in different ESX-1 

related genes. By analysing their ability to secrete CFP-10 and ESAT-6, we could 

identify three phenotypic groups that either secrete both, only CFP-10, or none. 

Consistent with the piggy-backing (described above), we did not observe any strain 

that secreted only ESAT-6. Comparing members of each phenotypic group allowed 

us to investigate what processes that require secretion of ESAT-6, and not. One such 

process of interest was phagosomal escape. To our great interest, the members of 
phenotypic group 2, that did not secrete ESAT-6, could nevertheless escape the 

phagosome. The event of phagosomal escape can be identified through microscopy 

of bacteria carrying an actin-tail, which only forms in the cytosol where actin is 

present. This finding was corroborated by CFU-analysis of the cytosol isolated from 

macrophages infected with members of all phenotypic groups, as well as by 

analysing bacterial spread between macrophages. Again, we could observe that 

neither cytosolic presence, nor spread, required ESAT-6 secretion. 

As induction of type I IFN has been seen as an event subsequent to phagosomal 

escape, through leakage of bacterial DNA into the cytosol, it was of interest to 

analyse if the genetic requirements matched. When analysing ifn expression and 
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IFN protein secretion in macrophages infected with members from the different 

phenotypic groups, it was clear that type I IFN induction required a fully functional 

secretion system, and that the event of phagosomal escape per se, was not sufficient 

for induction. Instead, our data suggests that induction of type I IFN is a result of 

leakage of host DNA, mitochondrial and/or nuclear, into the cytosol where it is 

sensed by the cGAS/STING cytosolic surveillance pathway. 

The observations that phagosomal escape does not require ESAT-6 secretion, and 

that phagosomal escape and type I IFN induction are two genetically separable 

events, are of great importance to further investigate to expand our basic 

understanding mycobacterial pathogenesis and innate immune surveillance. 

 

Figure 9. Working model of paper I.  

By employing mycobacteria with a lack of, impaired or fully functional ESX-1 secretion system we can 
identify three (I - III) distinct scenarios during infection of macrophages. Phagosomal escape and 
induction of type I IFN requires a functional ESX-1 secretion system, however phagosomal escape does 
not require secretion of ESAT-6 as previously thought. Image created with BioRender.com. 
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Paper II: 

Detection of mycobacterial infection by cytosolic surveillance pathways 

requires ESX-1-dependent lipid peroxidation of internal host membranes. In 

paper I we find that secretion of ESAT-6 is not required for phagosomal escape. 

This opens for the possibilities that membrane permeabilization of the phagosome 

is either caused by another, yet to be identified, bacterial factor (“factor X”) and/or 

a host process. In paper II we aimed to answer this question. 

ESX-1 mediated permeabilization of internal host membranes is required for 

detection of the infection by cytosolic surveillance pathways such as the 

inflammasome and the cGAS-STING pathway, resulting in secretion of IL-1 and 

type I IFN respectively. Upon phagosomal escape, i.e. membrane permeabilization, 

leaked DNA results in induction of type I IFN via the cGAS/STING pathway in an 

ESX-1 dependent manner  (128,129,134,135,141). Therefore, we can use type I IFN 

secretion, as a proxy to study ESX-1 driven membrane permeabilization. As 

membrane permeabilization is a common character of cell death, we thus 

hypothesized that if testing an array of cell death inhibitors during mycobacterial 

infection in macrophages, we might be able to identify what systems are involved 

causing the permeabilization. Interestingly, we found one cell death inhibitor, 

ferrostatin-1, which significantly reduced the level of type I IFN secretion. 

Ferrostatin-1 is a common inhibitor of ferroptosis, a type of cell death where the 

presence of iron causes free radicals to damage lipid membranes, a process known 

as lipid peroxidation (154,155). Moving on we investigated the event of phagosomal 

escape as in paper I and could indeed observe that treatment with ferrostatin-1 

prevented the bacteria from escaping the phagosome. 

As the mode of action of ferrostatin-1 is to bind free radicals, we were curious to 

see if any other inhibitor of reactive oxygen species reduces the level of secreted 

type I IFN, and thus ESX-1 membrane permeabilization. We repeated the screening 

with an array of inhibitors targeting sources of reactive oxygen species. 

