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AABSTRACT 
 

Mycobacterium tuberculosis is a very successful pathogen and tuberculosis constitutes 
a major threat to global health worldwide. The World Health Organization (WHO) 
estimates that almost nine million new cases and 1.5 million deaths occur annually and 
the situation is worsened by increased antibiotic resistance and an extreme synergism 
with the HIV pandemic. M. tuberculosis primarily affects the lungs where the infection 
can lead to either eradication of the bacteria or the initiation of an immune response 
that culminates in the formation of a large cluster of immune cells termed granulomas. 
In these granulomas, the bacteria can either replicate and cause disease with the 
ultimate goal of spreading to new hosts or cause latent tuberculosis, which can persist 
for decades. The tools available to manage the disease are currently suboptimal and 
include lengthy antibiotic treatments and an inefficient vaccine resulting in poor 
protection. On a cellular level, M. tuberculosis primarily infects the cell designed to 
recognize, ingest and eradicate bacteria, namely the human macrophage. Following 
recognition, the macrophage phagocytoses the bacterium and tries to kill it using an 
array of different effector mechanisms including acidification of the bacterium-
containing vacuole, different degradative enzymes and the generation of radicals. 
However, the bacterium is able to circumvent many of these harmful effects, leading 
to a tug-of-war between the bacterium and host macrophage. This thesis aims at 
studying the interaction between the human macrophage and M. tuberculosis to 
identify host factors critical for controlling growth of the bacteria. More specifically, it 
focuses on the role of an intracellular receptor protein called NLRP3 and its 
downstream effects. NLRP3 is activated in human macrophages infected by M. 
tuberculosis and upon activation it forms a multi-protein complex known as the 
inflammasome. This protein complex can induce the production of the 
proinflammatory cytokine IL-1β and specialized forms of macrophage cell death. We 
hypothesized that stimulating this pathway would have a beneficial effect for the host 
macrophage during infection with M. tuberculosis.  

To allow us to follow interaction between M. tuberculosis and the human macrophage, 
we first developed a luminometry-based method of measuring bacterial numbers and 
following bacterial growth over several days in infected cells. With this new assay we 
showed that low numbers of bacteria induced very low levels of IL-1β and failed to 
induce any type of cell death in the macrophage. However, when a critical number of 
bacteria were reached, the infected macrophages underwent necrosis, which was 
accompanied by high levels of IL-1β. We were also able to show that addition of 
vitamin D, which has been implicated as an important factor for increased killing 
capacity of infected macrophages, increased the production of IL-1β, which coincided 
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with increased killing of M. tuberculosis. This effect was seen specifically in cells 
from patients with active tuberculosis, suggesting that these cells are primed to 
respond to vitamin D and increased levels of IL-1β. Furthermore, we also showed that 
increasing production of IL-1β by stimulating infected macrophages with apoptotic 
neutrophils in turn drives the production of other proinflammatory cytokines. Lastly, 
we showed that gain-of-function polymorphisms in inflammasome components linked 
to increased inflammasome activation and IL-1β production promotes bacterial killing 
in human macrophages. In conclusion, the work presented in this thesis shows that by 
enhancing the functions of the inflammasome, it is possible to tip the balance between 
the human macrophage and M. tuberculosis in favor of the host cell. 
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PPOPULÄRVETENSKAPLIG 
SAMMANFATTNING 
 

Tuberkulos, en av världens vanligaste infektionssjukdomar, orsakas av bakterien 
Mycobacterium tuberculosis och nästan 1.5 miljoner människor dör årligen av 
sjukdomen. Läget förvärras ytterligare av att antibiotikaresistensen ökar och det 
faktum att bakterien har lättare att orsaka sjukdom hos HIV-positiva personer. 
Tuberkulos smittar främst genom att man andas in droppar som innehåller bakterier 
som sjuka individer hostar upp. Dessa droppar hamnar sedan i lungan där bakterien äts 
upp av en typ av vit blodkropp s.k. makrofager eller ”storätarceller”. Detta resulterar i 
vissa fall i att makrofagen lyckas döda bakterien, men många gånger lyckas bakterien 
överleva i den vita blodkroppen. Makrofagen utsöndrar då istället vissa signalämnen 
som drar till sig fler vita blodkroppar. Alla dessa vita blodkroppar bildar tillsammans 
en speciell struktur, s.k. granulom, som omsluter den infekterade cellen och försöker 
hindra bakterien från att sprida sig i kroppen. Bakterien kan nu antingen gå in i en 
slags dvala och vänta på bättre förutsättningar eller försöka ta sig ut från granulomet 
och sprida sig till nya individer. Det är när bakterien tar sig ut från granulomet som 
sjukdom faktiskt uppstår och individen börjar hosta droppar med bakterier som kan ta 
sig ner i lungorna hos nästa individ. För att motverka spridning av sjukdomen och 
försöka bota infektionen så finns både ett vaccin och antibiotikabehandling tillgänglig, 
men tyvärr har vaccinet visats sig ge dåligt skydd och antibiotikabehandlingen är 
väldigt lång med mycket biverkningar. Även själva diagnosticeringen av sjukdomen är 
svår och det tar lång tid innan man vet om patienten faktiskt lider av tuberkulos.  

En väldigt viktig faktor vid tuberkulos är samspelet mellan bakterien och makrofagen i 
lungan efter det att makrofagen har ätit bakterien. Denna avhandling undersöker 
samspelet mellan denna vita blodkropp och M. tuberculosis för att identifiera vilka 
faktorer som är viktiga för att förstärka makrofagens avdödningsförmåga. 
Avhandlingen fokuserar främst på en speciell molekyl inuti makrofagen som kallas 
NLRP3 och som aktiveras när makrofagen äter upp M. tuberculosis. Aktivering av 
NLRP3 leder i sin tur till utsöndring av ett signalämne som kan förstärka makrofagens 
avdödningsförmåga. Detta signalämne kallas IL-1β. För att studera samspelet mellan 
vita blodkroppar och bakterier, utvecklade vi först en metod för att mäta mängden 
bakterier inuti makrofager. Med denna metod har vi visat att bakterien inte aktiverar 
utsöndringen av signalämnet IL-1β förrän de blir tillräcklig många inuti makrofagen. 
När detta sker lyckas bakterierna döda cellerna de lever i genom en form av celldöd 
som kallas nekros och detta sker samtidigt som IL-1β utsöndras. Vi har också visat att 
genom tillsats av D-vitamin, som också fungerar som ett signalämne som förstärker 
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makrofagens funktioner, till infekterade celler kan man öka mängden utsöndrat IL-1β. 
D-vitamin förstärker samtidigt avdödningsförmågan hos makrofager från patienter 
som lider av tuberkulos men inte från individer utan tuberkulos. Vidare visar vi att 
andra sätt att stimulera NLRP3 och öka utsöndringen av IL-1β har positiva effekter på 
makrofagens funktioner. Stimulerar man infekterade makrofager med en annan typ av 
vita blodkroppar som redan är döda, så utsöndrar makrofagen ökade mängder av flera 
andra signalämnen som kan hjälpa till att öka avdödningsförmågan. Slutligen visar vi 
att vissa förändringar i arvsmassan som leder till att NLRP3-molekylen är konstant 
aktiverad ökar avdödningsförmågan hos infekterade makrofager. Tillsammans visar 
dessa studier hur man genom att stimulera ökad aktivitet hos NLRP3 och högre 
utsöndring av IL-1β kan få makrofager att bättre avdöda M. tuberculosis. Denna 
kunskap kan bidra till utvecklingen av nya läkemedel som specifikt kan stimulera 
makrofager till bättre avdödning samt en större förståelse vad som avgör om man blir 
sjuk eller inte när man utsätts för bakterien. 
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BBACKGROUND 
 

History of tuberculosis 
 

Tuberculosis is a disease caused by the bacterium Mycobacterium tuberculosis. It is 
one of the oldest known infectious diseases that has plagued mankind since the 
expansion of the modern human out of Africa (1-2), and archaeological findings have 
shown the presence of DNA from the bacterium in 1000-year old mummies from 
different places around the world (3-4). Records of tuberculosis date back to ancient 
times and the disease has been referred to as phthisis, consumption and “the white 
plague”. During the 17th, 18th and 19th century, the disease reached epidemic 
proportions due to increased urbanization, where factors such as crowded living 
conditions and malnutrition fueled the spread of the bacterium and in the beginning of 
the 19th century, death-rates due to tuberculosis in Stockholm were approaching 1000 
deaths per 100 000 inhabitants/year (5).  

The cause of the disease was unknown up until the 24th of March 1882 when the 
German physician Robert Koch announced that he had managed to isolate the 
causative bacterium M. tuberculosis (6), a feat for which he later received the Nobel 
Prize. The discovery led to renewed efforts to find treatments against the disease, but it 
was not until 1943 when another Nobel Prize laureate, Selman A. Waksman, 
discovered streptomycin that tuberculosis could be treated for the first time (7). Over 
the following 14 years, most antimycobacterial compounds currently in use today were 
discovered, including para-amino salicylic acid (PAS), which was first described by 
the Swedish physician and chemist Jörgen Lehmann (5). However, due to improved 
living conditions and to some extent the practice of sending tuberculosis patients to 
secluded and specialized nursing homes called sanatoria, a decline in mortality rates 
by tuberculosis was seen long before the introduction of antibiotics. Though this 
decline has continued to present time as living conditions have continued to improve, 
reduced mortality has mainly been confined to the Western world (5). Today, 
tuberculosis still remains a large threat against public health on a global scale and 
despite being an ancient disease, new challenges in the shape of antibiotic resistance 
and co-infection by HIV shows that this infectious disease is far from extinct. 
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Epidemiology 
 

WHO refers to the global burden of tuberculosis as still being enormous with 8.7 
million new cases and 1.4 million deaths in 2011, where one third of the fatalities were 
in HIV-positive individuals. Though incidence rates are slowly declining globally they 
remain high among low-income countries in Asia and Africa (Figure 1).  In addition, 
the countries with the highest incidence of tuberculosis also show the highest 
prevalence of HIV-positive tuberculosis patients (e.g. Sub-Saharan Africa), 
underlining the synergistic effect between tuberculosis and HIV (8). On a global scale, 
3-7% of all new tuberculosis patients and 20% of previously treated patients are 
thought to be infected with multi-resistant tuberculosis (MDR), meaning that the 
causative strain is resistant to the two first-line drugs isoniazid and rifampicin. 
Furthermore, 84 countries have to date reported at least one case of extensively drug 
resistant tuberculosis (XDR) which is defined as tuberculosis caused by strains 
resistant to the first-line drugs rifampicin and isoniazid as well as to fluoroquinolones 
and any of the second-line drugs such as amikacin, kanamycin and capreomycin (9). In 
2009, the first cases of totally drug resistant tuberculosis (TDR) were reported, where 
the strains tested were resistant to all tested first-line and second-line drugs (10). In 
Sweden, 645 cases of tuberculosis were reported in 2012, where 12 cases were 
identified as MDR and 2 cases as XDR. A large majority of the patients were foreign-
born residents from countries where tuberculosis is endemic (11). In summary, though 
WHO´s 2015 Millennium Development Goal of globally halting and reversing 
incidence of tuberculosis has been achieved, the 2050 Millennium Development Goal 
of eliminating tuberculosis is not going to be achieved according to the current 
prognosis (8).   

 

The bacterium 
 

M. tuberculosis is an intracellular bacterium whose preferred host cell is the human 
macrophage. It is a slow-growing and rod-shaped bacterium with a generation time of 
about 24 hours. It is classified as a Gram-positive bacterium, but has a cell wall with 
an additional outer layer of unusual lipids, mainly mycolic acid. This feature has been 
used to identify mycobacteria in the laboratory for over a century by using staining 
techniques referred to as acid-fast or Ziehl-Neelsen staining, first developed by Franz 
Ziehl and Friedrich Neelsen (12). 
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Evolution of Mycobacterium tuberculosis 
M. tuberculosis is part of a phylogenetically closely related complex termed M. 
tuberculosis complex (MTBC) of several mycobacterial species, that all cause 
tuberculosis in their respective host species (13-14). The similarity between members 
of the MTBC strongly suggests a common ancestor that over time has been transferred 
and adapted to different hosts. It was earlier thought that M. tuberculosis arose from 
M. bovis, which causes tuberculosis in cattle, around the time when man first 
domesticated cattle roughly 10 000 years ago. However, comparative genome analyses 
have shown that M. tuberculosis is unlikely to have been derived from its bovine 
counterpart, and the more likely scenario is that tuberculosis was actually transferred 
from man to animal (15). M. tuberculosis can be further subdivided into several strain 
lineages that are genetically distinct from each other. In fact, the average genetic 
distance between two human-adapted strains is equal to the average genetic distance 
between the animal-adapted strains, even though the latter have adapted to different 
host species. This diversity within M. tuberculosis can be tightly linked to migration 
events and demographic changes in human history, resulting in the fact that certain 
strain lineages of M. tuberculosis are overrepresented in specific parts of the world 
(16) and phylogeographic distribution of different strains suggest that they are 
particularly adapted to infect their sympatric human hosts (17). So far, seven major 
strain lineages of M. tuberculosis have been identified (18) and they can be roughly 

Figure 1. The global incidence of all forms of tuberculosis by country/region, 2011. 
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divided into ancient lineages and modern lineages, the former of which are genetically 
closer to a common ancestor than the modern ones. The modern lineages induce 
weaker inflammatory responses early in the disease, which might lead to faster 
progression and transmission, beneficial in modern times, where human populations 
are denser. The ancient lineages probably benefitted from staying latent until being 
able to infect a new generation of hosts within small human populations (19). Finally, 
a striking difference between M. tuberculosis and many other pathogens is that the 
most evolutionary conserved parts of the genome are in fact epitopes recognized by 
human T cells, implying that M. tuberculosis actually benefits from recognition by the 
human immune system (20). Taken together, the adaption of strains to particular 
groups of humans and to changes in the density of human populations indicates a close 
evolutionary relationship between host and pathogen. 

The mycobacterial cell wall 
Many of the characteristics of M. tuberculosis, as well as many of its virulent traits can 
be attributed to its unique cell wall composition. The mycobacterial cell wall consists 
of an outer segment and inner segment. The outer segment is mainly composed of free 
lipids, while the inner segment consists of peptidoglycan covalently linked to 
arabinogalactan, which in turn is attached to mycolic acid. This inner segment or cell 
wall core is referred to as the mycolyl-arabinogalactan-peptidoglycan complex (21). 
Throughout the cell wall, both cell wall proteins and lipoglycans can be found. These 
lipoglycans include phosphatidylinositol mannosides (PIMs) that upon additional 
glycosylation steps can form lipomannan (LM) and lipoarabinomannan (LAM). The 
PIMs, LM and LAM all attach non-covalently to the plasma membrane by their 
phosphatidyl-myo-inositol anchor from where they extend outwards (22). Though not 
being the only bioactive lipids present in the cell wall, PIM, LM and especially LAM 
has received a lot of attention due to their ability to modulate the host immune 
response. LAM can be further modified by addition of either mannose (ManLAM) or 
phosphoinositol (PILAM) caps, where the former are mainly found in pathogenic 
mycobacteria such as M. tuberculosis, while the latter are more associated with non-
pathogenic mycobacterial species. PILAM as well as the precursor LM can induce 
production of cytokines (interleukin (IL)-12, IL-8 and tumor necrosis factor (TNF)) as 
well as to induce apoptosis in macrophages, while ManLAM from pathogenic bacteria 
fails to do so (23-24). In fact, ManLAM from M. tuberculosis actively inhibit many 
important antimicrobial mechanisms in macrophages (25-27). Certain cell wall 
proteins, such as the 19 kDa lipoprotein, also act in a similar fashion, modulating the 
immune response of the host (28). 
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Mycobacterial secretion systems 
Mycobacteria do not only interact and modulate the surrounding environment through 
their cell wall components, but also by actively secreting proteins. Due to the rather 
complex mycobacterial cell wall, the majority of protein secretion in mycobacteria is 
achieved through a set of secretion systems unique to mycobacteria, termed type VII 
secretion systems or ESX systems. M. tuberculosis has five of these ESX systems, 
which are numbered ESX-1 through ESX-5 (29). Studies have shown that all of these 
systems arose through gene duplication of ESX-4, the only system that has orthologs 
in other types of bacteria (30). The typical substrates for type VII secretion systems are 
so called Esx proteins, which are secreted as dimeric complexes together with another 
type of Esx protein (31). However, other types of proteins, such as members of the PE 
and PPE proteins family can also be secreted through ESX systems (32). Genetic 
screens have shown that ESX-4 and ESX-2 are non-essential systems (33) and so far, 
no known function has been identified for either system.  ESX-3, on the other hand, is 
essential for M. tuberculosis and is known to secrete the heterodimeric complex 
EsxG/EsxH (31). ESX-3 and its substrates are thought to be involved in homeostasis 
of metals, such as zinc and iron (34). The most intensively studied ESX systems are 
the two remaining members, ESX-1 and ESX-5. A number of substrates have been 
identified for ESX-1, the most well studied being the 6-kDa early secreted antigenic 
target (ESAT-6) and 10 kDa culture filtrate protein (CFP-10) complex (35-36). The 
ESX-1 system is crucial for the early stages of infection by promoting both 
intracellular growth and cytolysis of macrophages. Deletion of ESX-1 and loss of 
subsequent protein secretion results in loss of virulence in M. tuberculosis (37-38). 
Avirulent strains of mycobacteria, such as the vaccine strain BCG or the commonly 
used lab strain H37Ra, are also characterized by deletion of the ESX-1 system and 
failure to secrete ESAT-6 (39-40). The ESX-5 system has a number of known 
substrates, including several PE and PPE proteins (41), perhaps making it the most 
versatile of the ESX systems.  Mutants lacking ESX-5 show mixed effects on cytokine 
production in macrophages, displaying both proinflammatory and anti-inflammatory 
properties, while the ability to grow intracellularly remains unaffected. This together 
with the fact that ESX-5 is dependent on the preceding actions of ESX-1 has led to the 
idea that ESX-5 is important at later stages of macrophage infection and perhaps at 
early stages of granuloma formation (42-44).  

 
Pathogenesis 
 

Several organs can be affected by tuberculosis but it is mainly a pulmonary disease. 
Bacteria are transmitted between hosts through small aerosols, which are formed 
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during coughing by patients with active tuberculosis. When inhaled by another 
individual, the bacterium will make its way into the lungs, where it will be recognized 
by resident alveolar macrophages. Following uptake, several scenarios are possible, 
where the outcome is dependent on multiple factors such as bacterial virulence and 
immune status or genetic determinants of the host. Bacteria can be eliminated, 
establish a characteristic latent infection, or the infection can progress to active 
tuberculosis. The risk of developing clinical tuberculosis after inhalation of M. 
tuberculosis is rather small and over 90% of those exposed either eliminate the 
bacteria, sometimes without developing adaptive immune responses, or become 
latently infected. Those who become latently infected have a 10% life-time risk to 
develop reactivation tuberculosis. Immune impairment, such as HIV co-infection, 
increases the risk considerably (45-46).  

