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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. 
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Abstract 
Streptococcus (S.) pneumoniae is a common cause of pneumonia and sepsis. Toll-like 
receptors (TLRs) play a pivotal role in host defense against infection. We here sought to 
determine the role of Single immunoglobulin interleukin-1 receptor-related molecule 
(SIGIRR a.k.a. TIR8), a negative regulator of TLR signaling, in pneumococcal pneumonia 
and sepsis. Wild type and SIGIRR deficient (sigirr -/-) mice were infected intranasally (to 
induce pneumonia) or intravenously (to induce primary sepsis) with S. pneumoniae and 
euthanized after 6, 24 or 48 hours for analyses. Additionally, survival studies were 
performed. Sigirr -/-  mice showed a delayed mortality during lethal pneumococcal 
pneumonia. In accordance, sigirr -/- mice displayed lower bacterial loads in lung and less 
dissemination of the infection at 24 hours after induction of pneumonia. SIGIRR 
deficiency was associated with increased interstitial and perivascular inflammation in 
the lung tissue early after infection without impacting on neutrophil recruitment or 
cytokine production.  Sigirr -/-  mice also demonstrated reduced bacterial burdens at 
multiple body sites during S. pneumoniae sepsis. Sigirr -/-  alveolar macrophages and 
neutrophils exhibited an increased capacity to phagocytose viable pneumococci. These 
results suggest that SIGIRR impairs antibacterial host defense during pneumonia and 
sepsis caused by S. pneumoniae. 
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Introduction 
The gram-positive diplococcus Streptococcus (S.) pneumoniae is the leading cause of 
community-acquired pneumonia and the most common cause of death from infection 
in developed countries today [1, 2]. In the United States alone, S. pneumoniae is 
responsible for more than half a million pneumonia cases and 50,000 episodes of 
bacteremia each year, with case fatality rates of 7 and 20% respectively [3]; similar 
figures have been reported for Europe [4]. Globally, the annual pneumococcal related 
death toll has been estimated at approximately 2 million [2]. As such, S. pneumoniae 
represents a major health burden despite vaccination programs and effective antibiotic 
treatments.  
 
Toll-like receptors (TLRs) form an important part of innate defense against infection [5, 
6]. TLRs recognize conserved motifs expressed by microbes (pathogen/microbe-
associated molecular patterns or PAMPs/MAMPs) and host derived damage-associated 
molecular patterns (DAMPs), resulting in the recruitment of intracellular adaptor 
molecules, the activation of nuclear factor (NF)-κB and other signaling pathways, and 
the production of pro-inflammatory cytokines. Multiple TLRs are involved in the 
detection of pneumococci. TLR2 is mainly responsible for recognition of S. pneumoniae 
cell wall components [7-9], while TLR4 induces cytokine release in response to 
pneumolysin, a toxin expressed by all virulent pneumococcal strains [10, 11]. During 
experimental pneumococcal pneumonia protective roles have been reported for TLR4 
[10-12] and TLR9 [13], the receptor that recognizes bacterial DNA [5, 6], while TLR2 
contributes to the induction of inflammation in the airways [7, 14]. All TLRs involved in 
sensing S. pneumoniae signal via a common adapter: myeloid differentiation primary 
response gene 88 (MyD88), which also mediates the intracellular effects of the 
interleukin (IL)-1 receptor (R) and IL-18R [15]. Not unexpectedly, mice with a genetic 
deletion of the myd88 gene (myd88 -/- mice) showed a strongly impaired host defense 
during pneumococcal pneumonia, as reflected by enhanced bacterial growth and an 
increased mortality [16].  
 
Unrestrained activation of TLRs can cause disproportionate inflammation and collateral 
tissue damage. Therefore, TLR signaling is securely regulated in order to avoid such 
injurious inflammatory responses [17]. Single immunoglobulin interleukin-1 receptor 
related molecule (SIGIRR or TIR8) has been shown to inhibit NF-κB activation dependent 
on TLRs and IL-1R like receptors (ILRs) [18]. SIGIRR is ubiquitously expressed in different 
tissues, including the lung, where the main SIGIRR positive cell types are bronchial 
epithelium, leukocytes and blood endothelial cells [19]. Recent research has implicated 
SIGIRR as an important regulator of inflammation in the respiratory tract. In a model of 
acute pneumonia caused by Pseudomonas (P.) aeruginosa, a gram-negative pathogen 



 

  

SIGIRR im
pairs host defense during pneum

onia and sepsis caused by S. pneum
oniae 

24 

primarily affecting immune compromised hosts, sigirr -/- mice showed increased 
lethality and higher bacterial burdens together with exaggerated local and systemic 
inflammation [19]. Likewise, in chronic lung infection caused by Mycobacterium 
tuberculosis SIGIRR deficiency was associated with excessive lung and systemic 
inflammation, and as a consequence thereof increased lethality [20]. In accordance, 
overexpression of SIGIRR in lung epithelial cells attenuated acute lung injury elicited by 
airway exposure to LPS, the toxic component of gram-negative bacteria [21]. Thus far, 
the contribution of SIGIRR to the host response during gram-positive infection has not 
been studied. We here sought to determine the role of SIGIRR in pneumonia and sepsis 
caused by S. pneumoniae. 
 
 

Materials and methods 
 
Animals 
Specific pathogen free  9-11 week old C57BL/6 wild-type (WT) mice were from Charles 
River (Maastricht, The Netherlands). Sigirr -/- mice [22], backcrossed six times to a 
C57BL/6 background, were bred in the animal facility of the Academic Medical Center in 
Amsterdam.  Age- and sex-matched animals were used in all experiments. The Animal 
Care and  Use Committee of the University of Amsterdam approved all experiments. 
 
Experimental infections 
The models of pneumococcal pneumonia and pneumococcal sepsis have previously 
been described [23, 24]. In short, mice were inoculated intranasally (to induce 
pneumonia) with 5x104 CFU of S. pneumoniae (serotype 3; American Type Culture 
Collection, ATCC 6303, Rockville, MD) or intravenously (to induce primary sepsis) with 
5x105 CFU S. pneumoniae. Lung, blood, spleen and liver were harvested 6, 24, or 48 post 
infection for quantitative bacterial cultures as described (n = 8 or 16 per group at each 
time point) [23, 24]. Neutrophil counts in bronchoalveolar lavage (BAL) fluid were 
determined as described [25]. In separate studies, mice were followed for 4 days and 
survival was monitored at least every 12 hours (n = 20 per group).  
 
Histopathological analysis  
Lung histopathology was semi-quantitatively analyzed as described [7, 26]. In short: the 
“lung inflammation score” was expressed as the sum of six, on a scale of 0 (‘absent’) to 
4 (‘severe’)  graded, parameters: pleuritis, bronchitis, edema, interstitial inflammation, 
percentage of pneumonia, and endothelialitis. Granulocyte staining was done with a Ly-
6G monoclonal antibody (BD Pharmingen, San Diego, CA, USA) as described previously 
[23, 27]. The entire Ly-6G stained lung sections were digitized with a slide scanner 
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(Olympus, Tokyo, Japan). Immunopositive (Ly-6G+) areas were analyzed with ImageJ 
(version 2006.02.01, US National Institutes of Health, Bethesda, MD) and expressed as 
the percentage of the total lung surface area [26, 27].  Analyses were performed in a 
blinded way, i.e., without knowledge of genotype (n=8 per group at each time point). 
 
Assays 
Lung homogenates were prepared as described [7]. In lung homogenates, tumor 
necrosis factor (TNF)-α, IL-1β, IL-6, macrophage inflammatory protein (MIP-2) and 
cytokine-induced neutrophil chemo attractant (KC) were measured using specific 
enzyme-linked immunosorbent assays (R&D systems, Abingdon, UK) in accordance with 
the manufacturer’s recommendations. In plasma TNF-α, IL-6 and monocyte 
chemoattractant protein (MCP)-1 were measured by cytometric bead array multiplex 
assay (BD Biosciences, San Jose, CA).  
 
Phagocytosis 
Heparinized whole blood from WT and sigirr -/- mice was collected and murine alveolar 
macrophages (AMs) were obtained by bronchoalveolar lavage and cultured to adhere 
overnight. Phagocytosis of UV irradiated (254 nm; 30 minutes at 0.12J/cm2; in a BLX-
254; Vilber Lourmat, France) CFSE  labeled (Invitrogen) opsonized (10% autologous 
normal mouse serum)  S. pneumoniae by alveolar macrophages (MOI 100) and in whole 
blood by GR-1 identified neutrophils (8x107 CFU/ml blood) was determined with the 
help of flow cytometry as described previously [23]. The percentage phagocytosing cells 
at 37 oC was corrected for the percentage phagocytosis at 4 oC. 
 
Statistical analysis 
Data are expressed as box and whisker diagrams depicting the smallest observation, 
lower quartile, median, upper quartile and largest observation or as bar graphs 
depicting means ± SEM. Differences were  analyzed by Mann Whitney U test. Survival 
was compared by Kaplan-Meier analysis followed by a log rank test.  A value of P < 0.05 
was considered statistically significant. 
 
 

Results 

Sigirr -/- mice show delayed mortality and diminished bacterial outgrowth during S. 
pneumoniae pneumonia 
To obtain insight into the potential role of SIGIRR in the outcome of pneumococcal 
pneumonia WT and sigirr -/- mice were infected intranasally with S. pneumoniae and 
followed for 4 days (Figure 1A). Sigirr -/- mice showed a prolonged survival (median  
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Figure 1: Survival and bacterial loads in WT and sigirr -/- mice during pneumococcal pneumonia.  
Wild-type (grey dots & boxes) and sigirr -/- mice (white dots & boxes) were inoculated with S. 
pneumoniae intranasally. Lack of SIGIRR improved survival following intranasal infection (A). Sigirr -/-  
mice displayed decreased bacterial loads after 24 and 48 hours in lung (B), and after 24 hrs in blood (C), 
liver (D) and spleen (E). CFUs are expressed as box and whisker plots showing the smallest observation, 
lower quartile, median, upper quartile and largest observation. Survival: N= 20 mice per group, t=6 & 24 
hours n=16 mice per group, t=48hours n=8 mice per group. * P < 0.05, ** P < 0.01 
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survival time 63 hours) when compared to WT mice (median survival time 54 hours, P 
<0.01). In order to determine whether the survival advantage of sigirr -/- mice 
corresponded with an improved antibacterial response, we next harvested lungs, blood, 
livers and spleens from both mouse strains at predefined time points following 
induction of pneumonia for quantitative cultures (Figure 1B-E). At 6 hours post 
infection, pneumococci were cultured from lungs only (with the exception of one 
positive blood culture in each group) and bacterial loads were similar in sigirr -/- and WT 
mice. In contrast, at 24 hours after infection, sigirr -/- mice showed lower bacterial 
counts in all body sites examined when compared with WT mice (lungs P < 0.05; blood, 
spleen, liver all P < 0.01). At 48 hours, differences in bacterial loads between mouse 
strains had subsided in distant organs, whereas at this late time point sigirr -/- mice still 
had lower pneumococcal burdens in their lungs (P < 0.01 versus WT mice). Together 
these data suggest that sigirr -/- mice show a prolonged survival in this lethal model of 
pneumococcal pneumonia resulting from a transient limitation of bacterial growth and 
dissemination.  

Sigirr -/- mice demonstrate an increased pulmonary inflammatory response early after 
induction of pneumonia  
To obtain insight in the role of SIGIRR in the regulation of lung inflammation induced by 
S. pneumoniae, lung tissue slides prepared 6, 24 and 48 hours after infection were semi-
quantitatively analyzed according to the scoring system described in Methods section 
(Figure 2A-E). As reported earlier, this model of pneumococcal pneumonia is 
characterized by a gradually developing inflammatory response in lung tissue with 
typical features of lower respiratory tract infection, including bronchitis, perivascular 
and interstitial inflammation, edema and, especially during the progressed phase, 
accumulation of neutrophils [12, 23, 24]. At the earliest time point (6 hours) sigirr -/- 
mice showed significantly increased lung inflammation (P < 0.05 relative to WT mice), 
which was caused by enhanced interstitial and perivascular inflammation.  At later time 
points, when the extent of lung pathology had clearly increased, pathology scores did 
not differ between sigirr -/- and WT mice. The recruitment of neutrophils to the primary 
site of infection is a prominent part of the innate immune response to invading 
respiratory pathogens. We determined the number of neutrophils in lung tissue by 
quantifying the amount of Ly-6+ cells in lung slides by digital imaging (Figure 3A-E). In 
both mouse strains, the number of Ly6+ cells in lung tissue gradually increased during 
the course of the infection; no differences between groups were observed at any time 
point (6h P = 0.5; 24h P = 0.9; 48h P = 0.13). Considering the importance of early 
neutrophil influx into the bronchoalveolar space, we also analyzed the number of 
neutrophils in BAL fluid harvested 6 hours after infection; no difference between sigirr -

/- and WT mice was found (P = 0.13) (Figure 3F). BAL fluid macrophage,and lymphocytes 
numbers were also similar between groups at this early time point (data not shown).  
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Figure 2: Histopathology of lungs from WT and sigirr -/- mice during pneumococcal pneumonia 
Semi-quantitative histology scores of lung slides as determined by the scoring system described in the 
Methods section from WT (grey bars) and sigirr -/- mice (white bars) (A) and a haematoxylin-eosin staining 
of the lung 6 (B-C) and 48 hours (D-E) following pneumococcal infection. Representative lung slides of 
WT (B,D) and sigirr -/- mice (C,E); original magnification x10. Histology scores are mean ± SEM of 8 mice 
per group at each time point. Arrows in C indicate several foci of increased perivascular and interstitial 
inflammation. 
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Figure 3: Neutrophil influx into lungs of WT and sigirr -/- mice during pneumococcal pneumonia 
Neutrophil numbers in WT (grey bars) and sigirr -/- lung tissue (white bars) were evaluated by Ly-6 
staining of lung slides (A-E) during pneumonia. Neutrophil numbers were further  counted in 
bronchoalveolar lavage fluid 6 hours following inoculation (F). Representative Ly-6 stained lung sections 
of WT (B,D) and sigirr -/- mice (C,E) are depicted 6 (B-C) and 48 hours (D-E) post induction of pneumonia: 
original magnification x 10. Data in panels A and F are means ± SEM of 8 mice per group at each time 
point.  
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Together these data argue against an important role for SIGIRR in neutrophil 
recruitment during pneumococcal pneumonia; SIGIRR deficiency did impact on early 
interstitial and perivascular inflammation.  

Sigirr-/- mice demonstrate unaltered lung cytokine and chemokine levels in lungs following 
S. pneumoniae infection 
To obtain further insight in the potential role of SIGIRR in the regulation of lung 
inflammation during pneumococcal pneumonia, we measured pro-inflammatory 
cytokines (TNF-α, IL-1β, IL-6) and chemokines (MIP-2, KC) in whole lung homogenates 
harvested 6, 24 or 48 hours after intranasal inoculation with S. pneumoniae (Table 1). 
Lung cytokine and chemokine levels were similar in sigirr -/- and WT mice at all time 
points. Moreover, as a readout for systemic inflammation, we measured the plasma 
concentrations of TNFα, IL-6 and MCP-1; no differences were found between groups 
(Table 1).  

Enhanced phagocytosis of S. pneumoniae by sigirr -/- alveolar macrophages and 
neutrophils ex vivo 
Next, we investigated the ability of WT and sigirr -/- alveolar macrophages and 
neutrophils to phagocytose S. pneumoniae. For this alveolar macrophages and whole 
blood were exposed to growth arrested CFSE labeled bacteria for 60 minutes at 4 or 37 
oC  and internalization was analyzed by flow cytometry (Figure 4). Alveolar macrophages 
showed a relatively low ability to phagocytose viable S. pneumoniae; nonetheless, sigirr 
-/- alveolar macrophages demonstrated an enhanced capacity to internalize S. 
pneumoniae compared to WT macrophages (Figure 4A, P < 0.001). Neutrophils of both 
genotypes readily phagocytosed pneumococci; clearly sigirr -/- neutrophils showed an 
increased ability to phagocytose S. pneumoniae relative to WT neutrophils (Figure 4B, P 
< 0.001).  
 

  
Figure 4: Phagocytosis of S. pneumoniae by alveolar macrophages and neutrophils. 
Alveolar macrophages (AM) and whole blood were exposed to fluorescently labeled S. pneumoniae for 
60 minutes at 4 or 37 oC. Depicted are percentages of phagocytosing AM (A) and neutrophils (B) at 37 oC  
when corrected for their 4 oC controls. Data are means ± SEM (AM: n = 6 WT vs 8 sigirr -/-  , PMN n= 8 vs 
8). *** P< 0.001 
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Sigirr -/- mice show diminished bacterial outgrowth during primary S. pneumoniae sepsis 
We wondered whether the improved antibacterial defense in sigirr -/-  mice after 
induction of pneumonia was primarily caused by limitation of bacterial growth in the 
lungs and as a consequence thereof impeded dissemination and/or by an additional 
reduction of pneumococcal multiplication in body sites distant from the lungs. To 
address this question, sigirr -/- and WT mice were infected with S. pneumoniae by 
intravenous injection via the tail vein, thereby by passing the initial interaction between 
host and pathogen in the respiratory tract, and euthanized 6, 24 or 48 hours later for 
quantitative cultures of multiple body sites. Once more lower bacterial counts were 
observed in sigirr -/- mice, especially at 48 hours after infection when SIGIRR deficiency 
was associated with reduced bacterial loads in blood (P < 0.05 versus WT mice), spleen 
(P < 0.05), liver (P < 0.01) and lungs (P < 0.01, Figure 5). Notably, in these experiments 
SIGIRR deficiency did not significantly influence the plasma concentrations of TNFα, IL-6 
or MCP-1 (Table 1). 
 