Interestingly, one inhibitor gave a similar phenotype to that of ferrostatin-1, namely 

apocynin, which inhibits the superoxide generating enzyme Nox2, localized in the 

phagosomal membrane. Furthermore, when treating macrophages infected with 

mycobacteria with apocynin we could not observe any phagosomal escape. Our data 

thus suggests that oxygen radicals generated via Nox2 are required to enable 

membrane permeabilization via the process of lipid peroxidation, leading to 

phagosomal escape. These findings suggest that ESX-1 requires a host process to 

permeabilize host membranes, opening novel avenues for research into fundamental 

aspects of mycobacterial pathogenesis, and allows us to update our working model 

from paper I (Fig 10). 
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Figure 10. Working model of paper II. 

Findings in paper II allow us to update our working model from paper I. Image created with 
BioRender.com. 
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Paper III: 

Cytosolic serpins act in a cytoprotective feed-back loop that limits ESX-1-

dependent death of Mycobacterium marinum infected macrophages. The aim of 

paper III was to further investigate the functional role of ESX-1-mediated 

induction of type I IFN signalling during mycobacterial infection of macrophages. 

We identified and investigated the upregulation of two novel ESX-1-mediated ISGs, 

namely: seprina3f and serpina3g. Serpins, or serine protease inhibitors, are the 

largest superfamily of protease inhibitors (156), where serpina3f and serpina3g 

belong to the sub-family of clade A3 serpins (157). Serpins mainly inhibit serine 

proteases, but there are also examples of serpins that inhibit caspases and cysteine 

proteases (156). Although A3 serpins have been observed to be highly upregulated 

in infection with M. bovis BCG (158) and M. tuberculosis (55), there are no studies 

providing insight into the functional role of these protease inhibitors in 

mycobacterial infections. Indeed, there is very little prior knowledge of the role of 

these factors in any type of infection. 

In paper III we have investigated the induction of A3 serpins and found that only 

two of them, serpina3f and serpina3g, are induced in bone marrow derived 

macrophages infected with M. marinum. Furthermore, this upregulation is ESX-1 

and type I IFN-dependent, suggesting that it is the bacteria driving the expression. 

Interestingly, these two serpins are the only members of clade A3 serpins predicted 

to be functional in the cytosol, as they lack secretion signal peptides, thus suggesting 

a functional role of inhibiting cytosolic proteases (157). Our data suggests that 

serpina3f and/or serpina3g inhibits cytosolic cathepsin B, a cysteine protease 

normally contained within the lysosome, and limit cathepsin B driven cell death in 

vitro (Fig 11). 

Interestingly, both induction of type IFN signalling and cathepsin B leakage are 

dependent on ESX-1-mediated membrane permeabilization of host membranes. 

This suggests that upregulation of cytosolic serpins by type I IFN signalling initiates 

a protective feed-back loop to limit cytotoxic effects of cathepsin B leakage. 

Furthermore, by infecting mice lacking cytosolic serpins (serpina3g-KO mice) 

through tail vein injections, a model system previously generated by members of 

the group (159,160), we observed significantly reduced bacterial survival in 

serpina3g-deficient mice compared to WT animals, indicating that M. marinum 

exploits cytosolic serpins to promote growth in vivo. 
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Figure 11. Working model of paper III. 

1. Double stranded DNA (bacterial or host) induces expression of type I IFN via the cGAS-STING 
pathway. 2. Type I IFN signalling results in expression of serpina3f and serpina3g. 3. These cytosolic 
serpins inhibit extralysosomal cathepsin B and cell death. Image created with BioRender.com. 
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Concluding remarks and future 

aspects 

In this thesis I have explored the induction and functional role of type I IFN in 

mycobacterial infection. Collectively our findings can be summarized into one 

coherent working model (Fig 12). 

 

Figure 12. Summarized working model of paper I – III presented in this thesis.  

Figures shaded with blue represent the event of phagosomal escape. Figures shaded with pink represent 
the event of host DNA leakage into the cytosol and induction of type I IFN via the cGAS/STING pathway. 
Figures shaded with beige represent cathepsin B leakage from the lysosome and evasion of cell death 
via type I IFN induced cytosolic serpins, forming a protective feed-back. ESX-1-mediated membrane 
permeabilization is required for all of these events to take place. 

The findings presented in paper I left us with two open questions. First, if ESAT-6 

secretion is not required for phagosomal escape then what factor, host and/or 
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bacterial, causes this? Second, how does host DNA end up in the cytosol leading to 

induction of type I IFN? In paper II we aimed to target the first question, and 

present data supporting the role of lipid peroxidation in ESX-1-mediated membrane 

permeabilization. However, the second question remains unanswered as we still do 

not know what events, in addition to measurable membrane permeabilization, that 

is required to induce type I IFN production. Consistent with a previous report (131), 

our data indicate that it is host DNA, mitochondrial or nuclear, rather than bacterial 

DNA (128–130,134,135) that stimulates induction. We also know that it requires a 

fully functional ESX-1, but how this occurs remains unknown. Further elucidating 

this question would be of great relevance to better understand the pathogenesis of 

tuberculosis. 