After M. tuberculosis is recognized and taken up by the alveolar macrophage, the 
bacterium interferes with key antimicrobial mechanisms and can start replicating 
intracellularly. If the infected cell is unable to handle the infection it will produce a 
range of cytokines and chemokines that will attract additional monocytes, neutrophils 
and dendritic cells (DCs). Traditionally, this stage of infection is thought to promote 
bacterial growth, and it is not until adaptive immunity is initiated that bacterial 
numbers stabilize due to the strong macrophage activation of interferon (IFN)-γ 
produced by CD4+ cells arriving at the scene of infection (47). However, in recent 
years, several IFN-γ-independent macrophage stimulation pathways and mechanisms 
have also been shown to induce intracellular killing in human macrophages, 
suggesting that the battle between host and pathogen can be decided before 
involvement of adaptive immunity (48-50).  After arriving at the scene, immune cells 
of both the innate and adaptive immunity form the classical granuloma (Figure 2); a 
macroscopic structure with heavily infected macrophages surrounded by multinucleate 
(giant cells) and lipid-rich (foamy) macrophages located in the center. The 
macrophage-containing center can be further encapsulated by a layer of fibrous tissue 
with both B and T lymphocytes in the peripheral area. Other immune cells like 
neutrophils and DCs are also present in the granuloma. Granulomas are dynamic and 
heterogeneous structures with immune cells constantly trafficking in and out. 
Individual granulomas at any given time within a single patient might differ in several 
aspects including bacterial numbers, cellular composition, oxygen and nutrient levels 
and fibrosis. However, if bacterial growth is controlled, individuals can have 
granulomas present subclinically for decades (i.e. latent infection) but upon disease 
progression increased central necrosis is observed. Subsequent granuloma cavitation 
leads to spillage of bacteria into the airways of the infected individual, enabling 
transmission to a new host. The strong proinflammatory response and subsequent 
granuloma formation has long been considered to be beneficial for the host; a view 
that has been questioned during the last few years (47, 51-52). 
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Diagnosis and treatment 
 

Many infectious diseases are readily diagnosed and treated by antibiotics. Some 
diseases such as smallpox have even been completely eradicated through successful 
vaccination programs. Fast and reliable diagnostics, efficient treatment and a 
protective vaccine are ultimate goals in the fight against tuberculosis as well. 
However, the biology and pathogenesis of M. tuberculosis are coupled to several 
obstacles in achieving these goals. In the following section, diagnosis, treatment and 
prevention of tuberculosis will be discussed as well innate limitations and drawbacks 
with the currently used tools. 

Diagnosis  
Pulmonary tuberculosis, the most common manifestation of tuberculosis, is 
characterized by a number of clinical features including chronic cough, weight loss, 
fever and night sweats (53). In high-endemic regions, the presence of these symptoms 
together with chest radiography, sputum microscopy and culture are the currently 
recommended methods for diagnosis of active tuberculosis. Due to their cost-
effectiveness they are widely used in low-income countries, where the tuberculosis 
burden is greatest. However, these standard methods lack both in specificity and 
sensitivity or are very time consuming. Furthermore, they might not be available at the 
primary health clinics, where patients first seek medical care, nor allow the 
discrimination between sensitive strains and MDR/XDR tuberculosis (54). Molecular 
approaches to detecting tuberculosis and antibiotic resistance are routinely used in 

Figure 2. Following uptake of Mycobacterium tuberculosis by an alveolar macrophage 
(upper left corner), the infected cell initiates an inflammatory response, leading to the 
recruitment of additional residential macrophages that form a very early granuloma. This 
early structure is rapidly infiltrated by additional innate cells migrating from adjacent blood 
vessels. Following the initiation of adaptive immune responses, lymphocytes are recruited 
from local lymph nodes and at later stages the whole structure can be encapsulated by fibrotic 
tissue. The bacteria are primarily present in the center of the granuloma where they are 
continuously being phagocytosed by macrophages. This central region is lined with additional 
macrophages, including characteristic multinucleated “giant cells” and lipid-rich “foamy” 
macrophages. As the disease progresses, bacterial replication is no longer controlled and the 
center of the granuloma starts showing signs of widespread macrophage necrosis. At a 
critical point, the immune system fails to enclose the infection and the granuloma 
disintegrates, spilling bacteria into the airways and enabling the infection of new hosts. 
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high-income countries, but the cost and the specialized staff and facilities required 
have been a major obstacle for implementing molecular assays globally. 

New and more rapid diagnostic tools are however becoming available also in high-
endemic countries. WHO endorses several newly developed methods, including 
Xpert® MTB/RIF technology (8), a real-time PCR-based method where sample 
preparation, amplification and detection are done in one single cartridge, excluding the 
need of biosafety facilities or highly trained staff. It also includes probes able to detect 
rifampicin resistance, which often is coupled with resistance to isoniazid (55). The 
ability to detect both bacteria and resistance within 100 minutes is expected to shorten 
the time-to-treatment in both sensitive and MDR cases of tuberculosis and since 
WHOs endorsement of the technology, 1.1 million tests have been used (8). Other tests 
endorsed by WHO include the microscopic-observation drug-susceptibility (MODS) 
assay, which detects M. tuberculosis on the basis of cording formation and 
simultaneously tests for rifampicin and isoniazid resistance. The MODS assay has 
increased sensitivity and is approximately twice as fast compared to conventional 
culture methods (56).   

Though diagnosing active tuberculosis and identifying transmitting index cases are 
major objectives in the fight against global tuberculosis, diagnostics of tuberculosis 
also include the large reservoir of asymptomatic, latently infected individuals. 
Identifying and treating latent tuberculosis is mainly done in groups where the 
prevalence of latent infection is high, such as house-hold contacts to patients with 
active tuberculosis or where the risk of reactivation is high, such as in HIV-positive 
individuals or in patients receiving immunosuppressant therapy. Since detection of the 
actual bacteria is rarely possible in latent tuberculosis, testing for latent tuberculosis is 
done by immunological tests. The most widely used, the tuberculin skin test (TST) has 
been around for over a century. It is based on the injection of purified protein derivate 
(PPD) from mycobacteria in the skin of the person to be tested. The subsequent skin 
reaction is then measured and considered either positive or negative. The major draw-
back of TST is that PPD contains a crude mixture of antigens non-specific to M. 
tuberculosis, and is therefore unable to distinguish between environmental 
mycobacteria and M. tuberculosis. Furthermore, the test also reacts if the individual 
has received vaccination against tuberculosis in the form of Bacillus Calmette–Guérin 
(BCG). To circumvent this, IFN-γ release assays (IGRAs) are now used as the gold 
standard to identify latent tuberculosis. It is based on the recognition of the M. 
tuberculosis-specific antigens ESAT-6 and CFP-10 by peripheral blood mononuclear 
cells (53). However, due to the increased cost of IGRAs compared to TST, it is not 
recommended to replace TST with IGRAs in resource-constrained countries. The 
immunological nature of these tests makes them incapable of separating latent 
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infection from active tuberculosis and the reliability is affected in HIV-positive 
individuals with low CD4+ T cell counts (8, 57).  

Treatment 
The standard treatment of active tuberculosis consists of an initial phase on a four 
drug-regimen with the first-line drugs isoniazid, rifampicin, pyrazinamide and 
ethambutol for two months followed by a continuation phase of four months with only 
isoniazid and rifampicin. The lengthy treatment is often associated with failure to 
complete the treatment, increasing the risk of developing antibiotic resistance. In an 
effort to avoid this, WHO recommends the use of the directly observed treatment, 
short-course (DOTS) program, where patient compliance is monitored by an 
independent observer (8, 58).  In cases of MDR tuberculosis, the recommendation is a 
specialized regimen of at least four different second-line drugs for 18 months. For 
latent tuberculosis, a preventive therapy with isoniazid for nine months has long been 
the standard, but combination therapy with isoniazid and rifapentine for three months 
has been shown to be as effective as the nine-month regimen (59). The emergence of 
MDR strains means that future control of tuberculosis requires new and more effective 
drugs active against M. tuberculosis. Fortunately, several new drugs specifically 
designed against M. tuberculosis are currently in the development pipeline, including 
the promising ATP synthase inhibitor TMC-207, which increases sputum conversion 
in MDR patients (53).  

Vaccination 
In order to reach WHOs 2050 Millennium Development Goal of eradicating 
tuberculosis, improved diagnostics and improved chemotherapy is not sufficient. To 
reduce the global incidence, the preventive actions of an effective vaccine is needed 
(8). The current vaccine against tuberculosis, BCG, is the most widely used vaccine 
throughout history with four billion doses being administered since it was first 
described in 1927. It is a live attenuated strain of M. bovis, which is effective in 
preventing disseminated forms of tuberculosis in children. However, the efficacy of 
preventing transmittable pulmonary tuberculosis in adults is low. The development of 
new vaccines against tuberculosis has proven to be challenging for several reasons. 
The intracellular nature of M. tuberculosis requires a robust cellular immune response, 
where most successful vaccines boost humoral immunity. The fact that M. tuberculosis 
expresses different antigens during the different stages of its lifecycle, and our poor 
understanding of what factors truly correlates with protective immunity in tuberculosis 
have thwarted the development of a new vaccine. Additionally, since latent 
tuberculosis might reactivate in immunocompromised hosts (e.g. HIV-positive 
individuals), a new vaccine will have to not only confer life-long control but also 
sterilizing immunity against the bacteria. Much alike the antimycobacterial drugs, 
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there has been an enormous development in the field of tuberculosis vaccines in the 
last decade. Twelve individual vaccines are currently being tested in the field and 
consist of both new live vaccines and booster vaccines to complement BCG 
vaccination (60). 

 

Pathogen recognition in tuberculosis 
 

Innate immunity consists of both resident tissue cells such as macrophages, mast cells 
and denditric cells, and of circulating cells like monocytes and neutrophils. Their role 
is to detect and react upon danger signals from invading pathogens or tissue damage 
and to initiate an appropriate inflammatory response. These signals are referred to as 
pathogen-associated molecular patterns (PAMPs), which are conserved structures 
shared by many pathogens, such as microbial nucleic acid, carbohydrates, or 
damage/danger-associated molecular patterns (DAMPs), e.g. ATP released from dying 
cells. The signals are detected by a large group of surface-expressed and intracellular 
receptors, collectively referred to as pathogen recognition receptors (PRRs). Many 
PPRs act primarily as signaling receptors, but some of them are also involved in the 
phagocytic uptake of the bacterium. In the following section, some of the most 
important PRRs in human macrophages capable of recognizing M. tuberculosis will be 
discussed. 

C-type lectins and complement receptor 3 
The mannose receptor (MR) is a carbohydrate-binding receptor that is part of a large 
superfamily of proteins known as C-type lectins. It is expressed at the surface of 
human macrophages and dendritic cells and, as the name implies, it is able to 
recognize the mannose-capped ManLAM (61). Since ManLAM is present primarily on 
virulent bacteria, this route of uptake is mainly coupled to virulent strains including M. 
tuberculosis (62). However, if different ManLAM-expressing strains are compared, a 
difference in MR-mediated uptake can be seen, suggesting that there is a subtle 
heterogeneity in ManLAM between strains or that the MR is able to recognize closely 
related PIMs with mannose cap-like structures (63-64). MR lacks cytoplasmic 
signaling motifs and upon recognition of ligands, MR does not seem to induce a signal 
on its own, but rather facilitate the recognition of the ligand by other receptors (65). 
Binding of mycobacteria to MR can modulate the immune response by increased 
levels of IL-8 or decreased levels of IL-12 (66-67). More importantly, uptake of M. 
tuberculosis through MR does not lead to killing of the bacterium in human 
macrophages (68) or reduced bacterial numbers in vivo in mice (69). Instead, MR-
mediated uptake seems to enhance the ability of the bacteria to inhibit fusion between 
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the phagosome and lysosomes, which is an important part of the cell’s antimicrobial 
function (70).   

Another receptor important for uptake of bacteria including M. tuberculosis is 
complement receptor 3 (CR3). It belongs to the integrin superfamily and is expressed 
on innate phagocytic cells where it recognizes a range of ligands including 
complement fragment iC3b. It is the most important complement receptor for uptake 
of M. tuberculosis and accounts for most of the phagocytosis of complement-
opsonized mycobacteria (71), but can also bind to and induce phagocytosis of non-
opsonized bacteria (72). In contrast to other complement-opsonized preys, which 
induce an increase in intracellular calcium concentration upon uptake through CR3, 
complement-opsonized M. tuberculosis uptake through CR3 does not increase 
intracellular calcium concentrations. This calcium inhibition is coupled to decreased 
phagolysosomal fusion and increased survival of the bacteria (73). Non-opsonic 
uptake of M. tuberculosis by CR3 is thought to play a role in the very initial uptake by 
alveolar macrophages, where complement components are absent. However, non-
opsonic uptake of M. tuberculosis by CR3 does not lead to intracellular killing in 
macrophages (74). 

Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-
SIGN) is another C-type lectin which has been studied in the context of mycobacterial 
infections. It was first described as a receptor for HIV, but has been shown to 
recognize a range of pathogens. It is mainly expressed on the surface of DCs, but can 
also be found on certain subsets of macrophages including alveolar macrophages (75). 
DC-SIGN, as MR, recognizes ManLAM from virulent strains of mycobacteria and is 
the major receptor for uptake of M. tuberculosis in DCs. Interestingly, DCs also 
express MR and CR3, but these are to a large extent neglected by the bacteria when 
interacting with DCs. Though the intracellular fate of M. tuberculosis differs between 
human macrophages and DCs, perhaps due to the difference in uptake routes, binding 
and uptake through DC-SIGN can have an anti-inflammatory effect with increased 
production of IL-10 (76).   

A third C-type lectin implicated during mycobacterial infection is dectin-1. It is 
expressed on several different cell types including macrophages, DCs and neutrophils. 
It recognizes β-glucans and has been extensively studied in fungal infections, where it 
contributes to phagocytosis and production of inflammatory cytokines (77). It is still 
not entirely clear which mycobacterial ligands are recognized by dectin-1, but dectin-1 
together with Toll-like receptor (TLR) 2 increases the production of TNF during 
mycobacterial infection (78). Stimulation of dectin-1 with β-glucans during 
mycobacterial infection also leads to increased levels of intracellular reactive oxygen 
species (ROS) and inhibits intracellular growth of mycobacteria (79). However, this is 
only seen with non-virulent bacteria, since neither TNF production nor intracellular 
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growth in β-glucan stimulated cells is affected by virulent M. tuberculosis (78-79), 
suggesting that virulent mycobacteria modulate binding to or signaling by dectin-1. 
This observation is strengthened by in vivo studies in dectin-1 knock-out mice, where 
dectin-1 have little effect on the inflammatory response or outcome of the infection 
(80).    

Toll-like receptors 
Toll-like receptors are the true archetypes of PRRs and play a crucial role in the 
initiation of pathogen-induced inflammatory responses. The discovery of TLRs comes 
from the discovery of the Toll gene in Drosophila and these receptors are highly 
conserved in both vertebrates and invertebrates. In human innate immune cells, there 
are 10 TLRs, each with their own ligand specificity and cellular localization. TLR3, 
TLR7, TLR8, TLR9 are usually present in intracellular compartments, such as 
endosomes, while TLR1, TLR2, TLR4, TLR5, TLR6 and TLR10 are cell-surface 
receptors. All TLRs are membrane receptors with an N-terminal ligand binding 
domain protruding into the extracellular space or endosomal compartment, a 
transmembrane helix and a C-terminal signaling domain. The N-terminal domain of all 
TLRs consists of a number of identical motifs named leucine-rich repeats (LRR), 
which form a horseshoe-shaped structure and is responsible for ligand recognition 
(81). Generally, the cell-surface TLRs are more involved in the recognition of bacteria, 
fungi and parasites, while the endosomal members detect viral ligands. TLR4, together 
with co-receptors, detects lipopolysaccharide (LPS) from Gram-negative bacteria, 
while TLR2, in concert with either TLR1 or TLR6, detects a range of PAMPs 
including peptidoglycan, fungal zymosan and LAM from mycobacteria. TLR5 
recognizes flagellin from bacterial flagella and the endosomal TLR9 can detect 
unmethylated CpG motifs of microbial DNA (82). 

Upon interaction between a TLR and its ligand, the receptor initiates a signaling event 
through its cytosolic Toll/IL-1 receptor (TIR) domain. As the name implies, the TIR 
domain is also found in members of the IL-1 receptor family and usually interacts 
homotypically with other TIR domains in associated adaptor proteins. The TIR domain 
of all TLRs, except TLR3, activates the adaptor protein MyD88 directly or through 
additional adaptors. MyD88 then recruits members of the interleukin-1 receptor-
associated kinase (IRAK) family and the signal is relayed downstream to transcription 
factors, such as interferon regulatory factors (IRFs), mainly involved in the response to 
viral infections, and nuclear factor kappa B (NF-κB) (83). NF-κB consists of the 
subunits p50 and p65, and in resting cells, NF-κB is bound to its endogenous inhibitor 
(IκB). Upon stimulation of TLRs and downstream signaling, IκB kinase (IκK) is 
activated and promotes phosphorylation of IκB, releasing IκB from NF-κB and 
targeting it for proteasomal degradation. Upon dissociation from IκB, NF-κB reveals 
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its nuclear translocation domain and enters the nucleus where it exerts its functions. 
NF-κB induces the activation and transcription of over 150 genes with a wide range of 
effects, including many proinflammatory cytokines (84). 

Mainly TLR2, TLR4 and TLR9 are involved in sensing M. tuberculosis. TLR2 senses 
several mycobacterial glycolipids including LAM and PIM precursors as well as the 
mycobacterial 19 kDa lipoprotein, which can be released in the form of membrane 
vesicles (85). TLR4 recognizes heat-shock proteins released from the bacteria (86), 
while TLR9 responds to mycobacterial DNA (87). The fact that TLRs sense bacteria 
and induce production of proinflammatory cytokines in vitro is clear, while the actual 
importance of the subsequent events is somewhat controversial. Some in vivo 
experiments using knock-out mice and BCG or mycobacterial antigens have shown 
that TLR2 is important for control of bacterial growth and TLR4 and TLR9 for the 
ability to mount an effective Th1 response (88-89). However, low-dose infection with 
virulent M. tuberculosis in mice deficient in either TLR2 or TLR4 does not lead to 
increased susceptibility or decreased immune responses (90). Since several TLRs are 
involved in sensing M. tuberculosis, it would be possible that the loss of a single TLR 
could be compensated by other TLRs, but mice that lack all three TLRs associated 
with mycobacterial recognition (TLR2, TLR4 and TLR9) still control bacterial growth 
and are able to mount an IFN-γ dependent antibacterial response (91). In contrast, 
mice deficient in the adaptor protein MyD88 quickly succumb to mycobacterial 
infection, showing that MyD88 is crucial for resistance to M. tuberculosis, but perhaps 
through its ability to relay signals from other receptors e.g. members of the IL-1 
receptor family (91-92). The exact role of TLRs in human tuberculosis still needs to be 
elucidated, but studies have shown a direct antimicrobial effect upon TLR2 stimulation 
in human alveolar macrophages (93). A recent meta-analysis of studies concerning two 
of the most widely studied polymorphisms in the TLR4 gene (D299G and T399I) and 
susceptibility to tuberculosis showed no association between these polymorphisms and 
the disease (94). In contrast, another recent meta-analysis showed a difference in 
susceptibility to tuberculosis associated with common polymorphisms in both TLR2 
(G2258A) and its associated TLRs, TLR1 (G1805T) and TLR6 (C745T) (95). Though 
not all possible single-nucleotide polymorphisms (SNPs) were investigated and the 
number of studies included in the meta-analyses was rather limited, this suggests that 
TLR2 signaling has a greater impact in human tuberculosis susceptibility than TLR4 
signaling.  

Nucleotide-binding oligomerization domain-like receptors  

Nucleotide-binding oligomerization domain-like receptors (NLRs) are a family of 
intracellular receptors containing over 20 different members. NLRs are highly 
conserved and mammalian NLRs bear resemblance to a subgroup of disease-resistance 
genes in plants. The common denominators in all NLRs are the LRR domain, which 
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they share with TLRs, and a central nucleotide-binding NACHT domain, hence the 
name of the family. NLRs can be further divided into subfamilies depending on their 
N-terminal effector domain. Though at least four different subfamilies have been 
identified, two of them are the major sensors involved in pathogen recognition; the 
NLRCs, with an N-terminal caspase recruitment domain (CARD) and the NLRPs, 
with an N-terminal pyrin domain (PYD) (96). The different protein domains of the 
NLR interact with each other, keeping the non-active NLR in an autoinhibited and 
closed conformation until binding of the ligand (97-98). This suppressive, but signal-
competent, conformation has been proposed to be stabilized by the regulatory proteins 
SGT1 and heat-shock protein 90 (HSP90) (99). Upon ligand recognition by the LRR 
domain, the regulatory proteins dissociate and the autoinhibitory conformation is 
changed, exposing the central NACHT domain, and the NACHT domains of several 
identical NLRs undergo homotypic oligomerization in an ATP-dependent manner, 
facilitating the recruitment of downstream adaptor proteins (100-101). The general 
structure and activation of NLRs is depicted in Figure 3. 