 

 
 
Figure 5: Bacterial loads in WT and sigirr -/- mice during pneumococcal sepsis 
WT (grey boxes) and sigirr -/- mice (white boxes) were inoculated with S. pneumoniae intravenously. Sigirr 
-/- mice displayed decreased bacterial loads after 24 and 48 hours in the lung (A), and after 48 hours in the 
blood (B), liver (C) and spleen (D). Data are expressed as box and whisker plots showing the smallest 
observation, lower quartile, median, upper quartile and largest observation; n=8 mice per group at each 
time point. * P < 0.05, ** P < 0.01 
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Table 1: Cytokines measured in lung homogenates and plasma during S. pneumoniae  
pneumonia  

 
6h 
WT 

 
sigirr -/- 

24h 
WT 

 
sigirr -/- 

48h 
WT 

 
sigirr -/- 

Lung 
TNF-α 45  ± 17 

109  ± 58      
(0.62) 

73  ± 34 
124  ± 60         
(0.46) 

138  ± 39 
199  ± 43            
(0.32) 

IL-1β 90  ± 45 
164  ± 79      
(0.42) 

491  ± 260 
677  ± 504       
(0.60) 

488  ± 240 
1828  ± 768        
(0.18) 

IL-6 48  ± 12 
102  ± 30      
(0.15) 

616  ± 194 
574  ± 249       
(0.65) 

1603  ± 354 
2384  ± 658        
(0.80) 

MIP-2 477  ± 78 
894  ± 255    
(0.09) 

1560  ± 
694 

2050  ± 1025   
(0.88) 

33555 ± 
5024  

96068 ±36498    
(0.38) 

KC 1398  ± 
290 

942  ± 255    
(0.19) 

8882  ± 
3474 

4318  ± 1563   
(0.38) 

28174  ± 
4591 

21275 ± 7723     
(0.23) 

 

Plasma 
TNF-α 5  ± 1 

5  ± 1            
(0.83) 

11 ± 2 
15 ± 3              
(0.34) 

60  ± 5 
45  ± 7                
(0.13) 

IL-6 3  ± 0.4 
7  ± 2            
(0.19) 

133  ± 38 
124  ± 46         
(0.96) 

1087  ± 262 
1197  ± 339        
(0.75) 

MCP-1 23  ± 2 
19  ± 4          
(0.49) 

157  ± 42 
161  ± 52         
(0.87) 

343 ± 57  
269 ± 54             
(0.28) 

 

Mice were infected with S. pneumoniae at t=0. Data are means ± SEM of 8 mice per group in 
pg/ml; (P-values) are sigirr-/- versus WT. 
 

Discussion 
S. pneumoniae is a common human pathogen that can reside as a commensal in the 
nasopharynx, from where it is able to enter the lower respiratory tract, causing 
pneumonia and sepsis [1, 2]. The family of TLRs forms an important part of innate 
defense against invading pneumococci. SIGIRR is a negative regulator of TLR and ILR 
signaling that is abundantly expressed in the lungs. We here investigated the potential 
role of SIGIRR in pneumococcal pneumonia and sepsis. SIGIRR was found to impair 
antibacterial host defense during both pneumonia and sepsis caused by S. pneumoniae, 
as reflected by a reduced survival accompanied by increased bacterial growth and 
dissemination in WT mice when compared with sigirr -/- animals.  
 
Upon recognition of S. pneumoniae by in particular TLR2 [7, 8], TLR4 [10, 11] and TLR9 
[13] NF-κB is activated and pro-inflammatory cytokines are produced with the distinct 
purpose of eradicating the pathogen [5]. Uncontrolled stimulation of TLRs leads to 
disproportionate inflammation and tissue injury. Excessive TLR activation is prevented 
by negative regulators of TLR signaling of which several have been identified [17], 
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including SIGIRR [18],[28]. Specifically, inhibitory activity of SIGIRR has been 
demonstrated on signaling by TLR4, TLR7, TLR9, IL-1R type I (IL-1RI), IL-18R and ST2 [18]. 
The current study does not elucidate via which receptor SIGIRR exerts its detrimental 
effect during pneumococcal pneumonia. Potential candidates are TLR4, TLR9, IL-1RI and 
IL-18R, considering that mice deficient for either one of these signaling pathways were 
reported to have an impaired antibacterial defense response during infection with S. 
pneumoniae. Indeed, mice with a mutant non-active form of TLR4 showed enhanced 
pneumococcal growth and dissemination in models of nasopharyngeal colonization and 
lower respiratory tract infection, accompanied by increased lethality [10-12]. Similarly, 
tlr9 -/- mice displayed accelerated growth of pneumococci upon infection of the lower 
airways together with enhanced mortality [13], while il-1rI -/- [29] and il-18 -/- [30] mice 
showed a more modestly impaired immune response only reflected by higher bacterial 
loads. To our knowledge, the role of TLR7 has not been studied in the context of 
pneumococcal infections, while our laboratory recently showed that ST2 does not 
contribute to host defense during S. pneumoniae pneumonia [26]. Together these data 
suggest that SIGIRR may impair host defense during pneumococcal pneumonia by 
inhibition of TLR4, TLR9, IL-1RI and/or IL-18R.  
In contrast to the results presented here, previous studies revealed a protective role of 
SIGIRR in host defense against pulmonary infections. In a high dose lung infection model 
with P. aeruginosa associated with acute inflammation, sigirr -/- mice showed a reduced 
survival and diminished bacterial clearance relative to WT mice [19].  Sigirr -/- mice had 
markedly elevated concentrations of pro-inflammatory cytokines in whole lung 
homogenates, including IL-1β, and elimination of IL-1RI signaling in sigirr -/- mice 
partially reversed their worse outcome [19]. Similarly, sigirr -/- mice  displayed 
exaggerated pulmonary inflammation and strongly elevated plasma levels of TNFα and 
IL-1β during experimental lung tuberculosis, and combined treatment with anti-TNFα 
and anti-IL-1β antibodies improved their survival in this model [20]. Hence, the 
protective role of SIGIRR in these previous investigations on lung infection most likely 
was related to its inhibitory effect  on the production of pro-inflammatory cytokines 
[19, 20]. Our current data, indicating a detrimental role for SIGIRR, suggest another 
underlying mechanism, considering that SIGIRR deficiency did not alter the local or 
systemic cytokine response during S. pneumoniae pneumonia or sepsis. Nonetheless, 
studies in which IL-1 signaling is inhibited are warranted to address this issue. Of note, 
our model of gram-positive pneumonia differs considerably from the previously 
reported model of gram-negative pneumonia caused by P. aeruginosa [19]. Indeed, 
while S. pneumoniae (infectious dose 5 x 104 CFU) gradually grows in lungs of normal 
mice resulting in a slowly building inflammatory response, airway infection by P. 
aeruginosa (infectious inoculum 106 CFU) is associated with a brisk inflammatory 
reaction while bacteria are cleared from the airways. The difference between S. 
pneumoniae and P. aeruginosa pneumonia models is further illustrated by the different 
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roles of pro-inflammatory cytokines, which play a protective role in pneumococcal 
pneumonia [29-31], while they hamper bacterial clearance during Pseudomonas 
pneumonia [32-34].  
 
Earlier studies have indicated that the role for SIGIRR in the immune response to 
infection varies depending on the infecting organism and the infected site. In 
accordance with the enhanced susceptibility of sigirr -/- mice during P. aeruginosa 
pneumonia [19], an anti-SIGIRR antibody caused increased bacterial loads in corneas 
during experimental Pseudomonas keratitis [35]. In addition, sigirr -/- mice were more 
susceptible to infection by mucosal and systemic infection by Candida albicans and to 
lung infection by Aspergillus fumigatus [36]. In contrast, however, sigirr -/- mice 
demonstrated transiently reduced bacterial burdens in kidneys during Escherichia coli 
pyelonephritis, possibly caused  by a faster recruitment of neutrophils to the primary 
site of infection [37]. Although clearly host defense against gram-positive and gram-
negative bacteria is regulated in partially different ways [5], the present results, 
obtained after infection with a gram-positive bacterium, taken together with previous 
reports using gram-negative organisms [19, 35, 37], cannot be used to establish a 
differential role of SIGIRR in infections caused by either one of these very broad groups 
of pathogens. Indeed, the receptors known to be influenced by SIGIRR (see above) are 
not exclusively activated by either gram-positive or gram-negative bacteria. We 
consider it likely that the primary site of infection, the initial bacterial load and whether 
the pathogen multiplies or is cleared, together with differential expression of PAMPs, 
determines the eventual role of SIGIRR in host defense.   
 
We provided evidence that SIGIRR attenuates S. pneumoniae phagocytosis by 
neutrophils and alveolar macrophages, which at least in part may explain the lower 
bacterial loads in sigirr -/- mice. TLR stimulation induced expression of phagocytic genes 
(Fc and complement receptor genes, scavenger receptor and scavenger receptor 
pathway genes) in bone marrow derived macrophages [38], and resulted in enhanced 
uptake of both gram-negative (Escherichia coli) and gram-positive (Staphylococcus 
aureus) bacteria by RAW cells in a MyD88 and p38 mitogen activated kinase (MAPK) 
dependent manner [38]. p38 MAPK signaling dependency was established in LPS 
enhanced microglial Fc receptor mediated phagocytosis as well [39]. In addition, IL-1β 
and IL-18 have been shown to enhance phagocytosis [39, 40]. Thus, in theory, SIGIRR 
deficiency could impact phagocytosis by either inhibiting TLR effects on phagocytic gene 
expression and/or by attenuating IL-1β and/or IL-18 production and/or signaling. To the 
best of our knowledge this is the first report implicating SIGIRR in phagocytosis. The fact 
that this highly virulent S. pneumoniae strain cannot be killed by macrophages or 
neutrophils ex vivo ([24] and data not shown) precludes studies on the effect of SIGIRR 
on bacterial killing. 
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Contrary to E. coli pyelonephritis [37], SIGIRR deficiency did not influence neutrophil 
influx into the lungs during pneumonia caused by either P. aeruginosa [19] or S. 
pneumoniae (reported here). SIGIRR is expressed by both hematopoietic and 
parenchymal cells [19]. Bone marrow transfers, creating chimeric mice expressing 
SIGIRR only in the hematopoietic or parenchymal compartment, can provide insight into 
which cells drive the phenotype of sigirr-/- mice in pneumococcal infection.  
 
The pneumococcus is a highly relevant human pathogen, especially in the context of 
community-acquired pneumonia. The immune system rapidly responds to pneumococci 
that try to invade the lower airways. TLRs are of paramount importance for the 
recognition of S. pneumoniae and for the activation of inflammatory pathways among 
which ILRs. We here report on the role of SIGIRR, a negative regulator of TLRs and ILRs, 
in S. pneumoniae pneumonia and sepsis. In contrast to earlier investigations that 
studied the function of SIGIRR during lung infections caused by Aspergillus fumigatus 
[36], Mycobacterium tuberculosis [20] or P. aeruginosa [19], in which SIGIRR improved 
outcome by inhibition of excessive inflammation, our results indicate that SIGIRR 
impairs host defense during pneumonia and sepsis caused by S. pneumoniae. 
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Abstract  
Interleukin-1 receptor like 1 (ST2) is a negative regulator of Toll-like receptor (TLR) 
signaling. TLRs are important for host defense during respiratory tract infections by 
both influenza and Streptococcus (S.) pneumoniae. Enhanced susceptibility to 
pneumococcal pneumonia is an important complication following influenza virus 
infection. We here sought to determine the role of ST2 in primary influenza A infection 
and secondary pneumococcal pneumonia.  ST2 knockout (st2-/-) and wild-type (WT) 
mice were intranasally infected with influenza A virus; in some experiments mice were 
infected 2 weeks later with S. pneumoniae. Both mouse strains cleared the virus 
similarly during the first 14 days of influenza infection and had recovered their weights 
equally at day 14. Overall st2-/- mice tended to have a stronger pulmonary inflammatory 
response upon infection with influenza; especially 14 days after infection modest but 
statistically significant elevations were seen in lung IL-6, IL-1β, KC, IL-10, and IL-33 
concentrations and myeloperoxidase levels, indicative of enhanced neutrophil activity.  
Interestingly, bacterial lung loads were higher in st2-/- mice during the later stages of 
secondary pneumococcal pneumonia, which was associated with relatively increased 
lung IFN-γ levels. ST2 deficiency did not impact on gross lung pathology in either 
influenza or secondary S. pneumoniae pneumonia. These data show that ST2 plays a 
limited anti-inflammatory role during both primary influenza and postinfluenza 
pneumococcal pneumonia. 
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Introduction 
Influenza virus is a common respiratory pathogen affecting  all ages [1]. On average 10-
15% of the United States population is infected by influenza annually. Although most 
subjects infected with influenza recover uneventfully, each year seasonal influenza 
epidemics are responsible for more than 200.000 hospitalizations and associated with 
more than 30.000 deaths in the United States [2]. Influenza related severe illness and 
death of otherwise healthy individuals are often attributable to bacterial superinfection 
of the lung [3]. In addition to being the most prevalent cause of community-acquired 
pneumonia, Streptococcus (S.) pneumoniae is also most frequently reported as the 
causative agent involved in secondary  bacterial pneumonia following influenza 
infection  [4-6].  
 
Insight into the underlying mechanisms contributing to the enhanced susceptibility to 
bacterial pneumonia due to prior influenza infection is gradually growing, implicating 
viral,  bacterial and host factors [4, 7-10]. Several studies have linked Toll-like receptors 
(TLRs) to host defense during respiratory tract infection by influenza and/or S. 
pneumoniae. TLRs are pattern recognition receptors that play a key role in innate 
immunity by virtue of their capacity to recognize conserved motifs expressed by 
pathogens [11]. Influenza virus RNA is recognized by TLR3 and TLR7, resulting in the 
induction of a protective type-I interferon (IFN) response [12-14]. In accordance, mice 
deficient for TLR3 and TLR7 (tlr3/tlr7-/-) or the common TLR adapter MyD88 (myd88-/-) 
demonstrated an increased lethality upon infection with influenza [15].  Cell wall 
components of S. pneumoniae are primarily recognized by TLR2 [16, 17], while TLR4 is 
the receptor for pneumolysin, an important virulence factor expressed by the 
pneumococcus [18, 19]. TLR2 and TLR4 may act together with TLR9, the receptor that 
recognizes bacterial DNA, in inducing cytokine release by inflammatory cells upon 
exposure to S. pneumoniae [20]. In vivo, especially TLR9 was reported to be important 
for host defense during pneumococcal pneumonia, as reflected by increased bacterial 
growth and lethality in tlr9-/- mice [21]; myd88-/- mice displayed a similar 
hypersusceptible phenotype [22]. Importantly, influenza induced a sustained 
desensitization of murine alveolar macrophages to TLR ligands resulting in reduced 
inflammation and cell recruitment when confronted with a secondary bacterial lung 
challenge [23]. Similarly, human peripheral blood mononuclear cells isolated from H1N1 
influenza infected patients failed to generate adequate TNF-α and IFN-γ levels upon 
exposure to S. pneumoniae, signifying a  vulnerability of influenza infected persons to 
pneumococcal superinfection [24]. On the other hand, excessive TLR activation may 
contribute to the enhanced lung pathology accompanying fatal postinfluenza 
pneumococcal pneumonia [25]. Together these data point to an important role of TLR 
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signaling in the host response to influenza, S. pneumoniae and postinfluenza 
pneumococcal pneumonia.  
 
Uncontrolled stimulation of TLRs can lead to disproportionate inflammation and tissue 
injury. Several negative regulators of TLRs designated to prevent excessive TLR 
activation have been identified, including Interleukin-1 receptor like 1 (IL1RL1 also 
known as ST2) [26, 27]. ST2 inhibits MyD88 dependent signaling, thereby dampening 
the immune response to multiple TLR ligands [26]. Arguably, ST2 could impact on the 
host response to postinfluenza pneumococcal pneumonia in two ways: ST2 could be 
involved in the reduced responsiveness of immune cells to TLR ligands upon exposure 
to influenza [23] making the host more vulnerable to a secondary hit and/or ST2 could 
oppose  the exacerbated lung inflammation during pneumococcal pneumonia following 
influenza [25] thus preventing damage and promoting lung integrity. We here sought to 
determine the role of ST2 in respiratory tract infection by S. pneumoniae following 
influenza using st2-/- mice and our established model of postinfluenza pneumonia [28-
31] 
 
 

Materials and methods 
 
Animals 
Specific pathogen free  9-11 week old BALB/c mice (wild-type [WT]) were purchased 
from Charles River (Maastricht, The Netherlands).  St2-/-  mice [32] backcrossed eight 
times to a BALB/c background were kindly provided by dr. Andrew N.J. McKenzie (MRC 
Laboratory of Molecular Biology, Cambridge, United Kingdom) and bred in the animal 
facility of the Academic Medical Center in Amsterdam. Age- and sex-matched animals  
were used in all experiments. The Animal Care and  Use Committee of the University of 
Amsterdam approved all experiments. 
 
Experimental infections 
The model of postinfluenza pneumococcal pneumonia has previously been described in 
detail [28-31]. In short, influenza A/PR/8/34 (ATCC VR-95, Rockville, MD) was grown in 
LLC-MK2 cells. Mice were anesthetized by inhalation of isoflurane (Abbott Laboratories, 
Kent, UK) and inoculated intranasally with 50 µl phosphate buffered saline containing 
10xTCID50 (50% tissue culture infective dose). After 3, 8 or 14 days mice were 
euthanized and viral loads determined in lung homogenates using real-time quantitative 
polymerase chain reaction (PCR)[33]. Pneumococcal pneumonia was induced 14 days 
post inoculation with Influenza A by intranasal inoculation with 50 µl normal saline 
containing 1.5x104 colony-forming units (cfu) of S. pneumoniae (serotype 3; American 
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Type Culture Collection, ATCC 6303, Rockville, MD). Mice were sacrificed 6, 24 or 48 
hours after inoculation with S. pneumoniae; blood, lung, spleen and liver were 
harvested for quantitative bacterial cultures exactly as described [28-31].  
 
