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Introduction 
Since time immemorial mankind has combatted the micro-organisms inhabiting its 
environment. Despite Alexander Fleming’s discovery of penicillin in 1928 and the 
subsequent development of additional antibacterial drugs this worldwide struggle is still 
ongoing and demands lives on a daily basis. Under pressure of antibiotic treatment 
regimens during the past decennia bacteria have developed multi-drug resistant traits 
that further hamper infectious disease control [1-3]. Advancing our understanding of 
pathogen evoked host responses is paramount in the development of new treatment 
strategies and promoting global health. This thesis focuses on the role of Toll-like 
receptor regulators and their ligands in lung infections and sepsis caused by common 
human pathogens. 
 
 
Pneumonia & sepsis  
Due to its prevalence and potentially life-threatening manifestations, infections of the 
lower respiratory tract (pneumonias) are a particular challenge to global health [2, 4, 5]. 
Disease burden projections towards 2030 predict pneumonia to remain among the top 
four leading causes of death worldwide [6-8]. The most common causative agent of 
community-acquired pneumonia and sepsis is the gram-positive diplococcus 
Streptococcus (S.) pneumoniae  [9, 10]. Pneumococcal pneumonia occurs as a primary 
bacterial infection of the lung but causes superinfection during seasonal influenza 
epidemics as well [11-14]. The gram-negative rod shaped bacillus Klebsiella (K.) 
pneumoniae is an important causative agent in nosocomial (health-care/hospital-
acquired) pneumonia and sepsis [15, 16]. Sepsis is the result of uncontrolled infection 
and characterized by an unbalanced systemic host response leading to cellular 
dysfunction and subsequently organ failure [17-20]. Though many infections can lead to 
sepsis, the most frequent source is pneumonia [19]. 
A very old and specific type of lung infection is caused by the acid fast Mycobacterium 
(M.) tuberculosis. Approximately one third of the world’s population is likely infected 
with this micro-organism and with 1.3 million deaths in 2012 M. tuberculosis remains 
the most lethal human bacterial pathogen to date [21]. Fortunately, not all infections 
lead to tuberculosis disease and death. Alveolar macrophages are the residence of 
choice of M. tuberculosis [21]. The microbe persists inside these phagocytes by 
arresting normal phagosome maturation and preventing phagolysosomal fusion [22]. A 
dynamic equilibrium between host immunity and the mycobacterium allows a latent/ 
dormant disease state where encapsulated lesions (granulomas) effectively isolate the 
infection within the host but where eradication is nonetheless rarely achieved [22]. In 
less than 10% of cases latent disease develops into active disease [21-23].  
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Pulmonary host defense 
The lung contains one of the largest surfaces of the body that maintains contact with 
the outside world. Anatomical (airway angulation, epithelium, mucus, surfactant) and 
physiological barriers (mucociliary clearance, coughing, sneezing) are there to limit and 
remove inhaled substances and pathogens [24] (Figure 1). When, despite these barriers, 
micro-organisms do invade the airways, the host has both innate and adaptive immune 
responses at its disposal to eliminate the threat [25]. Resident immune cells (i.e. 
alveolar macrophages) and respiratory epithelial cells [26, 27] organize this response 
through secretion of cytokines and chemokines, the production of anti-microbial 
peptides, the recruitment and activation of additional immune cells (i.e. neutrophils, 
additional phagocytes and antigen presenting cells) and the phagocytosis of micro-
organisms [25, 28, 29] (Figure 2). Eventually, through antigen presentation and 
interaction with specific cells and cytokines, an adaptive immune response takes form 
(primarily composed of  T- and B- lymphocytes) to further combat infection and to 
facilitate immune memory after infection has been resolved [25, 30, 31].  
 