Among the NLRCs, the most studied members are Nod1 and Nod2. Nod1 and Nod2 
primarily recognize fragments of peptidoglycan, a major constituent of the bacterial 
cell wall. More specifically, Nod2 senses muramyl dipeptide (MDP), present in 
virtually all bacteria, while Nod1 recognizes diaminopimelic acid (DAP), an unusual 
amino acid mainly found in Gram-negative bacteria (102).  When activated, both Nod1 
and Nod2 oligomerize and recruit the kinase RICK/RIP2 through CARD-CARD 
interaction, forming what is sometimes referred to as a Nodosome. RICK/RIP2 in turn 
binds a subunit of IκK, which subsequently leads to the activation of NF-κB (103). In 
addition to NF-κB activation, both Nod1 and Nod2 can induce autophagy, a conserved 
system for degradation of cytoplasmic content, in a RICK/RIP2-independent manner 
(104-105). In tuberculosis, the recognition of mycobacterial MDP by Nod2 has been 
implicated to play a role. Virulent M. tuberculosis activates Nod2, leading to the 
generation of type I interferons (IFN-α/IFN-β) (106) and silencing of Nod2 in human 
macrophages decrease cytokine production and increases bacterial growth (107). 
Studies in vivo have demonstrated that Nod2, despite adding to the production of 
proinflammatory cytokines, is redundant early in the course of the infection, while 
contributing to lower bacterial numbers during later stages (108-109).  

The NLRPs are the largest of the NLR subfamilies with 14 members identified. They 
are expressed in various tissues and most of them can be found in cells of the 
reproductive organs (110). NLRP1b was the first of the NLRPs to be discovered and 
was identified due to its pyrin domain. The pyrin domain is a member of a larger death 
domain-fold superfamily, whose members typically interact with other identical 
domains e.g. PYD-PYD or CARD-CARD interactions (111). It was later discovered 
that NLRP1b, together with other proteins, was able to form an intracellular protein 
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complex, termed inflammasome, responsible for the processing of proIL-1β into its 
active form (112). NLRP1b mainly reacts to anthrax lethal toxin (LT) (113) and a 
potential role in tuberculosis is still to be shown. NLRP3 represents the most studied 
NLRP and like NLRP1b, NLRP3 also forms an inflammasome (114).  However, 
NLRP3 shows a more restricted expression pattern than NLRP1b and is mainly found 
in immune cells (115), suggesting a more central role in immunity and inflammation. 
This is further highlighted by the large number of NLRP3 activators so far identified. 
NLRP3 responds upon endogenous DAMPs like extracellular ATP and monosodium 
urate, environmental irritants such as silica and asbestos and PAMPs such as pore-
forming toxins, intracellular bacteria and virus (116). Inflammasome assembly and the 
role of NLRP3 during tuberculosis will be discussed in later chapters.  

Figure 3. The left part of the figure shows the functional protein domains of two different 
subfamilies of NLRs with the basic structure of a TLR for comparison. The C-terminal LRR 
domain is thought to be involved in ligand recognition, the central NACHT domain in 
oligomerization of several identical NLRs, while the N-terminal domain recruits additional 
adaptor proteins. The right part of the figure shows a hypothetical model for activation of 
NLRs. The NLR is kept in a suppressive, but signaling-competent state by the proteins SGT1 
and HSP90. Upon recognition of a stimulus, these regulatory proteins dissociate and the NLR 
assumes an open conformation enabling ATP-dependent oligomerization and recruitment of 
adaptor proteins. 
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The understanding of the role of other NLRs in immune responses during infections is 
still incomplete but non-inflammasome NLRPs such as NLRP6, NLRP10 and 
NLRP12, which are also expressed in myeloid cells, are involved in the regulation of 
NF-κB activation, IL-1β release, antigen presentation and intestinal homeostasis (117). 
Genetic studies in humans have clearly shown that polymorphisms in NLRs can be 
tightly linked to a number of inflammatory disorders (114, 118), but except for a few 
studies conducted on common polymorphisms in the Nod2 gene (119), the impact of 
NLR polymorphisms in infectious diseases and tuberculosis is still unknown. 

 

Macrophage effector functions and 
Mycobacterium tuberculosis 
 

Following recognition and uptake of M. tuberculosis, the host cell initiates a number 
of responses to limit bacterial replication and spread with the ultimate goal of killing 
the bacteria, thus eradicating the infection. Most pathogenic bacteria have numerous 
ways to counteract these responses and M. tuberculosis is particularly adept in 
interfering with macrophage function. The following section will highlight different 
macrophage functions, their role in tuberculosis and how they are affected by the 
bacterium.   

Cytokine response 
Host defense against all invading pathogens, as well as the subsequent resolution of 
inflammation, rely on the induction and the effects of a plethora of cytokines. Many of 
them are produced by the human macrophage and act both as a link to the adaptive 
immunity and to enhance macrophage effector functions. Many cytokines play a role 
when mounting an appropriate immune response against M. tuberculosis. However, 
this section will focus on those cytokines that are produced by the macrophage or are 
critical for macrophage function. TNF, IFN-γ and the interleukins IL-6, IL-10 and IL-
12 will be discussed. The members of the IL-1 family and especially IL-1β will be 
discussed in later chapters.  

TNF is produced mainly by macrophages upon NF-κB activation e.g. through TLR 
stimulation and plays a part in a number of different processes including programmed 
cell death (apoptosis) and the recruitment and activation of immune cells (120). The 
effects of TNF on macrophages are beneficial for the host by increasing mycobacterial 
killing in the cell (121). M. tuberculosis is able to decrease the stability of TNF mRNA 
in human macrophages and to actively inhibit secretion of the protein (122-123). The 
recruitment of cells through TNF is important for granuloma formation and 
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maintenance, and mice lacking TNF display disorganized granulomas and quickly 
succumb to infection (124). The importance of TNF signaling during tuberculosis has 
also been demonstrated in recent years by the fact that biological anti-TNF agents, 
used to treat autoimmune diseases, increase the risk of developing tuberculosis and 
dissemination of the disease (125). Despite a clear protective role, dysregulated and 
excessive production of TNF can lead to chronic inflammation and wasting (120) and 
result in host-detrimental immunopathology during mycobacterial infections (126).  

In experimental tuberculosis, a strong Th1-dominated immune response with IFN-γ-
producing CD4+ T cells is necessary for protection. In murine macrophages, IFN-γ has 
many effects, including upregulation of inducible nitric oxide synthase (iNOS), which 
in turn generates nitric oxide (NO) and reactive nitrogen species (RNS) capable of 
killing M. tuberculosis (127). The necessity of IFN-γ has also been clearly 
demonstrated in vivo, where mice lacking IFN-γ are extremely sensitive to 
tuberculosis, displaying both increased tissue destruction and bacterial load (128). To 
counteract this important cytokine, M. tuberculosis, through its 19 kDa lipoprotein and 
certain cell wall components, has the ability to inhibit the effects of IFN-γ on 
macrophages e.g. the induction of specific IFN-γ responsive genes (129). The 
importance of IFN-γ in humans was early shown by the finding that individuals, who 
have deficiencies in IFN-γ signaling, have increased susceptibility to mycobacterial 
infections (130). However, the ability to induce mycobacterial killing in human 
macrophages through IFN-γ in vitro has been more of a theoretical idea than a well-
established phenomenon. Recently this has been clarified by studies showing that 
human macrophages stimulated with IFN-γ also require the presence of active vitamin 
D, which leads to increased expression of antimicrobial peptides, increased 
phagolysosomal fusion and enhanced killing of M. tuberculosis (131). Due to its 
crucial role in tuberculosis, IFN-γ has commonly been used as a marker for effective 
immunity against tuberculosis, but the correlation between the levels of IFN-γ and 
protection is poor (132).  

IL-12, IL-6 and IL-10 are all produced by professional phagocytes, such as 
macrophages, and these cytokines play a role during tuberculosis. The main role of IL-
12 in tuberculosis is to stimulate the release of IFN-γ from CD4+ T cells, and both 
mice and humans deficient in either IL-12 signaling or expression of the p40 subunit 
are more susceptible to mycobacterial infections. Mycobacterial LAM can also inhibit 
TLR-induced IL-12 in macrophages, which decreases the IFN-γ production of the host 
(133). The anti-inflammatory cytokine IL-10 can exert its function directly on 
macrophages and counteracts the effects of both TNF and IL-12, leading to lower IFN-
γ levels and less responsive macrophages. IL-10 can block phagosomal maturation in 
infected human macrophages and mice lacking IL-10 are more resistant to 
tuberculosis. Furthermore, hypervirulent strains of M. tuberculosis induce increased 
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levels of IL-10, suggesting that the bacterium uses this endogenous signal to its own 
advantage (134). On the other hand, during later stages of M. tuberculosis infection in 
mice, IL-10 seems to play a protective role by decreasing pulmonary inflammation and 
tissue damage (135), showing that a complete loss of IL-10 is detrimental to the host. 
IL-6 is a pleiotropic cytokine affecting a number of tissues and is produced by 
macrophages infected with M. tuberculosis. Mice lacking IL-6 have a higher bacterial 
burden in their lungs and impaired IFN-γ production early in the infection, suggesting 
a beneficial role for IL-6 in tuberculosis (136). As opposed to this, IL-6 can also 
inhibit IFN-γ stimulated gene transcription in macrophages, indicating that M. 
tuberculosis might benefit from the production of IL-6 (137). Though the importance 
of IL-6 in tuberculosis is still not completely understood, it is not crucial for protection 
against tuberculosis and supposedly plays a more regulatory role.  

Macrophage activation and polarization 
Being resident in tissues, the human macrophage does not only function as the first 
line of defense against infections, but also play a part in tissue homeostasis and 
remodeling. To execute these diverse functions, a great deal of plasticity is required 
and macrophages can be differentiated into the “classically activated” phenotype (M1) 
and the “alternatively activated” phenotype (M2). M1 macrophages are induced by a 
typical Th1 milieu, such as IFN-γ and TLR ligands, while M2 is induced by a number 
of stimuli, including Th2 cytokines. The M1 macrophage further drives a Th1 
response, produces proinflammatory cytokines and high levels of NO (at least in mice) 
and is well adapted to handle microbes. The M2 macrophage, on the other hand, is 
more involved in the protection against parasites, has a high phagocytic capacity with 
high expression of scavenger receptors and acts as a regulator of the immune response 
(138). The M2 phenotype can be further divided into subtypes depending on the 
stimuli and specific effector functions. The M2a (alternative) subtype is mainly 
induced by IL-4 and IL-13, produces IL-10, IL-1 receptor antagonist (IL-1Ra) and is 
implicated in parasite control and allergy. M2b (type II) macrophages are induced by 
immune complexes together with IL-1 receptor (IL-1R) or TLR agonists. The 
proinflammatory stimuli for M2b macrophages are reflected in their cytokine 
production, which is characterized by both proinflammatory cytokines like TNF and 
IL-6 as well as high levels of anti-inflammatory IL-10 (coupled with low IL-12 
production). The mixed cytokine profile of M2b macrophages gives them an 
immunoregulatory function. The third M2 subtype, M2c (deactivated), is induced 
primarily by IL-10 and also produces IL-10 together with another anti-inflammatory 
cytokine, transforming growth factor β (TGF-β), which has immunosuppressive effects 
and is involved in tissue remodeling (139). The different subtypes of M2 as well as M1 
macrophages can be distinguished by the expression pattern of a number of surface 
markers. The strict classification of macrophages into these categories has been 
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questioned and might not represent the true plasticity of these cells (140). It is very 
likely that an infinite number of macrophage phenotypes exist between the M1 and M2 
extremes and that in vivo, macrophages are constantly adapting to meet the specific 
challenges at any given time point. 

An efficient immune response against M. tuberculosis is foremost dependent on M1 
macrophages induced by IFN-γ and recognition of the bacterium, but as a part of a 
successful immune response, anti-inflammatory factors and M2 macrophages are 
needed to carefully balance inflammation and avoid unnecessary tissue damage and 
pathology. However, these protective actions can be exploited and promoting M2 
macrophages, while inhibiting M1 effector mechanisms would be beneficial for the 
bacteria. As mentioned earlier, M. tuberculosis can actively inhibit the actions of IFN-
γ and induction of an M1 program by interfering with the cytokine network. The 
beneficial effect for the bacteria of inducing a more Th2-dominated response is shown 
by the fact that M2 macrophages are less responsive to IFN-γ and produce less NO 
during infection (141). The same diminished NO production can be seen in the lungs 
of transgenic mice with macrophage-specific overexpression of IL-10 (i.e. M2 
macrophages). These mice succumb faster to the infection and have higher bacterial 
burden compared to control mice (142). In humans, Th2 cytokines are produced during 
active disease, and patients undergoing successful treatment have a transcriptional 
switch from a Th2- to a Th1-dominated expression profile in pulmonary cells (143), 
strengthening the idea that M. tuberculosis to some extent skews the local immune 
response towards a more beneficial Th2/M2 milieu. 

Phagosomal maturation 
After phagocytic uptake, which in itself is a complex network of signaling cascades 
and actin rearrangement events (144), the bacterium ends up in an internalized 
phagosome. This phagosome will through a number of interactions with other parts of 
the intracellular trafficking and transport machinery (endocytic pathway) acquire 
different proteins and markers until it finally fuses with a lysosome. (145). The 
regulation of phagolysomal maturation is largely dependent on two families of 
proteins; Rab GTPases and SNAREs. Rab proteins function primarily as tethering and 
docking proteins, thereby enabling the SNAREs to actually fuse the membranes of the 
phagosome and endosome/lysosome (146).   

The initial phagosomal membrane is identical to the plasma membrane of the cell but 
shortly after internalization it interacts with early endosomes. These early endosomes, 
or sorting endosomes, have the ability to direct the ingested prey back to the plasma 
membrane through recycling endosomes or for further degradation by redirecting it to 
late endosomes. Early endosomes are mildly acidic (pH around 6) and are identified by 
the presence of Rab5 and the early endosomal antigen 1 (EEA1) protein (145). Rab5 
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and EEA1 enable the early endosome to interact with the SNARE protein syntaxin 6 
on target membranes, leading to fusion of the membranes (147). The early 
Rab5/EEA1-containing phagosome develops into a late phagosome, which has 
acquired a different set of proteins, such as lysosomal-associated membrane proteins 
(LAMPs), hydrolytic enzymes and has a lower pH compared to the early phagosome 
(145). A hallmark during the progression from an early to a late phagosome is the so 
called Rab-switch, where Rab5 is replaced by Rab7 as the phagosome makes its way 
from the periphery of the cell towards more centrally located lysosomes (148). This 
switch has been proposed to be initiated by the activation of Rab7 by Rab5. Rab7 
subsequently activates more Rab7, while simultaneously suppressing and removing 
Rab5 (149). The late phagosome undergoes several transient fusions, so called “kiss-
and-run”, and thereafter full fusions with additional late endosomes and lysosomes 
until it finally becomes a fully matured phagolysosome (150).  

After the final step of fusing with lysosomes, the phagolysosome has acquired several 
characteristics such as low pH (4.5-5.5), hydrolytic enzymes and high levels of ROS, 
all designed to aid in the degradation of the ingested prey. The lowering of pH during 
the process of phagosomal maturation is accomplished through the continuous 
recruitment of vacuolar ATPases. The vacuolar ATPase consists of two major 
complexes; V1 complex and V0 complex. The V1 complex hydrolyses ATP, enabling 
the V0 complex to pump H+ into the lumen of the phagosome, lowering its pH. This 
acidification in itself leads to an unfavorable environment for many ingested microbes 
and is a requirement for the full activation of the cathepsin family of acidic proteases, 
which are important for the antimicrobial function of the phagolysosome (151). These 
proteases are joined by a number of additional proteins that either deprive the microbe 
of essential nutrients required for bacterial growth or have direct antimicrobial effects. 
Examples of the previous include the scavanger lactoferrin, which sequesters iron in 
the phagolysosomal lumen, and natural resistance-associated macrophage protein 1 
(NRAMP1), which can actively transport metal ions, such as Fe2+ and Zn2+ from the 
lumen with the help of the proton gradient created by the vacuolar ATPase. Direct 
antimicrobial effects are accomplished by small antimicrobial peptides, such as 
defensins and cathelicidins, which both induce permeabilization of bacterial 
membranes. The maturing phagosome also sequentially acquire a number of additional 
peptidases, lipases and carbohydrate-degrading hydrolases (152). The antimicrobial 
function of the phagolysosomal lumen is further enhanced by the generation of 
oxygen-derived and nitrogen-derived radicals. Superoxide (O2

-•) is generated by the 
multimeric enzyme phagocyte NADPH oxidase (NOX2), which assembles in the 
membrane of the phagolysosome. The generated superoxide can further react with H+ 

to form additional ROS, including hydrogen peroxide (H2O2) and hydroxyl radicals 
(•OH). The dimeric iNOS is also located to the membrane of the phagolysosome, 
where it produces nitrogen oxide (NO•), which in turn can generate additional RNS, 
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such as nitrogen dioxide (NO2•) and peroxynitrite (ONOO-). All these compounds are 
harmful and can cause direct damage to DNA, or damage to proteins and membranes, 
mainly through interaction with thiol groups, metal centers and oxidation of lipids 
(153). 

The importance of proper phagosomal maturation during intracellular infection by M. 
tuberculosis is indisputable. Loss of regulators of phagolysomal fusion leads to a 
complete halt of the maturation process and failure to deliver phagosomal content to 
lysosomes (154). Individuals with deficiencies in different effector mechanisms 
connected to a functional phagolysosome, such as low expression of NRAMP1 or non-
functional NOX2, have increased susceptibility to mycobacterial infection (155-156). 
To circumvent the antimicrobial function of the phagolysosome and avoid 
degradation, M. tuberculosis has evolved numerous ways to inhibit phagolysosomal 
maturation and neutralize many of the toxic effects. The bacteria can maintain a proper 
intrabacterial pH and secrete ammonia to survive in acid environments, while 
simultaneously inhibiting the accumulation of vacuolar ATPase in the phagosome by 
secreting a tyrosine phosphatase (PtpA) (157-159). The decreased recruitment of 
vacuolar ATPase does not only lead to an increased pH per se but also inhibits the 
function of those enzymes requiring acidic conditions, for example cathepsin D, which 
is important for controlling intracellular growth of M. tuberculosis (160). Additionally, 
LAM from M. tuberculosis insert itself into membrane rafts of the macrophage cell 
membrane (161), where it interferes with signaling events preceding the recruitment of 
EEA1, in turn required for the interaction and fusion with late endosomes. 
Mycobacterial phagosomes are therefore severely retarded in the acquisition of Rab7 
and retain Rab5 (162). Another mycobacterial molecule secreted, acid phosphatase M 
(SapM), also interferes with the same phosphatidylinositol 3-phosphate-dependent 
signaling (163), thereby inhibiting EEA1 recruitment. To protect itself from radicals 
and redox stress, M. tuberculosis has sensors capable of registering the surrounding 
levels of radicals, oxygen and nitric oxide, namely the kinases DosS and DosT. The 
information from DosS and DosT feeds into a response regulator, DosR, which in turn 
induces the transcription of a number of genes collectively known as the DosR 
regulon. Though the DosR regulon is mainly implicated in the induction of dormancy 
in the bacteria, the regulon also includes genes for redox homeostasis. In addition, M. 
tuberculosis also expresses antioxidants, such as superoxide dismutase (SOD), catalase 
(KatG) and alkyl hydroperoxidase (AhpC), which can neutralize ROS (164). Finally, 
to overcome deprivation of essential iron, M. tuberculosis expresses and releases the 
siderophore mycobactin, which is a high-affinity iron chelator, whose action is 
dependent on the secretion system ESX-3 (165). 