In paper II we find that membrane permeabilization of the phagosome is caused by 

lipid peroxidation. Furthermore, data suggests a potential involvement of the 

superoxide generating enzyme Nox2 located in the phagosomal membrane. This 

finding is especially thrilling as it presents an alternative mechanism to the 

previously thought ESAT-6 pore formation. To further investigate this, it would be 

of interest to perform mycobacterial infections in macrophages from nox2-KO mice 

that lacks one subunit of the NADPH oxidase complex and is thus impaired. 

Furthermore, it remains to be investigated whether lipid peroxidation contributes to 

membrane permeabilization of other organelles, such as DNA-containing 

compartments and/or the lysosome. Phagosomal escape is a key event in 

mycobacterial infection, understanding this step is of essence to understand the early 

events of how mycobacteria establish successful infection and may open doors for 

the development of host-directed therapies. 

In paper III we investigated the functional role of ESX-1-mediated induction of 

type I IFN signalling during mycobacterial infection of macrophages. There is a 

consensus that type I IFN is host detrimental during M. tuberculosis infection and it 

is a strong correlative factor of poor prognosis (146). We identified two novel ESX-

1-mediated ISGs, the serine protease inhibitors serpina3f and serpina3g and 

explored their role in mycobacterial infection. It would be of interest to explore their 

roles during other bacterial infections, and maybe even more during viral infections 

where type I IFN signalling plays an important role in the immune response 
(126,136). Interestingly, serpina3g has been reported to have a host-protective role 

in HIV-infection (161) as well as during sepsis (162). This emphasizes the need to 

learn more about the role of these protease inhibitors during infection. 

Understanding the host response to M. tuberculosis is crucial for humanity to take 

control of the world’s most successful pathogen. Since Robert Koch discovered the 

causative agent of TB almost 150 years ago, extensive research has been conducted. 

However, it is still to this date one of the most challenging global health problems. 

More research is needed to understand the complexity of the disease. By studying 

mycobacterial regulation of macrophage responses to infection I hope to have 

contributed with some pieces of scientific insight. 
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79. Peters W, Cyster JG, Mack M, Schlöndorff D, Wolf AJ, Ernst JD, et al. 

CCR2-dependent trafficking of F4/80dim macrophages and 

CD11cdim/intermediate dendritic cells is crucial for T cell recruitment to 



62 

lungs infected with Mycobacterium tuberculosis. The Journal of 

Immunology. 2004 Jun 15;172(12):7647–53.  

80. Huang L, Nazarova E V., Tan S, Liu Y, Russell DG. Growth of 

Mycobacterium tuberculosis in vivo segregates with host macrophage 

metabolism and ontogeny. J Exp Med. 2018 Apr 4;215(4):1135–52.  

81. Flynn JAL, Chan J, Triebold KJ, Dalton DK, Stewart TA, Bloom BR. An 

essential role for interferon gamma in resistance to Mycobacterium 

tuberculosis infection. J Exp Med. 1993 Dec 1;178(6):2249–54.  

82. Manca C, Tsenova L, Bergtold A, Freeman S, Tovey M, Musser JM, et al. 

Virulence of a Mycobacterium tuberculosis clinical isolate in mice is 

determined by failure to induce Th1 type immunity and is associated with 

induction of IFN-α/β. Proc Natl Acad Sci U S A. 2001 May 8;98(10):5752–

7.  

83. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage 

activation. Nature Reviews Immunology. 2008 Dec ;8(12):958–69.  

84. Gutierrez MG, Master SS, Singh SB, Taylor GA, Colombo MI, Deretic V. 

Autophagy Is a Defense Mechanism Inhibiting BCG and Mycobacterium 

tuberculosis Survival in Infected Macrophages. Cell. 2004 Dec 

17;119(6):753–66.  

85. Mohareer K, Asalla S, Banerjee S. Cell death at the cross roads of host-

pathogen interaction in Mycobacterium tuberculosis infection. Tuberculosis. 

2018 Dec 1;113:99–121.  

86. Juffermans NP, Florquin S, Camoglio L, Verbon A, Kolk AH, Speelman P, 

et al. Interleukin-1 signaling is essential for host defense during murine 

pulmonary tuberculosis. J Infect Dis. 2000;182(3):902–8.  