 
Figure 1: Respiratory tree and alveoli. Inhaled air enters the lung via the respiratory tree. After 
inhalation through the mouth or nose (nose hairs to filter and sinuses to warm and humidify) the air first 
encounters the trachea which divides in the two primary bronchi (left and right lung). Each primary 
bronchus branches off into the secondary bronchi, which give rise to the tertiary bronchi and eventually 
to the bronchioli, the terminal bronchioli and the alveoli. Goblet cells (yellow), residing in the bronchi 
part of the respiratory tree, produce and discharge mucus which is swept towards the mouth by ciliated 
epithelial cells (light orange); a mechanism called mucociliary clearance. Basal cells (darker orange 
triangles) help to anchor epithelial cells, insulate the underlying tissue from the external environment 
and are multipotent cells that help regenerate the epithelial layer. Less is known about the ‘intermediate 
cells’ (round purple) [32]. Secretory cells in the bronchiolar part of the respiratory tree are Clara/ club 
cells (red). They produce glycoaminoglycans, lysozymes etc., they engulf & breakdown airborn toxins 
and they can differentiate into both ciliated and non-ciliated epithelial cells. Adapted from [33, 34]   
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Recruited neutrophils especially are particularly proficient when it comes to host 
defense against bacteria [28, 30, 35, 36]. Firstly, neutrophils phagocytose extracellular 
pathogens which subsequently are killed and degraded intracellularly during 
phagosome maturation with the help of produced reactive oxygen species and 
hydrolytic enzymes. Secondly, extracellular killing is facilitated via degranulation (and 
thus the release of soluble anti-microbials), and NETosis: the kamikaze formation of 
neutrophil extracellular traps (NETs) with inherent bactericidal properties [30, 35]. In 
addition, neutrophils produce and release inflammatory mediators of their own, 
including complement components, cytokines and chemokines [30, 35], which add to 
and shape both innate and adaptive immune responses [36].  

Figure 2: Depicted is a normal (left side) and inflamed (right side) alveolus. In the acute phase, there is 
sloughing of epithelial cells. In the air space an alveolar macrophage is secreting cytokines (i.e. IL-1, -6, -8, 
-10 and TNF-α), which activate neutrophils and stimulate chemotaxis. Neutrophils are shown adhering to 
injured epithelium and migrating to the site of inflammation. They produce inflammatory mediators (i.e. 
leukotrienes, oxidants, proteases, platelet-activating factor (PAF)) which are released in the protein-rich 
edema fluid. Adapted from [37] 
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Resident alveolar macrophages are particularly eager phagocytes. They internalize not 
only micro-organisms and pathogenic components, but also clear apoptotic cells, debris 
and inert particulates (like dust) from the airways [25]. Immunologically, they are (kept) 
relatively quiet to limit unnecessary lung injury [29]. This restraint lasts up until warning 
signals like tissue damage [38, 39] or an overwhelming infection [29] changes their fate 
and they develop into a more inflammatory phenotype, resulting in the production of 
regulatory cytokines, assisting the attraction of neutrophils to the site of infection. 
 
TLR signaling  
The key to initiation of any immune response  is recognition of a health risk. Toll-like 
receptors (TLRs) are part of the innate system  and belong to the so called group of 
pattern recognition receptors (PRRs). TLRs are capable of recognizing both pathogen- 
and danger associated molecular patterns (PAMPs and DAMPs) [39-43]. As such they 
are at the first line of defense when it comes to preventing and combating infectious 
disease. Upon recognition of a PAMP (or DAMP) activation of TLRs ensues, entailing TLR 
dimerization and subsequently recruitment of adaptor and accessory proteins which 
initiate an intracellular signaling cascade resulting in nuclear factor (NF)-κB, mitogen-
activated protein (MAP) kinase activation and/or interferon regulatory factor (IRF) 
activation, thus propagating a pro-inflammatory response [40, 42]. 
Myeloid differentiation primary response gene (MyD)88 is the universal adaptor for all 
TLRs (except TLR3) and the interleukin (IL)-1 receptor family (IL-1, -18 and -33 
receptors) [41, 42, 44]. TLR3 is TIR domain-containing adapter-inducing IFN-β (TRIF) 
dependent; TLR4 signaling can proceed via either MyD88 or TRIF. In the absence of both 
MyD88 and TRIF no TLR (IL-1 or IL-18) signaling takes place [41, 42]. 
 