Enhancing the normal functions of the mature phagolysosome and overcoming the 
protective countermeasures of the bacteria can be accomplished by stimulation of the 
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macrophage, thus creating an “arms race” or a tug-of-war between the host cell and the 
bacterium. Stimulation of infected macrophages by the proinflammatory cytokines IL-
1β, TNF and IFN-γ have been shown to lead to an increase in phagosomal 
acidification as well as increased acquisition of late endosomal markers LAMP-1 or 
LAMP-3/CD63 to the phagosome (166-168). As mentioned above, proinflammatory 
cytokines do not only drive the maturation of the phagosome, but also increases 
production of NO and expression of antimicrobial peptides (121, 131). In addition to 
proinflammatory cytokines, other stimuli can increase the functions of the 
phagolysosome. For example, in human macrophages, an increase in antimicrobial 
peptides and increased bacterial killing can be accomplished by a combination of TLR 
and vitamin D stimulation or by uptake of antimicrobial peptides from apoptotic 
neutrophils (49-50, 93). Furthermore, enhanced recruitment of vacuolar ATPases to 
phagosomes containing M. tuberculosis in human macrophages can be induced by 
pharmacological inhibition of the human Abl tyrosine kinase (Abl1), leading to 
increased acidification and bacterial killing (169).   

The vast number of effector functions designed to degrade phagocytosed prey during 
phagosomal maturation, and the fact that M. tuberculosis has ways to circumvent or 
inhibit most of them, underlines the very central role this process plays in the 
pathogenesis of tuberculosis. Enhancing the effects coupled to proper phagosomal 
maturation by different stimuli in murine cells seems to ultimately come down to an 
increase in iNOS expression and NO production. Though iNOS is expressed in 
granuloma macrophages and tuberculosis patients display lower levels of NO in 
exhaled air compared to control subjects (170-171), the role of NO in human 
macrophages is still not firmly established. It is perhaps the combination of enhancing 
several of the effector functions of the phagolysosome, including NO production, that 
lead to increased killing in the human system.  

The fate of the mycobacterial phagosome 
Overcoming the mycobacterial block of phagosomal maturation and increasing the 
acidification and bactericidal functions in the phagosome are crucial for the host cell’s 
ability to handle the infection. However, the extent of macrophage activation and 
subsequent responses to that stimulation are likely to influence the ultimate fate of the 
phagosome. In addition to the mechanisms of inhibiting phagosomal maturation as a 
strategy for survival, M. tuberculosis also has the ability to induce a protective stress 
response triggered by hypoxia and redox stress.  This response mainly involves the 
above mentioned DosR regulon and is thought to lead to a switch from an active to a 
dormant bacterial phenotype (172). Genes of the DosR regulon are quickly activated 
after the bacterium enters the macrophage and the expression of these genes increases 
during the course of the infection. The expression profile of the stress responses is 
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thought to be tightly coupled to the environmental changes in the phagosome imposed 
by the macrophage (173-174). The dormancy program initiated by DosR leads to 
phenotypic changes characteristic of dormant bacteria including a non-replicating state 
(175), phenotypic tolerance to antibiotics (176), changes in metabolism (177), 
accumulation of lipids (178) and alterations to the bacterial cell wall (179). All of 
these changes prepare the bacterium for a persistent state that helps it survive during 
hypoxic and less favorable conditions. Dormant bacteria are generally thought to be 
responsible for causing the asymptomatic, latent infections that can persist for decades. 
DosR antigens are highly recognized by T cells from latently infected individuals, 
suggesting a constant expression of dormancy-associated genes (180). However, DosR 
is also required for exiting dormancy (181), indicating a constant turnover of the 
bacterial population in vivo (182). Entering dormancy as a defensive strategy is 
underlined by the fact that already dormant bacteria infecting human macrophages fail 
to inhibit phagosomal maturation, but are still not killed by the macrophage (183). In a 
way, being phagocytosed by a macrophage able to impose stress on the bacterium can 
be seen as a maturation process of the bacterium itself leading to the induction of 
dormancy. 

An alternative strategy employed by intracellular pathogens to avoid the harmful 
environment of the mature phagolysosome is to simply escape the phagosomal vacuole 
and gain access to the nutrient-rich cytosol and replicate more efficiently (152). The 
close relative to M. tuberculosis, M. marinum is able to escape from the phagosome 
and move in the cytoplasm by actin-based motility, a process dependent on a 
functional ESX-1 system and ESAT-6 secretion (184-185). ESAT-6 is able to form 
pores and have membrane-lysing properties that are crucial in escaping both from the 
phagosome and the host cell (37, 184, 186). In the case of M. tuberculosis, which has 
been primarily viewed as an intraphagosomal pathogen, analyses of infected human 
macrophages using electron microscopy have shown that bacteria can be detected in 
the cytosol. The escape of M. tuberculosis has also been shown to be dependent on 
ESAT-6, and escaping the phagosome increases the replication rate of the bacteria 
(187). After the publication of this study, the ability of M. tuberculosis to escape the 
phagosome became a topic of controversy and it has been debated if phagosomal 
escape only happens in certain model systems, is an epiphenomenon generated as the 
bacterium exits the cells to spread to adjacent cells or simply an artifact due to 
experimental procedures (188-190). A recent study using a fluorescence resonance 
energy transfer approach taking advantage of the intrinsic beta-lactamase activity of 
mycobacteria have strengthened the initial observations of phagosomal escape of M. 
tuberculosis in human macrophages (191).  
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Escape from the phagosome together with the induction of dormancy represents two 
different non-lethal outcomes of the individual bacterium encapsulated in the 
phagosome and it is easy to imagine that the outcome is tightly coupled to the 
interaction with the host cell. Thus, the magnitude of antimicrobial effector functions 
initiated by the macrophage can be viewed as a spectrum that directly influences the 
behavior of the bacterium, where bacterial killing in an robust and activated 
macrophage constitutes one end of the spectrum and phagosomal and cellular escape 
in weak macrophages representing the other end, with the induction of dormant 
bacteria in moderately efficient macrophages. However, induction of dormancy or 
phagosomal escape might not be mutually exclusive. The regulation and subsequent 
fate of the mycobacterial phagosome is summarized in Figure 4. 

Autophagy 
A process that share many similarities with the uptake of extracellular macromolecules 
through phagocytosis is macroautophagy, or simply autophagy. It is a well conserved 
process for the capture and degradation of toxic protein aggregates, dysfunctional 
organelles and intracellular microbes as well as serving as a digestion system for 
cytoplasmic nutrients in the case of starvation (192). The autophagic machinery 
consists of a set of autophagy-related (Atg) proteins and can be induced by a number 
of stimuli including starvation, TLR signaling and proinflammatory cytokines (193). 
Following stimulation of autophagy, two different protein complexes are sequentially 
activated; the Ulk1-containing complex which in turn phosphorylates and activates the 
Beclin-1/hVPS34 complex (194). These complexes integrate the upstream signals and 
direct downstream Atg proteins. The Ulk1-containing complex is under normal 
conditions inhibited by another complex that contains the mammalian target of 

Figure 4. Following ingestion of prey by the macrophage, the formed phagosome undergoes 
a series of fusion events with early and late endosomes until it eventually fuses with lysosomes 
to become a mature phagolysosome. During this process, the phagosome gradually acquires 
a number of antimicrobial effector functions, including low pH, harmful radicals, degradative 
enzymes, antimicrobial peptides and proteins capable of depriving the microbe of essential 
nutrients such as metal ions. Mycobacterium tuberculosis has evolved ways of inhibiting 
maturation of the phagosome as well as mechanisms to counter the bactericidal functions of 
the mature phagolysosome. These mechanisms include inhibition of radicals, resistance to 
acidic environments and sequestering iron from the lumen of the phagosome. The maturation 
of the phagosome and the bactericidal functions of the mature phagolysosome can be further 
enhanced by host factors like proinflammatory cytokines, activation of the vitamin D receptor 
(VDR) and uptake of apoptotic neutrophils or stimulation by exogenous agents such as TLR 
ligands. The balance between protective host factors and bacterial virulence mechanisms 
ultimately determine the outcome of infection, which includes bacterial clearance, induction 
of dormancy or phagosomal escape and cell death. 
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rapamycin (mTOR), a common target for inhibition when experimentally inducing 
autophagy. Activation of the Ulk1-containing and Beclin-1/hVPS34 complexes leads 
to the recruitment of membrane from intracellular compartments such as the 
endoplasmic reticulum (ER), mitochondria and Golgi apparatus. The recruited 
membrane forms a small, crescent-shaped isolation membrane or phagophore with 
double membranes. To close this crescent and completely encapsulate the cargo or 
prey, the Atg5–Atg12/Atg16L1 complex is assembled on the phagophore membrane. 
This complex acts as an enzyme and conjugates phosphatidylethanolamine to 
microtubule-associated protein 1A/1B-light chain 3 (LC3). Following this conjugation, 
LC3 goes from being cytosolic (LC3-I) to being membrane bound (LC3-II), where it 
acts as a crucial mediator of membrane elongation and closure. The hallmark of LC3-I 
conversion is a commonly studied marker for the induction of autophagsomes (192-
193, 195-196). Microbes can be more directly targeted for autophagosomal 
degradation by a certain class of newly discovered PRRs, termed sequestosome 1/p62-
like receptors (SLRs). These contain ubiquitin-recognition domains, which identify the 
ubiquitinated cargo, an LC3 interacting domain and additional protein interaction 
domains. SLRs are able to act as molecular bridges between the microbe and the LC3-
containing phagophore (192, 197). Increased phagosomal maturation by the 
recruitment of LC3 to conventional phagosomes has also been reported, indicating a 
cross-talk between the compartments (198). The autophagosome is then transported to 
lysosomes for degradation in a Rab-dependent manner, much alike the maturation of a 
regular phagosome (199).  

Due to the fact that M. tuberculosis is an intracellular pathogen, the protective role of 
autophagy has received a lot of attention in the last decade. Inducing autophagy in 
murine macrophages infected with M. tuberculosis by stimulating with rapamycin, 
starvation or IFN-γ leads to increased phagosomal maturation and increased bacterial 
killing (48). The beneficial effect on bacterial killing by vitamin D stimulation can be 
partly explained by the ability of vitamin D to induce expression of the antimicrobial 
peptide cathelicidin, which in addition to its direct antimicrobial functions also 
stimulates autophagy (200). The presence of vitamin D also enables further induction 
of the autophagic pathway in human macrophages upon stimulation with IFN-γ (131). 
This can be counteracted by Th2 cytokines, which inhibit IFN-γ-induced autophagy, 
leading to inhibition of phagosomal maturation and increased bacterial growth (201). 
This raises the possibility that the positive effect of IFN-γ on phagosomal maturation 
in human macrophages is through induction of autophagy instead of direct stimulation 
of phagolysosomal fusion. In addition to the direct encapsulation of cytosolic bacteria 
or bacterium-containing phagosomes into autophagosomes, autophagy can also 
indirectly assist in killing of the bacterium. For example, two of the first-line drugs 
against tuberculosis, isoniazid and pyrazinamide, induce ROS-dependent autophagy 
and inhibition of autophagy compromise the efficacy of the drugs in murine 
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macrophages (202) and autophagy-dependent delivery of ubiquitin-derived 
antimicrobial peptides (cryptides) to the M. tuberculosis-containing phagosome leads 
to increased killing of the bacteria (203). The in vitro observations showing a 
protective role of autophagy in tuberculosis have also been confirmed in vivo where 
myeloid-specific knock-out of Atg5 required for autophagy lead to higher bacterial 
burden and to increased immunopathology characterized by an IL-17-driven influx of 
neutrophils (204). In line with that notion, human polymorphisms in the autophagy-
regulating protein immunity-related GTPase family M protein 1 (IRGM1) are 
associated with susceptibility to tuberculosis (205). Though autophagy is protective 
against M. tuberculosis, some studies have reported an inhibition of autophagy by the 
bacteria. In human DCs, the bacteria can inhibit the fusion between autophagosomes 
and lysosomes in an ESX-1 dependent manner (206) and autophagosome formation 
has been shown to be inhibited by an ESAT-6/CFP-10 fusion protein, leading to 
increased bacterial survival in murine macrophages (207). 

A very clear antimicrobial effect of autophagy can be seen in most model systems 
despite the fact that maturation of the formed autophagosome involves much of the 
same machinery as the maturation of conventional phagosomes, i.e. Rab proteins 
(199), and should be susceptible for M. tuberculosis-induced maturation block. The 
answer to this might lie in the very local effect of the mycobacterial effector molecules 
responsible for the maturation block and that an effective block requires a closely 
apposing phagosomal membrane (208), a feature that would be lost upon addition of a 
double autophagosomal membrane. 

Cell death 
An infected macrophage unable to efficiently kill M. tuberculosis will inevitably die 
and the nature of this death can be of great importance for the subsequent course of 
infection. An aged, stressed or infected cell can undergo a number of different types of 
cell death where the major ones consist of apoptosis, necrosis and pyroptosis. These 
have all been implicated in macrophages during infection with M. tuberculosis. 
Apoptosis and necrosis will be discussed in this chapter, whereas inflammasome-
related cell death, such as pyroptosis, will be described in later chapters. 

Apoptosis is an important part of the development and homeostasis of human tissues 
and serves as an immunologically silent way for cells to die. Apoptosis is recognized 
by a number of morphological and biochemical features including cell shrinkage, 
chromatin condensation, DNA fragmentation, permeabilization of the outer 
mitochondrial membrane and fragmentation of the cell into smaller apoptotic bodies 
with intact plasma membrane. Apoptotic bodies are then quickly phagocytosed by 
surrounding cells. If surrounding phagocytes fail to do so, the apoptotic bodies will 
eventually undergo post-apoptotic necrosis and disintegrate, spilling their contents into 
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the extracellular milieu (209). Apoptosis is controlled by two major protein families; 
the Bcl-2 family and a family of aspartate-specific proteases called caspases, where the 
caspases are usually divided into upstream initiator caspases (caspase-2, -8, -9 and -10) 
and downstream executioner caspases (caspase-3, -6 and -7). Apoptosis is induced by 
a range of stimuli, which will activate one of two major apoptotic pathways, the 
intrinsic and extrinsic pathway. The extrinsic pathway is activated by the stimulation 
of death receptors on the surface of the cell, such as TNF receptor or Fas. In addition 
to NF-κB activation and survival signals, activation of the TNF receptor can induce the 
formation of a death-inducing signaling complex (DISC), a platform for recruitment 
and activation of the initiator caspases; caspase-8 and -10. The initiator caspases 
subsequently cleave the executioner caspases, which in turn cleave a large set of 
substrates leading to characteristic morphological and biochemical hallmarks of 
apoptosis (210). The intrinsic pathway is activated by a number of cellular stresses 
such as DNA damage, nitric oxide and ROS and is regulated by the Bcl-2 family. The 
members can be grouped into three functional subgroups that either inhibit apoptosis 
(including Bcl-2 and Bcl-XL), promote apoptosis (Bax, Bak and Bok) or regulate the 
activity of the other Bcl-2 proteins. Under normal conditions, the anti-apoptotic 
members directly inhibit the activation of the proapoptotic Bcl-2 proteins, while the 
third subgroup has been proposed to either stimulate the activation of the proapoptic 
members or inhibit the function of the anti-apoptotic Bcl-2 proteins. When apoptosis is 
induced, the propaptotic Bcl-2 members will become activated and stimulate 
permeabilization of the outer mitochondrial membrane and release of cytochrome c 
into the cytosol. Cytochrome c forms a complex termed the apoptosome together with 
the Apaf-1 protein which recruits and activates the initiator caspase-9. Activated 
caspase-9 in turns activates the executioner caspases and the apoptotic program is 
carried out (211). The intrinsic and extrinsic pathways are tightly connected and cross-
talk occurs at the level of the mitochondria. For example capase-8, which is a part of 
the extrinsic pathway, can in certain cells types cleave the cytosolic protein Bid, which 
in turn activates the proapoptotic members of the Bcl-2 family in the mitochondria 
(212). 

Necrosis, on the other hand, is a type of cell death characterized by cellular and 
organelle swelling, loss of plasma membrane integrity, no cleavage of apoptotic 
caspases and the release of intracellular DAMPs into the extracellular milieu, thereby 
acting as proinflammatory cell death. Necrotic cells are taken up in a slower and less 
efficient manner than apoptotic cells via macropinocytosis (210). Necrosis occurs 
under non-physiological stress such as heat, osmotic shock and addition of detergents. 
It has traditionally been viewed as accidental and uncontrolled, but in recent years 
studies have shown that necrosis can under certain conditions be orchestrated by the 
cell, a process known as necroptosis. Central to the process of necroptosis are two 
kinases, RIP1 and RIP3 that act as the initiators of the process. During TNF receptor 
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signaling, phosphorylation of RIP1 and RIP3 can lead to necroptosis through an 
alternative induction of DISC, instead forming a necrosome. TLR signaling can also 
induce necroptosis through RIP1 and RIP3. Most studies have shown caspase-8 
deletion or inhibition to be a prerequisite for the induction of necroptosis, suggesting 
that the enzyme acts to inhibit the pronecroptotic functions of RIP1 and RIP3. It is still 
not entirely clear if necroptosis releases specific DAMPs and induces a different 
immune response than accidental necrosis and its physiological role in bacterial 
infections needs further studies (213-214). 

Cell death during infection by M. tuberculosis has been somewhat confusing due to the 
fact that the bacterium has been reported to induce both apoptosis (215-216) and 
necrosis (217-218). The nature of cell death induced is probably dependent on a 
number of factors such as the amount of bacteria, the particular cell type used and the 
analyzed time points. Analysis of cell death is also complicated by the fact that 
apoptosis and necrosis can share some features such as affected mitochondria and 
DNA damage (210). Finally, apoptosis and necrosis might not be mutually exclusive 
and apoptotic bodies will progress to post-apoptotic necrosis if not properly 
phagocytosed. However, comparisons between virulent and avirulent strains of 
mycobacteria have shown that induction of apoptosis is negatively correlated with 
virulence (215, 219) and that apoptosis is beneficial for the host by reducing bacterial 
numbers in infected cell cultures (220-221). In contrast to apoptosis, necrosis promotes 
bacterial replication and spreading to neighboring cells (37). Central necrosis of the 
granuloma is a hallmark of human tuberculosis and signifies disease progression and 
active tuberculosis (52). Furthermore, expression profile analysis of human whole-
blood from tuberculosis patients and latently infected individuals show that elevated 
expression of genes related to apoptosis is important for control of latent tuberculosis 
(222). In light of this, it is commonly believed that virulent mycobacteria actively 
inhibits apoptosis and skews cell death towards necrosis. Inhibition of apoptosis is 
achieved by several mycobacterial factors, e.g. inhibiting the expression or secretion of 
mycobacterial superoxide dismutase, which neutralizes ROS, increases induction of 
macrophage apoptosis and lower bacterial burdens in vivo (223-224). In addition, the 
mycobacterial protein nuoG, a subunit of the type I NADH dehydrogenase involved in 
energy generation, also inhibits apoptosis. Deletion of the nuoG gene leads to higher 
apoptosis in human macrophages and lower bacterial burden and increased host 
survival in mice (225). Though nuoG is  not secreted from the bacterium, it acts in a 
similar manner as superoxide dismutase by neutralizing phagosomal ROS as well as 
decreasing the production of TNF from the macrophage (122). Inhibition of apoptosis 
is further mediated by bacterial cleavage of the host protein annexin-1, crucial for the 
terminal step of apoptosis when the apoptotic bodies are formed. Cleavage of annexin-
1, which instead stimulates necrosis, is a unique ability of virulent M. tuberculosis 
(226). Virulent M. tuberculosis also influences the production of eicosanoids, small 
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lipid mediators acting as short-range regulators of inflammation, in human 
macrophages. The bacterium increases the production of anti-inflammatory lipoxin A4 

(LXA4) which in turn inhibits production of prostaglandin E2 (PGE2). PGE2 normally 
exerts a protective effect on host mitochondria through predominantly inducing 
apoptosis while the loss of this eicosanoid stimulates necrosis by destabilizing the 
inner mitochondrial membrane (227). Deletion of PGE2 production in infected mice 
leads to higher bacterial burden, while deletion of LXA4 production instead generates 
higher levels of IL-12, IFN-γ and iNOS, and leads to a lower bacterial burden (227-
228). M. tuberculosis does not only inhibit apoptosis but also actively promotes 
necrosis. Induction of necrosis in macrophages requires a functioning ESX-1 system 
and secretion of ESAT-6 (37-38, 184). The exact mechanism in which ESAT-6 
induces necrosis is still not clear, but as previously mentioned,  ESAT-6 from M. 
tuberculosis has been shown to dissociate from its partner CFP-10 and instead 
associate to phagosomal membranes (229) and displays membrane-lysing features 
(186), while ESAT-6 from M. marinum has been shown to form pores in the 
membrane of the host cell (184). 