Histopathological analysis  
Lungs were fixed in 10% formalin and embedded in paraffin. Four micrometer lung 
sections were stained with hemotoxylin and eosin (H&E) and analyzed by a pathologist 
who was blinded to the groups. To score lung inflammation and damage, a 
semiquantitative scoring system was used. For this the entire lung surface was analyzed 
with respect to the following parameters: pleuritis, bronchitis, edema, interstitial 
inflammation, percentage of pneumonia, and endothelialitis. Each parameter was 
graded on a scale of 0 to 4 with 0 as ‘absent’ and 4 as ‘severe’. The total “lung 
inflammation score” was expressed as the sum of the scores for each parameter, the 
maximum being 24. Granulocyte staining with Ly-6G monoclonal antibody (BD 
Pharmingen, San Diego, CA, USA) of four micrometer lung sections was done as 
described previously [34, 35]. The entire Ly-6G stained lung sections were digitized with 
a slide scanner (Olympus, Tokyo, Japan) using the 10x objective and subsequently 
exported as TIFF images.  Immunupositive areas were analyzed with ImageJ (version 
2006.02.01, US National Institutes of Health, Bethesda, MD) and expressed as the 
percentage of the total lung surface area [36].   
 
Assays 
Lung homogenates for cytokine and other measurements were prepared as described 
[28-31]. Myeloperoxidase (MPO), tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, 
IL-10, IL-33, IL-5, IL-13, macrophage inflammatory protein (MIP)-2, cytokine-induced 
neutrophil chemo attractant (KC), IFN-γ and amphiregulin  were measured using specific 
enzyme-linked immunosorbent assays (MPO: Hycult, Uden, the Netherlands; all other: 
R&D systems, Abingdon, UK) in accordance with the manufacturer’s recommendations.  
 
Statistical analysis: 
Data are expressed as box and whisker diagrams depicting the smallest observation, 
lower quartile, median, upper quartile and largest observation or as bar graphs 
depicting means ± SEM. Differences were  analyzed by Mann Whitney U test or Chi 
square test. A value of P < 0.05 was considered statistically significant. 
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Results 

Body weight and viral clearance during primary influenza infection 
The primary objective of our study was to determine the role of ST2 in secondary 
pneumococcal pneumonia following influenza A infection. In order to adequately 
address this study question, we first determined the contribution of ST2 to the host 
response during primary influenza A. St2-/- and WT mice were infected with influenza A 
intranasally and body weights (Figure 1A) and viral loads (Figure 1B) were determined at 
indicated time points during the subsequent 14 days. As reported earlier [29, 37, 38], 
influenza caused a transient weight loss, which was most pronounced after 8 days; body 
weights had recovered at day 14.  The temporary changes in body weight were similar 
in st2-/- and WT mice. Likewise, viral loads, measured 3, 8 and 14 days after infection, 
were similar in both mouse strains. The uniformity of both weight loss and viral 
clearance negated the possibility of large baseline differences (i.e. prior to infection 
with S. pneumoniae) between st2-/- and WT mice.  
 

 
Figure 1: Body weight and viral load of WT and st2-/- mice during influenza pneumonia 
WT (solid circles/whiskers) and st2-/- mice (open circles/whiskers) were infected intranasally with influenza 
A at t = 0. (A) Body weight changes relative to weight (100%) prior to inoculation. Data are mean ±  SEM 
of 8 mice per group; weight curve displays measurements of  4 separate experiments. (B) Viral RNA 
copies per mg lung. Data are expressed as box-and-whisker diagrams depicting the smallest observation, 
lower quartile, median, upper quartile and largest observation of eight mice per group. 
 

Lung inflammation during primary influenza infection 
To determine the possible impact of ST2 on pulmonary inflammation during influenza 
infection, we measured lung levels of cytokines (IFN-γ, TNF-α, IL-1β, IL-6, IL-10, IL-33, IL-
13, IL-5) and chemokines (KC, MIP-2) at 3, 8 and 14 days following influenza inoculation 
(Figure 2). With the exception of IFN-γ, lung levels of all these cytokines and 
chemokines were relatively low compared to levels induced by secondary 
pneumococcal pneumonia (see below, for comparison also shown in Figure 2). Overall, 
st2-/- mice tended to have higher mediator levels in lungs than WT mice; especially 14 
days after infection with influenza A modest but statistically significant differences were 
seen in pulmonary IL-6 (P < 0.001), IL-1β (P < 0.01), KC (P < 0.05), IL-10 (P < 0.05) and IL-
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33 (P < 0.05) concentrations. TNFα remained below the limit of detection during 
influenza infection, whereas IL-5 and IL-13 were not induced by influenza infection (data 
not shown). IL-5 and IL-13 can be produced by recently identified ST2 positive lineage 
negative lymphoid cells designated type 2 innate lymphoid cells (ILC2) [39-41]. These 
cells also secrete amphiregulin upon ST2 ligation by IL-33. Lung amphiregulin levels 
increased upon influenza infection but did not differ between st2-/- and WT mice (Figure 
2).  

 
Figure 2: Cytokine and chemokine concentrations in lung of WT and st2-/- mice during (post)influenza 
pneumonia 
Pulmonary levels of TNF-α, IL-1β, IL-6, IFN-γ, MIP-2, KC, IL-10, IL-33  and amphiregulin from WT (solid bars) 
and st2-/- (open bars) lung homogenates during (post)influenza pneumonia. Data are mean ± SEM of 
seven to eight mice per group at each time point. * P < 0.05, ** P < 0.01, *** P < 0.001 versus WT. b.d., 
below detection level. TNF-α lower limit of detection: 7pg/ml. 
 
To obtain further insight in the role of ST2 in the regulation of lung inflammation 
induced by influenza A, we semi-quantitatively analyzed lung tissue slides prepared 14 
days after viral infection (i.e. directly prior to induction of bacterial pneumonia), using 
the scoring system outlined in the Methods section. No difference in lung inflammation 
scores was observed between st2-/- and WT mice (Figure 3A-C). Neutrophil presence in 
the lung prior to secondary bacterial infection was evaluated by counting the number of 
Ly-6+ cells in lung tissue slides 14 days after viral infection (Figure 4A-C) and by 
measuring MPO concentrations in the corresponding whole lung homogenates (Figure 
4J). Pulmonary MPO levels were slightly but statistically significantly higher in st2-/- mice 
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(P < 0.001 versus WT mice). However, Ly-6 staining of lung slides did not reveal a similar 
difference (Figure 4).  
 
 
 

 
 
Figure 3: Histopathology of lungs from WT and st2-/- mice during (post)influenza pneumonia 
Haematoxylin-eosin staining and semiquantitative histology scores of lung slides, as determined by the 
scoring system described (Materials and Methods), from WT (solid bars) and st2-/- mice (open bars) 14 
days following influenza A infection (A-C) and 6 (D-F) & 48 hours (G-I) post secondary pneumococcal 
infection. Representative lung slides of WT (A,D,G) and  st2-/- mice (B,E,H;). Histology scores are mean ±  
SEM of 7 to 8 mice per group at each time point. 
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Figure 4: Neutrophil influx into lungs of WT and st2-/- mice during (post)influenza pneumonia 
Neutrophil numbers in lung tissue were evaluated by (A-I) Ly-6 staining of lung slides and (J) 
measurement of MPO levels in lung homogenates obtained from WT (solid bars) and st2-/- mice (open 
bars) 14 days after influenza A infection (A-C) and 6 (D-F) & 48 hours (G-I) after secondary S. pneumoniae 
infection. The depicted Ly-6 stained lung sections are original magnification x 10 and are representative 
for 7-8 mice per group. Ly-6 scores (C, F, I) and lung MPO levels are expressed as mean ±  SEM of 8 mice 
per group.   *** P < 0.001 as compared to WT mice 
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Bacterial loads and viral titers during postinfluenza pneumonia 
14 days after infection with influenza A, st2-/- and WT mice were intranasally infected 
with S. pneumoniae and euthanized 6, 24 or 48 hours later to obtain insight into the 
host immune response. Weight loss, as an indicator of disease severity, was extensive 
during secondary bacterial pneumonia but did not differ between groups (48 hours 
after bacterial infection: st2-/- mice 81.3 ±1.2 % of body weight prior to infection with 
influenza A; WT mice 82.1 ± 2.6%). To determine the role of ST2 in the growth and 
dissemination of S. pneumoniae in the setting of postinfluenza pneumonia, we 
measured bacterial loads in lung, blood and distant organs (liver and spleen) at the time 
points indicated (Figure 5).  When compared with WT mice, st2-/- mice displayed higher 
bacterial counts in their lungs at 24 (P = 0.055) and 48 hours (P < 0.05) after infection 
with S. pneumoniae. Bacterial burdens did not differ between groups at distant body 
sites. Remarkably, st2-/- mice demonstrated an accelerated clearance of influenza A 
during secondary bacterial infection. Indeed, at 6 hours after infection with S. 
pneumoniae, pulmonary viral loads were lower in st2-/- mice (994 ± 445 copies/mg) than 
in WT mice (1965 ± 961 copies/mg, P < 0.05); at later time points more st2-/- than WT 
mice had undetectable viral loads in their lungs, significantly so at 48 hours after 
bacterial infection (7/8 versus 2/7 respectively, P < 0.05 by Chi square test).  
 

 
Figure 5: Bacterial loads in lungs of WT and st2-/- mice during postinfluenza pneumonia 
WT (solid whiskers) and st2-/- mice (open whiskers) were infected with 1.5x104  of S. pneumoniae  14 days 
post influenza A inoculation. Mice were sacrificed at 6, 24 or 48 hours after secondary infection and 
bacterial loads were determined in Lung (A), Blood (B), Liver (C) and Spleen (D). Data are box-and-
whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile and largest 
observation. N = 8 per goup at each time point. * P < 0.05 versus WT mice.  
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Lung inflammation during post influenza pneumonia 
To obtain insight into the role of ST2 in the regulation of lung inflammation during 
postinfluenza pneumococcal pneumonia, we measured amphiregulin, cytokines (IFN-γ, 
TNFα, IL-1β, IL-6, IL-10, IL-33, IL-5, IL-13) and chemokines (KC, MIP-2) in lungs of mice 6, 
24 and 48 hours after secondary bacterial infection (Figure 2). Overall, mediator levels 
did not differ between st2-/- and WT mice, although st2-/- mice had modestly higher 
levels of IFN-γ at 24 hours (P < 0.01) and TNF-α (P < 0.05) and IL-10 at 48 hours (P < 
0.05). Next, we analyzed lung tissue slides obtained 6 or 48 hours after infection with S. 
pneumoniae using the semi-quantitative scoring system described in the Methods 
section. No differences in total inflammatory scores between WT and st2-/- mice were 
observed (Figure 3D-I). To evaluate neutrophil influx to the lung during postinfluenza 
pneumococcal pneumonia we determined MPO levels in lung homogenates and the 
number of Ly6+ cells in lung tissue slides; no differences between st2-/- and WT mice 
were found (Figure 4D-J).  
 
 

Discussion 
It is well appreciated that bacterial superinfections of the lung are a common cause of 
influenza related complications and death [7-9]. Knowledge regarding interactions 
between the influenza virus, S. pneumoniae and host immunity has steadily increased 
over the last decades. Evidence suggests that a preceding viral respiratory tract 
infection influences host immunity to such an extent that it is unable to react 
adequately to a subsequent bacterial challenge, leading to a higher bacterial burden, 
more invasive disease and a more aggressive inflammatory response than a primary 
infection with the same organism would evoke [4, 5, 10, 42, 43]. As primary sensors and 
initiators of innate immunity, TLRs have been implicated in host defense mechanisms 
during influenza infection [12-15], as well as pneumococcal pneumonia in the previously 
healthy [21, 22] and influenza infected host [25]. We here investigated the potential 
role of the negative TLR regulator ST2 in host defense against influenza and 
postinfluenza pneumococcal pneumonia. ST2 was found to exert anti-inflammatory 
effects during both influenza infection and S. pneumoniae pneumonia following 
influenza infection, which was accompanied by a modestly attenuated growth of 
pneumococci in ST2 sufficient mice previously exposed to influenza when compared 
with animals lacking this receptor.    
 
ST2 is a member of the IL-1 receptor family that exists in two forms: a transmembrane 
full-length form (ST2L) and a soluble, secreted form (soluble ST2) [44]. ST2 is expressed 
by many hematopoietic cells, Th2 lymphocytes, natural killer (NK) and NKT cells, mast 
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cells, monocytes, macrophages, dendritic cells and granulocytes. Together with IL-1 
receptor accessory protein ST2 forms the receptor for IL-33 [45]. Furthermore, it serves 
an important negative regulatory function in TLR signaling, as reflected by enhanced 
cytokine release by st2-/- macrophages upon stimulation with TLR agonists [26].  Prior 
infection with influenza may influence TLR signaling in response to S. pneumoniae in 
different ways. For instance, mice infected with influenza 4-6 weeks earlier displayed a 
markedly reduced airway responsiveness to various TLR ligands as reflected by an 
attenuated neutrophil recruitment into the pulmonary compartment [23]. Alveolar 
macrophages were shown to be responsible for the long-lived reduced responsiveness 
in lungs previously exposed to influenza. This diminished sensitivity to TLR stimulation 
resulted in an impaired innate immune response to S. pneumoniae accompanied by an 
enhanced bacterial growth and dissemination [23]. On the other hand, uncontrolled TLR 
stimulation may contribute to the disproportionate inflammation found in the lungs 
during postinfluenza pneumococcal pneumonia. Indeed, although TLR2 was not 
involved in the exaggerated lung inflammation elicited by S. pneumoniae in mice pre-
exposed to influenza [25, 29], the pulmonary immunopathology and lethality provoked 
by cell wall components of pneumococci were found to be mediated, at least in part, by 
this receptor [25]. Hence, ST2, as an inhibitor of MyD88 dependent TLR signaling, may 
influence the host response to S. pneumoniae in mice recovering from influenza in 
different manners. Our results in st2-/- mice demonstrate that ST2 exercises anti-
inflammatory effects during both primary influenza infection and secondary S. 
pneumoniae pneumonia following influenza infection, as reflected by elevated lung 
levels of some cytokines. However, considering the amount of comparisons made while 
evaluating these cytokine levels the possibility of these differences being errors of the 
first kind should be taken into account, even though they seem to be limited to one 
time point (14 days after infection with influenza A). St2-/- mice displayed elevated MPO 
concentrations in whole lung homogenates 14 days after influenza infection (i.e. at the 
time of infection with S. pneumoniae) implying an enhanced activity of neutrophils at 
this time point since the numbers of Ly-6 positive cells in lung slides were similar in both 
groups. The biological significance of this small initial difference is probably limited and 
soon after induction of secondary bacterial infection much higher MPO concentrations 
were measured in the lungs. Considering that a swift induction of an airway 
inflammatory response contributes to effective clearance of S. pneumoniae from the 
respiratory tract [46, 47], one might have expected an improved defense in st2-/- mice. 
In contrast, ST2 deficiency was associated with a modestly enhanced growth of 
pneumococci in lungs of mice previously exposed to influenza, a trend that became 
apparent 24 hours after bacterial infection and statistically significant 48 hours after 
instillation with S. pneumoniae. Possibly, the increased lung levels of IFN-γ may have 
contributed to this relatively impaired antibacterial defense in st2-/- mice, considering 
that IFN-γ has been shown to inhibit pneumococcal clearance from the lungs of 
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influenza infected mice [48].  In accordance with our present finding, stimulation of ST2 
by its ligand IL-33 was previously reported to attenuate IFN-γ production by anti-CD3 
stimulated TH1 cells in vitro [45] and murine Trichuris muris [49] and autoimmune 
encephalomyelitis in vivo [50]. We here showed that during primary influenza infection 
and particularly during secondary pneumococcal pneumonia following influenza 
infection, lung levels of IL-33 gradually increased in both WT and st2-/- mice. Possibly, 
this endogenous IL-33 inhibits IFN-γ production in WT mice while this effect is not 
present in st2-/-  mice due to absence of the  IL-33 receptor. 
 
TLR7 dependent MyD88 activation has been reported to accelerate clearance of 
influenza in mice [12, 13, 15]. Our data indicate that the inhibitory effect of ST2 on 
MyD88 dependent TLR signaling does not influence viral clearance during primary 
influenza infection. Remarkably, st2-/- mice did show an accelerated clearance of 
residual influenza virus after instillation of S. pneumoniae, suggesting that the negative 
regulation of TLR activation mediated by ST2 only impacts the antiviral response in the 
presence of more abundant TLR triggering by concurrent bacterial infection. In 
accordance, stimulation of TLRs in the airways of mice prior to or directly after infection 
with a lethal dose of influenza was reported to protect against lethality [51-53] in 
conjunction with reduced viral titers [53].  
Recent investigations have identified ST2 positive lineage negative lymphoid cells 
designated type 2 innate lymphoid cells (ILC2) in mouse and human lungs [39-41]. 
Mouse ILC2 were reported to accumulate in lungs after infection with influenza and 
either depletion of ILC2 or blocking ST2 resulted in loss of airway epithelial integrity and 
impaired airway remodeling [40]. In addition, amphiregulin, a lung ILC2 product, 
administered to the diseased lung was able to restore these ST2 dependent defects. We 
did not detect such a role for ST2 during influenza in the present investigation and 
amphiregulin levels did not differ between mouse strains. Notably, the earlier study 
used C57BL/6 mice [40], whereas we  used BALB/c mice. 
 