Negative regulators 
TLR activation leads to a pro-inflammatory response involving the production of 
cytokines and other inflammatory mediators, and the recruitment of activated immune 
cells in principle culminating in a self-augmenting and expanding inflammatory  reaction 
meant to clear pathogenic micro-organisms from the body. Unfortunately, a fulminant 
inflammatory response invariably leads to host cell damage, tissue destruction and 
possibly organ dysfunction. Consequently, rigorous regulation of inflammation is 
imperative. Several negative regulators of TLR signaling have been identified [45]. Single 
immunoglobulin IL-1R-related molecule (SIGIRR or TIR8) and membrane bound IL-1R-
like 1 (ST2) are two of such negative regulators [46, 47] (Figure 3). 
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Figure 3: Negative regulation of Toll-like receptor 
signaling [43]. 
Both ST2 and SIGIRR are membrane bound regulators able 
to interfere with TLR adaptor- and associated molecule 
recruitment/ activation thus inhibiting downstream 
signaling. IRAK-M, SOCS-1 (suppressor of cytokine 
signaling-1) and MyD88s (myeloid differentiation primary-
response-protein 88 short) are intracellular inhibitors. IκB, 
inhibitor of NF-κB; IKK, IκB kinase; IRAK, IL-1R associated 
kinase; TIRAP, TIR (Toll/IL-1R)-domain-containing adaptor 
protein; TRAF, tumor necrosis factor receptor associated 
factor. 

 

ST2 & IL-33 
The ST2 gene produces two different splice variants: the membrane bound ST2L and the 
soluble (s)ST2 which can be measured in the circulation. ST2L functions both as a 
negative regulator of TLR signaling and as part of the IL-33 receptor. sST2 has been 
suggested to act mainly as a decoy receptor for IL-33 [48], but has been shown to 
inhibit lipopolysaccharide (LPS) signalling and subsequent effector functions by binding 
to monocytes, macrophages and dendritic cells as well [49-52]. ST2 is found on many 
hematopoietic and immune cells. Nevertheless, a certain expression selectivity within 
the adaptive immune cell cluster is denoted since it is expressed specifically on type 2 
not type 1 helper cells [48, 53]. In contrast, innate immune expression is more 
ubiquitous: ST2 is found on mast cells, granulocytes, monocytes, macrophages, natural 
killer cells, innate lymphoid cells, dendritic cells, even epithelia [48, 53-55]. 
 
IL-33 belongs to the IL-1 family of cytokines and is pleiotropic in its function [53]. IL-33 is 
expressed in many different cells’ nuclei where it exhibits transcriptional repressor 
capabilities by binding to NF-κB, thus negating any NF-κB effector function and 
dampening the immune response [53]. Once released from the cell (possibly actively 
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secreted but definitely due to necrosis) [48, 56, 57] IL-33 triggers NF-κB and MAP 
kinases via ST2. By means of the induction of cytokines like IL-4, IL-5 and IL-13 from 
various cell types in various tissues the main function of extracellular IL-33 seems to be 
directing the immune system towards a predominantly Th2 polarized response [58, 59], 
although IL-33 induced/supported secretion of IL-1β, IL-6 and TNF has been reported as 
well [60-63]. Interestingly, SIGIRR may dampen IL-33 effects, providing an additional 
inhibitory circuit in innate immunity [64].  
 
 
 
 
 
 
 
 