In summary, it has become clear that modulation of host cell death in macrophages is a 
potent immune evasion strategy of M. tuberculosis. It inhibits ROS-induced apoptosis, 
formation of apoptotic bodies and inhibits the protective functions of PGE2 while 
simultaneously promoting necrosis through ESAT-6 secretion. Inhibiting apoptosis in 
concert with phagosomal maturation block would be beneficial for the bacterium early 
during the infection of the macrophage, allowing it to replicate and adapt. When 
conditions are right or intracellular bacterial numbers reach a certain threshold, 
induction of necrosis is initiated by the bacteria, escaping the cell and infecting new 
ones. 

Efferocytosis  
Irrespective of the cell death mode induced in an individual cell upon mycobacterial 
infection, the dead cells need to be taken care of by other phagocytes to limit tissue 
damage. The antimicrobial effects of apoptosis are well documented, but a direct 
killing mechanism of apoptosis has still not been identified. Instead, the subsequent 
fate of the apoptotic body might be the crucial step. 

Most macrophages undergo necrosis, but depending on the number of bacteria used for 
experimental infection a fraction will be able to induce apoptosis (230). In addition, 
the site of infection at early stages does not only include resident macrophages but also 
recruited neutrophils. Neutrophils are short-lived professional phagocytes specialized 
at ingesting pathogens, such as M. tuberculosis. Our understanding of the role of 
neutrophils in tuberculosis is relatively poor, but they are believed to be important 
early on during infection, while contributing to immunopathology at later time points. 
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Studies on the ability of neutrophils to kill mycobacteria have generated varying 
results, but most of them support the idea that oxygen-independent mechanisms such 
as antimicrobial peptides from neutrophils can limit bacterial growth (231). However, 
unlike macrophages, neutrophils are prone to undergo apoptosis upon infection with 
wild type M. tuberculosis expressing the 19 kDa lipoprotein (232-233). Subsequent 
uptake of apoptotic neutrophils or macrophages by other phagocytes, primarily 
macrophages, plays a role in infections and helps modulate the immune response. This 
process has been termed efferocytosis. 

Apoptotic cells display different markers that enable their recognition and uptake. The 
binding of apoptotic cells is mediated by several different receptors that facilitate the 
uptake of the apoptotic cell, where most of them recognize phosphatidylserine (PS) 
exposed on the outside of the cell. The uptake of the apoptotic cell leads to the 
formation of a phagosome which will eventually fuse with lysosomes (234). The field 
of efferocytosis has been dominated by the view that uptake of apoptotic cells strictly 
induces an anti-inflammatory response in macrophages (235). This response would 
serve to limit tissue damage, but might also accidentally downregulate important 
antibacterial functions. However, uptake of apoptotic neutrophils during infection by 
M. tuberculosis instead promotes a proinflammatory response in macrophages (236-
237) as well as promoting bacterial killing by delivering antimicrobial peptides to the 
macrophage (50). Inversely, efferocytosis of dead macrophages by recruited 
neutrophils in M. marinum-infected zebrafish leads to ROS-mediated killing by the 
neutrophils, showing that efferocytosis is not a specific mechanism unique for 
macrophages (238). Efferocytosis of apoptotic macrophages by non-infected 
macrophages also controls bacterial growth both in vitro and in vivo (230), while 
efferocytosis of infected macrophages that display PS but have undergone more 
necrotic-like cell death does not have any bactericidal effects (239). Furthermore, the 
phagosome containing the M. tuberculosis-carrying apoptotic body is more efficiently 
acidified and spacious than the phagosome containing directly phagocytosed M. 
tuberculosis (230). Like with autophagy, this spacious phagosome with the bacterium 
encapsulated by an additional membrane derived from the apoptotic cell would inhibit 
the ability of the bacterium to efficiently block phagosomal maturation by simply 
increasing the distance between the bacterium and phagosomal membrane (208). 

The early stages of infection are dominated by the presence of apoptotic cells which 
are taken up by surrounding macrophages, whether it is the abundant numbers of 
apoptotic neutrophils or the occasional apoptotic macrophage. It is the uptake of these 
apoptotic cells by surrounding cells rather than apoptosis per se that confer the 
beneficial effect of apoptosis in tuberculosis by activating macrophages, enabling 
more efficient phagolysosomal fusion and bestowing the macrophage with additional 
antimicrobial functions. The number of studies specifically focusing on efferocytosis 
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is still rather few, but efferocytosis is emerging a major factor for control of bacterial 
growth and changes the view on many studies addressing the role of apoptosis in 
tuberculosis. 

Antigen presentation 
As resident alveolar macrophages try to restrict the early infection and limit bacterial 
growth, some macrophages and the professional antigen-presenting DCs will migrate 
from the lungs to local lymph nodes where they will present antigens to T cells via the 
major histocompatibility complex (MHC) class II pathway and initiate adaptive 
immune responses. Adaptive immunity against tuberculosis includes both CD4+ and 
CD8+ T cells, which produce IFN-γ. CD8+ T cells are also capable of recognizing a 
limited number of antigens presented on MHC class I molecules in infected 
macrophages, which are then killed through perforin and granulysin produced by the 
CD8+ T cell. Activation and expansion of T cells lead to an influx of these cells to the 
site of infection, where they exert their function by recognizing their specific antigen 
presented on MHC-expressing macrophages. Loss of either CD4+ or CD8+ T cells 
leads to hypersusceptibility to tuberculosis in experimental mice studies and in humans 
suffering from HIV/AIDS (127, 240). 

To modulate or suppress the important effects of the adaptive immune response, many 
pathogens have evolved ways to interfere with antigen-presentation and function of 
antigen-presenting cells (APCs). Several strategies can be used including 
downregulation of antigen-presenting molecules such as MHC I/II, inhibiting 
migration of APCs, interfering with antigen processing and constantly changing the 
expression of antigenic proteins. M. tuberculosis can inhibit the expression of MHC 
class II and antigen processing in APCs through cell wall components such as the 19 
kDa lipoprotein binding to TLR2. This inhibition persists even under IFN-γ 
stimulation, which under normal conditions upregulates MHC expression (129, 241-
242). Decreased MHC class II in infected macrophages is mediated through 
suppression of class II transactivator (CIITA) expression, which is the transcription 
factor for MHC class II (243). APCs in mice lacking CIITA fail to present antigens 
and activate CD4+ T cells, which leaves them highly susceptible to tuberculosis (244). 
Similar TLR2-dependent inhibition of antigen presentation has been shown for the 
CD1 pathway, which is responsible for the presentation of lipid antigens such as LAM 
to T cells (245-246). Mycobacterial antigens are also presented on MHC class I, which 
present cytosolic self and non-self peptides, thereby alerting the immune system of 
intracellular cytosolic infection. Mice unable to present antigens on MHC I have 
increased susceptibility to tuberculosis (247). The question of how mycobacterial 
antigens are presented through the MHC class I pathway is still controversial, whether 
it is a matter of cross-presentation of antigens from the phagosome to MHC class I or 
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translocation of antigens and bacterium to the cytosol (187, 248). Other routes, such as 
efferocytosis-induced presentation on MHC class I has also been suggested (249). 
Modulation of antigen presentation is also coupled to many of the other virulence traits 
of M. tuberculosis. In addition to limiting antibacterial function, a consequence of 
inhibiting phagosomal maturation is decreased antigen presentation (250). Inhibition 
of apoptosis and efferocytosis also has an impact on antigen presentation and initiation 
of adaptive immunity. M. tuberculosis infecting DCs suppress their migration to 
lymph nodes and delays the activation of CD4+ T cells. Migration of DCs and 
activation of CD4+T cells are restored if the bacterium is taken up via efferocytosis of 
apoptotic neutrophils or if apoptosis is enhanced by infection with a mutant bacterium 
lacking nuoG (251-252).  

Antigen presentations together with soluble signals such as cytokines are the 
components that link the innate immunity to the adaptive and are a prerequisite for the 
induction of protective T cells. However, though adaptive immune responses have a 
crucial role in tuberculosis, the fact that T cell epitopes are hyperconserved implies 
that the bacterium relies on antigen-presentation and adaptive immunity as a part of its 
pathogenesis (20). 

 

The inflammasome  
 

There are numerous effector molecules and cellular pathways important for combating 
intracellular infections and many are absolutely crucial for mounting an efficient 
immune response. This chapter will focus on the functions of one particular pathway 
responsible for the generation of proinflammatory cytokines and induction of cell 
death. Central to this pathway is the multimeric protein platform referred to as the 
inflammasome. The assembly and function of the inflammasome itself as well as the 
effects of the cytokines produced upon inflammasome activation will be reviewed. 
Furthermore, the role of inflammasomes during tuberculosis will be discussed in the 
final section of the chapter.  

Structure of the inflammasome  
The basic inflammasome consists of an intracellular receptor, which initiates the 
assembly of the inflammasome upon a specific signaling event, a potential adaptor 
protein and the cystein protease caspase-1. Several copies of this basic unit are joined 
together to form a functional inflammasome. To date, four different receptors capable 
of initiating inflammasome assembly have been identified. Three are members of the 
NLR family (NLRP1b, NLRP3 and NLRC4) and one is the AIM2 protein, which is 
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part of another protein family termed PYHIN. NLRP1b mainly recognize LT (113), 
while NLRC4 responds to bacterial flagellin (253). The most recently discovered 
inflammasome, containing AIM2, assembles in response to cytoplasmic DNA (254). 
The fourth inflammasome, containing NLRP3, is the most extensively studied and is, 
as mentioned earlier, promiscuous and reacts to a number of exogenous PAMPs and 
irritants as well as to endogenous DAMPs (116). NLRP3 is the NLR that has received 
most attention in the context of tuberculosis. NLRP3, upon activation, starts to 
oligomerize while recruiting an adaptor protein called apoptosis-associated speck-like 
protein containing a CARD (ASC) via its N-terminal PYD domain. ASC in turn 
enables the recruitment of the inflammatory caspase-1, which binds to the C-terminal 
CARD domain of ASC through its own CARD domain. ASC thereby acts as a 
molecular bridge between NLRP3 and caspase-1. Caspase-1 is recruited as an inactive 
zymogen, procaspase-1, and binding to an oligomerized inflammasome leads to the 
formation of procaspase-1 dimers. As a dimer, the procaspase-1 is cleaved by 
autoproteolysis into a large and small subunit termed p20 and p10, respectively, and 
thus becomes activated. Active caspase-1 subsequently induce cell death or process 
members of the IL-1 family, IL-1β and IL-18, from their pro-forms to active cytokines 
(255).  

Activation of the inflammasome 
Activation of the inflammasome and subsequent production of IL-1β from its 31-kDa 
proform to the 17-kDa mature form requires two distinct signals in macrophages. The 
first signal is described as a priming step necessary to induce the transcription of 
proIL-1β while the second step is the inflammasome assembly and activation of 
caspase-1. Transcription of proIL-1β is dependent on NF-κB activation, which can be 
induced in a number of ways including TLR signaling (256). This priming step was 
first believed to be required solely for inducing upregulation of proIL-1β, but NF-κB 
simultaneously upregulates the transcription of NLRP3, which is also a prerequisite for 
inflammasome activation and  production of mature IL-1β (257). The exact nature of 
the second signal, which is thought to interact with the ligand-binding LRR domain of 
NLRP3 and required for activation of the NLRP3 inflammasome, has however 
remained elusive for over a decade, largely due to the fact of the structural and 
functional diversity among the NLRP3 activators. 

Three major pathways of inflammasome activation have so far been suggested. The 
first pathway involves the activation of the NLRP3 inflammasome by ATP stimulation 
or pore-forming toxins. Stimulating inflammasome assembly in macrophages with 
ATP is via binding of ATP to the P2X7 receptor, which acts as a nonselective cation 
channel. The activation of the P2X7 receptor, or addition of the ionophore nigericin, 
leads to efflux of potassium from the cell (258), which in turn is required for the 
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activation of the NLRP3 inflammasome (259). The role of potassium efflux during 
inflammasome activation has been strengthened by subsequent studies showing that 
potassium efflux is induced in murine macrophages by most NLRP3 activators (260). 
ATP-driven P2X7 activation and subsequent potassium efflux was first shown to 
induce the formation of large pores in the plasma membrane, leading to the idea that 
inflammasome-activating PAMPs and DAMPs gains access to the cytosol and directly 
interacts with NLRP3 (261-262). However, the role of these large pores in 
inflammasome activation has later been shown to be redundant for inflammasome 
activation (263). Though some NLRP3 agonist are able to enter the cytosol, thus being 
able to directly bind to NLRP3, the fact remains that the stimuli capable of activating 
NLRP3 are very heterogeneous, making a direct interaction between the different 
activators and NLRP3 very unlikely (101, 264).  

A second pathway shared by several NLRP3 activators involves lysosomal damage or 
rupture. This pathway is mainly implicated in inflammasome activation by crystalline 
substances, like exogenous silica, asbestos and alum (265-266) or endogenous uric 
acid crystals (267). Alum, silica and uric acid crystals are all phagocytosed and 
subsequently cause lysosomal damage, leading to the introduction of lysosomal 
contents in the cytosol, thereby activating NLRP3 (266, 268). In fact, artificial 
disruption of lysosomes in the absence of crystals can activate the NLRP3 
inflammasome. Based on inhibition experiments, it has been suggested that the 
mediator of inflammasome activation leading to production of IL-1β is lysosomal 
cathepsin B (266, 269-270). The prerequisite for cathepsin B in inflammasome 
activation has however been questioned due to the observations that no effect on IL-1β 
production is seen after inhibiting lysosomal acidification required for cathepsin B 
activity or from cells deficient in cathepsin B (271). Irrespective of the mediator, 
lysosomal destabilization readily induces inflammasome activation, but since this 
pathway seems to be limited to particulate NLRP3 activators that induce lysosomal 
damage, it probably represents an upstream event of a common pathway shared by all 
NLRP3 activators.  

The third pathway is ROS-dependent activation of the NLRP3 inflammasome. ROS 
seem to be produced prior to inflammasome activation irrespective of the stimuli and 
ROS scavengers are able to block activation of the inflammasome induced by both 
ATP and crystalline particles (265, 272-273). Activation of NOX2 and a subsequent 
oxidative burst is an important source of ROS in macrophages and initial studies using 
an shRNA approach reported a decreased production of IL-1β upon silencing a subunit 
of NOX2 (265). However, genetic knock-out of the NOX2 system does not decrease 
activation of NALP3 inflammasome by silica crystals, uric acid crystals or ATP (266). 
Neither is the IL-1β production affected upon stimulation of silica or uric acid crystals 
in mononuclear cells from patients suffering from chronic granulomatous disease, a 
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disorder caused by the lack of functional NOX2 (274). Instead, the ROS required for 
inflammasome activation is thought to be derived from the mitochondria. The 
involvement of the mitochondria in inflammasome activation is supported by several 
observations; the potassium efflux also required for inflammasome activation is known 
to be coupled to mitochondrial ROS generation (275) and the induction of 
mitochondrial ROS production leads to NLRP3-dependent IL-1β secretion, which can 
be blocked by a ROS inhibitor or by inhibiting mitochondrial metabolic activity (276). 
Furthermore, inhibiting the clearance of damaged and ROS-producing mitochondria 
by autophagy enhances inflammasome activation by increasing the levels of 
intracellular ROS (276-278). ROS production and mitochondrial damage lead to the 
translocation of mitochondrial components such as oxidized mitochondrial DNA into 
the cytosol, which can activate the NLRP3 inflammasome, caspase-1 and increase IL-
1β production (277, 279). The interplay between mitochondrial ROS production and 
NLRP3 activation is further highlighted by the fact that the thioredoxin (TRX)-
interacting protein (TXNIP), which under normal conditions is bound to the 
endogenous antioxidant TRX, dissociates from TRX following increased 
mitochondrial ROS production and instead interacts with NLRP3 (280). Loss of 
TXNIP leads to decreased caspase-1 activity and IL-1β production, while knockdown 
of TRX, the endogenous binding partner of TXNIP, increases IL-1β production in 
response to NLRP3 activators (265, 280). However, the prerequisite for ROS and the 
involvement of the mitochondria has been recently questioned by a study showing that 
potassium efflux activates the NLRP3 inflammasome independently of ROS 
production and mitochondrial damage, thereby favoring potassium efflux as a common 
denominator of inflammasome activation (260). Furthermore, it has been suggested 
that mitochondrial ROS is required for the priming step and induction of NLRP3 
expression, rather than the actual activation (281). 
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Figure 5. The activation of NLRP3 and assembly of the inflammasome can be achieved 
through three major pathways. Lysosomal damage following phagocytosis of crystal particles 
leads to NLRP3 activation, possibly mediated by lysosomal cathepsin B. The second pathway 
is exemplified by stimulation with ATP or nigericin, which induce an efflux of potassium, 
through the P2X7 receptor or by directly forming a pore in the membrane. The third pathway 
proposes mitochondrial ROS as the mediator for NLRP3 activation. This ROS has been 
suggested to lead to activation of the protein TXNIP or release of oxidized DNA from the 
mitochondria, thereby activating NLRP3. Studies have implicated both potassium efflux and 
mitochondrial ROS as the least common denominator, suggesting a cross-talk between the 
pathways. Irrespective of the stimuli, activated NLRP3 oligomerizes and recruits the adaptor 
protein ASC, which in turn recruits procaspase-1. Two closely situated procaspase-1 
molecules are then thought to be activated through autoproteolysis. Actived caspase-1 
cleaves the pro-form of IL-1β (and IL-18) to its active form and can induce a certain type of 
cell death, termed pyroptosis. Activation of NLRP3 can also lead to cell death in a caspase-1-
indpendent manner, which is usually referred to as pyronecrosis. 
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The mechanism responsible for the activation of the NLRP3 inflammasome is still not 
fully understood and the literature supports both mitochondrial dysfunction with ROS 
production and potassium efflux as common denominators for the plethora of 
molecules able to activate NLRP3. Though these pathways might be functionally 
separate with one being a persistent epiphenomenon during experimental activation of 
NLRP3, our current knowledge rather suggests that both pathways are required for an 
optimal inflammasome-dependent response and this response likely includes a high 
level of cross-talk between the two pathways. Irrespective of the activating stimuli and 
downstream signaling pathway, the signals must ultimately be recognized by NLRP3. 
This is likely to be a rather specific recognition via the LRR domain, which acts as the 
specific ligand-binding domain in TLRs. The promiscuous nature of NLRP3 and 
different requirements for potassium efflux, ROS production or other signals in 
inflammasome activation in different studies could be explained by induction a so far 
unidentified endogenous ligand that binds and activates NLRP3. This would resemble 
the role of the endogenous Spatzle protein in Drosophila melanogaster, which upon 
proteolytical processing is responsible for activation of Drosophila Toll receptors 
(282). A hypothetical model of inflammasome activation is shown in figure 5. 