87. Cooper AM, Magram J, Ferrante J, Orme IM. Interleukin 12 (IL-12) Is 

Crucial to the Development of Protective Immunity in Mice Intravenously 

Infected with Mycobacterium tuberculosis. J Exp Med. 1997;186(1):39–45.  

88. Feng CG, Jankovic D, Kullberg M, Cheever A, Scanga CA, Hieny S, et al. 

Maintenance of Pulmonary Th1 Effector Function in Chronic Tuberculosis 

Requires Persistent IL-12 Production. The Journal of Immunology. 2005 

Apr 1;174(7):4185–92.  

89. Mogues T, Goodrich ME, Ryan L, LaCourse R, North RJ. The relative 

importance of T cell subsets in immunity and immunopathology of airborne 

Mycobacterium tuberculosis infection in mice. J Exp Med. 2001 Feb 

5;193(3):271–80.  



63 

90. Caruso AM, Serbina N, Klein E, Triebold K, Bloom BR, Flynn JL. Mice 

deficient in CD4 T cells have only transiently diminished levels of IFN-y, 

yet succumb to tuberculosis. The Journal of Immunology. 

1999;162(9):5407–16.  

91. Lyashchenko K, Colangeli R, Houde M, Jahdali H AL, Menzies D, Laura 

Gennaro M. Heterogeneous Antibody Responses in Tuberculosis. Infect 

Immun. 1998;66(8):3936–40.  

92. Li H, Wang XX, Wang B, Fu L, Liu G, Lu Y, et al. Latently and uninfected 

healthcare workers exposed to TB make protective antibodies against 

Mycobacterium tuberculosis. Proc Natl Acad Sci U S A. 2017 May 

9;114(19):5023–8.  

93. Maglione PJ, Xu J, Chan J. B cells moderate inflammatory progression and 

enhance bacterial containment upon pulmonary challenge with 

Mycobacterium tuberculosis. J Immunol References. 2007;178:7222–34.  

94. Verrall AJ, G. Netea M, Alisjahbana B, Hill PC, van Crevel R. Early 

clearance of Mycobacterium tuberculosis: a new frontier in prevention. 

Immunology. 2014;141(4):506–13.  

95. Cassidy JP, Martineau AR. Innate resistance to tuberculosis in man, cattle 

and laboratory animal models: nipping disease in the bud? J Comp Pathol. 

2014;151(4):291–308.  

96. Tan SYS, Krasnow MA. Developmental origin of lung macrophage 

diversity. Development. 2016 Apr 15;143(8):1318–27.  

97. Guilliams M, De Kleer I, Henri S, Post S, Vanhoutte L, De Prijck S, et al. 

Alveolar macrophages develop from fetal monocytes that differentiate into 

long-lived cells in the first week of life via GM-CSF. Journal of 

Experimental Medicine. 2013 Sep 23;210(10):1977–92.  

98. Pisu D, Huang L, Grenier JK, Russell DG. Dual RNA-Seq of Mtb-infected 

macrophages in vivo reveals ontologically distinct host-pathogen 

interactions. Cell Rep. 2020 Jan 1;30(2):335–50.  

99. Rasmussen SB, Reinert LS, Paludan SR. Innate recognition of intracellular 

pathogens: detection and activation of the first line of defense. APMIS. 2009 

May 1;117(5–6):323–37.  

100. Brubaker SW, Bonham KS, Zanoni I, Kagan JC. Innate Immune Pattern 

Recognition: A Cell Biological Perspective. Annual Review of Immunology. 

2015;33:257-90.  

101. Akira S, Takeda K. Toll-like receptor signalling. Nature Reviews 

Immunology 2004 4:7. 2004;4(7):499–511.  



64 

102. Faridgohar M, Nikoueinejad H. New findings of Toll-like receptors involved 

in Mycobacterium tuberculosis infection. Pathog Glob Health. 

2017;111(5):256–64.  

103. Reiling N, Hölscher C, Fehrenbach A, Kröger S, Kirschning CJ, Goyert S, 

et al. Cutting Edge: Toll-Like Receptor (TLR)2- and TLR4-Mediated 

Pathogen Recognition in Resistance to Airborne Infection with 

Mycobacterium tuberculosis. The Journal of Immunology. 2002 Oct 

1;169(7):3480–4.  