Outline of this thesis: 
The general aim of this thesis is to improve our understanding of the (innate) immune 
system’s response to common human lung infections and sepsis; specifically the role of 
TLR signaling adaptors MyD88 and TRIF, and the role of negative regulators SIGIRR & 
ST2 and ST2’s additional functions are discussed. 
In chapter 2 the role of SIGIRR during pneumococcal lung infection and sepsis is 
investigated by comparing the host response in SIGIRR deficient and normal wild-type 
mice after infection with S. pneumoniae via the airways or by intravenous injection. 
Chapter 3 discusses the role of ST2 in primary and secondary pneumococcal 
pneumonia; the latter using a murine model of secondary S.pneumoniae respiratory 
tract infection following non-lethal influenza A lung infection in wild-type and ST2 
deficient mice.  Chapter 4 describes studies seeking to determine the role of ST2 in 
sepsis caused by either S. pneumoniae or K. pneumoniae. Chapter 5 investigates the 
receptor function of ST2 by administering IL-33 to mice with K. pneumoniae pneumonia. 
Chapter 6 focusses on the TLR adaptor molecules MyD88 and TRIF and their possible 
differential roles in both resident and hematopoeitic cells during murine K. pneumoniae 
infection. The last two chapters report human studies: chapter 7  reports on the 
expression of TLR inhibitors tuberculosis patients recruited in Chittagong, Bangladesh; 
furthermore, plasma sST2 is measured in these patients to evaluate ST2’s biomarker 
potential in tuberculosis. sST2 measurements are also reported in chapter 8, in a cohort 
of Dutch community-acquired pneumonia patients caused by either influenza A (H1N1), 
Coxiella burnetii (Q-fever) or S. pneumoniae patients. 
  



 

  

General introduction 

18 

Reference list 
1. Pop-Vicas A and Opal SM. The clinical impact of multidrug-resistant gram-negative 

bacilli in the management of septic shock. Virulence, 2013; 5(1). 
2. Rello J and Chastre J. Update in pulmonary infections 2012. Am J Respir Crit Care Med, 

2013; 187(10): 1061-6. 
3. Linares J, et al. Changes in antimicrobial resistance, serotypes and genotypes in 

Streptococcus pneumoniae over a 30-year period. Clin Microbiol Infect, 2010; 16(5): 
402-10. 

4. File TM. Community-acquired pneumonia. Lancet, 2003; 362(9400): 1991-2001. 
5. Niederman MS and Luna CM. Community-acquired pneumonia guidelines: a global 

perspective. Semin Respir Crit Care Med, 2012; 33(3): 298-310. 
6. Organisation WH. The global burden of disease: 2004 update. 2008. 
7. Organisation WH. The top 10 causes of death. Fact sheet no. 310 (updated May 2014), 

in Global Health observatory2014, Global Health observatory: 
http://wwwwhoint/mediacentre/factsheets/fs310/en. 

8. Organisation WH. Projections of mortalitly and causes of deaht 2015 and 2030; Global 
summary projections, 2013. 

9. van der Poll T and Opal SM. Pathogenesis, treatment, and prevention of pneumococcal 
pneumonia. Lancet, 2009; 374(9700): 1543-56. 

10. Dockrell DH, Whyte MK, and Mitchell TJ. Pneumococcal pneumonia: mechanisms of 
infection and resolution. Chest, 2012; 142(2): 482-91. 

11. Morens DM, Taubenberger JK, and Fauci AS. Predominant role of bacterial pneumonia 
as a cause of death in pandemic influenza: implications for pandemic influenza 
preparedness. J Infect Dis, 2008; 198(7): 962-70. 

12. McCullers JA. Insights into the interaction between influenza virus and pneumococcus. 
Clin Microbiol Rev, 2006; 19(3): 571-82. 

13. Grabowska K, et al. Occurrence of invasive pneumococcal disease and number of 
excess cases due to influenza. BMC Infect Dis, 2006; 6: 58. 

14. Irizarry-Acosta M and Puius YA. Post-influenza pneumonia: everything old is new again. 
Med Health R I, 2010; 93(7): 204-7, 211. 

15. Kollef MH, et al. Epidemiology and outcomes of health-care-associated pneumonia: 
results from a large US database of culture-positive pneumonia. Chest, 2005; 128(6): 
3854-62. 

16. Opal SM, et al. Systemic host responses in severe sepsis analyzed by causative 
microorganism and treatment effects of drotrecogin alfa (activated). Clin Infect Dis, 
2003; 37(1): 50-8. 

17. van der Poll T and Opal SM. Host-pathogen interactions in sepsis. Lancet Infect Dis, 
2008; 8(1): 32-43. 