Genetic alterations of the inflammasome 
In addition to both endogenous and exogenous molecules capable of activating 
NLRP3, many mutations and polymorphisms in the NLRP3 gene lead to a 
constitutively active inflammasome or a lower threshold for inflammasome activation. 
Genetic alterations in NLRP3 are associated with increased susceptibility to a number 
of inflammatory diseases including gout, psoriasis, rheumatoid arthritis and Crohn’s 
disease (283-286). However, the association between NLRP3 alterations and 
inflammatory disease caused by excessive IL-1β is strongest in a group of 
autoinflammatory disorders known as cryopyrin-associated periodic syndromes 
(CAPS) and includes familial cold autoinflammatory syndrome, Muckle-Wells 
syndrome and chronic infantile neurologic cutaneous articular syndrome. Though they 
differ in clinical severity, these syndromes are characterized by recurrent fever, rashes 
and joint inflammation. Sixty percent of all CAPS patients have known mutations in 
NLRP3 and they usually respond well to anti-IL-1β treatment, such as the IL-1R 
antagonist anakinra (287). To date, there are more than 150 reported sequence variants 
for NLRP3 with varying degree of penetrance, frequency and disease severity, and 
several are present in healthy individuals as well. Interestingly, an overwhelming 
majority of the disease-causing mutations are found in the NACHT domain of NLRP3 
(288) and has led to the hypothesis that these mutations inhibit the interaction between 
the NACHT and LRR domains of NLRP3, thereby disrupting the suppressive 
conformation of the whole protein. Though it has not been experimentally confirmed, 
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this is thought to lead to spontaneous oligomerization or a lower threshold for 
activation of the NLRP3 inflammasome (289-291).  

Regulation of the inflammasome and IL-1β production 
The release of proinflammatory cytokines like IL-1β is crucial for a proper immune 
response, but could also become detrimental to the host if not properly regulated. The 
NLRP3 inflammasome can be regulated in a number of ways to limit or enhance IL-1β 
production. These regulatory mechanisms include different types of signals, 
interaction with other proteins and transcriptional regulation. Since the generation of 
mature IL-1β requires both induction of proIL-1β and NLRP3 expression as well as 
activation of the inflammasome, regulation of IL-1β processing occurs on both a 
transcriptional and post-transcriptional level. Transcription of proIL-1β in 
macrophages is upregulated by most proinflammatory signals but can also be down-
regulated following direct stimulation by the anti-inflammatory cytokine IL-10 or 
indirectly through signals that induce production of IL-10, such as type I interferons 
(292-293). Transcriptional regulation of NLRP3 is affected by the same stimuli as 
proIL-1β, but is further regulated by the short half-life of NLRP3 mRNA and 
microRNA-induced suppression of NLRP3 by miRNA-223. Through complementary 
binding, miRNA-223 lowers the levels of NLRP3 mRNA, leading to decreased protein 
expression and IL-1β production (294). Post-transcriptional regulation of both IL-1β 
processing and the inflammasome also occurs in several ways. Autophagy, in addition 
to its role in inflammasome activation by clearance of damaged mitochondria, can 
regulate both IL-1β levels and inflammasome activation. Induction of autophagy in 
murine macrophages leads to decreased levels of proIL-1β after LPS stimulation and 
intracellular IL-1β co-localizes with LC3-positive autophagosomes (295). Activation 
of the inflammasome in human macrophages simultaneously induces autophagy, 
which leads to co-localization of activated inflammasomes to LC3-positive 
autophagosomes (296). In addition, autophagy can also limit other functions of the 
inflammasome, such as induction of cell death (297). Other regulatory mechanisms of 
inflammasome activation include inhibitory nitrosylation of NLRP3 by NO upon IFN-
γ stimulation and decreased NLRP3 activation following type I interferon signaling 
(293, 298). The assembly of the different components of the inflammasome can also 
be regulated by two different families of small proteins; CARD-only proteins (COPs) 
and Pyrin-only proteins (POPs). Both these two families exert their function by acting 
as “decoys”. For example, the CARD domain of the COPs ICEBERG and pseudo-ICE 
share a high degree of homology with the CARD domain of caspase-1 and can 
therefore sequester caspase-1, making it unavailable for activation by the 
inflammasome (299). Over-expression of ICEBERG and pseudo-ICE in THP-1 cells 
effectively reduces the release of IL-1β upon LPS stimulation (300). Similar to the 
COPs, the Pyrin domain of the POPs resembles the Pyrin domain of either ASC or the 
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NLRs, thereby able to sequester or block the interaction between these inflammasome 
components. Many of these regulatory proteins lack homologues in mice, indicating 
that regulation of inflammasome activity in human cells is more complex (299). 
Another protein that has been implicated in regulation of the inflammasome and 
caspase-1 is CARD8. It negatively regulates IL-1β in two different ways. First, 
CARD8 has the ability to directly interact with and inhibit the activity of caspase-1 
and secondly, it can also inhibit NF-κB activation, thereby decreasing the formation of 
proIL-1β (301). CARD8 was originally described as a member of the NLRP3 
inflammasome (114) but this has not been confirmed in subsequent studies. However, 
the link between CARD8 and NLRP3 is supported by the fact that polymorphisms in 
CARD8 together with NLRP3 polymorphisms have been implicated in several diseases 
including Crohn’s disease, psoriasis and rheumatoid arthritis (284, 302-304). Lastly, 
there are also regulatory proteins that can promote inflammasome assembly or are 
required for NLRP3 activation. Examples include the previously mentioned 
chaperones HSP90 and SGT1, which are required for maintaining NLRP3 in a 
signaling-competent conformation (99) or the guanylate-binding protein 5 (GBP5), 
which enhances IL-1β processing by promoting inflammasome assembly upon 
activation by soluble and bacterial stimuli, but not crystalline activators, in human 
macrophages (305).  

Though the macrophage can regulate the formation of mature IL-1β in numerous 
ways, inflammasome activation and caspase-1 activity are in some cases redundant for 
the release of mature IL-1β. For example, the requirement of a second signal 
specifically activating the inflammasome is not required in human monocytes. Instead 
these cells release IL-1β upon addition of LPS alone as a consequence of their ability 
to constitutively release ATP, which in turn leads to a constant activation of caspase-1. 
Unlike monocytes, monocyte-derived human macrophages or alveolar macrophages 
usually require both a priming step and subsequent activation of caspase-1 through 
inflammasome activation (306). However, the direct release of IL-1β by LPS 
stimulation has been shown in human macrophages differentiated or stimulated with 
IFN-γ, suggesting that robust activation of macrophages can sensitize the cell to 
respond to additional stimuli and lower the threshold for inflammasome activation, a 
phenomenon which might be more pronounced in human cells (305-306). Processing 
of IL-1β can occur independently of caspase-1 in murine DCs (307) and human 
neutrophils can induce extracellular cleavage of proIL-1β by proteases such as 
protease-3 and elastase (308). Caspase-1-independent processing of IL-1β by caspase-
8 in parallel with inflammasome-driven IL-1β production can occur in murine 
macrophages, a process requiring the activation of RIP3 and subsequent ROS 
production, thereby linking necroptosis to IL-1β production (309). In line with this, 
caspase-8 is able to cleave proIL-1β in vitro and caspase-8 activation through TLR3 
stimulation also lead to increased release of IL-1β from murine macrophages (310).  
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There are many pathways and mediators that regulate inflammasome activation and 
IL-1β production and their role in disease is in many cases poorly understood. It is 
likely that these regulatory mechanisms and signals serve to fine-tune the 
responsiveness or activation threshold of NLRP3 as well as the availability of all the 
components necessary for IL-1β production to take place. Together, these signals 
ultimately decide the magnitude and timing of inflammasome and caspase-1 activity. 
Though complex in nature, the number of regulatory mechanisms shows the central 
role of inflammasomes in inflammatory responses and the importance of controlling 
this response, while the fact that inflammasome-independent pathways of IL-1β 
processing exists, indicates that a complete loss of IL-1β production would be 
detrimental to the host.  

Inflammasome-related cell death 
In addition to the generation of mature IL-1β and IL-18 being well-established 
consequences of inflammasome activation and caspase-1 activity, this pathway also 
has the potential to induce certain types of cell death, termed pyroptosis or 
pyronecrosis. In addition to the accompanying cytokine production, the necrotic nature 
of inflammasome-mediated cell death leads to spilling of intracellular content, making 
these types of cell death capable of eliciting a strong inflammatory response. Most of 
the studies on inflammasome-mediated cell death have been performed with infections 
using live bacteria and have revealed that the nature of the inflammasome-mediated 
cell death is largely dependent on the type of NLR that is activated (311). 

Pyroptosis is dependent on caspase-1 and displays features of both apoptosis and 
necrosis, but is distinct from both of these major death modalities. Pyroptosis has 
mainly been described in macrophages and is accompanied by the release of IL-1β and 
IL-18, but does occur independently of IL-1β or IL-18 signaling (311-312). In addition 
to being strictly dependent on caspase-1, pyroptosis is recognized by DNA 
fragmentation, usually thought to be an apoptotic feature, but without the chromatin 
condensation. Pyroptosis also displays necrotic features by the loss of plasma 
membrane integrity. Finally, in contrast to apoptosis, pyroptosis does not directly 
involve loss of mitochondrial membrane potential and mitochondrial dysfunction, but 
instead has been suggested to be dependent on the ATP generation of functional 
mitochondria (311-313). Pyroptotic cell death can be induced through the non-NLR 
AIM2 inflammasome by cytosolic DNA (314-315) or even by a so far unidentified 
pathway in murine cells acting through caspase-11, the homologue of human caspase-
4 and caspase-5 (316). However, pyroptosis with the characteristic features of cell 
death and a dependency on caspase-1, has been mainly found to be induced during 
macrophage infections with flagellin-expressing bacteria such as Legionella and 
Salmonella (317-320) or by adding LT to macrophages (319, 321). Not surprisingly, 
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this induction of pyroptosis by the different stimuli is dependent on the activation of 
NLRC4 and NLRP1b respectively, and since both contain a CARD domain, induction 
of pyroptosis does not necessarily include ASC (318, 321). In line with the distinct 
roles of different NLRs in induction of pyroptosis, intracellular infection of murine 
macrophages lacking either caspase-1, NLRP3 or NLRC4 with the Gram-negative 
bacterium Burkholderia pseudomallei has shown that though caspase-1 is essential for 
both cytokine production and pyroptosis, the cytokine production is mainly dependent 
on NLRP3, upstream of caspase-1, while the signal for caspase-1-dependent 
pyroptosis seems to originate from NLRC4 (322). Cytokine production and pyroptosis 
as being two separate events are further strengthened by the fact that pyroptosis can be 
induced prior to an initial priming step by the NLRC4 inflammasome in murine 
macrophages. This “unprimed” pyroptosis occurs without the usual simultaneous 
release of cytokines, clearly separating the two established functions of the active 
inflammasome (313). So what decides if activation of these NLRs will induce cytokine 
production or lead to pyroptotic cell death? Induction of pyroptosis was first suggested 
to be a result of a single large ASC oligomer that forms in LPS-stimulated THP-1 cells 
overexpressing ASC and this large supramolecular complex was named 
“pyroptosome” (323). However, later studies showed that this large ASC focus is 
indeed formed upon inflammasome activation and is important for cytokine 
production, but induction of pyroptosis is not dependent on ASC but on CARD-
containing NLRs outside of the ASC focus that does not stimulate classic 
autoproteolysis of caspase-1. Caspase-1 instead remains in an unprocessed, 
alternatively activated form in these inflammasomes and is able to induce pyroptosis 
(324). The specific signals leading to the formation of these “pyroptotic” 
inflammasomes needs to be further elucidated and the physiological role of pyroptosis 
is still not entirely clear. Mice lacking caspase-1 are more susceptible to certain 
bacterial infections and more resistant to sepsis, but the observed phenotype is not 
completely “rescued” upon inhibiting IL-1β and IL-18 production, implying that other 
caspase-1 functions, such as pyroptosis, play a role (325-326). It should be noted that 
caspase-1-deficient mice used in many studies so far are also unintentionally deficient 
in caspase-11, which is situated upstream of caspase-1, making it more difficult to 
draw conclusions on the role of caspase-1 in vivo (316). A study directly addressing 
the role of pyroptosis in vivo has shown that pyroptosis can be an important protective 
mechanism during bacterial infections. Using a Salmonella strain with inducible 
flagellin expression, it was shown that induction of pyroptosis correlates with bacterial 
clearance in a manner independent of inflammasome-related cytokines (327). The 
beneficial effects of pyroptosis might include release of intracellular bacteria, which 
can then be phagocytosed and killed by other types of phagocytes like neutrophils 
(327), or the extracellular release of antimicrobial factors from lysosomes in  cells 
undergoing pyroptosis (328).  
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NLRP3-mediated, caspase-1-dependent pyroptosis has been shown in cell types other 
than macrophages (329) as well as in macrophages stimulated specifically with ATP 
(330-331). Although it is believed that NLRP3 also has the ability to induce 
pyroptosis, few studies have actually shown caspase-1-dependent induction of DNA 
fragmentation and pore formation upon NLRP3 activation in macrophages. Instead, 
several studies in both human and murine cells have shown that NLRP3-mediated cell 
death is more closely related to necrosis and the term pyronecrosis has been used to 
describe this phenomenon. Several pathogens including Shigella, Neisseria and 
Klebsiella have shown to induce pyronecrosis (269-270, 332). Furthermore, activating 
mutations in NLRP3 associated with CAPS also lead to pyronecrotic cell death (332-
334). Pyronecrosis is less well defined than pyroptosis, since morphological features 
seem to be limited to increased permeability of the plasma membrane, a feature also 
present during necrosis and pyroptosis (311). It does not include DNA fragmentation 
and is independent of caspase-1, while being reduced during silencing or knock-out of 
NLRP3 and ASC (269-270, 332-334). Pyronecrotic cell death can be inhibited by 
inhibiting cathepsin B, suggesting that NLRP3 activation following lysosomal damage 
is the NLRP3-activating pathway responsible for inducing pyronecrosis. It should 
however be noted that the effects of cathepsin B inhibition were all observed following 
addition of the inhibitor CA-074Me, which might be a consequence of off-target 
activity since other inhibitors of cathepsin B are less effective in inhibiting cell death 
(264, 335). As previously mentioned, the necroptosis-inducing RIP3 also activates 
NLRP3 (309), suggesting a cross-talk between inflammasome activation and induction 
of necroptosis. 

Inflammasome-mediated cell death is an independent effector mechanism of 
inflammasome activation with rather drastic consequences and potent proinflammatory 
effects. Though inflammasome-mediated cell death is hard to dissect from the cytokine 
production induced by an active inflammasome, the different pathways regulating the 
balance between cell death and cytokine production as well as the relevance of these 
types of cell death are starting to emerge.  

Non-canonical functions of the inflammasome 
Though the production of IL-1 cytokines and inflammasome-mediated cell death have 
been the main focus of most studies on inflammasome function, inflammasome 
assembly and caspase-1 activation have additional functions. In addition to the IL-1 
cytokines as substrates, active caspase-1 in THP-1 cells can cleave over 40 different 
substrates involved in many different cellular processes such as glycolysis, protein 
translation and the cytoskeletal machinery (336). Inflammasome activation and the 
enzymatic activity of caspase-1 is not only crucial for cleaving IL-1 cytokines to their 
active form, but also drives the actual secretion of both inflammasome-related 
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cytokines and other leaderless cytokines like IL-1α (337-338). Furthermore, activation 
of the inflammasome can lead to activation of other caspases such as caspase-8 (339) 
and caspase-7 (340), thus stimulating apoptosis. Finally, NLRP3, NLRC4 and ASC 
together with activated caspase-1 are required for the activation of sterol regulatory 
element binding proteins (SREBPs), which are crucial transcription factors in 
lipogenesis and involved in membrane repair caused by bacterial pore-forming toxins, 
indicating that under certain conditions, inflammasome activation can also induce pro-
survival signals (341). 

The non-canonical functions of inflammasome activation, such as the induction of 
apoptosis and increased membrane repair, fits well with what is thought to be 
protective mechanisms important in combating tuberculosis, and studies on 
inflammasome functions that go beyond cytokine production would be of interest. The 
cleavage of caspase-7 and caspase-8 or counteracting the membrane-lysing activity of 
ESAT-6 might represent important effector mechanisms that complement the 
inflammasome-mediated production of cytokines and the large set of potential 
caspase-1 substrates strongly suggests that caspase-1 indeed has additional functions. 

Interleukin-1β and the IL-1 family 
Signaling transduction by the IL-1 family of cytokines consists of 11 ligands, 
including IL-1β, IL-1α, IL-18 and IL-33 and 10 receptors with IL-1R type I (IL-1RI) 
and IL-1R type II (IL-1RII) being the most prominent members. The IL-1 family is 
sometimes referred to as innate cytokines since IL-1RI, like TLRs, consist of an 
intracellular TIR domain, signals through MyD88 and IRAKs and induce NF-κB 
activation. They are also different to most other cytokine families in that many of the 
IL-1 family members lack signal peptides required for secretion via the classical 
secretory pathway (308). Of the IL-1 family cytokines, IL-1β and IL-18 are both 
processed through activation of caspase-1 by inflammasomes. Processing of the Th2-
polarizing cytokine IL-33 into a biologically active form was first thought to be 
dependent on inflammasome activation and caspase-1 as well, but more recent studies 
have shown that caspase-1 is not required for the production of active IL-33 (342). In 
fact, caspase-1 instead inactivates IL-33, leaving IL-33 unable to signal through its 
receptor (343). The following discussion will focus on IL-1β, which is within the main 
scope of this thesis and will serve as the model member of the IL-1 family, but it is 
important to remember that IL-1β production through inflammasome activation is 
tightly coupled to the production of mature IL-18, which can also have direct effects 
on macrophages and induce production of proinflammatory cytokines (344). 
Furthermore, one of the members of the IL-1 family that is closely related to IL-1β is 
IL-1α. Though the biological function of IL-1α and IL-1β differs and IL-1α is 
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expressed constitutively in a number of cell types, they both signal through IL-1RI and 
exhibit overlapping functions (308). 

The biological functions of IL-1β are numerous and diverse. It is known as a pyrogen 
and induces fever at relatively low concentrations. On a systemic level, effects can 
also include loss of appetite, headache, decreased blood pressure, changes in insulin 
levels and production of acute phase proteins from the liver. Local effects of IL-1β 
include infiltration of immune cells like neutrophils, production of other interleukins, 
angiogenesis and upregulation of adhesion molecules. Many of these effects are 
mediated through induction of cyclooxygenase 2 (COX2) and subsequent production 
of prostaglandins, especially PGE2. In addition to direct effects, IL-1β also induces 
expression of many genes both directly involved in proinflammatory responses as well 
as growth factors, extracellular matrix proteins and proteins involved in tissue 
remodeling (345). Much of the regulation of IL-1β is on a transcriptional level and by 
regulating the activation of the inflammasome, as described in earlier sections. 
However, to avoid excessive inflammation and tissue damage, signaling by IL-1β is 
also tightly regulated by mechanisms downstream of inflammasome activation and 
processing of proIL-1β. The fact that mature IL-1β lacks a signal peptide and can be 
secreted in a Golgi-independent manner might constitute an initial regulatory step after 
processing by caspase-1. IL-1β co-localizes with autophagosomes (295), but can also 
co-localize with secretory lysosomes, which release mature IL-1β together with 
inflammasome components into the extracellular space (346). This suggests that 
activated inflammasomes producing mature IL-1β rapidly localize to lysosomes, which 
can regulate the release of IL-1β by retaining and degrading the cargo or be shuttled to 
the plasma membrane for secretion. After production and release, IL-1β is further 
regulated in several ways. Binding of IL-1β to IL-1RI can be inhibited by the 
endogenous IL-1 receptor antagonist (IL-1Ra), which is produced constitutively in 
non-stimulated macrophages differentiated in vitro (347). IL-1Ra is also produced as a 
hepatic acute phase protein, and elevated levels of IL-1Ra can usually be seen 
following a plasma increase of IL-1β (348). Soluble IL-1Ra does not act through 
inhibitory signals but functions purely as a receptor antagonist where concentrations 
106 times greater than that of IL-1β fail to elicit any responses in humans. 
Recombinant IL-1Ra (anakinra) is therapeutically used in a number of inflammatory 
diseases (308). Furthermore, the inhibitory effect of IL-1Ra is further enhanced by the 
fact that the receptor IL-1RI has greater affinity for IL-1Ra than IL-1β. Strong binding 
of IL-1β to IL-1RI also requires a co-receptor, IL-1R accessory protein (IL-1RAcP), 
which is redundant for binding both IL-1α and IL-1Ra (349). In contrast, IL-1β instead 
has higher affinity to the decoy receptor IL-1RII than IL-1α and IL-1Ra. IL-1RII lacks 
a cytoplasmic signaling domain, thus binding IL-1β without eliciting a signal (350-
351). IL-1RII can also recruit IL-1RAcP, limiting the availability of IL-1RAcP to form 
a functional complex with IL-1RI and IL-1β (352). Finally, both IL-1 receptors as well 



Background 
 

54 
 

as IL-1RAcP also exist in a soluble form, thereby sequestering IL-1β and limiting its 
effects on cells and tissues (351).  