104. Hölscher C, Reiling N, Schaible UE, Hölscher A, Bathmann C, Korbel D, et 

al. Containment of aerogenic Mycobacterium tuberculosis infection in mice 

does not require MyD88 adaptor function for TLR2, -4 and -9. Eur J 

Immunol. 2008 Mar;38(3):680–94.  

105. Scanga CA, Bafica A, Feng CG, Cheever AW, Hieny S, Sher A. MyD88-

Deficient Mice Display a Profound Loss in Resistance to Mycobacterium 

tuberculosis Associated with Partially Impaired Th1 Cytokine and Nitric 

Oxide Synthase 2 Expression. Infect Immun. 2004;72(4):2400-2404.  

106. Fremond CM, Yeremeev V, Nicolle DM, Jacobs M, Quesniaux VF, Ryffel 

B. Fatal Mycobacterium tuberculosis infection despite adaptive immune 

response in the absence of MyD88. J Clin Invest. 2004 Dec 

15;114(12):1790–9.  

107. Kleinnijenhuis J, Oosting M, Joosten LAB, Netea MG, Crevel R Van. Innate 

Immune Recognition of Mycobacterium tuberculosis. Clin Dev Immunol. 

2011;2011:405310.  

108. Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a 

cytosolic DNA sensor that activates the type I interferon pathway. Science. 

2013 Feb 15;339(6121):786–91.  

109. Domingo-Gonzalez R, Prince O, Cooper A, Khader SA. Cytokines and 

Chemokines in Mycobacterium tuberculosis Infection. Microbiol Spectr. 

2016 Oct 14;4(5).  

110. Harari A, Rozot V, Enders FB, Perreau M, Stalder JM, Nicod LP, et al. 

Dominant TNF-α+ Mycobacterium tuberculosis-specific CD4+ T cell 

responses discriminate between latent infection and active disease. Nat Med. 

2011 Mar ;17(3):372–7. 

111. Flynn JAL, Goldstein MM, Chan J, Triebold KJ, Pfeffer K, Lowenstein CJ, 

et al. Tumor necrosis factor-α is required in the protective immune response 

against mycobacterium tuberculosis in mice. Immunity. 1995 Jun 

1;2(6):561–72.  



65 

112. Keane JK, Gershon S, , Wise R, Mirabile-Levens E, Kasznica J, et al. 

Tuberculosis associated with Infliximab, a tumor necrosis factor -

neutralizing agent. N Engl J Med. 2001;345(15).  

113. Harris J, Keane J. How tumour necrosis factor blockers interfere with 

tuberculosis immunity. Clin Exp Immunol. 2010 Jul;161(1):1-9.  

114. Mayer-Barber KD, Barber DL, Shenderov K, White SD, Wilson MS, 

Cheever A, et al. Caspase-1 independent IL-1β production is critical for host 

resistance to Mycobacterium tuberculosis and does not require TLR 

signaling in vivo. Journal of immunology. 2010 Apr 4;184(7):3326–30.  

115. Fremond CM, Togbe D, Doz E, Rose S, Vasseur V, Maillet I, et al. IL-1 

receptor-mediated signal is an essential component of MyD88-dependent 

innate response to Mycobacterium tuberculosis infection. Journal of 

immunology. 2007 Jul 15;179(2):1178–89.  

116. Mayer-Barber KD, Andrade BB, Barber DL, Hieny S, Feng CG, Caspar P, 

et al. Innate and adaptive interferons suppress IL-1α and IL-1β production 

by distinct pulmonary myeloid subsets during Mycobacterium tuberculosis 

infection. Immunity. 2011 Dec 23;35(6):1023–34.  

117. Kasahara K, Kobayashi K, Shikama Y, Yoneya I, Soezima K, Ide H, et al. 

Direct evidence for granuloma-inducing activity of interleukin-1. Induction 

of experimental pulmonary granuloma formation in mice by interleukin-1-

coupled beads. Am J Pathol. 1988;130(3):629-38.  

118. Silvério D, Gonçalves R, Appelberg R, Saraiva M. Advances on the Role 

and Applications of Interleukin-1 in Tuberculosis. mBio. 2021 Dec 1;12(6).  

119. Kleinnijenhuis J, Joosten LAB, van de Veerdonk FL, Savage N, van Crevel 

R, Kullberg BJ, et al. Transcriptional and inflammasome-mediated pathways 

for the induction of IL-1β production by Mycobacterium tuberculosis. Eur J 

Immunol. 2009;39(7):1914–22.  