18. Rittirsch D, Flierl MA, and Ward PA. Harmful molecular mechanisms in sepsis. Nat Rev 
Immunol, 2008; 8(10): 776-87. 

19. Angus DC and van der Poll T. Severe sepsis and septic shock. N Engl J Med, 2013; 
369(21): 2063. 

20. Deutschman CS and Tracey KJ. Sepsis: current dogma and new perspectives. Immunity, 
2014; 40(4): 463-75. 

21. Kaufmann SH. How can immunology contribute to the control of tuberculosis? Nat Rev 
Immunol, 2001; 1(1): 20-30. 

22. Russell DG. Who puts the tubercle in tuberculosis? Nat Rev Microbiol, 2007; 5(1): 39-
47. 

23. Zumla A, et al. Tuberculosis. N Engl J Med, 2013; 368(8): 745-55. 

http://wwwwhoint/mediacentre/factsheets/fs310/en


 

 

19 

General introduction 

24. Wright JR. Immunoregulatory functions of surfactant proteins. Nat Rev Immunol, 2005; 
5(1): 58-68. 

25. Martin TR and Frevert CW. Innate immunity in the lungs. Proc Am Thorac Soc, 2005; 
2(5): 403-11. 

26. Hallstrand TS and Gharib SA. Bridging the gap: merging clinical and inflammatory 
phenotypes with epithelial gene expression profiles in asthma. Am J Respir Crit Care 
Med, 2014; 190(12): 1333-6. 

27. Parker D and Prince A. Innate immunity in the respiratory epithelium. Am J Respir Cell 
Mol Biol, 2011; 45(2): 189-201. 

28. Craig A, et al. Neutrophil recruitment to the lungs during bacterial pneumonia. Infect 
Immun, 2009; 77(2): 568-75. 

29. Aberdein JD, et al. Alveolar macrophages in pulmonary host defence the unrecognized 
role of apoptosis as a mechanism of intracellular bacterial killing. Clin Exp Immunol, 
2013; 174(2): 193-202. 

30. Mantovani A, et al. Neutrophils in the activation and regulation of innate and adaptive 
immunity. Nat Rev Immunol, 2011; 11(8): 519-31. 

31. Manicassamy S and Pulendran B. Modulation of adaptive immunity with Toll-like 
receptors. Semin Immunol, 2009; 21(4): 185-93. 

32. Rock JR, Randell SH, and Hogan BL. Airway basal stem cells: a perspective on their roles 
in epithelial homeostasis and remodeling. Dis Model Mech, 2010; 3(9-10): 545-56. 

33. Arezzo C. Le malattie dell'Apparato Respiratorio; http: /www.malattierespiratorie.com. 
34. https://bioethicsarchive.georgetown.edu/pcbe/. 
35. Borregaard N. Neutrophils, from marrow to microbes. Immunity, 2010; 33(5): 657-70. 
36. Nathan C. Neutrophils and immunity: challenges and opportunities. Nat Rev Immunol, 

2006; 6(3): 173-82. 
37. Ware LB and Matthay MA. The acute respiratory distress syndrome. N Engl J Med, 

2000; 342(18): 1334-49. 
38. Murray PJ and Wynn TA. Protective and pathogenic functions of macrophage subsets. 

Nat Rev Immunol, 2011; 11(11): 723-37. 
39. Chen GY and Nunez G. Sterile inflammation: sensing and reacting to damage. Nat Rev 

Immunol, 2010; 10(12): 826-37. 
40. Lee CC, Avalos AM, and Ploegh HL. Accessory molecules for Toll-like receptors and 

their function. Nat Rev Immunol, 2012; 12(3): 168-79. 
41. Beutler BA. TLRs and innate immunity. Blood, 2009; 113(7): 1399-407. 
42. Kawai T and Akira S. The role of pattern-recognition receptors in innate immunity: 

update on Toll-like receptors. Nat Immunol, 2010; 11(5): 373-84. 
43. Akira S and Takeda K. Toll-like receptor signalling. Nat Rev Immunol, 2004; 4(7): 499-

511. 
44. Garlanda C, Dinarello CA, and Mantovani A. The interleukin-1 family: back to the 

future. Immunity, 2013; 39(6): 1003-18. 
45. Liew FY, Liu H, and Xu D. A novel negative regulator for IL-1 receptor and Toll-like 

receptor 4. Immunol Lett, 2005; 96(1): 27-31. 
46. Riva F, et al. TIR8/SIGIRR is an Interleukin-1 Receptor/Toll Like Receptor Family 

Member with Regulatory Functions in Inflammation and Immunity. Front Immunol, 
2012; 3: 322. 