The reduced TLR responsiveness of immune cells harvested from influenza infected 
hosts [23, 24], mimics a similar phenomenon found in patients and animals with sepsis 
[54, 55]. In accordance with an impaired antibacterial airway defense in mice previously 
instilled with influenza virus, mice with sublethal polymicrobial abdominal sepsis are 
more vulnerable to secondary bacterial pneumonia [56, 57]. Our laboratory recently 
demonstrated that sepsis induced vulnerability to Pseudomonas aeruginosa lung 
infection is thwarted in the absence of ST2, as reflected by a strongly reduced bacterial 
growth in st2-/- mice [58]. Although the bacterial pathogens used in the post-sepsis [56, 
57] and the current model of secondary pneumonia differed, these data suggest that 
ST2 plays differential roles in the pulmonary immune suppression following sepsis and 
influenza.  
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Like ST2, IL-1 receptor-associated kinase-M (IRAK-M) is an inhibitor of MyD88-
dependent TLR signaling [59]. Unlike the limited role of ST2 described here, irak-m-/- 
mice showed a strongly enhanced detrimental inflammatory response after infection 
with influenza [60]. In addition, our laboratory recently reported an accelerated innate 
immune response in irak-m-/- mice upon infection with S. pneumoniae or Klebsiella 
pneumoniae resulting in a diminished bacterial growth [35, 61]. In contrast, we did not 
observe an effect of ST2 deficiency on bacterial burdens during primary S. pneumoniae 
pneumonia (data not shown) and found only a limited effect of ST2 deficiency on 
bacterial loads during postinfluenza pneumococcal pneumonia. Hence, these data 
clearly identify differential roles of two distinct negative TLR regulators in airway 
infection by two common respiratory pathogens.  
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Abstract 
Background: Interleukin-1 receptor like 1 (ST2) has been implicated as a negative 
regulator of Toll-like receptor signaling. We here sought to elucidate the role of ST2 in 
cytokine release and systemic infection caused by two common human sepsis 
pathogens, Streptococcus (S.) pneumoniae (gram-positive) and Klebsiella (K.) 
pneumoniae (gram-negative).  
Methods: Whole blood leukocytes and splenocytes were harvested from ST2 deficient 
(st2-/-) and wild type (WT) mice and stimulated ex vivo with S. pneumoniae or K. 
pneumoniae. In addition, st2-/- and WT mice were infected intravenously with these 
bacteria and bacterial loads and cytokine levels were measured in blood, spleens and 
lungs at 6, 24 and 48 hours thereafter.  
Results: Unexpectedly, st2-/-  blood leukocytes and splenocytes produced lower levels of 
cytokines and chemokines than WT cells in response to either pathogen. In contrast, the 
in vivo role of ST2 during sepsis caused by these bacteria was limited, although at 6 and 
24 hours after infection with S. pneumoniae bacterial loads were lower in spleens of st2-

/- mice.  
Conclusion: ST2 augments rather than inhibits cytokine release by blood leukocytes and 
splenocytes exposed to S. pneumoniae or K. pneumoniae, but plays a limited role in host 
defense during sepsis caused by these pathogens.  
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Introduction 
 
Toll-like receptors (TLRs) play an eminent role in the induction of an adequate innate 
immune response to invading pathogens [1, 2]. TLRs are expressed on either the cell 
surface (TLR1, -2, -4, -5 -6 and -10) or in intracellular compartments (TLR3, -7, -8 and -
9), where they recognize conserved motifs from pathogens collectively called pathogen 
associated molecular patterns. TLRs can also sense so-called damage associated 
molecular patterns, which are endogenous molecules released by injured cells [3]. TLR 
signalling is tightly regulated in order to prevent disproportionate inflammation due to 
unrestrained stimulation of TLRs.  Several negative regulators of TLRs have been 
implicated in this inhibitory mechanism, among which Interleukin 1 receptor-like 1 
(IL1RL1 also known as ST2) [4, 5]. ST2 is a member of the IL-1 receptor family that is 
expressed by many hematopoietic cells, Th2 lymphocytes, natural killer (NK) and NKT 
cells, mast cells, monocytes, dendritic cells and granulocytes. The negative regulatory 
function of ST2 in TLR signaling is reflected by enhanced cytokine release by st2 
deficient (-/-) macrophages upon stimulation with TLR agonists [6]. In addition, ST2 
together with IL-1 receptor accessory protein forms the receptor for IL-33 [7].  
 
Sepsis is characterized by an unbalanced response of the host to infection [8, 9]. TLRs 
are important for defense against bacteria by virtue of their capacity to induce innate 
immunity; yet, on the other hand, abundant TLR activation during progressive growth of 
pathogens likely contributes to collateral tissue damage. Along the same line of 
reasoning, ST2 may serve a dual role during infection. ST2 may impair innate immune 
responses through inhibition of TLR signaling and/or may attenuate injurious 
inflammation occurring as a consequence of ongoing TLR activation. Our laboratory 
recently demonstrated that ST2 strongly impaired host defense during secondary 
Pseudomonas pneumonia in mice with sublethal polymicobial sepsis caused by cecal 
ligation and puncture (CLP); ST2 did not influence the host response during primary 
Pseudomonas pneumonia (i.e. in previously healthy mice) [10]. In contrast, st2-/- mice 
showed an increased susceptibility to CLP-induced severe abdominal sepsis as reflected 
by higher bacterial loads and increased mortality [11]. We here sought to determine the 
role of ST2 in systemic infection caused by two common humans sepsis pathogens, 
Streptococcus (S.) pneumoniae (gram-positive) and Klebsiella (K.) pneumoniae (gram-
negative).  
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Methods 
Animals 
Specific pathogen free  9-11 week old BALB/c mice (wild-type [WT]) were purchased 
form Charles River (Maastricht, The Netherlands).  St2-/-  mice [12] backcrossed eight 
times to a BALB/c background were kindly provided by dr. Andrew N.J. McKenzie (MRC 
Laboratory of Molecular Biology, Cambridge, United Kingdom) and bred in the animal 
facility of the Academic Medical Center in Amsterdam.  Age- and sex-matched animals  
were used in all experiments. The Animal Care and  Use Committee of the University of 
Amsterdam approved all experiments. 
 

Experimental infections 
Sepsis was induced by intravenous inoculation of 5x105 colony-forming units (CFUs) of 
Streptococcus pneumoniae serotype 3 (American Type Culture Collection, Rockville, MD; 
ATCC 6303) or 5x105 CFUs of Klebsiella pneumoniae serotype 2 (ATCC 43816) in 200µl 
normal saline via the tail vein.  Mice were sacrificed after 6, 24 or 48 hours of infection. 
Sample harvesting and processing, including determination of bacterial loads, was done 
as previously described [13, 14] 
 

Ex vivo stimulation 
Heparinized whole blood and splenocytes from naive WT and st2-/- mice were harvested 
as described [15, 16] and ex vivo stimulated with 5x106 or 5x107/ ml heat killed S. 
pneumoniae or K. pneumoniae (blood) or in an equivalent of 10 or 100 bacteria to 1 cell 
(spleen) for 4 or 24 hours at 37 oC. 
 

Assays 
In plasma and supernatant tumor necrosis factor (TNF)-α, Interleukin (IL)-6, IL-12p70, IL-
10, interferon (IFN)-γ and monocyte chemoattractant protein (MCP)-1 were measured 
by cytometric bead array multiplex assay (BD Biosciences) in accordance with the 
manufacturers recommendations. TNF-α, IL-1β, IL-6, IL-33, macrophage inflammatory 
protein (MIP)-2 and cytokine-induces neutrophil chemo attractant (KC) in spleen and 
lung homogenates were measured using specific enzyme-linked immunosorbent assays 
(ELISA) (R&D systems, Abingdon, UK) in accordance with the manufacturer’s 
recommendations. Plasma aspartate aminotransferase (ASAT), alanine 
aminotransferase (ALAT), lactate dehydrogenase (LDH) were determined with 
commercially available kits (Sigma-Aldrich, St Louis, MO, USA), using a Hitachi analyzer 
(Boehringer Mannheim, Mannheim, Germany).istopathological analysis 
  

Histopathological analysis  
Paraffin-embedded 4 µm lung tissue sections were stained with haematoxylin and eosin 
(H&E). All slides were coded and scored by a pathologist blinded for experimental 
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groups for the following parameters: interstitial inflammation, endothelialitis, 
bronchitis, edema, pleuritis, presence of thrombi and percentage of lung surface with 
pneumonia. All parameters were rated separately from 0 (condition absent) to 4 (most 
severe condition).  
 

Flow cytometry 
Blood cells and splenocytes obtained from WT and st2−/− mice were prepared for flow 
cytometry as described [15]. Immunostaining for cell surface molecules was performed 
for 30 min at 4°C, using directly labeled Abs against CD3 (clone 17A2), CD4 (clone RM4-
5), CD8 (clone 53-6.7), B220 (clone RA3-6B2), F4/80 (clone 521204 R&D), GR1 (clone 
RB6-8C5) and NK cells (clone DX5). All Abs were used in concentrations recommended 
by the manufacturer (BD Pharmingen, Breda, the Netherlands and R&D systems, 
Abingdon, UK). FACS analysis was done by FACSCalibur (BD Biosciences).  
 

Statistical analysis 
Data are expressed as box and whiskers showing the smallest observation, lower 
quartile, median, upper quartile and largest observation  or as means ± SEM. 
Differences were  analyzed by Mann Whitney U test. A value of P < 0.05 was considered 
statistically significant. 
 
 

Results 
St2 deficiency reduces inflammatory mediator production by whole blood and 
splenocytes in response to bacteria ex vivo 
In order to evaluate a possible role for ST2 in systemic bacterial infection, we first 
sought to determine the ex vivo cytokine and chemokine response to two common 
human sepsis pathogens (one gram-positive and one gram-negative) in two relevant 
body compartments, i.e. blood leukocytes and splenocytes (the spleen being an 
important organ in protecting the host from bacteremia) [17, 18]. Whole blood and 
splenocytes from WT and st2-/- mice were harvested and ex vivo stimulated with 2 
doses of S. pneumoniae or K. pneumoniae. After 4 or 24 hours cytokines  (TNFα, IL-6, IL-
10, IFN-γ, IL-12p70, IL-33) and chemokines (MCP-1, KC, MIP-2) were measured in 
supernatants (Figure 1). Unexpectedly, overall st2-/-  blood leukocytes and splenocytes 
produced lower levels of inflammatory mediators than WT cells in response to either 
pathogen; differences between genotypes were significant for the vast majority of 
conditions and mediators. Most notably, the phenotype of enhanced production of 
inflammatory mediators such as described for st2-/- macrophages [6] was not observed 
in cultures of whole blood or splenocytes with the single exception of modestly 
increased release of MIP-2 by st2-/- splenocytes 4 hours post exposure to K. 
pneumoniae. Stimulation of whole blood or splenocytes with either pathogen did not 
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induce secretion of IL-33 or IL-12p70.  FACS analysis revealed no differences in cellular 
composition between WT and st2-/-  blood and spleen prior to stimulation (data not 
shown). 
 
 

 
 
Figure 1: Impact of ST2 deficiency on cytokine and chemokine release by whole blood leukocytes and 
splenocytes exposed to S.pneumoniae or K. pneumoniae .  
Whole blood and splenocytes were isolated from WT (grey bars) and st2 -/- mice (white bars) and 
stimulated with heat killed S. pneumoniae or K. pneumoniae for 4 and 24 hours at the indicated 
concentrations. Data are means ± SE (n = 6). * P < 0.05, ** P < 0.01, versus WT. b.d. = below detection.  
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St2-/- mice demonstrate a transiently reduced bacterial growth in spleen during gram- 
positive but not during gram-negative sepsis 
Having established that ST has a major impact on the capacity of blood leukocytes and 
splenocytes to release cytokines and chemokines upon exposure to S. pneumoniae or K. 
pneumoniae ex vivo, we were interested in the role of ST2 in host defense during 
primary blood stream infection with these pathogens. Therefore, WT and st2-/- mice 
were intravenously infected with either S. pneumoniae or K. pneumoniae and 
euthanized 6, 24 or 48 hours later. To determine the role of ST2 in bacterial 
dissemination from the circulation and growth in different target organs, we measured 
bacterial loads in blood, lung and spleen at the time points indicated (Figure 2). During 
gram-positive sepsis (Figure 2A-C), bacterial burdens did not differ between WT and st2-

/- mice in blood or lungs at any time point. However, st2-/- mice did show reduced 
bacterial loads in their spleens at 6 and 24 hours after infection with S. pneumoniae 
(both P < 0.05 versus WT mice); at 48 hours this difference was no longer observed. 
After infection with K. pneumoniae (figure 2D-F) st2-/- mice displayed similar bacterial 
loads in all body compartments at all time points tested. Notably, the Klebsiella model 
was associated with mortality in 2/8 WT and 1/8 st2-/- mice at 48 hours post infection. 
 
 

 
 
Figure 2: Impact of ST2 deficiency on bacterial growth and dissemination during sepsis caused by 
S.pneumoniae or K. pneumoniae.  
WT (grey whiskers) and st2 -/- mice (white whiskers) were given S. pneumoniae (A-C) or K. pneumoniae (D-
F) intravenously and bacterial loads in blood (A,D), lung (B,E) and spleen (C,F) were counted 6, 24 or 48 
hours of infection. Data are box and whiskers showing the smallest observation, lower quartile, median, 
upper quartile and largest observation of 8 mice per group at each time point (except at 48 hours after K. 
pneumoniae infection: 6 WT vs 7 st2 -/- mice; † = dead mouse). * P < 0.05 versus WT.  
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Influence of ST2 on plasma and tissue levels of cytokines and chemokines during sepsis 
To obtain insight into the role of ST2 in the regulation of systemic inflammation during 
bacterial sepsis in vivo we measured cytokines and a chemokine (TNFα, IL-6, IL-12p70, 
IL-10, IL-33, IFN-γ and MCP-1) in plasma of mice 6, 24 and 48 hours after intravenous 
infection with either S. pneumoniae or K. pneumoniae (Table 1). Although the extent 
and kinetics of systemic cytokine release clearly differed between the models of gram-
positive and gram-negative sepsis, mediator levels did not differ between st2-/- and WT 
mice at any time point with the exception of modestly decreased plasma IFN-γ in st2-/-  
mice 24 hours after infection with S. pneumoniae (P < 0.05 versus WT mice). IL-10 and 
IL-33 could  not be detected in plasma. To evaluate the role of ST2 in the induction of 
mediator release in target organs, we measured cytokines (TNFα, IL-1β, IL-6, IL-33) and 
chemokines (KC, MIP-2) in whole organ homogenates of spleens and lungs. Mediator 
levels in spleen homogenates did not differ between mouse strains at any time point 
after infection with either S. pneumoniae or K. pneumoniae (table 1). In lung 
homogenates, st2-/- mice demonstrated  lower lung levels of IL-6, IL-1β and MIP-2 24 
hours after infection with S. pneumoniae (all P <0.05 versus WT mice); this difference 
was not found at other time points ( table 1). During Klebsiella sepsis no differences 
between st2-/- and WT mice were found with regard to lung cytokine and chemokine 
levels ( table 1). TNFα lung levels were below detection at all time points both during S. 
and K. pneumoniae infection.  
 
 

 
 
Figure 3: Impact of ST2 deficiency on cellular injury and lung pathology during sepsis caused by 
S.pneumoniae or K. pneumoniae.  
WT (grey whiskers) and st2 -/- mice (white whiskers) were given S. pneumoniae (A-D) or K. pneumoniae (E-
H) intravenously and plasma levels of ASAT (A, E), ALAT (B, F) and LDH (C, G) were measured and lung  
histopathology scored according to the scoring system described in the Methods section (D, H). Data are 
box and whiskers showing the smallest observation, lower quartile, median, upper quartile and largest 
observation of 8 mice per group at each time point (except at 48 hours after K. pneumoniae infection: 6 
WT vs 7 st2 -/- mice. **P < 0.01 vs WT, * P < 0.05 versus WT.  
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St2-/- mice demonstrate modestly increased lung inflammation 
To obtain insight into the role of ST2 in organ injury, we measured the plasma levels of 
ASAT, ALAT (both parameters of hepatocellular injury) and LDH (a parameter for cell 
injury in general) and semi-quantitatively lung pathology according to the scoring 
system described in the Methods section. Apart from a minor ALAT increase after 6 
hours of K. pneumoniae infection in  st2-/-  mice, the plasma levels of ASAT, ALAT and 
LDH were not different between st2-/- and WT mice at any time point after infection 
with S. pneumoniae or K. pneumoniae (Figure 3).  In both sepsis models, mice displayed 
modest lung inflammation 48 hours after infection, especially in the interstitium (data 
not shown). St2-/- mice had higher lung pathology scores after both infection with S. 
pneumoniae or K. pneumoniae (both P < 0.05 versus WT mice; Figure 3). 
 
 

Discussion  
ST2 has been implicated as a negative regulator of TLR signaling capable of inhibiting 
cytokine release by macrophages upon stimulation of receptors that rely on the 
common adaptor MyD88 for signal transduction [6]. The present work sought to 
investigate the role of ST2 in the host response during sepsis caused by two common 
human pathogens, focusing on the release of cytokines and chemokines by and in 
relevant body compartments. We here demonstrate that ST2 augments rather than 
inhibits inflammatory mediator production by blood leukocytes and splenocytes in 
response to S. pneumoniae and K. pneumoniae ex vivo. Nonetheless, the in vivo role of 
ST2 during sepsis caused by these bacteria proved to be limited. 
 