120. Wilkinson RJ, Patel P, Llewelyn M, Hirsch CS, Pasvol G, Snounou G, et al. 

Influence of Polymorphism in the Genes for the Interleukin (IL)-1 Receptor 

Antagonist and IL-1 on Tuberculosis. J Exp Med. 1999;189:1863–73.  

121. Ji DX, Yamashiro LH, Chen KJ, Mukaida N, Kramnik I, Heran Darwin K, 

et al. Type I interferon-driven susceptibility to Mycobacterium tuberculosis 

is mediated by IL-1Ra. Nature Microbiology. 2020;4:2128-2135.  

122. Novikov A, Cardone M, Thompson R, Shenderov K, Kirschman KD, 

Mayer-Barber KD, et al. Mycobacterium tuberculosis triggers host type I 

IFN signaling to regulate IL-1 production in human macrophages. The 

Journal of Immunology. 2011;187(5):2540–7.  



66 

123. Brassard P, Kezouh A, Suissa S. Antirheumatic drugs and the risk of 

tuberculosis. Clin Infect Dis. 2006 Sep 15;43(6):717–22.  

124. Settas LD, Tsimirikas G, Vosvotekas G, Triantafyllidou E, Nicolaides P. 

Reactivation of pulmonary tuberculosis in a patient with rheumatoid arthritis 

during treatment with IL-1 receptor antagonists (anakinra). Journal of 

Clinical Rheumatology. 2007 Aug;13(4):219–20.  

125. Ivashkiv LB, Donlin LT. Regulation of type I interferon responses. Nature 

Publishing Group. 2014;14:36-49.  

126. McNab F, Mayer-Barber K, Sher A, Wack A, O’Garra A. Type I interferons 

in infectious disease. Nat Rev Immunol. 2015 Jan 23;15(2):87–103.  

127. Dey B, Jain Dey R, Cheung LS, Pokkali S, Guo H, Lee JH, et al. A bacterial 

cyclic dinucleotide activates the cytosolic surveillance pathway and 

mediates innate resistance to tuberculosis. Nature Medicine. 2015;21:401-6.  

128. Wassermann R, Gulen MF, Sala C, Perin SG, Lou Y, Rybniker J, et al. 

Mycobacterium tuberculosis Differentially Activates cGAS- and 

Inflammasome-Dependent Intracellular Immune Responses through ESX-1. 

Cell Host Microbe. 2015 Jun 1;17(6):799–810.  

129. Watson RO, Bell SL, MacDuff DA, Kimmey JM, Diner EJ, Olivas J, et al. 

The Cytosolic Sensor cGAS Detects Mycobacterium tuberculosis DNA to 

Induce Type I Interferons and Activate Autophagy. Cell Host Microbe. 2015 

Jun 1;17(6):811–9.  

130. Collins AC, Cai H, Li T, Franco LH, Li XD, Nair VR, et al. Cyclic GMP-

AMP Synthase Is an Innate Immune DNA Sensor for Mycobacterium 

tuberculosis. Cell Host Microbe. 2015 Jun 1;17(6):820–8.  

131. Wiens KE, Ernst JD. The Mechanism for Type I Interferon Induction by 

Mycobacterium tuberculosis is Bacterial Strain-Dependent. PLoS Pathog. 

2016 Aug 1;12(8):e1005809.  

132. Movert E, Lienard J, Valfridsson C, Nordström T, Johansson-Lindbom B, 

Carlsson F. Streptococcal M protein promotes IL-10 production by cGAS-

independent activation of the STING signaling pathway. PLoS Pathog. 

2018;14(3):e1006969.  

133. Chen Q, Sun L, Chen ZJ. Regulation and function of the cGAS–STING 

pathway of cytosolic DNA sensing. Nature Immunology. 2016 Sep 

20;17(10):1142–9.  

134. Watson RO, Manzanillo PS, Cox JS. Extracellular M. tuberculosis DNA 

targets bacteria for autophagy by activating the host DNA-sensing pathway. 

Cell. 2012;150(4):803–15.  



67 

135. Manzanillo PS, Shiloh MU, Portnoy DA, Cox JS. Mycobacterium 

tuberculosis activates the DNA-dependent cytosolic surveillance pathway 

within macrophages. Cell Host Microbe. 2012 May 17;11(5):469–80.  

136. Donovan ML, Schultz TE, Duke TJ, Blumenthal A. Type I interferons in the 

pathogenesis of tuberculosis: Molecular drivers and immunological 

consequences. Front Immunol. 2017 Nov 27;8:1633.  