When combining the regulatory mechanisms that exist to control the activation of the 
inflammasome and production of mature IL-1β with the additional mechanisms that 
control signaling by IL-1β through its receptor, an extremely complicated network of 
checkpoints and inhibitory signals emerge. The multifunctional nature of IL-1β makes 
it a crucial cytokine for almost any kind of inflammatory response. It is this very same 
multifunctional and potent nature that requires rigorous control and as shown for 
numerous inflammatory diseases, failure to do so can have detrimental effects for the 
host. 

Interleukin-1β and inflammasome activation in tuberculosis  
Virulent M. tuberculosis activates the NLRP3 inflammasome through expression of 
ESAT-6. Purified ESAT-6 can directly activate caspase-1 in THP-1 cells and loss of 
ESAT-6 severely compromises the induction of IL-1β by the bacteria (353). Likewise, 
infection of macrophages lacking NLRP3, the adaptor protein ASC or caspase-1 with 
virulent wild type M. tuberculosis is also characterized by low levels of IL-1β (354-
356), showing that in macrophages in vitro, the NLRP3 inflammasome is activated in 
an ESAT-6-dependent manner and is responsible for the production of IL-1β. 
Furthermore, M. tuberculosis can also inhibit the NLRC4 inflammasome through the 
expression of the metalloprotease Zmp1 (167).  

The IL-1β produced by the NLRP3 inflammasome upon M. tuberculosis infection has 
several effects and IL-1β, together with vitamin D, leads to the expression of 
antimicrobial peptides in human monocytes, which enhances monocyte killing of the 
attenuated H37Ra strain of M. tuberculosis (357). IL-1β released from infected 
macrophages can also stimulate other cells like lung epithelial cells or uninfected 
macrophages through IL-1RI to express antimicrobial peptides. These peptides are 
then secreted, leading to decreased bacterial numbers and increased survival of 
infected macrophages (239, 358). Addition of IL-1β to murine macrophages also 
increases killing of virulent M. tuberculosis by inducing autophagy (359) and leads to 
increased maturation of mycobacterial phagosomes (167). In line with the in vitro data, 
there are many studies showing the importance of IL-1β, IL-1RI and downstream 
signaling through MyD88 during tuberculosis in vivo. When disrupting different steps 
involved in IL-1β signaling, pronounced phenotypes are seen. For example, MyD88-
deficient mice have severely impaired ability to control bacterial growth, show large 
necrotic lesions, have defective granuloma formation and succumb to the infection 
within four weeks despite being able to produce IFN-γ (360-361). Though MyD88 
also acts as an adaptor for TLR signaling, mice deficient in IL-1RI have a phenotype 
very similar to MyD88-deficent mice with necrotic lesions, increased bacterial burden 
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and death within four weeks, suggesting that much of the protective effects of MyD88 
signaling originate from IL-1RI rather than TLRs (362-363). Much of the signal 
through IL-1RI has been attributed to IL-1β, and mice lacking IL-1β succumb to 
tuberculosis as fast as MyD88-deficient or IL-1RI-deficient mice and display almost as 
high bacterial burden (363). However, mice deficient in IL-1α are also highly 
susceptible to M. tuberculosis and the two IL-1 cytokines might have non-redundant 
roles both relying on signaling through IL-1RI (364). The prerequisite of the NLRP3 
inflammasome for IL-1β production in macrophages in vitro, and the crucial role for 
IL-1β signaling in vivo, strongly suggest a protective and important role for the 
NLRP3 inflammasome and caspase-1 activation during tuberculosis. However, several 
studies have failed to show an effect on bacterial burden, survival or even IL-1β 
production in mice lacking NLRP3 or caspase-1, and very small effects have been 
observed in mice lacking the adaptor protein ASC (354-356, 363). Though not fully 
understood, the reduction of IL-1β production as a consequence of loss of NLRP3, 
ASC or caspase-1 can be completely rescued by other pathways in vivo, such as 
caspase-1-independent production of IL-1β in DCs (307) or extracellular processing by 
neutrophil proteases (308). Instead, activation of NLRP3 during mycobacterial 
infection may contribute to inflammation, tissue destruction and severity of the 
disease. ESX-1-expressing M. marinum infecting rat tails form granulomas that share 
many similarities with human granulomas and in this model, NLRP3-dependent 
production of IL-1β leads to more pathology without restricting bacterial growth (365). 
This observation is supported by the fact that IFN-γ, crucial for protection against M. 
tuberculosis, can limit NLRP3 activation in vivo through NO, which nitrosylates 
NLRP3, thus suppressing IL-1β production and limiting pathology and tissue damage 
(298).  

Although we are starting to understand the role of the inflammasome and IL-1β in 
experimentally infected mice and in murine macrophages, the fact remains that M. 
tuberculosis is a human pathogen and the role of the inflammasome in human 
tuberculosis is still to be elucidated. Mechanisms for inflammasome regulation are 
more diverse in humans compared to mice, which indicates that the inflammasome 
plays a different role during human tuberculosis. 
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AAIMS 
 

The overall aim of this thesis was to gain insight into the interaction between human 
macrophages and M. tuberculosis and to investigate how the innate immune response 
is responsible for a host-beneficial outcome of infection. More specifically, the thesis 
addresses if the NLRP3 inflammasome and IL-1β signaling could shift the balance in 
favor of the host. The more specific aims were: 

 

- To develop a model system to follow the interaction between human macrophages 
and virulent M. tuberculosis over several days of infection.  

 

- To identify novel ways of enhancing the function of the NLRP3/IL-1β axis in 
human macrophages infected with M. tuberculosis. 

 

- To evaluate the role of IL-1β production and increased NLRP3 activity in the 
outcome of infection with respect to bacterial growth, host immune responses and 
macrophage cell death.   



Results and Discussion 
 

57 
 

RRESULTS AND 
DISCUSSION 
 

Paper I  
 

One central aspect of the interaction between M. tuberculosis and the human 
macrophage is the ability of the macrophage to kill the bacteria and thus measuring 
bacterial numbers becomes an important read-out for the host-pathogen interaction. 
Determination of the number of viable bacteria after infection of human macrophages 
is of interest not only for understanding host response but is also of importance for 
drug discovery. The rationale for testing drugs against bacteria in their true 
environment, the human macrophage, has several advantages. M. tuberculosis adapt to 
the different challenges posed by the macrophage and induce different transcriptional 
responses controlling metabolism, replication and expression of proteins implicated in 
virulence of the bacterium depending on the stage of infection (173-174, 366-367). 
This suggests that the bacteria present inside macrophages have phenotypic differences 
in the susceptibility to potential drugs compared to bacteria cultured in broth. Testing 
compounds against intracellular bacteria might also lead to the discovery of novel 
antimicrobial agents that, instead of being directly bactericidal, act as virulence 
blockers that prevent intracellular growth or immunomodulators that act through 
enhancing the antimicrobial capacity of the macrophage itself. To determine the 
number of viable bacteria after infection, the most commonly used method is plating 
and culturing defined volumes of lysed cells followed by the counting of colony-
forming units (CFU) on agar plates. CFU plating is rather sensitive and allows 
detection of very low numbers of bacteria. However, to analyze colony-forming units, 
bacteria need to replicate multiple times before colonies start to appear and this 
becomes a major drawback when studying very slow-growing bacteria such as M. 
tuberculosis, since it takes 2-3 weeks for a colony of M. tuberculosis to appear. 
Furthermore, CFU plating is rather labor-intensive and it is difficult to handle a large 
number of samples. With this in mind, we set out to develop a method that could 
replace CFU plating and detect bacteria directly in cell lysates. It needed to be 
sensitive enough to detect changes in bacterial numbers and only measure live bacteria 
as well as be time- and cost-effective. To be able to follow another important aspect of 
the infection, namely the status of the infected cells, the method needed to include a 
way of measuring macrophage viability. 
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The method is based on the use of a virulent strain of M. tuberculosis, H37Rv, which 
carries a plasmid, pSMT1, containing the genes for Vibrio harveyi luciferase (H37Rv-
lux). The plasmid has been previously used for rapid measurement of the number of 
mycobacteria in mouse spleen, liver and lungs (368-370) and to measure 
mycobacterial growth in murine macrophages (371). The choice of Vibrio harveyi 
luciferase was based on two important factors. First, the luminescent reaction involves 
the oxidation of a long-chain fatty aldehyde and the co-factor riboflavin phosphate 
(FMNH2), which is only present in live bacteria (371). Secondly, the long-chain fatty 
aldehyde, n-decanal, used as a substrate for the reaction is very inexpensive, making it 
suitable for analyzing a large number of samples. The experiments were performed by 
seeding macrophages, which had been allowed to differentiate for seven day in 10% 
human serum, in 96-well plates. Following incubation overnight, macrophages were 
infected by allowing the cells to phagocytose H37Rv-lux at a multiplicity of infection 
(MOI) of 10 for one hour, before medium was changed. At the given time points, a 
fraction of the supernatant was transferred to white 96-well plates suitable for 
measuring luminescence, before cells were hypotonically lysed. Flash-luminescence in 
both supernatant and lysates was measured by a luminometer equipped with an 
automatic injector, which added the substrate n-decanal. Viability of the infected 
macrophages was measured in a parallel 96-well plate by a calcein acetoxymethyl 
(AM)-based assay. Calcein AM is taken up by live cells where esterases remove the 
acetoxymethyl group, leading to a large increase in fluorescence and trapping the 
molecule intracellularly.  

Infection of macrophages with H37Rv-lux at MOI 10 followed by incubation for up to 
three days resulted in growth of the bacteria in the cell lysates and this growth could be 
detected by both luminometry and CFU plating. Furthermore, the data obtained by 
luminometry correlated very well with microscopy data where intracellular GFP-
expressing bacteria were measured over the same period of time (data not shown). By 
calculating the coefficient of variation, the variability between different experiments 
(interassay) as well as within the same experiment (intra-assay) of both CFU plating 
and luminometry were evaluated. The variability between experiments was high for 
both methods, which was expected due to donor-specific differences. However, the 
intra-assay variability was lower with luminometry compared to CFU plating. The 
range and detection limit were also compared by measuring a serial dilution of 
bacterial culture using both luminometry and CFU plating. This showed that CFU 
plating had the lowest detection limit and can detect down to a single colony, but 
required additional dilutions to reach concentrations were single colonies are 
distinguishable. Luminometry was not as sensitive, but had a wide range where a 
linear relationship between bacterial numbers and arbitrary light units (ALU) was 
seen. This linear relationship was stable down to approximately 5000 bacteria. Using 
luminescence, we also measured the supernatant fraction of the infected wells, thereby 
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monitoring the total growth in each individual well. To assert that the luminometry 
method could measure differences in bacterial number, macrophages were either 
infected with the avirulent strains H37Ra or BCG carrying the pSMT1 plasmid or 
treated with antibiotics following infection by H37Rv. Calculating the fold-change of 
bacterial growth by normalizing luminescence values to the initial value at the start of 
infection showed that both addition of antimycobacterial drugs and infection with 
avirulent strains lead to decreased growth. Lastly, using calcein AM to measure 
macrophage viability in our 96-well format showed that infected cells die over the 
course of infection and at three days post-infection, less than 20% of the infected 
macrophages were viable. 

When comparing the luminometry and CFU plating, we had to adopt the CFU plating 
to a 96-well format, meaning that the volumes used for dilutions were rather small. It 
is likely that the CFU plating would have shown less variability when using larger 
volumes. Nevertheless, this underlines the problem with scaling up CFU plating to 
allow analysis of a large number of samples. Furthermore, the luminometry-based 
method using 96-well plates requires large number of cells and when studying human 
primary macrophages, the availability of cells becomes a major bottle-neck. For large-
scale projects, the use of cell lines would be a prerequisite. Since publishing this 
method, we have further developed it to include long-time infections with a lower 
MOI as well as decreasing the number of required cells by measuring viability and 
luminescence serially in the same wells. In conclusion, the luminometry-based method 
is an efficient, labor- and cost-effective way of measuring growth of M. tuberculosis 
during macrophage infection. This method has been used in subsequent studies in our 
group, including the other four papers presented in this thesis. 

Paper II 
 

M. tuberculosis infecting a human macrophage avoids the antimicrobial effects of the 
macrophage and uses the cell as a site for replication. To do so, M. tuberculosis needs 
to keep the cell alive and has evolved several ways to inhibit apoptosis (223-226). 
However, at a certain point, the replicating bacteria inside the macrophage need to 
spread to new cells. To that end, the bacteria are able to induce cell death with 
necrotic-like features, which is mediated through secretion of ESAT-6 (37-38, 184, 
217-218). The fact that ESAT-6 is also required for activation of the NLRP3 
inflammasome in macrophages (353) lead us to hypothesize that the cell death in our 
model (see Paper I) is one of the inflammasome-related pyroptosis or pyronecrosis, 
which are dependent on caspase-1 or cathepsin B, respectively (311). 
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Following infection with M. tuberculosis at MOI 10, macrophage viability was 
determined by staining with calcein AM and bacterial growth was monitored by 
measuring luminescence. To elucidate if cell death was correlated to bacterial burden, 
macrophages were also infected at MOI 1. Although the bacteria grew at both MOIs, 
samples infected at MOI 10 displayed increased growth as compared to MOI 1. In line 
with this, cells started to lose viability after one day of infection at MOI 10 while 
remaining intact for up to three days at MOI 1. One important feature of pyroptosis 
and pyronecrosis is the release of IL-1β. We therefore measured the levels of IL-1β 
during infection and MOI 10 induced pronounced caspase-1-dependent IL-1β 
production, while MOI 1 infected cells produced very low amounts of IL-1β. 
Furthermore, to see if production of IL-1β was strictly dependent on MOI, a titration 
of the MOI was performed. Though a concentration-dependent increase in IL-1β could 
be observed, infection around MOI 8 led to a significant increase in the levels of IL-
1β, suggesting a threshold for excessive inflammasome activation or cell death. After 
establishing that the cell death coincided with the release of IL-1β, we characterized 
the features of this cell death with respect to DNA fragmentation, plasma membrane 
permeability, mitochondrial membrane potential and release of the nuclear protein 
high-mobility group protein 1 (HMGB1). These experiments showed that H37Rv at 
MOI 10 induces extensive cell death, with all features present. Though the caspase-1 
and cathepsin B inhibitors were able to block chemically induced cell death or the 
production of IL-1β, they failed to inhibit cell death induced by H37Rv at MOI 10. In 
contrast, H37Rv at MOI 1 did not induce any significant cell death two days post-
infection. Experiments using mutants lacking ESAT-6 showed that this cell death is 
dependent on ESAT-6 and that even a high load of ESAT-6-deficient bacteria fails to 
induce cell death. Taken together, we concluded that H37Rv at MOI 10 induces 
necrosis in an ESAT-6-dependent manner in human macrophages. 

Defining the events responsible for the induction of macrophage cell death is an 
important issue in tuberculosis. Inhibition of apoptosis as an early protective measure 
and induction of necrosis in later stages, like in the center of a mature granuloma, 
represents important parts of the pathogenesis of M. tuberculosis. In our study, we 
observed a sharp increase in cell death upon infection with M. tuberculosis that we 
defined as necrosis, which was accompanied by large amounts of IL-1β. In contrast, 
infection with a lower MOI of 1 did not affect cell death and induced only very low 
levels of IL-1β, suggesting that the intracellular bacterial load is crucial for induction 
of necrosis and inflammasome activation. Earlier studies have suggested that low 
numbers of M. tuberculosis do not induce cell death, but rather inhibit apoptosis, while 
higher numbers induce a rather atypical combination of necrotic and apoptotic 
features, which could be a sign of widespread membrane damage (217-218, 372). 
After the publication of our paper, a similar study was published also showing that this 
atypical necrosis is independent of caspase-1 and cathepsin B, indicating that 
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pyroptosis or pyronecrosis are not induced. This study did however find an increase in 
lysosomal membrane permeability early during cell death induced by virulent bacteria, 
implicating a lysosomal death pathway (373). Though our results do not point towards 
the previously described inflammasome-mediated pyronecrosis, which is dependent on 
cathepsin B, another subsequent study have suggested that the ESAT-6-dependent 
necrosis is in fact mediated through NLRP3 without involvement of cathepsin B. The 
authors propose a model where lysosomal membrane damage is a subsequent side 
effect of the main function of ESAT-6, which is to damage the phagolysomal 
membrane, leading to activation of NLRP3 and necrotic cell death (374). In line with 
this, a functional ESX-1 and ESAT-6 is required for translocation of virulent M. 
tuberculosis into the cytosol, where another secretion system, ESX-5, seems to be 
responsible for the actual NLRP3 activation leading to both caspase-1 activation and 
caspase-1-independent cell death (42).  

In summary, our results support a model where low numbers of ESAT-6-expressing do 
not elicit any substantial immune responses nor affect the viability of macrophages 
while at a certain critical threshold of bacterial numbers, atypical necrosis is induced, 
which is accompanied by excessive inflammasome activation and IL-1β production. 
Subsequent studies have indicated that when this critical threshold is reached, ESAT-6 
through ESX-1 secretion damages phagosomal and lysosomal membranes and 
translocates into the cytosol where ESX-5 activates NLRP3, leading to both IL-1β 
production and necrosis. Though we together with other groups were unable to show 
any involvement of cathepsin B in this type of cell death (218, 373), some studies 
suggest that cathepsin B might play a role (42, 217). Nevertheless, necrosis induced in 
macrophages by M. tuberculosis coincides with inflammasome activation without 
showing features of either pyroptosis or pyronecrosis. The role of NLRP3 activation in 
a potential non-canonical pathway in M. tuberculosis-induced cell death needs further 
studies. 

Paper III 
 

The idea that novel antimycobacterial agents acting as immunomodulators or virulence 
blockers could complement or even replace traditional antibiotics fits well with the 
fact that the number of M. tuberculosis strains that are resistant to one or more of the 
commonly used antibiotics for treating tuberculosis is increasing. However, the idea of 
treating with immunomodulating agents that enhance protective host responses is far 
from new. For example, many different nutritional adjuvants such as minerals, 
vitamins and amino acids have been investigated for a potential role as 
immunoenhancers (375-378). One of the most studied of these potential nutritional 
adjuvants is vitamin D and an association between susceptibility to tuberculosis and 
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vitamin D insufficiency is a long-standing dogma in tuberculosis research (379). 
Clinical studies with high single doses of vitamin D as a complement to regular 
antibiotic treatment in tuberculosis patients have so far been inconclusive, ranging 
from faster sputum conversion in a subgroup with specific VDR polymorphisms (375) 
to no observed effects at all (378). However, numerous in vitro studies have shown 
that vitamin D is able to induce increased killing of mycobacteria in human monocytes 
and macrophages (49, 131, 200, 357, 380-384), and have suggested that the major 
function of vitamin D is to induce the expression of antimicrobial peptides such as 
human cathelicidin and beta-defensin 4. However, most of these studies have been 
performed in human cell lines or monocytes from healthy donors and none has studied 
whether or not the antimicrobial effects of vitamin D stimulation are altered in 
macrophages from patients with active tuberculosis. 