Sepsis is a severe systemic syndrome triggered by a disseminating infectious pathogen 
and characterized by an unbalanced yet rigorous inflammatory response [8, 9]. Upon 
activation by pathogens, TLRs stimulate the immune system to release pro-
inflammatory mediators. MyD88 is a common adaptor for all TLRs (except TLR3) that 
associates with IL-1R-associated kinases and TNF receptor-associated factor 6, 
eventually resulting in activation of nuclear factor (NF)-κB [1, 2].  Other receptors that 
are dependent on MyD88 include those that mediate the cellular effects of IL-1, IL-18 
and IL-33 [7, 19].  ST2 is a member of the TLR/IL-1 receptor superfamily that can inhibit 
NFκB activation through MyD88 dependent receptors by sequestration of MyD88 with 
another adaptor Mal [6]. As a consequence thereof, st2-/- macrophages were reported 
to produce increased amounts of pro-inflammatory cytokines in response to IL-1 and 
TLR ligands [6]. Herein lie two possible mechanisms via which ST2 might influence the 
development of sepsis and sepsis outcome: impairment of innate immune responses 
through inhibition of TLR signaling and/or attenuation of injurious inflammation 
occurring as a consequence of ongoing TLR activation. However, our data suggest a pro-
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inflammatory rather than an anti-inflammatory role for ST2 since both st2 -/- blood 
leukocytes and splenocytes produced lower concentrations of cytokines and 
chemokines in response to either S. pneumoniae or K. pneumoniae ex vivo. Importantly, 
the earlier study  exclusively studied the role of ST2 in thioglycolate induced peritoneal 
macrophages [6]. This together with our current data suggests a variable role for ST in 
different tissues and cell types. Of note, as the receptor for IL-33 ST2 elicits pro-
inflammatory effects: upon interaction with IL-33 ST2 forms a complex with IL-1R 
accessory protein, which results in recruitment of MyD88 and activation of NFκB and 
the production of inflammatory mediators [7]. Thus ST2 can exert opposite functions 
depending on stimulatory conditions. IL-33 could not be detected in culture 
supernatants. Therefore, the exact mechanism by which ST2 impacts on cytokine 
release by blood leukocytes and splenocytes remains to be determined. 
 
Despite the noticeably reduced capacity of st2 -/- blood leukocytes and splenocytes to 
produce cytokines ex vivo, st2 -/- mice did not show a clear phenotype when confronted 
with intravenously administered bacteria: neither plasma cytokine levels nor blood 
bacterial loads differed between mouse strains. A difference was observed in the  
spleen 6 and 24 hours after infection with S. pneumoniae: bacterial outgrowth at these 
time points was lower in st2 -/- mice, though the local cytokine response did not differ. 
The mechanism underlying this finding requires further investigation. Our studies do 
not provide insight into the impact of ST2 deficiency on survival. In our institution 
permission for survival studies are only granted In case of clear differences between 
mouse strains with regard to bacterial growth and inflammation.  
 
Interestingly, in a murine model of polymicrobial sepsis, IL-33 has been shown to 
attenuate sepsis in vivo in a ST2 dependent manner [20]. IL-33 is mainly an intracellular 
cytokine  that can act as an alarmin, when it is released upon in particular epithelial or 
endothelial cell damage [5]. An increase in plasma IL-33 has been reported in 50% of 
septic patients while IL-33 could not be measured in healthy volunteers [20].  In our 
models of murine sepsis plasma IL-33 levels remained undetectable. IL-33 could be 
measured in both WT and st2 -/-  lung and spleen homogenates, especially after 24 
hours of S. pneumoniae pneumonia in the lung. Most likely this IL-33 is responsible for 
the slightly pro-inflammatory function of ST2 observed in the lung at this time, albeit 
without bactericidal consequences.  
 
In conclusion, we found an unexpected pro-inflammatory role of ST2 in cytokine and 
chemokine release by blood leukocytes and splenocytes upon exposure to S. 
pneumoniae or K. pneumoniae ex vivo. ST2 did not impact on the host response during 
sepsis caused by either one of these pathogens. These data exemplify the complex 
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nature of innate immunity in general and the receptors involved in particular, revealing 
opposite functions of ST2 in different experimental conditions. 
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Abstract  
Interleukin (IL)-33 is a multifunctional cytokine that can activate cells via IL-1 receptor 
like-1 (ST2). We here sought to determine the effect of recombinant IL-33 
administration on host defense during severe gram-negative pneumonia induced by the 
common human pathogen Klebsiella pneumoniae. IL-33 given 24 and 1 hour prior to 
infection strongly improved host defense, as reflected by attenuated bacterial growth 
and dissemination and a prolonged survival, effects that were dependent on ST2. 
Postponed IL-33 treatment administered 3 hours after infection remained effective in 
reducing bacterial loads, while treatment given 24 hours post-infection was not. IL-33 
activated type 2 innate lymphoid cells (ILC2s) in vitro, and the effect of IL-33 on 
bacterial loads could not be reproduced in mice deficient for ILCs. T, B and natural killer 
cells were not required for the IL-33 effect on bacterial burdens. While IL-33 enhanced 
recruitment of neutrophils to the lungs, it was still capable of limiting bacterial growth 
in neutrophil depleted mice. These data suggest that IL-33 treatment improves host 
defense during Klebsiella pneumonia by stimulating ILC2s. 
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Introduction  
 
Acute lower respiratory tract infection is the third most common cause of death 
globally, and the world’s leading infectious killer, responsible for an estimated 3.1 
million deaths annually [1]. Severe pneumonia invariably results in sepsis, caused by an 
imbalanced harmful host response to uncontrolled infection and associated with 
significant distant organ injury [2]. Klebsiella (K.) pneumoniae is an important gram-
negative causative agent in pneumonia and sepsis [3-5], which recently has received 
much attention due to the emergence of multidrug resistant strains [6].  
 
Interleukin (IL)-33 is a pleiotropic cytokine belonging to the IL-1 family of cytokines [7, 
8]. IL-33 is expressed in the nuclei of many different cell types, where it likely functions 
as an inhibitor of pro-inflammatory signaling through binding of nuclear factor (NF)-κB 
subunit p65 and inhibiting expression of NF-κB target genes [9]. Consistent with a 
function as an alarmin, IL-33 can be released from cells after injury or death by necrosis, 
and extracellular IL-33 can activate MyD88 dependent signaling by triggering the IL-1 
receptor like 1 (ST2)/IL-1 receptor associated protein (IL-1RAcP) receptor complex [10, 
11]. IL-33 responsive target cells include macrophages, neutrophils, mast cells, 
eosinophils, Th2 cells, NKT and NK cells, and group 2 innate lymphoid cells (ILC2s) [7, 8].  
 
Extracellular IL-33 in particular has been implicated in the induction and effector phase 
of type 2 immune responses such as during helminth infections, allergy and asthma [8]. 
Remarkably, however, a recent investigation reported a protective effect of 
recombinant IL-33 in acute fecal sepsis induced by cecal ligation and puncture (CLP) in 
mice by an effect on neutrophils[12].  In this polymicrobial abdominal sepsis model IL-
33 improved outcome and bacterial clearance by enhancing neutrophil recruitment to 
the primary site of infection by preserving the expression of the main chemotactic 
receptor on neutrophils, CXCR2 [12]. While CLP is a frequently used sepsis model,  it 
does not capture the consequences of the most common cause of sepsis, i.e., 
pneumonia [2, 13]. To the best of our knowledge studies on the implications of IL-33 
treatment in bacterial pneumonia have not been reported. Here we aimed to study the 
effect of recombinant IL-33 in acute lower respiratory tract infection, using an 
established model with the clinically relevant human pathogen K. pneumoniae. 
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Results 

IL-33 limits bacterial growth and dissemination and improves outcome of Klebsiella 
pneumonia-derived sepsis by an ST2 dependent mechanism 
We used a model of severe gram-negative infection of the lower respiratory tract 
induced by inoculation with K. pneumoniae (~ 104 colony forming units (CFUs)) via the 
airways [14-16] to determine the effect of recombinant IL-33 on the host response 
during pneumonia-derived sepsis. Recombinant mouse IL-33 (1 µg) or vehicle was 
administered intravenously to wild-type (WT) BALB/c mice 24 and 1 hour prior to 
infection, a treatment schedule previously shown to be protective in a model of CLP-
induced abdominal sepsis [12].  At 6 hours after infection bacterial loads in lungs were 
similar in IL-33 treated and control mice, and cultures in distant organs remained sterile 
in both groups (Figure 1A). At 24 and 48 hours IL-33 administered mice had much lower 
bacterial burdens at the primary site of infection, which was accompanied by markedly 
lower bacterial counts in blood, liver and spleen. 
 

 
Figure 1: IL-33 treatment improves host defense during Klebsiella pneumonia by a ST2 dependent 
mechanism. Mice were treated with IL-33  or vehicle 24 and 1 hour prior to infection with K. pneumoniae. 
A) Bacterial loads in lung, blood, liver and spleen in vehicle and IL-33 treated WT mice 6, 24 and 48 hours 
following induction of pneumonia. B) Bacterial loads 48 hours following inoculation in vehicle and IL-33 
treated WT and st2-/- mice. C) Survival of vehicle or IL-33 treated WT and st2-/- mice following K. 
pneumoniae inoculation (n = 20 per group). Treatment groups and mouse strains are indicated in the 
figure. Data in panels A and B are presented as box and whisker plots showing the smallest observation, 
lower quartile, median, upper quartile and largest observation (n = 8 per group at each time point). * P < 
0.05, ** P < 0.01, *** P < 0.001 (in panel C for WT mice treated with IL-33 versus all other groups).  
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To determine whether this IL-33 effect was dependent on the presence of the known IL-
33 receptor complex (ST2/IL-1RAcp), we next treated st2 gene deficient (st2-/-)  and WT 
mice with IL-33, using the exact same dosing schedule as in the first series of 
experiments, and measured bacterial loads 48 hours thereafter (Figure 1B). While IL-33 
treated WT mice again demonstrated strongly reduced bacterial counts at all body sites, 
confirming the results of Figure 1A, such an effect was not seen in st2-/- mice. The 
extent of Klebsiella growth and dissemination did not differ between vehicle treated st2-

/- and WT mice. The improved antibacterial defense in IL-33 treated WT mice resulted in 
a prolonged  survival during this lethal infection: the median survival time in this group 
(91.4 hours) was significantly longer than in in vehicle treated WT mice (60.8 hours), 
and either vehicle (63.9 hours) or IL-33 treated st2 -/- mice (63.8 hours) (Figure 1C, P < 
0.0001 for the difference between IL-33 treated WT mice versus other groups).  
Postponed IL-33 treatment, given as a single injection at 3 hours post infection (1 µg), 
remained effective in reducing bacterial loads in lungs, blood and distant organs 
measured 48 hours after inoculation with Klebsiella; however, IL-33 administered 24 
hours after infection did not modify bacterial burdens (Supplementary Figure 1). 
Together these data suggest that IL-33 improves antibacterial defense and survival 
during Klebsiella pneumonia by an effect via ST2.  

IL-33 activates neutrophils and enhances neutrophil recruitment to the lungs 
In CLP-induced abdominal sepsis IL-33 treatment was associated with an increased 
influx of neutrophils into the peritoneal cavity; preserved expression of CXCR2 on 
neutrophils was considered the play an essential role herein [12]. In trying to dissect the 
underlying mechanism of the protective effect of IL-33 during Klebsiella pneumonia-
derived sepsis, we therefore first focused our attention on the impact of IL-33 
treatment on neutrophils. In these studies we used the dosing and treatment schedule 
shown to be protective in CLP-induced [12] and Klebsiella pneumonia induced sepsis 
(Figure 1), i.e., 1 µg given intravenously at 24 and 1 hour prior to infection. Intravenous 
IL-33 increased neutrophil numbers in the lung of uninfected mice when compared to 
vehicle treatment, as reflected by a higher number of Ly6+ neutrophils in lung tissue 
(Figure 2A-C) and higher myeloperoxidase (MPO) concentrations in whole lung 
homogenates  (Figure 2D) measured at the time at which mice were infected in other 
experiments (i.e., 1 hour after the second IL-33 injection). Early after infection with 
Klebsiella (6 hours) IL-33 treated animals still displayed higher lung MPO concentrations 
(Figure 2F). At later time points, lung MPO concentrations had strongly increased in 
both groups; at 48 hours IL-33 treated mice had lower MPO levels, most likely as a 
result of lower bacterial burdens at this time point. While IL-33 administration did not 
significantly affect neutrophil numbers in peripheral blood (Figure 2E), it caused an 
upregulation of CD11b with a concurrent downregulation of CXCR2 on blood 
neutrophils in uninfected mice (Figure 2G). At 6 hours after infection, neutrophil CXCR2 
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expression was still lower in the IL-33 treated than the vehicle treated mice. Likewise, 
neutrophil CD11b expression remained higher in the former group after infection 
(Figure 2H). 
 

 
Figure 2: Role of neutrophils in the effect of IL-33 during Kebsiella pneumonia. Mice were treated with 
IL-33 or vehicle 24 and 1 hour prior to infection with K. pneumoniae. Neutrophil numbers in lung tissue 
were evaluated by Ly-6 staining of lung slides (A-C) and MPO lung levels (D), and in blood by FACS (E) 
directly before infection (t=0). Representative Ly-6 stained lung slides of vehicle (A) and IL-33 (B) mice. F) 
Lung MPO levels 6, 24 and 48h following induction of Klebsiella pneumonia. (G-H) CD11b and CXCR2 
expression on blood neutrophils before (G) and 6 hours after (H) infection with Klebsiella. (I) Bacterial 
loads in lung, blood and spleen of neutrophil depleted and control mice (24 hours post infection) treated 
with either IL-33 or vehicle. Treatment groups are indicated in the figure. Data in panels C-H are 
presented as means + SE (n = … per group); data presented in panel in I as box and whisker plots showing 
the smallest observation, lower quartile, median, upper quartile and largest observation (n = 8 per group).  * 
P < 0.05, ** P < 0.01, *** P < 0.001. 

Neutrophil depletion does not abrogate IL-33 induced enhanced antibacterial defense 
Increased IL-33 induced neutrophil recruitment to the lungs before and shortly after 
infection might explain at least in part the protective effect of this cytokine during 
Klebsiella pneumonia [17]. Moreover, the reciprocal effects on neutrophil CD11b and 
CXCR2 expression are suggestive for IL-33 induced neutrophil activation [18, 19], further 
hinting at a neutrophil-dependent mechanism by which IL-33 improves host defense. To 
investigate this we depleted neutrophils by intraperitoneal injection of an anti-mouse 
monoclonal antibody (RB6-8C5) directed against Ly-6G 48 hours prior to infection, a 
well validated and documented approach to induce sustained neutropenia (< 50 
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neutrophils/µl) [20, 21], an effect confirmed here (data not shown). Since we 
anticipated early mortality in neutropenic mice, we determined bacterial loads in these 
experiments 24 hours after infection with a 50% lower Klebsiella dose (~0.5 x 104 CFU; 
Figure 2I). As expected, neutropenic mice demonstrated much higher bacterial loads in 
lungs, blood and spleen than mice treated with a control antibody.  Importantly, IL-33 
was similarly effective in neutropenic and control mice in reducing bacterial loads in 
blood and spleen.  Of note, IL-33 only tended to reduce bacterial loads in lungs in these 
experiments in both groups, resembling the only modest effect of IL-33 on pulmonary 
bacterial burdens at 24 hours after infection with ~104 Klebsiella CFU in Figure 1. 
Together these results suggest that neutrophils are not crucial for the beneficial effect 
of IL-33 on host defense during Klebsiella pneumonia derived sepsis.  

IL-33 stimulates type 2 innate lymphocyte cells to enhance antibacterial defense  
ILC2s are established ST2+ target cells of IL-33 [22]. Flow cytometry of whole lung cell 
suspensions generated from naïve mice identified ILC2s (Lin- CD127+CD25+ ST2+; Figure 
3A). Lung ILC2s were responsive to IL-33, as indicated by the release of IL-5 and IL-13 
upon stimulation of sorted cells with IL-33, especially when co-stimulated with IL-2 or 
IL-7 (Figure 3B). In accordance, mice treated with IL-33 showed high pulmonary levels of 
IL-5 and IL-13, especially within the first hours after the final IL-33 injection (Figure 3C). 
To determine the role of ILCs in the protective effect of IL-33 during Klebsiella 
pneumonia, we treated rag2-/- / il2rγc-/- mice (which lack T, B and NK cells, as well as 
ILCs) with IL-33 or vehicle and measured bacterial loads 48 hours after infection with 
Klebsiella via the airways (Figure 3D). While in WT mice IL-33 strongly reduced bacterial 
loads in lung, blood and spleen (reproducing the results of Figure 1), this effect was not 
seen in rag2-/- / il2rγc-/- mice. In contrast, IL-33 reduced bacterial loads to a similar 
extent in control mice and either rag2-/- mice (which lack T, B and NK cells; Figure 3E) or 
NK cell depleted mice (by treatment with anti-asialo GM1 antibody; Supplementary 
Figure 2). Together these data suggest that ILCs are required for the effect of IL-33 on 
antibacterial defense during Klebsiella pneumonia.  