137. Herb M, Schramm M. Functions of ROS in Macrophages and Antimicrobial 

Immunity. Antioxidants. 2021 Feb 1;10(2):1–39.  

138. Ayala A, Muñoz MF, Argüelles S. Lipid Peroxidation: Production, 

Metabolism, and Signaling Mechanisms of Malondialdehyde and 4-

Hydroxy-2-Nonenal. Oxid Med Cell Longev. 2014;2014:360438.  

139. Simeone R, Bobard A, Lippmann J, Bitter W, Majlessi L, Brosch R, et al. 

Phagosomal rupture by Mycobacterium tuberculosis results in toxicity and 

host cell death. PLoS Pathog. 2012 Feb;8(2):e1002507.  

140. Simeone R, Sayes F, Song O, Gröschel MI, Brodin P, Brosch R, et al. 

Cytosolic access of Mycobacterium tuberculosis: critical impact of 

phagosomal acidification control and demonstration of occurrence in vivo. 

PLoS Pathog. 2015;11(2):e1004650.  

141. Collins AC, Cai H, Li T, Franco LH, Li XD, Nair VR, et al. Cyclic GMP-

AMP synthase is an innate immune DNA sensor for Mycobacterium 

tuberculosis. Cell Host Microbe. 2015 Jun 1;17(6):820–8.  

142. Amaral EP, Riteau N, Moayeri M, Maier N, Mayer-Barber KD, Pereira RM, 

et al. Lysosomal cathepsin release is required for NLRP3-inflammasome 

activation by Mycobacterium tuberculosis in infected macrophages. Front 

Immunol. 2018;9(1427).  

143. Yoon MC, Solania A, Jiang Z, Christy MP, Podvin S, Mosier C, et al. 

Selective neutral pH inhibitor of cathepsin B designed based on cleavage 

preferences at cytosolic and lysosomal pH conditions. ACS Chem Biol. 2021 

Sep 17;16(9):1628–43.  

144. Lee J, Remold HG, Ieong MH, Kornfeld H. Macrophage apoptosis in 

response to high intracellular burden of Mycobacterium tuberculosis is 

mediated by a novel caspase-independent pathway. Journal of immunology. 

2006 Apr 1 ;176(7):4267–74. 

145. Abdallah AM, Bestebroer J, Savage NDL, de Punder K, van Zon M, Wilson 

L, et al. Mycobacterial secretion systems ESX-1 and ESX-5 play distinct 

roles in host cell death and inflammasome activation. J Immunol. 2011 Nov 

1;187(9):4744–53.  



68 

146. Berry MPR, Graham CM, McNab FW, Xu Z, Bloch SAA, Oni T, et al. An 

interferon-inducible neutrophil-driven blood transcriptional signature in 

human tuberculosis. Nature. 2010;466(7309):973-7.  

147. Dorhoi A, Yeremeev V, Nouailles G, Weiner J, Jörg S, Heinemann E, et al. 

Type I IFN signaling triggers immunopathology in tuberculosis-susceptible 

mice by modulating lung phagocyte dynamics. Eur J Immunol. 

2014;44(8):2380–93.  

148. Mundra A, Yegiazaryan A, Karsian H, Alsaigh D, Bonavida V, Frame M, et 

al. Pathogenicity of Type I Interferons in Mycobacterium tuberculosis. 

International Journal of Molecular Science. 2023;24(4).  

149. McNab FW, Ewbank J, Howes A, Moreira-Teixeira L, Martirosyan A, 

Ghilardi N, et al. Type I IFN induces IL-10 production in an IL-27-

independent manner and blocks responsiveness to IFN-γ for production of 

IL-12 and bacterial killing in Mycobacterium tuberculosis-infected 

macrophages. The Journal of Immunology. 2014;193(7):3600–12.  

150. Lienard J, Movert E, Valfridsson C, Sturegård E, Carlsson F. ESX-1 exploits 

type I IFN-signalling to promote a regulatory macrophage phenotype 

refractory to IFNγ-mediated autophagy and growth restriction of 

intracellular mycobacteria. Cell Microbiol. 2016 Oct 1;18(10):1471–85.  

151. Flynn JAL. Lessons from experimental Mycobacterium tuberculosis 

infections. Microbes Infect. 2006 Apr;8(4):1179–88.  

152. Hocke AC, Suttorp N, Hippenstiel S. Human lung ex vivo infection models. 

Cell Tissue Res. 2017;367(3):511–24.  

153. Dionne MS, Ghori N, Schneider DS. Drosophila melanogaster is a 

genetically tractable model host for Mycobacterium marinum. Infect Immun. 