Thirty-five patients with persistent cough and/or exposure to tuberculosis were 
included in the study and classified as non-tuberculosis, previous tuberculosis, latent 
tuberculosis or current. The number of subjects included in each category varied, but 
no differences with respect to age, gender, ethnicity or serum levels of 25-
hydroxyvitamin D were seen between the groups. Macrophages were infected with 
virulent M. tuberculosis at MOI 10 before incubated in the presence or absence of 
1,25-hydroxyvitamin D for two days. Luminometric analysis of bacterial numbers 
showed variation in both phagocytosis and bacterial growth between individual 
subjects and no difference was seen between the different subject groups. However, 
when comparing the effect of 1,25-hydroxyvitamin D on bacterial growth within the 
different subject groups, a small but significant decrease in bacterial growth was seen 
in the group with active tuberculosis. To elucidate whether the increased capacity to 
control growth of M. tuberculosis by macrophages from tuberculosis patients could be 
coupled to differences in inflammatory responses, the levels of IL-1β, TNF, IL-10 and 
IL-12p40 were measured in culture supernatants. The results showed a tendency of 
increased IL-1β and IL-10 in all subject groups when cells were stimulated with 1,25-
hydroxyvitamin D. Increased levels of  IL-1β was pronounced in the non-tuberculosis 
group and IL-10 in the group with active tuberculosis. The ability of 1,25-
hydroxyvitamin to augment the cytokine response of the infected macrophage was 
further strengthened by the fact that a combined analysis comparing the differences in 
cytokine levels in the whole population showed a clear increase in both IL-1β, IL-10 
and IL-12p40. 

Though limited by the small number of patients included, the study shows that active 
vitamin D increases production of several cytokines from human macrophages, 
including IL-1β. In line with this, vitamin D-mediated production of IL-1β in activated 
human macrophages has been shown before (358, 385). The connection between 
vitamin D stimulation, IL-1β and bacterial killing has been studied on a mechanistic 
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level by Liu et al, who have shown that priming of macrophages, e.g. by TLR1/2 
stimulation, induce two different pathways important for antimycobacterial responses. 
First, this priming step led to upregulation of the VDR and CYP27B1-hydroxylase, the 
enzyme responsible for converting inactive 25-hydroxyvitamin D to active 1,25-
hydroxyvitamin D. This upregulation increased the responsiveness of the macrophage 
towards vitamin D. Secondly, the priming sensitized the cells to IL-1β by upregulating 
the expression of IL-1R1. IL-1β together with vitamin D was subsequently shown to 
be required for expression of beta-defensin 4, which in turn increased the killing 
capacity of the cell (357). Our study showed that cells from patients with active 
tuberculosis display increased responses to vitamin D, leading to increased growth 
control of M. tuberculosis. It is tempting to speculate that macrophages from patients 
with an ongoing infection are primed in vivo, leaving them more responsive to both 
vitamin D and IL-1β stimulation, which leads to increased control of bacterial growth. 
In vivo priming or epigenetically imprinted “memory” of innate cells have been 
observed in studies showing that macrophages cultured for seven days from patients 
with active tuberculosis have increased mRNA levels of IL-1β and NLRP3 compared 
to healthy controls (353) and that monocytes from BCG-vaccinated individuals 
produce more IL-1β and TNF compared to non-vaccinated subjects several months 
after the vaccination (386). The latter study is well in line with unpublished data from 
our lab showing that TNF production is increased in macrophages from BCG-
vaccinated individuals following stimulation with heat-killed M. tuberculosis 
compared to non-vaccinated subjects.  

Taken together, our study suggests that macrophages from patients with active 
tuberculosis are more responsive to vitamin D, displaying enhanced production of 
cytokines and increased killing of M. tuberculosis. We speculate that vitamin D acts 
together with IL-1β to induce the expression of antimicrobial peptides and these 
effects are more prominent in cells from patients with active tuberculosis due to an in 
vivo priming step that upregulates both VDR and IL-1RI expression. For future 
studies, the expression of antimicrobial peptides in macrophages from tuberculosis 
patients stimulated with vitamin D would be of interest. 

Paper IV 
 

During in vivo infection with M. tuberculosis, resident alveolar macrophages are the 
first cells to recognize and respond to the presence of the bacteria. However, other 
cells are quickly recruited from the circulation and the most abundant of these are 
neutrophils. Neutrophils are known to phagocytose M. tuberculosis at the site of 
infection and are an important part of the early response against this pathogen. Uptake 
of mycobacteria by neutrophils leads to killing of the bacteria as well as induction of 
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apoptosis. However, non-infected neutrophils at the site of infection are still short-
lived cells and undergo apoptosis spontaneously within 24 hours after leaving 
circulation (231-232). After induction of apoptosis, the apoptotic neutrophils are 
recognized and cleared by other adjacent phagocytes. While studies in our lab have 
shown that uptake of neutrophils, which are apoptotic as a consequence of 
phagocytosing mycobacteria, by human macrophages induces a proinflammatory 
response in the macrophage (387-389), uptake of spontaneously apoptotic neutrophils 
have long been implicated in anti-inflammatory responses and resolution of 
inflammation (390). However, since the site of infection at early stages likely contains 
both mycobacteria-infected and spontaneously apoptotic neutrophils, a down-
regulation of macrophage responses by the latter could have detrimental effects for the 
host. We therefore investigated the effect of spontaneously apoptotic neutrophils on 
inflammatory responses in infected macrophages. 

Most parts of this study was performed using a model where human macrophages 
were stimulated with M. tuberculosis, spontaneously apoptotic neutrophils (PMNapo) 
or both and incubated for 18-20 hours before cells and supernatants were harvested for 
analysis of cytokines or gene expression. This study and earlier work from the lab 
concerning the interaction between human macrophages and apoptotic neutrophils 
during M. tuberculosis infection have been performed with γ-irradiated M. 
tuberculosis, which will be referred to as γ-Mtb throughout this chapter. Infection of 
macrophages by γ-Mtb alone at an MOI of 5 induced expression of most inflammatory 
genes studied, but addition of PMNapo at a ratio of 2:1 led to an additional increase in 
the expression of several of those genes including NLRP3, proIL-1β, proIL-18, TNF, 
IL-6, IL-23α and IL-10. Similar results were obtained when analyzing cytokines on a 
protein level, where IL-1β, TNF, IL-6 and IL-10 displayed significantly higher levels 
when adding PMNapo to the infected macrophages. This augmenting effect was 
specifically dependent on phagocytosis of apoptotic cells, since inhibition of actin 
polymerization led to lower TNF levels after addition of PMNapo. Furthermore, 
phagocytosis of an inert prey, such as latex beads, did not increase TNF levels in 
infected macrophages. After establishing that PMNapo enhanced macrophage 
activation, we continued by investigating if addition of PMNapo could also enhance 
the killing capacity of macrophages. For these experiments, PMNapo were added to 
macrophages infected with live luciferase-expressing M. tuberculosis and bacterial 
growth was monitored over several days. The results revealed that PMNapo did indeed 
induce a significant decrease in mycobacterial growth after a few days of infection, 
showing that addition of PMNapo had a functional effect. Since several of the genes 
upregulated after stimulating macrophages with PMNapo were related to the 
inflammasome and production of IL-1β, we decided to more closely examine the role 
of IL-1β in our model. We first analyzed the production of IL-1β in individual cells 
which had taken up both γ-Mtb and PMNapo, and though the double-positive 
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population in the samples stimulated with both bacteria and apoptotic cells was small 
(1%), we observed a significant increase in the number of IL-1β positive cells 
compared to cells that had phagocytosed bacteria only. This effect was not observed 
for TNF production. Lastly, by using YVAD to inhibit caspase-1-mediated IL-1β 
production, we observed almost a complete loss of IL-1β together with significantly 
reduced levels of TNF and IL-6 from infected macrophages, showing that IL-1β is to 
some extent driving the production of other proinflammatory cytokines during 
infection. More importantly, addition of PMNapo in the presence of YVAD did not 
influence the levels of TNF and IL-6, suggesting that the augmenting effect acts 
through increased levels of IL-1β. 

Our study challenges the earlier view of spontaneously apoptotic neutrophils as 
inducers of anti-inflammatory responses and we show that during an infection they are 
instead acting as to enhance cytokine production from infected macrophages and to 
increase the killing capacity of the macrophage. The phenomenon of increased killing 
by addition of apoptotic neutrophils has been observed before and has been attributed 
to the transfer of granular content from the neutrophil to the macrophage (50). We can 
not rule out that this mechanism does play a major role in the increased killing 
observed in our model, but we argue that enhancement of macrophage responses by 
apoptotic neutrophils represents an alternative or complementary mechanism. Uptake 
of apoptotic cells by macrophages during M. tuberculosis infection has been shown to 
increase phagosomal maturation and increase bacterial killing (230). A recent follow-
up study further showed that recombinant IL-1β increases both the production of TNF 
and upregulates the surface expression of the TNF receptor-1 (TNFR1) in 
macrophages. This increase in TNF signaling in turn induces caspase-3 activation and 
apoptosis of infected macrophages, enabling increased control of mycobacterial 
growth through efferocytosis (391). These studies support the idea that, in addition to 
directly bestowing the macrophage with antimicrobial effector molecules, apoptotic 
neutrophils also act as danger signal, which increases expression of proIL-1β and 
inflammasome components, and augments the secretion of IL-1β from infected 
macrophages. This increase in IL-1β can not only lead to direct effects like increased 
phagosomal maturation and autophagy (167, 359), but also by enhancing other 
proinflammatory responses from the macrophage, such as TNF production, which in 
turn inhibits bacterial growth. 

Paper V 
 

The role of inflammasome activation in human tuberculosis has for obvious reasons 
not been studied as thoroughly as in murine tuberculosis, where NLRP3 activation 
plays a minor role during tuberculosis (354-356, 363). However, polymorphisms in 
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inflammasome-related genes such as NLRP3 or in the gene encoding the regulatory 
protein CARD8 are common in humans and contribute to susceptibility to 
inflammatory disease caused by excessive IL-1β production. For example, the Q705K 
polymorphism in NLRP3 leads to spontaneous IL-1β from THP-1 cells (392) and 
combined with the truncating polymorphism C10X in CARD8, it has been linked to 
increased risk and severity of Crohn’s disease and arthritis (302, 304). Furthermore, 
healthy double-carriers of Q705K and C10X show increased plasma concentrations of 
IL-1β compared to individuals carrying only one or none of the polymorphisms (393). 
Despite predisposing for inflammatory disease, the high frequency of polymorphisms 
such as Q705K and C10X in the Swedish population (6.5% and 34%, respectively) 
suggests a beneficial function of these polymorphisms, traits that have undergone 
positive selection throughout human evolution. Thus, we hypothesized that 
polymorphisms in inflammasome-related genes lead to increased protection against 
infections with intracellular bacteria, such as M. tuberculosis. 

Recent studies on the inflammasome led to the identification of patients with 
autoinflammatory disease who carried polymorphisms in NLRP3 and/or CARD8 and 
whose monocytes spontaneously produced IL-1β. The first patient identified was a 
young man with recurring fevers, who carried a combination of Q705K and C10X and 
who improved drastically following administration of anakinra (394). The second set 
of patients was two siblings also experiencing inflammatory symptoms such as 
recurring fever. They both carried a novel M299V mutation in NLRP3, where the male 
sibling, who displayed a more severe clinical picture, also carried the C10X 
polymorphism in CARD8 (395). To test if gain-of-function alterations in 
inflammasome genes played a role during M. tuberculosis infection, macrophages 
from these three patients were infected and compared to cells from control individuals. 
These experiments showed that cells from the two patients harboring genetic variants 
in NLRP3 combined with the C10X polymorphism in CARD8 controlled growth of M. 
tuberculosis better than control cells and that this correlated with increased 
phagosomal maturation. The genetic variants in NLRP3 are thought to lead to 
increased inflammasome activation, while the C10X polymorphism in CARD8 leads to 
truncation of the protein and it can no longer act as an inhibitor of caspase-1 or NF-κB 
activity (290, 301, 396). We therefore hypothesized that having genetic variants of 
both NLRP3 and CARD8 led to a scenario where IL-1β was spontaneously produced 
during differentiation of patient cells into macrophages and that this generated 
macrophages more capable of handling growth of M. tuberculosis. Thus, we 
speculated that addition of recombinant IL-1β during differentiation of macrophages 
from healthy blood donors would mimic the milieu in which the patient cells were 
differentiated. Though we were able to show that IL-1β signaling is an important 
factor in controlling growth of M. tuberculosis during the infection, addition of 
exogenous recombinant IL-1β during differentiation failed to affect bacterial growth or 
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phagosomal maturation. To find an alternative model that could mimic the scenario 
with the patient cells, we took advantage of the fact that carriers of the combined 
Q705K and C10X polymorphisms are relatively common in the common Swedish 
population. To that end, we prepared and infected macrophages from 43 healthy blood 
donors and measured bacterial growth over two days of infection. After we obtained 
growth data from all donors, we continued by genotyping them for Q705K and C10X. 
When comparing bacterial growth between cells from wild type individuals and 
double-carriers, healthy asymptomatic carriers of both polymorphisms control growth 
better, while cells from carriers of C10X alone showed increased growth compared to 
wild type control cells. 

To our knowledge, this is the first study showing a beneficial effect of polymorphisms 
linked to increased inflammasome activity and IL-1β production during human 
tuberculosis. Furthermore, the direct effect of these polymorphisms at the macrophage 
level suggests that increased inflammasome activity leads to increased bacterial killing 
in the very early stages of infection, during the first interactions between the bacteria 
and the innate immune system. However, if the bacteria manage to avoid early killing 
and establish infection, the NLRP3 inflammasome becomes redundant, as suggested 
by in vivo studies in mice, where infection is experimentally established. The most 
studied effector mechanism of inflammasome activation is the generation of IL-1β, 
and addition of recombinant IL-1β has been shown to induce phagosomal maturation, 
autophagy and a robust TNF response leading to increased killing of M. tuberculosis in 
macrophages (167, 359, 391). However, these studies have mainly used murine 
macrophages and BCG, or a model with low MOI, longer incubation times and no 
detectable necrosis. The different cells and models used might explain our inability to 
reproduce the effects of adding recombinant IL-1β. Instead it suggests that in our 
model the beneficial effect of increased inflammasome activation caused by gain-of-
function polymorphisms might be through IL-1β-independent mechanisms. Another 
possible explanation is the fact that though a dose-dependent increase of NF-κB 
translocation to the nucleus was observed when stimulating with recombinant IL-1β, 
this effect was rather modest compared to TLR stimulation using LPS (data not 
shown). In addition to the observation that carrying both Q705K and C10X 
polymorphisms increased bacterial growth control, we also observed less bacterial 
growth control in cells carrying the C10X polymorphism alone. The mechanism 
behind this phenomenon needs further investigation, but we speculate that C10X 
predisposes the cell towards pyroptosis (397), and the necrotic nature of this cell death 
would permit spreading to adjacent cells and increased replication of M. tuberculosis, 
while in conjunction with increased NLRP3 activity (e.g. due to the Q705K 
polymorphism), loss of CARD8 instead increases other inflammasome functions such 
as cytokine processing, leading to a more favorable outcome for the host. In summary, 
we propose that polymorphisms that increase the activity of the NLRP3 inflammasome 
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and its related functions are a common feature in most human populations due to 
increased protection against intracellular pathogens such as M. tuberculosis. To 
confirm the observations in our limited study group and to further investigate the role 
of gain-of-function polymorphisms in inflammasome components during tuberculosis, 
it would be of great interest to extend these studies to include tuberculosis patients and 
their healthy house-hold contacts in endemic settings. 
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CCONCLUDING REMARKS 
 

Though the disease has been with us throughout history and the causative bacterium 
has been known for over a century, tuberculosis is still a global health emergency. The 
biology and lifecycle of the bacterium is linked to a complex host-pathogen 
interaction, where many factors influence the outcome of the infection. The 
development of future tools for managing global tuberculosis is dependent on both the 
discovery of new effective antibiotics and increased knowledge of what constitutes an 
effective immune response against M. tuberculosis. The fact that few exposed 
individuals develop disease and a substantial part of an exposed population does not 
develop any adaptive immune responses at all, suggests to us that innate immunity 
alone is capable of protecting most of us against infection. By finding innate host 
factors critical for protection against tuberculosis, one can design immunomodulatory 
agents that stimulate these pathways, acting as adjuvants to traditional antibiotics. It is 
clear that many innate effector mechanisms exist that contribute to protection against 
M. tuberculosis. It is also clear that these multifactorial effector mechanisms converge 
at numerous cross-roads and are intimately connected. This thesis aims at providing 
increased insight into the interaction between human macrophages and M. tuberculosis 
to identify such protective innate effector mechanisms. More specifically, the thesis 
focuses on the role of inflammasome activation and IL-1β during infection of human 
macrophages by M. tuberculosis. 

The present work has resulted in a hypothetical model, which is summarized in Figure 
6. Studying the interaction between the host macrophage and M. tuberculosis was to a 
large extent made possible by the development of a luminometry-based assay for 
measuring bacterial growth (Paper I). We show how ESAT-6-expressing bacteria do 
not induce cell death or elicit any pronounced IL-1β responses from macrophages until 
a certain threshold of bacteria is reached. At this point, atypical necrosis is induced 
lacking characteristics of previously described inflammasome-mediated cell death 
pathways but where the inflammasome and excessive inflammasome IL-1β production 
occurs simultaneously (Paper II). In addition, we show that vitamin D increases 
production of IL-1β and increases killing of M. tuberculosis specifically in cells from 
patients with active tuberculosis. We speculate that cells from tuberculosis patients 
have been primed to express more IL-1RI and VDR, enabling the combination of 
vitamin D and IL-1β to induce increased expression of antimicrobial peptides such as 
beta-defensin 4, leading to increased killing of the bacteria (Paper III). By further 
enhancing the NLRP3/caspase-1/IL-1β axis with apoptotic neutrophils (Paper IV) or 
through gain-of-function polymorphisms (Paper V), it is possible to increase the 
killing capacity of the macrophages, potentially through IL-1β-independent pathways, 
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as well as to enhance production of other proinflammatory mediators, which in turn 
would have a host-beneficial effect. In conclusion, the work presented in this thesis 
shows that by enhanced inflammasome activity, it is possible to tip the balance 
between the human macrophage and M. tuberculosis in favor of the host cell, which 
might act as a protective mechanism during the early stages of infection.  

 

Figure 6. A hypothetical model of the role of the NLRP3 inflammasome and IL-1β during 
infection by Mycobacterium tuberculosis in human macrophages, based on the findings 
presented in this thesis. By using a luminometry-based method for measuring bacterial 
numbers (Paper I) we were able to show that high numbers of ESAT-6-expressing bacteria 
promote IL-1β production and simultaneously induces necrosis independent of inflammasome 
activation (Paper II). Activation of the inflammasome and production of IL-1β in conjunction 
with vitamin D induce increased killing specifically in cells from patients with active 
tuberculosis (Paper III). Furthermore, increasing inflammasome activity and IL-1β 
production by uptake of apoptotic neutrophils (Paper IV), or by activating polymorphisms 
(Paper V), lead to increased production of other proinflammatory cytokines and increased 
killing capacity of the macrophage. 
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