IL-5 or IL-13 are not required for IL-33 induced improved antibacterial defense 
Considering the high pulmonary levels of the ILC2 products IL-5 and IL-13 in IL-33 
treated mice (Figure 3B,C), we investigated the potential roles of these cytokines in the 
IL-33 treatment effect on bacterial loads. For this, mice were treated with an anti-IL-5 or 
control antibody prior to IL-33 treatment and Klebsiella infection (Figure 4A). The 
biological activity of the anti-IL-5 antibody was illustrated by the fact that the increased 
eosinophil influx into lung tissue induced by IL-33 treatment was prevented by anti-IL-5 
administration, as determined by digital imaging and quantification of eosinophils in 
lung slides tissue stained with an antibody against major basic protein [23] 
(Supplementary Figure 3). Of interest, anti-IL-5 reduced bacterial loads in lungs relative 
to mice treated with the control antibody without significantly affecting bacterial  
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Figure 3: Role of ILCs in the effect of IL-33 during Kebsiella pneumonia. (A) Lung ILCs and ILC2s in naive 
WT mice analyzed by FACS. (B) ILC2s purified from lungs of naive mice release IL-5 and IL-13 upon 
stimulation with IL-33, IL-2 and/or IL-7. (C) Lung IL-5 and IL-13 levels of IL-33 or vehicle treated mice prior 
to (0h) and 6, 24 and 48 hours post K. pneumoniae inoculation. (D) Lung, blood and spleen bacterial loads 
of Rag2-/- / il2rγc-/- and WT mice (48 hours after infection) treated with IL-33 or vehicle (n= 8 per group). (E) 
Lung, blood and spleen bacterial loads of Rag2-/-- and WT mice (48 hours after infection) treated with IL-33 
or vehicle (n= 6-8 per group). Treatment groups and mouse strains are indicated in the figure. Data in 
panel C are presented as means + SE (n = 8 per group at each time point). Data in panels D and E are 
presented as box and whisker plots showing the smallest observation, lower quartile, median, upper 
quartile and largest observation. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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numbers in blood or spleen, suggesting that IL-5 may impair rather than enhance local 
defense against Klebsiella. While IL-33 did not further reduce bacterial burdens in lungs 
of anti-IL-5 treated mice, IL-33 strongly lowered bacterial counts in blood and spleen of 
these animals. IL-33 was equally effective in decreasing bacterial loads in lungs, blood 
and spleen of il13-/- and wild-type mice (Figure 4B). While all previous experiments were 
done with BALBc mice,  il13-/- mice and littermate controls were on a C57BL/6 
background, thereby demonstrating that the effect of IL-33 does not rely on the genetic 
background of the mice. Together these data suggest that the IL-5 and IL-13 are not 
essential for the effect of IL-33 on antibacterial defense during Klebsiella pneumonia.   
 

 
Figure 4: Role of IL-5 and IL-13 in the effect of IL-33 during Kebsiella pneumonia. (A) Bacterial loads in 
lung, blood and spleen (48 hours after infection) of mice treated with IL-33 or vehicle together with anti-
IL-5 or a control antibody. (B) Bacterial loads in lung, blood and spleen (48 hours after infection) of il13-/- 
and WT mice treated with IL-33 or vehicle. Treatment groups and mouse strains are indicated in the 
figure. Data are presented as box and whisker plots showing the smallest observation, lower quartile, 
median, upper quartile and largest observation (n = 6-9 per group at each time point).* P < 0.05, ** P < 0.01, 
*** P < 0.001. 
 
 

Discussion 
Augmentation of specific host immune responses might provide supplementary 
treatment strategies to enhance bacterial clearance and patient recovery in severe 
bacterial infections. We here studied the effect of recombinant IL-33 as a possible 
immune modulating treatment in gram-negative pneumonia caused by the human 
respiratory pathogen K. pneumoniae. IL-33 strongly improved host defense during 
Klebsiella pneumonia, as reflected by markedly reduced bacterial growth and 
dissemination, and a better survival in IL-33 treated mice. The IL-33 induced stimulation 
of antibacterial defense was dependent on ST2 and ILCs. Considering that ILC2s are 



 

  

IL-33 im
proves host defense during gram

-negative pneum
onia derived sepsis 

78 

established ST2+ target cells of IL-33, these data suggest that activation of ILC2s by IL-33 
boosts the clearance of Klebsiella from the airways.   
 
IL-33 has been implicated as an important mediator of type 2 innate immunity by 
stimulating ILC2s [8, 12]. ILC2s release large amounts of the prototypic type 2 cytokines 
IL-5 and IL-13 upon exposure to IL-33, a finding confirmed here using purified lung 
ILC2s. IL-33 induced type 2 responses enhance protective immunity during parasitic 
infections. During infection with the gastrointestinal nematode parasite 
Nippostrongylus brasiliensis and in response to IL-33 ILC2s expanded, which was crucial 
for host defense by a mechanism that relied on production of IL-13 [24-26]. Similarly, 
IL-33 boosted host defense during infection with Trichuris muris by a mechanism that 
likely depended at least in part on IL-33 induced production of the type 2 cytokines IL-4, 
IL-9 and IL-13 [27]. ILC2s in addition can produce amphiregulin [28], which contributes 
to protective immunity during infection with the intestinal nematode Trichuris muris 
[29]. Furthermore, IL-33 stimulated the expansion of ILC2-like cells in the lungs of mice 
infected with Strongyloides venezuelensis, resulting in the release of IL-5 and IL-13; 
thereby, ILC2-like cells induced eosinophilic pulmonary inflammation, which assisted in 
expelling the worms from the lungs [30]. IL-33 stimulated ILC2s also are important 
players in type 2 responses during allergic inflammation [24-26, 31]. In accordance, we 
here show that IL-33 induces accumulation of eosinophils in lung tissue by an IL-5 
dependent mechanism (Supplementary Figure 3); however, unlike during parasite 
infection [24-27, 30], neither IL-5 nor IL-13 proved to be essential for the IL-33 effect on 
bacterial burdens after Klebsiella infection. In agreement, type 2 responses have not 
been associated with antibacterial defense mechanisms, and neither elimination of IL-5 
nor IL-13 influenced bacterial loads in mice with allergic lung inflammation and 
secondary Klebsiella pneumonia [32]. Nonetheless, IL-33 required the presence of ST2 
and ILCs for its antibacterial effects, which fits with the earlier finding that the 
responsiveness of ILC2s to IL-33 is dependent on the surface expression of ST2 [33].  
 
Endogenous IL-33 plays a crucial role in allergic inflammation by a mechanism that 
relies on the activation of ILC2s [34, 35]. In contrast, neither endogenous IL-33 nor ILCs 
were required for antibacterial defense after infection with Klebsiella, as demonstrated 
by similar bacterial loads in st2-/- and rag2-/- / il2rγc-/- mice when compared with their 
respective control animals. In accordance, we recently reported an unremarkable 
phenotype of  st2-/- mice after intravenous infection with Klebsiella [36] and during 
respiratory tract infection with the gram-positive pathogen Streptococcus pneumoniae 
[37]. The apparently absent role of endogenous IL-33 in these models may be related to 
the fact that IL-33 lung levels remain unaltered during bacterial pneumonia (data not 
shown).  
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ST2 is widely expressed on a variety of innate immune cells [8]. Among these, 
neutrophils were considered important for the protective IL-33 effect during abdominal 
polymicrobial sepsis [12]. Neutrophils displayed increased recruitment to the site of 
infection and enhanced phagocytosis and killing activity in response to IL-33; the IL-33 
induced effect on neutrophil influx was accompanied by a preserved expression of the 
main receptor for neutrophil attracting chemokines in the mouse, CXCR2 [12].  Similarly, 
IL-33 pretreatment induced a rapid fungal clearance and markedly reduced mortality in 

an acute Candida albicans peritoneal infection model, which was associated with 
enhanced recruitment of neutrophils to the site of infection and accompanied by 
reversal of the TLR-induced reduction of CXCR2 expression in neutrophils [38]. We here 
demonstrate that intravenous IL-33 augments neutrophil influx into the lungs, 
corroborating previous findings on increased neutrophil recruitment into the abdominal 
cavity during peritoneal infection [12, 38]. Notably, however, in our hands IL-33 
diminished CXCR2 expression on neutrophils, both in vivo (Figure 2G,H) and in whole 
blood in vitro (data not shown). Importantly, neutrophils seemed not required for the 
IL-33 induced enhancement of antibacterial defense, considering that IL-33 remained 
effective in reducing bacterial loads in blood and spleen after infection with Klebsiella in 
neutrophil depleted mice, although we cannot totally exclude that IL-33 exerted part of 
its protective effects via the few remaining neutrophils in mice treated with the 
depleting antibody. The effect of IL-33 in polymicrobial abdominal sepsis [12] and 
Candida peritonitis [38] was not studied in neutropenic mice; as such, it remains to be 
established whether the protective effects of IL-33 are neutrophil dependent in these 
infections. 
 
The majority of cytokines released in response to IL-33 are known to induce type 2 
inflammatory responses, most notably IL-5 and IL-13. However, IL-33 can also induce 
IFN-γ secretion by NK cells [39]. While IFN-γ may play a protective role in host defense 
against Klebsiella  [40], we excluded a significant role for NK cells in the IL-33 effect by 
showing that IL-33 still reduced bacterial loads in NK cell depleted mice. In accordance, 
IL-33 did not induce measurable concentrations of IFN-γ in whole lung homogenates 
during pneumonia (data not shown).  
 
In conclusion, we here demonstrate a strong protective effect of IL-33 administration in 
a clinically relevant mouse model of severe gram-negative pneumonia most likely by 
stimulating ILC2s. These results identify stimulation of ILC2s as a potential therapeutic 
approach in the treatment of severe bacterial infections.  
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Materials and methods 
 
Mice 
BALB/c and C57Bl/6 mice were purchased form Charles River (Maastricht, The 
Netherlands).  St2-/- BALB/c mice [41] and il13-/- C57BL/6 mice [42] were kindly provided 
by dr. Andrew N.J. McKenzie (MRC Laboratory of Molecular Biology, Cambridge, United 
Kingdom). Rag2 -/- BALB/c mice were kindly provided by dr. Karin de Visser (Dutch 
National Cancer Institute, Amsterdam, the Netherlands). Rag2-/- / il2rγc-/- BALB/c mice 
were generated as described [43].  Age- and sex-matched animals  were used in all 
experiments. The Animal Care and  Use Committee of the University of Amsterdam 
approved all experiments. 
 
Experimental infections and treatments 
Pneumonia was induced by intranasal inoculation of ~104 or (in one experiment) ~0.5 x 
104 CFUs of K. pneumoniae serotype 2 (ATCC 43816) as previously described [14-16]. 
Mice were intravenously administered with recombinant mouse IL-33 (Biolegend, San 
Diego, CA; 1 µg) or vehicle 24 and 1 hour prior to start of infection [12]; in some 
experiments IL-33 was given as a single intravenous injection 3 or 24 hours post 
inoculation. Mice were sacrificed after 6, 24 or 48 hours of infection. Sample harvesting 
and processing, including determination of bacterial loads, was done as previously 
described [14-16]. In separate studies, mice were followed for 7 days and survival was 
monitored at least every 12 hours. For neutrophil depletion, mice were treated 
intraperitoneally with anti-GR-1 (RB6-8C5; 500 µg) 48 hours prior to infection [20, 21]. 
For NK cell depletion mice were treated intraperitoneally with anti-ASGM1 polyclonal 
antibodies (500 µg; eBioscience, San Diego, CA) or rabbit IgG (R&D systems, Abingdon, 
UK) [44]. Anti-IL-5 (TRFK5; 500 µg) was administered twice intraperitoneally 
concurrently with IL-33. Anti-β-Galactosidase antibodies (GL113; 500 µg) were used as 
IgG control in neutrophil depletion and anti–IL-5 experiment.  
 
Assays 
MPO (Hycult, Uden, the Netherlands), IL-5 and IL-13 (both R&D systems) were 
measured by ELISA.  
 
Flow cytometry and stimulations 
Erytrocytes were lysed and remaining blood cells were stained with GR-1 -FITC (RB6-
8C5, Miltenyi Biotec, Cologne, Germany), CD11b-PE (BD Biosciences, Franklin Lakes, NJ) 
and CXCR2-APC (R&D systems) antibodies in accordance with the manufacturers’ 
instructions. Data acquisition was performed using a FACS Canto II (BD Biosciences) flow 
cytometer. Lungs were harvested, chopped and digested (20min, 37◦C while mixing) 
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with Liberase TM (Roche, Almere, Netherlands). Spleens were crushed through a cell 
strainer after which erythrocytes were lysed. To analyse ILC2s, cell-suspensions were 
stained with the following antibody mix: lineage-PE (CD3, CD11b, B220, GR-1, NK1.1 (all 
Biolegend)), F4/80-APC (R&D), ST2-FITC (MD Bioscience, St. Paul, MN), CD127-PerCp Cy 
5.5 (Biolegend), CD45-PE Cy7 (Biolegend), CD25-Alexa fluor 700 (Biolegend), CD117-APC 
Cy7 (Biolegend). CD45+Lin-F4/80-CD127+ cells were deemed ILCs; of these cells 
CD25+ST2+ cells were considered ILC2s. For the ex vivo stimulation, ILC2s were sorted 
using the described antibody mix without ST2-FITC and treated for 3 days with IL-33 (50 
ng/ml), IL-2 (100 U/ml; ProSpec, Ness-Ziona, Israel) and IL-7 (5 ng/ml; ProSpec). Cell 
sorting was done using a FACS ARIA (BD Biosciences). 
 
Histopathology 
Granulocyte staining with a Ly-6G monoclonal antibody (BD Pharmingen, San Diego, CA) 
was performed as described [45, 46]. MBP staining was conducted as described [23] 
using an antibody kindly provided by Nancy Lee and James Lee (Mayo Clinic Arizona, 
Scottsdale, AZ). Digital scanning analysis by ImageJ (US National Institutes of Health, 
Bethesda, MD) was done as described [45, 46]. 
 
Statistical analysis 
Data are expressed as indicated in the figure legends. Differences were  analyzed by 
Mann Whitney U test. For survival studies Kaplan-Meier analyses followed by log rank 
test were performed. A value of P < 0.05 was considered statistically significant. 
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Supplementary Figure 1: Delayed IL-33 treatment during Klebsiella pneumonia. Mice were treated with a 
single injection of IL-33 given either 3 or 24 hours after infection. Bacterial loads in lung, blood, liver and 
spleen 48 hours after infection, shown as box and whisker plots showing the smallest observation, lower 
quartile, median, upper quartile and largest observation (n = 8 per group). Treatment groups and mouse 
strains are indicated in the figure. * P < 0.05, ** P < 0.01. 
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Supplementary Figure 2: Role of NK cells in the effect of IL-33 during Kebsiella pneumonia. Bacterial 
loads in lung, blood and spleen (48 hours after infection) of mice treated with IL-33 or vehicle together 
with anti-ASGM1 or a control antibody. Treatment groups are indicated in the figure. Data are presented 
as box and whisker plots showing the smallest observation, lower quartile, median, upper quartile and 
largest observation (n = 7-8 per group at each time point).* P < 0.05, ** P < 0.01, *** P < 0.001. 
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Supplementary Figure 3: Effect of anti-IL-5 on IL-33 induced eosinophil recruitment to the lungs. . Mice 
treated with IL-33 or vehicle together with anti-IL-5 or a control antibody, and lungs were analyzed 48 
hours after infection with Klebsiella. (A) Percentage of lung surface stained positive for eosinophils (means 
+ SE) quantified by digitally imaging of MBP staining. Representative MBP staining of lung tissue-slides: (B) 
vehicle, (C) IL-33, (D) anti-IL-5, (E) IL-33 + anti-IL-5. *** P < 0.001 (versus all other groups). 
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Abstract 
Background: Pneumonia is frequently caused by gram-negative pathogens, among 
which Klebsiella pneumoniae prominently features. Recognition of pathogen-associated 
molecular patterns by Toll-like receptors (TLRs) is important for an appropriate immune 
response during infection. TLR signaling can proceed via two distinct routes which are 
dependent on the adaptor proteins Myeloid differentiation primary response gene (88) 
(MyD88) and TIR-domain-containing adaptor-inducing interferon-β (TRIF) respectively. 
Aim of the study was to determine the relative contribution of MyD88 and TRIF 
signaling in resident and hematopoietic cells to host defense during pneumonia. 
Methods: Bone marrow chimeras of MyD88 deficient/wild type and TRIF mutant/wild 
type mice were created and infected with K. pneumoniae via the airways. 
Main results: MyD88 in both resident and hematopoietic cells contributed to survival 
and antibacterial defense in late stage infection, whereas only TRIF in hematopoietic 
cells was protective. On the other hand, resident MyD88 and hematopoietic TRIF 
contributed to distant cellular injury. Resident MyD88 was pivotal for early chemokine 
release and neutrophil recruitment in the bronchoalveolar space.  
Conclusion: MyD88 and TRIF dependent signaling have a differential contribution to 
host defense in different cell types that changes from early to late stage gram-negative 
pneumonia. 
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Introduction 
Pneumonia is the most common cause of sepsis. Lower respiratory tract infections are 
frequently caused by gram-negative pathogens, including Klebsiella pneumoniae [1, 
2].Emerging microbial resistance amongst Enterobacteriaceae is an issue of major 
concern, limiting therapeutic options and increasing mortality rates [3]. Toll-like 
receptors (TLRs) occupy a prominent position in the innate immune system by virtue of 
their capacity to recognize bacterial components [4, 5]. TLR signaling can proceed via 
two distinct routes which are dependent on myeloid differentiation primary response 
gene 88 (MyD88) and TIR-domain-containing adaptor-inducing interferon-β (TRIF) [4, 5]. 
MyD88 is the universal adaptor for all TLR’s except TLR3; TRIF is the sole adaptor for 
TLR3, and in addition contributes to TLR4 signaling. Very recently, mice deficient for 
either MyD88 or TRIF were found to be more susceptible to death after infection with 
Klebsiella via the airways, which was accompanied by enhanced bacterial growth in 
both mouse strains [6]. Several MyD88-dependent TLR’s likely contribute to the 
susceptible phenotype of MyD88 deficient mice during Klebsiella pneumonia, in 
particular TLR4 and TLR9, whereas TLR2 may contribute to host defense during late 
stage infection [7-10]. Other MyD88 dependent TLR’s have not been studied in models 
of Klebsiella infection, but are less likely to be involved considering their specificity for 
pathogen ligands that are not expressed by this bacterium.  
TLR’s are expressed by both hematopoietic and resident cells and both cell types 
contribute to an effective host defense during respiratory tract infections [11-13]. We 
here aimed to investigate the cell-type specific role of MyD88 and TRIF during early and 
late stage Klebsiella infection, by creating bone marrow chimeras expressing MyD88 or 
TRIF only in radioresistant (resident, R) cells or radiosensitive (hematopoietic, H) cells.  
 