47. Brint EK, et al. ST2 is an inhibitor of interleukin 1 receptor and Toll-like receptor 4 
signaling and maintains endotoxin tolerance. Nat Immunol, 2004; 5(4): 373-9. 

48. Milovanovic M, et al. IL-33/ST2 axis in inflammation and immunopathology. Immunol 
Res, 2012; 52(1-2): 89-99. 

http://www.malattierespiratorie.com/


 

  

General introduction 

20 

49. Sweet MJ, et al. A novel pathway regulating lipopolysaccharide-induced shock by 
ST2/T1 via inhibition of Toll-like receptor 4 expression. J Immunol, 2001; 166(11): 
6633-9. 

50. Oshikawa K, et al. ST2 protein induced by inflammatory stimuli can modulate acute 
lung inflammation. Biochem Biophys Res Commun, 2002; 299(1): 18-24. 

51. Takezako N, et al. ST2 suppresses IL-6 production via the inhibition of IkappaB 
degradation induced by the LPS signal in THP-1 cells. Biochem Biophys Res Commun, 
2006; 341(2): 425-32. 

52. Nagata A, et al. Soluble ST2 protein inhibits LPS stimulation on monocyte-derived 
dendritic cells. Cell Mol Immunol, 2012; 9(5): 399-409. 

53. Sattler S, et al. The evolutionary role of the IL-33/ST2 system in host immune defence. 
Arch Immunol Ther Exp (Warsz), 2013; 61(2): 107-17. 

54. Fujita J, et al. Interleukin-33 induces interleukin-17F in bronchial epithelial cells. 
Allergy, 2012; 67(6): 744-50. 

55. Lin J, et al. A novel interleukin 33/ST2 signaling regulates inflammatory response in 
human corneal epithelium. PLoS One, 2013; 8(4): e60963. 

56. Gorski SA, Hahn YS, and Braciale TJ. Group 2 innate lymphoid cell production of IL-5 is 
regulated by NKT cells during influenza virus infection. PLoS Pathog, 2013; 9(9): 
e1003615. 

57. Mirchandani AS, Salmond RJ, and Liew FY. Interleukin-33 and the function of innate 
lymphoid cells. Trends Immunol, 2012; 33(8): 389-96. 

58. Schmitz J, et al. IL-33, an interleukin-1-like cytokine that signals via the IL-1 receptor-
related protein ST2 and induces T helper type 2-associated cytokines. Immunity, 2005; 
23(5): 479-90. 

59. Monticelli LA, et al. Innate lymphoid cells promote lung-tissue homeostasis after 
infection with influenza virus. Nat Immunol, 2011; 12(11): 1045-54. 

60. Allakhverdi Z, et al. Cutting edge: The ST2 ligand IL-33 potently activates and drives 
maturation of human mast cells. J Immunol, 2007; 179(4): 2051-4. 

61. Enoksson M, et al. Mast cells as sensors of cell injury through IL-33 recognition. J 
Immunol, 2011; 186(4): 2523-8. 

62. Moulin D, et al. Interleukin (IL)-33 induces the release of pro-inflammatory mediators 
by mast cells. Cytokine, 2007; 40(3): 216-25. 

63. Espinassous Q, et al. IL-33 enhances lipopolysaccharide-induced inflammatory cytokine 
production from mouse macrophages by regulating lipopolysaccharide receptor 
complex. J Immunol, 2009; 183(2): 1446-55. 

64. Bulek K, et al. The essential role of single Ig IL-1 receptor-related molecule/Toll IL-1R8 
in regulation of Th2 immune response. J Immunol, 2009; 182(5): 2601-9. 

 
 
 
 