2003 Jun 1;71(6):3540–50.  

154. Amaral EP, Costa DL, Namasivayam S, Riteau N, Kamenyeva O, Mittereder 

L, et al. A major role for ferroptosis in Mycobacterium tuberculosis-induced 

cell death and tissue necrosis. J Exp Med. 2019;216(3):556–70.  

155. Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms 

and health implications. Cell Research. 2021;31(2):107-25.  

156. Law RHP, Zhang Q, McGowan S, Buckle AM, Silverman GA, Wong W, et 

al. An overview of the serpin superfamily. Genome Biol. 2006 May 

30;7(5):1–11.  

157. Horvath AJ, Forsyth SL, Coughlin PB. Expression Patterns of Murine 

Antichymotrypsin-like Genes Reflect Evolutionary Divergence at the 

Serpina3 Locus. J Mol Evol. 2004 Oct;59(4):488–97.  



69 

158. Hamerman JA, Hayashi F, Schroeder LA, Gygi SP, Haas AL, Hampson L, 

et al. Serpin 2a is induced in activated macrophages and conjugates to a 

ubiquitin homolog. J Immunol. 2002 Mar 1;168(5):2415–23.  

159. Carlsson F, Kim J, Dumitru C, Barck KH, Carano RAD, Sun M, et al. Host-

detrimental role of Esx-1-mediated inflammasome activation in 

mycobacterial infection. PLoS Pathog. 2010 May;6(5):e1000895.  

160. Lienard J, Munke K, Carlsson F. A murine Mycobacterium marinum 

infection model for longitudinal analyses of disease development and the 

inflammatory response. Methods Mol Biol. 2023;2674:313–26.  

161. Burgener A, Rahman S, Ahmad R, Lajoie J, Ramdahin S, Mesa C, et al. 

Comprehensive proteomic study identifies serpin and cystatin antiproteases 

as novel correlates of HIV-1 resistance in the cervicovaginal mucosa of 

female sex workers. J Proteome Res. 2011;10:5139–49.  

162. Wang X, Ding Y, Li R, Zhang R, Ge X, Gao R, et al. N6-methyladenosine 

of Spi2a attenuates inflammation and sepsis-associated myocardial 

dysfunction in mice. Nat Commun. 2023 Mar 2;14(1):1–17.  

 




	Induction and functional role of type I interferon
	Abstract
	Populärvetenskaplig sammanfattning
	List of Papers
	Paper I
	Paper III

	Author’s contribution to the papers
	Paper I
	Paper II
	Paper III

	Abbreviations
	Preface
	Tuberculosis
	Pathogenesis
	Treatment and current vaccine

	Mycobacterium tuberculosis
	Mycobacteria
	The Mycobacterium tuberculosis complex
	Physiology

	ESX-secretion systems
	The ESX-1 secretion system
	Mycobacterium marinum as a model system

	The immune response
	The innate immune response
	The adaptive immune response

	The macrophage
	Subsets of macrophages
	Detection of mycobacterial PAMPs by PPRs
	Cytokine signalling
	TNF
	IL-1
	Type I IFN

	Generation of reactive oxygen species
	Cell death

	Type I IFN in mycobacterial infection
	Animal models
	Summary of papers
	Paper I:
	Paper II:
	Paper III:

	Concluding remarks and future aspects
	Acknowledgement
	References
	Blank Page
	Blank Page
	Blank Page


 
 
    
   HistoryItem_V1
   StepAndRepeat
        
     Trim unused space from sheets: no
     Allow pages to be scaled: no
     Margins and crop marks: none
     Sheet size: 6.654 x 9.409 inches / 169.0 x 239.0 mm
     Sheet orientation: tall
     Layout: rows 1 down, columns 1 across
     Align: top centre
      

        
     D:20240415092618
      

        
     0.0000
     5.6693
     14.1732
     0
     Corners
     0.2999
     Fixed
     0
     0
     1
     1
     0.9500
     0
     0 
     1
     0.0000
     0
            
       D:20240415092602
       677.4803
       G5
       Blank
       479.0551
          

     Tall
     1692
     488
    
    
     0.0000
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     TC
     0
            
       CurrentAVDoc
          

     0.0000
     0
     2
     0
     0
     0 
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3d
     Quite Imposing Plus 5
     1
      

        
     1
     1
     0.0000
     0.0000
     0.0000
     0.0000
     164
     164
      

   1
  

 HistoryList_V1
 qi2base