 

Methods 
 
Animals  
MyD88 gene deficient (knockout, KO) mice were provided by Dr. S. Akira (Research 
Institute for Microbial Diseases, Osaka, Japan) and backcrossed > 6 times to a C57Bl/6 
genetic background [14]. TRIF mutant mice, generated on a C57Bl/6 genetic background 
[15], were provided by Dr B. Beutler (The Scripps Research Institute, La Jolla, CA). Age- 
and sex matched wild-type (WT) C57Bl/6 control mice were obtained from Harlan 
Nederland (Horst, The Netherlands). Mice were infected at 10-12 weeks of age. The 
Animal Care and Use Committee of the University of Amsterdam approved all 
experiments. 
 



 

  

M
yD88 and TRIF in hem

atopoeitic and resident cells during pneum
onia 

92 

Induction of pneumonia and sampling of organs 
Pneumonia was induced by intranasal inoculation with 7x103

 colony forming units (CFU) 
of K. pneumoniae serotype 2 (ATCC 43816; American Type Culture Collection, 
Manassas, VA) [9, 16]. Mice were followed for a maximum of 14 days or in separate 
experiments euthanized at 6, 24 or 48 hours after infection mice after which organs 
were harvested and processed for the determination of bacterial outgrowth and 
cytokine levels as described 9. In some experiments bronchoalveolar lavage (BAL) was 
performed and cell counts determined in BAL fluid (BALF) [17].  
 
Assays 
TNF-α, IL-6, IL-10 and MCP-1 were measured by using a cytometric bead array multiplex 
assay (BD Biosciences, San Jose, CA). Cytokine-induced neutrophil chemoattractant (KC), 
MIP-2, LPS-induced CXC chemokine (LIX) and E-selectin were measured by ELISA’s (R&D 
Systems, Minneapolis, MN). Lactate dehydrogenase (LDH), aspartate aminotransferase 
(AST) and alanine transaminase (ALT) were measured with kits from Sigma (St. Louis, 
MO), using a Hittachi analyzer (Boehringer Mannheim, Mannheim, Germany). 

 

Bone marrow transplantation  
Bone marrow chimeric mice were generated as described [9, 18, 19]. Briefly,  recipient 
groups received a lethal total body irradiation of two times 4.5 Gy with three hours 
between the two doses, using  a 137Cs irradiator (CIS Bio International, Gif, France) at a 
dose rate of 0.5 Gy/min, followed by intravenous injection of 5x106 bone marrow cells 
that were isolated  from donor animals as described before [9]. To protect the 
irradiated recipient mice from immediate infections, the mice were also injected with 
2x105 splenocytes from donor animals that were crushed through 40 μm filter, washed 
and resuspended in PBS. Moreover, mice were provided with autoclaved, acidified 
drinking water containing 0.16% neomycin sulfate (Sigma Chemical Co. St.Louis, MO) 
from one week before until four weeks after transplantation.   Pneumonia was induced 
6 weeks after transplantation. Engraftment was checked by flow cytometry based on 
differential expression of CD45.1 and CD45.2 by donor and recipient cells exactly as 
described [9, 18]. As a control for the transplantation procedure, we not only 
administered TRIF mutant or MyD88 KO bone marrow cells (H-) into WT recipient mice 
(R+) and WT bone marrow cells (H+) into TRIF mutant or MyD88 KO recipient mice (R-), 
but also WT bone marrow (H+) to WT mice (R+) and TRIF mutant  or MyD88 KO bone 
marrow (H-) to TRIF mutant or MyD88 KO mice (R-) respectively. Thus, in each 
experiment with chimeric mice four groups of mice were generated (R-/H+,R+/H- and as 
controls R+/H+ & R-/H-). 
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Statistical analysis  
Data are expressed as means ± standard error of the mean; as medians with individual 
data points (for bacterial loads); or as Kaplan-Meier plots. For experiments with two 
groups Mann Whitney U test was used to determine significance. For experiments with 
more than two groups Kruskall-Wallis test was used as a pretest, in order to reduce the 
chance of committing a type 1 error.  When appropriate, Mann Whitney U tests were 
used as follow-up tests to compare individual genetically modified groups to the R+H+ 
control group. Survival curves were compared using log-rank test. All analyses were 
done using GraphPad Prism (San Diego, CA). P < 0.05 was considered statistically 
significant. 
 
 

Results 

Both MyD88 and TRIF are crucial for survival and the antibacterial response in gram-
negative pneumonia 
We first infected MyD88 KO, TRIF mutant and WT mice with K. pneumoniae via the 
airways and followed them for 10 days in two independent survival experiments (Figure 
1A and D). All MyD88 KO mice died before 48 hours, while 50% of WT mice remained 
alive until the end of the experiment (P < 0.001). TRIF mutant mice also showed a 
higher and accelerated mortality compared to WT mice (P < 0.01), although lethality did 
not occur as rapidly as in MyD88 KO mice. Next, we euthanized MyD88 KO, TRIF mutant 
and WT mice at predefined time points for quantitative cultures of lungs, blood and 
spleen. In experiments comparing MyD88 KO and WT mice, these analyses were 
confined to the first 24 hours considering the large number of deaths amongst MyD88 
KO mice thereafter.  At 6 hours, the bacterial loads in the lungs of both MyD88 KO and 
TRIF mutant mice were similar to those in WT mice and cultures of blood and spleen 
remained sterile in all but one MyD88 KO mouse. After 24 hours, MyD88 KO mice had 
about 2-log more bacteria in their lungs when compared to WT mice (Figure 1B, P < 
0.01), while dissemination to blood (not shown) and spleen (Figure 1C) was not 
different.  At 48 (but not 24 hours), TRIF mutant mice had remarkably higher bacterial 
burden in their lungs (Figure 1E), as well as in blood (not shown) and spleen (Figure 1F, 
P < 0.001 versus WT mice). The fact that TRIF mutant mice showed enhanced bacterial 
loads in their spleens while MyD88 KO mice did not, is likely explained by the different 
durations of the infection at the time of euthanasia (48 versus 24 hours respectively). 
These data confirmed the essential role of MyD88 and TRIF in host defense during 
Klebsiella pneumonia [6] and further show that the role of TRIF in protective immunity 
becomes apparent later in the course of the infection in comparison to MyD88.  
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Figure 1: MyD88 and TRIF protect against lethality and restrict bacterial growth in gram-negative 
pneumonia. WT, MyD88 KO and TRIF mutant mice were inoculated with 7E3 CFU K. pneumoniae and 
monitored for survival or sacrificed at designated time-points. Survival of WT (closed squares) and 
MyD88 KO (open rounds) mice (n=8 per group) (A). Bacterial loads in lung (B) and spleen (C) 6 and 24 
hours after infection in WT(closed squares) and MyD88 KO mice (open rounds). Survival of WT (closed 
squares) and TRIF mutant mice (open rounds) (n=17 per group) (D). Bacterial loads in lung (E)  and spleen 
(F) 6,24 or 48 hours after infection in WT (closed squares) or TRIF mutant mice (open rounds) (n=7-8 per 
group). Each symbol represents an individual mouse, with horizontal lines showing medians. * P < 0.05, 
** P < 0.01, *** P < 0.001 compared to WT mice determined with Mann-Whitney U test. 

MyD88 expression in both hematopoietic and resident cells contributes to survival, while 
hematopoietic TRIF expression is most important for survival 
To dissect the role of MyD88 and TRIF dependent TLR signaling in hematopoietic (H) 
versus resident (R) cells, we created bone marrow chimeric mice for MyD88 and TRIF. In 
accordance with our earlier reports [9, 18, 19], the mean percentage of donor derived 
neutrophils and monocytes in blood from all chimeric mice was >90% (data not shown). 
MyD88 R-/H- mice displayed a strongly accelerated mortality when compared with 
MyD88 H+/R+ mice (P < 0.0001; Figure 2A). Of more interest, MyD88 R+/H- mice and 
MyD88 R-/H+ mice also demonstrated an accelerated mortality when compared with 
MyD88 R+/H+ mice (both P < 0.001), whereas the mortalities amongst both chimeric 
MyD88 strains (R+/H- and R-/H+) were significantly delayed when compared with 
MyD88 R-/H- mice (P < 0.001 and P <0.05 respectively). Mortality curves of MyD88 
R+/H- and R-/H+ mice were not different. TRIF R-/H- mice displayed a strongly 
accelerated mortality when compared with TRIF R+/H+ mice (P < 0.0001, Figure 2B). 
TRIF R+/H- mice and TRIF R-/H+ mice both showed an accelerated mortality when 
compared with TRIF R+/H+ mice (both P < 0.01), but there was no significant difference 
between the mortality curves of TRIF R-/H+ mice and TRIF R+/H- mice. Importantly, the 
mortalities amongst TRIF R-/H+ mice were delayed when compared with TRIF R-/H- 
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mice (P < 0.05) while the survival of TRIF R+/H- mice was not significantly different from 
TRIF R-/H- mice.  
 

 
 
Figure 2: MyD88 expression in both resident and hematopoietic cells contributes to survival from gram-
negative pneumonia, while hematopoietic TRIF expression is most important for survival. WT (R+) and 
MyD88 KO or TRIF mutant (R-) mice were irradiated and injected with WT (H+), MyD88 KO or TRIF 
mutant (H-) bone marrow cells. Six weeks after transplantation mice were infected with 7e3 CFU K. 
pneumoniae and survival was monitored for 14 days. Survival of MyD88 chimeras (n=7-19 per group) (A) 
and TRIF chimeras (n=18-20 per group) (B). P-values for the comparison between different recipient 
groups are summarized in tables: * P < 0.05, ** P < 0.01, *** P < 0.001, ns = non-significant determined 
with Log-Rank Test. 

MyD88 expression in both hematopoietic and resident cells limits bacterial growth, 
whereas hematopoietic but not resident TRIF expression reduces bacterial multiplication 
We next infected MyD88 and TRIF chimeric mice with Klebsiella via the airways and 
euthanized them at 24 (MyD88 chimeras) or 48 hours (TRIF chimeras), i.e. at time 
points that had revealed the importance of MyD88 and TRIF in reducing bacterial 
growth in mice with a general deficiency for these adaptor proteins. As expected, 
MyD88 R-/H- and TRIF R-/H- mice demonstrated enhanced bacterial outgrowth in their 
lungs at 24 and 48 hours after infection respectively when compared to their respective 
R+/H+ controls (Figure 3A and D). Of considerable interest, 24 hours after infection not 
only MyD88 R-/H- mice showed enhanced bacterial growth in lungs and distant body 
sites (blood and spleen), but also mice deficient for MyD88 in either hematopoietic or 
resident cells had increased bacterial loads in all body compartments when compared 
with MyD88 H+/R+ mice (Figure 3A-C). The difference between MyD88 R+/H- and 
R+/H+ mice was larger than between MyD88 R-/H+ and R+/H+ mice, indicating that 
MyD88 signaling in resident cells does contribute to host defense but that the 
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expression of MyD88 in hematopoietic cells is even more important. In contrast, the 
experiments with TRIF chimeras only revealed a role for TRIF expressed in 
hematopoietic cells in reducing bacterial growth and dissemination. Indeed, at 48 hours 
after infection TRIF R+/H- mice, but not TRIF R-/H+ mice, displayed higher bacterial 
burdens in lungs, blood and spleen when compared with TRIF R+/H+ mice; in addition, 
bacterial loads in TRIF R+/H- mice were similar to those in TRIF R-/H- mice in all body 
compartments (Figure 3D-F). 
 

 
 

 
 
Figure 3: MyD88 expression in both resident and hematopoietic cells limits bacterial growth, whereas 
hematopoietic but not resident TRIF expression reduces bacterial multiplication. WT (R+) and MyD88 
KO or TRIF mutant (R-) mice were irradiated and injected with WT (H+), MyD88 KO or TRIF mutant (H-) 
bone marrow cells. Six weeks after transplantation, mice were infected with 7e3 CFU K. pneumoniae. 
Bacterial loads in lung (A), blood (B) and spleen (C) of MyD88 chimeras 24 hours after infection (n = 8-14 
per group). Bacterial loads in lung (D), blood (E) and spleen (F) of TRIF mutant chimeras 48 hours after 
infection (n = 9-11 per group). Each symbol represents an individual mouse, with horizontal lines showing 
medians. * P < 0.05, ** P < 0.01, *** P < 0.001 vs R+/H+ mice determined with Mann-Whitney U test as a 
follow-up test on  Kruskall-Wallis test. 
 

Limited role of MyD88 or TRIF in lung cytokine and chemokine production during late 
stage infection 
We measured the lung concentrations of the pro-inflammatory cytokines TNF-α, IL-6, 
the anti-inflammatory cytokine IL-10 and the chemokines KC, MIP-2 and MCP-1 at 24 
hours (MyD88 chimeric mice) or 48 hours (TRIF chimeric mice) after infection. The 
levels of all mediators showed a large variation amongst groups and differences 
between groups were modest at best (Supplementary tables 1 and 2). These data 
suggest that neither MyD88 nor TRIF signaling is essential for the production of these 
mediators in the lungs during late stage pneumonia.  
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Figure 4: Resident MyD88 and hematopoietic TRIF contribute to distant organ injury. WT (R+) and 
MyD88 KO or TRIF mutant (R-) mice were irradiated and injected with WT (H+), MyD88 KO or TRIF 
mutant (H-) bone marrow cells. Six weeks after transplantation, mice were infected with 7e3 CFU K. 
pneumoniae. Plasma levels of LDH (A), AST (B) and ALT (C) in MyD88 chimeras 24 hours after infection (n 
= 8-14 per group). Plasma levels of LDH (D), AST (E) and ALT (F) in TRIF mutant chimeras 48 hours after 
infection (n = 9-11 per group). Bars represent mean ± standard error of the mean. * P < 0.05, ** P < 0.01, 
*** P < 0.001 vs R+/H+ mice determined with Mann-Whitney U test as a follow-up test on  Kruskall-Wallis 
test. 

Resident MyD88 and hematopoietic TRIF expression contribute to distant organ injury in 
late stage infection 
The model of gram-negative pneumonia and sepsis used here is associated with rises in 
the plasma concentrations of LDH (indicative for cellular injury in general) and AST/ALT 
(reflecting hepatocellular injury) in the late stage of infection [16]. Remarkably, none of 
the partially or fully MyD88 deficient mice demonstrated evidence for enhanced cell 
injury when compared with MyD88 R+/H+ mice (Figure 4): plasma LDH and AST 
concentrations were even slightly lower in MyD88 R-/H+ mice (P < 0.05 versus MyD88 
R+/H+ mice), suggesting that MyD88 in resident cells contributes to cell injury during 
Klebsiella infection (Figure 4A-C).  In TRIF chimeras there was a distinct contribution of 
TRIF in hematopoietic cells to cellular injury : TRIF R+/H- mice and TRIF R-/H- mice had 
significantly lower plasma LDH, AST and ALT values when compared to TRIF R+/H+ or 
TRIF R-/H+ mice (P < 0.05 to P<0.001, Figure 4D-F). On the other hand, the plasma levels 
of cellular injury markers were not different between TRIF R+/H+ and TRIF R-/H+ mice.  
 

Differential contribution of MyD88 and TRIF in hematopoietic and resident cells in early 
stage infection 
We repeated the experiments in MyD88 and TRIF chimeras, this time sacrificing the 
mice after 6 hours of infection (Figure 5). This early time point was not chosen to 
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determine the impact of cell-specific MyD88 or TRIF deficiency on bacterial growth, but 
rather to establish their role in induction of an early innate immune response. MyD88 R-
/H+ mice had a slightly higher bacterial burden in their lungs when compared with 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Bacterial loads in early stage 
infection in mice chimeric for MyD88 or TRIF. 
WT (R+) and MyD88 KO or TRIF mutant (R-) 
mice were irradiated and injected with WT 
(H+) or MyD88 KO/ TRIF mutant (H-) bone 
marrow cells. Six weeks after transplantation, 
mice were infected with 7e3 CFU K. 
pneumoniae and sacrificed 6 hours later (n = 8-
12 per group). Bacterial loads in lung 
homogenates of MyD88 chimeras (A) and of 
TRIF mutant chimeras (B). Each symbol 
represents an individual mouse, with 
horizontal lines showing medians. * P < 0.05, 
** P < 0.01 vs R+/H+ mice determined with 
Mann-Whitney U test as a follow-up test on  
Kruskall-Wallis test. 
 

 
MyD88 R+/H+ mice (P < 0.05), whereas both TRIF R-/H+ and TRIF R-/H- mice displayed 
modestly elevated bacterial counts when compared with TRIF R+/H+ mice (P < 0.05). 
Blood cultures were sterile in all chimeric animals. Both hematopoietic and resident 
MyD88 and TRIF contributed to recruitment of neutrophils, although with different 
relative importance. Indeed, MyD88 R-/H+ and R-/H- mice showed a similar dramatic 
reduction in neutrophil influx into BALF when compared with MyD88 R+/H+ mice (both 
P < 0.001), whereas MyD88 R+/H- demonstrated an intermediate phenotype (P <0.01 
versus MyD88 R+/H+ mice and P < 0.001 versus both MyD88 R-/H- and R-/H+ mice; 
Figure 6A), indicating that especially MyD88 in resident cells drives the early neutrophil 
migration into the alveolar space during Klebsiella pneumonia. On the other hand, 
hematopoietic and resident TRIF appeared to be equally important: relative to TRIF 
R+/H+ mice, TRIF R+/H-, R-/H+ and R-/H- mice all had similarly reduced neutrophil 
numbers in BALF (all P < 0.05 versus TRIF R+/H+ mice; Figure 6E). Consistent with the 
more prominent role for resident MyD88 in neutrophil recruitment, the BALF levels of  
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Figure 6: Differential contribution of MyD88 and TRIF in resident and hematopoietic cells to the host 
response in early stage infection. WT (R+) and MyD88 KO or TRIF mutant (R-) mice were irradiated and 
injected with WT (H+) or MyD88 KO/ TRIF mutant (H-) bone marrow cells. Six weeks after 
transplantation, mice were infected with 7e3 CFU K. pneumoniae and sacrificed 6 hours later (n = 8-12 per 
group). Number of neutrophils (A) and levels of KC (B), MIP-2 (C) and LIX (D) in BALF of MyD88 chimeras. 
Number of neutrophils (E) and levels of KC (F), MIP-2 (G) and LIX (H) in BALF of TRIF mutant chimeras. 
Bars represent mean ± standard error of the mean.* P < 0.05, ** P < 0.01, *** P < 0.001 vs R+/H+ mice 
determined with Mann-Whitney U test as a follow-up test on  Kruskall-Wallis test. 
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neutrophil attracting chemokines KC, MIP-2 and LIX were especially reduced in MyD88 
R-/H+ mice (Figure 6B-D). With regard to KC and LIX, MyD88 R-/H+ and R-/H- mice 
demonstrated similarly reduced BALF levels when compared with MyD88 R+/H+ mice; 
MIP-2 levels were even only diminished in MyD88 R-/H+ mice. In contrast, BALF MIP-2 
and LIX concentrations were similar in all TRIF chimeras, whereas KC levels were 
reduced in mice lacking TRIF in either hematopoietic or resident cells or both (Figures 
6F-H). Resident MyD88 clearly also was most important for the early release of pro-
inflammatory cytokines into BALF: TNF-α and IL-6 levels were equally reduced in MyD88 
R-/H+ and R-/H- mice (Figure 7A and B). In contrast, hematopoietic TRIF determined 
TNF-α and IL-6 release: TRIF R+/H- and R-/H- mice displayed equally reduced BALF TNF-
α and IL-6 concentrations when compared with either TRIF R+/H+ or TRIF R-/H+ mice 
(Figure 7D and E). In addition, resident MyD88 was most important for the upregulation 
of E selectin (a marker for endothelial cell activation) in the lungs: MyD88 R-/H+ and R-
/H mice had significantly lower lung E-selectin levels when compared to MyD88 R+/H+ 
mice (P < 0.05 and P <  0.001; Figure 7C). The absence of TRIF in neither resident nor 
hematopoietic cells influenced lung E-selectin levels (Figure 7F).  
 
 

 
 
 
Figure 7: Levels of cytokines in BALF and levels of E-selectin in lung homogenates in early stage 
infection in mice chimeric for MyD88 or TRIF. WT (R+) and MyD88 KO or TRIF mutant (R-) mice were 
irradiated and injected with WT (H+) or MyD88 KO/ TRIF mutant (H-) bone marrow cells. Six weeks after 
transplantation, mice were infected with 7e3 CFU K. pneumoniae and sacrificed 6 hours later (n = 8-12 per 
group). Levels of TNF-α (A) and IL-6 (B) in BALF and levels of E-selectin in lung homogenate (C) of MyD88 
chimeras. Levels of TNF-α (D) and IL-6 (E) in BALF and levels of E-selectin in lung homogenate (F) of TRIF 
mutant chimeras. Bars represent mean ± standard error of the mean.* P < 0.05, ** P < 0.01, *** P < 0.001 
vs R+/H+ mice determined with Mann-Whitney U test as a follow-up test on  Kruskall-Wallis test. 
  



 

 

101 

M
yD88 and TRIF in hem

atopoeitic and resident cells during pneum
onia 

Discussion 
MyD88 is the common adaptor for all TLRs (except TLR3) and deficiency of this proximal 
protein in TLR signaling has recently been demonstrated to result in a strongly impaired 
host defense during respiratory tract infection by K. pneumoniae [6]. Deficiency of TRIF, 
which in addition to MyD88 is responsible for cellular activation by TLR4, also was 
associated with a hypersusceptible phenotype during Klebsiella pneumonia [6]. We here 
show that MyD88 induced protection during Klebsiella pneumonia and sepsis is 
mediated by both hematopoietic and resident cells, while TRIF mediated protection is 
primarily driven by hematopoietic cells. These cell-specific protective functions of 
MyD88 and TRIF corresponded with their role in limiting bacterial growth, but not with 
the extent of cellular injury in distant organs, as measured by the plasma concentrations 
of AST, ALT and LDH. Indeed, our results indicate that MyD88 in resident cells and TRIF 
in hematopoietic cells contributed to cell injury during late stage infection. Hence, these 
findings suggest that in the present model mortality likely occurs as a consequence of 
excessive bacterial growth and nicely illustrate the “double edged sword” character of 
innate immune activation via MyD88 and TRIF dependent signaling. 
 
The role of hematopoietic and resident MyD88 has been studied previously in murine 
Pseudomonas aeruginosa pneumonia [20]. Herein, mice expressing MyD88 only in 
resident cells cleared the pathogen equally well as their controls with intact MyD88 
expression [20]. Accordingly, selective expression of MyD88 in lung epithelial cells was 
sufficient for clearance of Pseudomonas from the lungs [21]. Notably, the Pseudomonas 
pneumonia model in mice differs considerably from the Klebsiella model used here; the 
current model more closely resembles the clinical scenario of a gradually growing 
bacterial load [22].  
 
We here demonstrate that MyD88 expressed by hematopoietic and resident cells is 
involved in early (< 6 hours) influx of neutrophils during Klebsiella pneumonia, but that 
clearly resident MyD88 plays the more prominent part. The importance of MyD88 
dependent signaling in resident cells for the attraction of neutrophils in mice chimeric 
for MyD88 was reported previously in a model of Pseudomonas pneumonia [20]. 
Accordingly, selective expression of MyD88 in lung epithelial cells was sufficient for 
neutrophil attraction during Pseudomonas pneumonia [21]. TRIF signaling also 
contributed to neutrophil attraction into BALF, wherein hematopoietic and resident 
TRIF seemed to be of similar importance. The reduced BALF CXC chemokine levels in 
MyD88 and TRIF chimeras likely contributed to this attenuated neutrophil migration 
[23-25].  
 
Potential radioresistant cell populations that contribute to protective TLR signaling 
during Klebsiella pneumonia include epithelial, endothelial and stromal cells. Amongst 
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these, in particular respiratory epithelial cells have been implicated to play an important 
role in the early phase of infection by virtue of their capacity to release an array of 
antimicrobial peptides and to secrete chemokines that orchestrate the recruitment of 
neutrophils to the alveolar space [13]. Airway epithelial cells especially express TLR2-6 
[13], strategically positioned to enable immediate recognition of organisms entering the 
airways.   
 
Several MyD88 dependent receptors can contribute to the hypersusceptible phenotype 
of MyD88 deficient mice: MyD88 is not only the adaptor for multiple TLR’s but also for 
the IL-1 and IL-18 receptors. MyD88 dependent receptors contributing to host defense 
in Klebsiella pneumonia include TLR2, TLR4 and TLR9 [7-10]; the potential roles of other 
MyD88 dependent TLRs and the IL-18 receptor have not been studied thus far, whereas 
IL-1 did not play a role of significance [26]. The phenotype of (bone marrow chimeric) 
TLR2/4 double KO mice was remarkably similar to that of (bone marrow chimeric) 
MyD88 KO mice, suggesting that TLR2 and TLR4 are the most important MyD88 
dependent receptors involved during Klebsiella infection [9]. The protective role of 
hematopoietic TRIF reported here most likely is mediated via TLR4, considering that 
mice deficient for TLR3 (which relies exclusively on TRIF for signaling) demonstrate 
similar bacterial loads during Klebsiella pneumonia when compared with WT mice (our 
own unpublished data). Of note, a subset of macrophages harvested from TRIF mutant 
mice were reported to still respond to LPS, most likely via the TRAM adapter [15]. 
Considering the strong phenotype of TRIF mutant mice shown here, it is likely that this 
pathway does not contribute significantly to protective immunity during Klebsiella 
infection. Our observations are in contrast with the only other report that studied the 
relative role of TRIF in a mouse bone marrow chimera model in a lung infection model: 
there the TLR3-TRIF dependent axis in resident cells was shown to be crucial for an 
effective host response against Aspergillus, by balancing the Th1 and Th17 response 
[27]. Clearly, the pathogenesis and defense mechanisms that lead to a beneficial 
outcome during aspergillosis are different from these processes during Klebsiella 
infection.  
 
In conclusion, we here document for the first time to our knowledge the relative 
importance of the essential TLR adaptors MyD88 and TRIF in different cell types and 
how their contribution changes during early and late stage infection. Our results provide 
new insights in the pathophysiology of Klebsiella pneumonia and the potential of 
therapeutic targeting of TLR dependent pathways. 
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Supplementary Table 1: Lung cytokine levels in MyD88 chimeric mice. 

MyD88 : R+/H+ R-/H+ R+/H- R-/H- 

Lung     

TNF-α 380 ± 70 444 ± 72 246 ± 40 171± 62 * 

IL-6 557 ± 94 545 ± 65 662 ±132 734 ± 305 

IL-10 bd bd bd bd 

KC 35593 ± 4279 25895 ± 3876 41537 ± 6774  13685 ± 4239 ** 

MCP-1   3916 ± 440 4044 ± 414 2679 ± 237 2450 ± 770  

MIP-2 8868 ± 1680 15018 ± 2886 12555 ± 2469 10999 ± 2497 

 

Mice chimeric for MyD88 were infected with 7x103 CFU K. Pneumonia 6 weeks after bone 
marrow transplantation. Twenty-four hours after infection, mice were sacrificed, lungs were 
removed and cytokine levels determined in lung homogenates. KC and MIP-2 were 
determined using ELISA. TNF-α, IL-6, IL-10 and MCP-1 levels were determined by Cytometric 
Bead Assay. Data are presented in pg/ml lung homogenate as mean ± SEM. N=8-14 mice per 
group. Bd= below detection level. * P< 0.05, ** P< 0.01, *** P< 0.001 vs R+/H+ levels determined 
with Mann Whitney U test. R recipient and H hematopoietic. 
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Supplementary Table2: Lung cytokine levels in TRIF chimeric mice. 

TRIF : R+/H+ R-/H+ R+/H- R-/H- 

Lung     

TNF-α 196 ± 71 156 ± 39 241 ± 68 328 ± 240 

IL-6 1195 ± 760 1701 ± 509 5713 ± 2035 2625 ± 1753 

IL-10 bd bd bd bd 

KC 12355 ± 1829 8213 ± 1038 13561 ± 2698 11673 ± 1971 ** 

MCP-1   1501 ± 1047 901 ± 299 1006 ± 265 1488 ± 1157 

MIP-2 6329 ± 1802 2327 ± 720 9435 ± 2262 10359 ± 2590 

 

Mice chimeric for TRIF were infected with 7x103 CFU K. pneumoniae 6 weeks after bone 
marrow transplantation. Forty-eight hours after infection, mice were sacrificed, lungs were 
removed and cytokine levels determined in lung homogenates. KC and MIP-2 were 
determined using ELISA. TNF-α, IL-6, IL-10 and MCP-1 levels were determined by Cytometric 
Bead Assay. Data are presented in pg/ml lung homogenate as mean ± SEM. N=9-11 mice per 
group. * P< 0.05, ** P< 0.01, *** P< 0.001 vs R+/H+ levels determined with Mann Whitney U test. 
R recipient and H hematopoietic. 
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Abstract 
Background: Tuberculosis (TB) is an important cause of morbidity and mortality 
worldwide. Toll-like-receptors (TLRs) are important for the recognition of the causative 
agent Mycobacterium tuberculosis. Negative regulation of TLRs  is necessary to control 
deleterious inflammatory damage, but could provide a means of immune evasion by M. 
tuberculosis as well.  
Methods: To obtain insight in the extent of expression of inhibitory regulators of 
immunity in patients with active TB, peripheral-blood-mononuclear-cells (PBMCs) and 
plasma were obtained from 54 TB patients and 29 healthy blood donors from 
Chittagong, Bangladesh. Bilateral alveolar macrophages were obtained from an infected 
versus a contralateral normal lung segment of 9 patients. Statistical analyses were 
performed using Mann-Whitney U and Wilcoxon matched pairs testing. Correlations 
were calculated using the Spearman rho test. 
Results: PBMCs harvested from TB patients demonstrated increased mRNA expression 
of IL-1-receptor-associated-kinase-M, suppressor-of-cytokine-signalling-3 and Toll-
interacting-protein. Flow cytometry revealed enhanced expression of IL-1-receptor-like-
1 (ST2) on lymphocytes. Plasma soluble ST2 was elevated in patients with TB and 
correlated with established TB biomarkers, most strongly with soluble interleukin-2 
receptor subunit α and interleukin-8. Alveolar macrophage mRNA expression of 
negative TLR regulators did not differ between the infected and contralateral lung side.  
Conclusion: These results show enhanced expression of distinct negative regulators of 
innate immunity in PBMCs of patients with TB and identify plasma soluble ST2 as a 
potential novel biomarker for TB disease activity.  
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Introduction 
Mycobacterium tuberculosis (Mtb) remains the leading bacterial agent causing death in 
humans in the world today [1, 2]. Estimations suggest that this acid-fast rod shaped 
bacillus has infected approximately one third of the world’s population. In 2012 
infection developed into active tuberculosis (TB) in 8.6 million cases, resulting in 1.3 
million deaths worldwide [1, 2]. Bangladesh is one of the most affected countries with 
225 new cases per 100,000 inhabitants in 2012 and an overall mortality rate of 45 per 
100,000 [1].  
 
Toll-like receptors (TLRs) comprise a family of pattern recognition receptors specifically 
designed to recognize broadly conserved pathogen associated molecular patterns 
expressed by microorganisms [3]. While the especially thick cell wall of Mtb protects to 
a certain degree against host immune detection, it also harbors specific antigens able to 
induce a TLR response [4, 5]. Mycobacterial cell wall glycolipids like 19kD lipoprotein, 
phosphatidylinositol mannoside and lipoarabinomannan have been shown to activate 
TLR2 signaling (when heterodimerized with either TLR1 or TLR6). In addition, TLR4 is 
capable of recognizing the Mtb secreted heat shock protein 60/65, while TLR9 
recognizes unmethylated CpG motifs in mycobacterial DNA. Studies with genetically 
altered mice showed an increased susceptibility to Mtb infection in the absence of 
TLR2, TLR9 and possibly TLR4 [4, 5]. In accordance, MyD88, an adaptor molecule utilized 
by most Toll/Interleukin-1 receptor (TIR) domain containing receptors, proved of 
particular importance for host defense against Mtb, although this seems mainly related 
to its role in interleukin (IL)-1 signaling [5, 6]. Mycobacterial engagement of phagocyte 
TLRs and subsequent recruitment of MyD88 eventually culminates in translocation of 
NF-κB and a robust pro-inflammatory response.  Aberrant TLR signaling may cause 
collateral tissue damage and dampening of the inflammatory response can help to limit 
detrimental immunopathological changes. Several negative regulators of innate 
immunity and TLR signaling have been identified, including cell-surface receptors, such 
as IL-1 receptor-like 1 (ST2) and single immunoglobulin IL-1R-related molecule (SIGIRR, 
TIR8), and intracellular inhibitors, such as Toll-interacting protein (TOLLIP), suppressor-
of-cytokine signaling (SOCS) and IL-1 receptor associated kinase (IRAK)-M [7].  
 
Several earlier studies reported on the expression of TLRs by blood leukocytes in 
patients with TB [8-11]. We here sought to determine expression of inhibitory 
regulators of innate immunity in the circulation and at the primary site of infection in 
patients with lung TB.  In addition, we evaluated the value of soluble (s)ST2, a secreted 
protein produced by the st2 gene [12], as a potential biomarker in TB.  



 

  

Inhibitory regulators of innate im
m

unity during active tuberculosis 

112 

Patients and Methods 

Study design and population 
Patients and healthy blood donors were recruited prospectively in the Tuberculosis 
Clinic of Chittagong General Hospital and the Chittagong Medical College & Hospital, 
Chittagong, Bangladesh.  TB suspicion was based on the WHO-based National 
Guidelines for Bangladesh [13]. Two patient groups were studied. For the first group, 
from which only blood was drawn, inclusion criteria were: (a) 18-80 years of age; (b) 
confirmed pulmonary TB; (c) ability to give written informed consent prior to study-
specific procedures. Exclusion criteria were: (a) a concomitant disease or a known 
clinical condition which could interfere with the conduct of the study; or (b) an 
unwillingness or inability to comply with the study protocol for any other reason. On-
site TB confirmation was defined by a minimum of two out of three positive Ziehl-
Neelsen (ZN)-stained sputum samples collected on two consecutive days. Subsequent 
confirmation of Mtb infection was obtained by PCR (GeneXpert, Cepheid, Solna, 
Sweden) in the Laboratory of Medical Microbiology in the Academic Medical Center 
(Amsterdam, the Netherlands) for all but two patients in which PCRs could not be 
performed due to technical difficulties. Healthy blood donors served as controls.  
For the second patient group, in which diagnostic bronchoscopies were performed, 
inclusion criteria comprised: (a) 18-65 years of age; (b) clinical suspicion of pulmonary 
TB, according to the WHO-based National Guidelines for Bangladesh [13], (c) three 
consecutive ZN stained sputum samples negative for Mtb; (d) unilateral abnormalities 
on chest X-ray suspect for TB; (e) no TB treatment; (f) ability to give written informed 
consent prior to any study-specific procedure. Blood samples were taken directly at 
presentation followed by a bilateral bronchoalveolar lavage to obtain BAL fluid and BAL 
cells. Mtb infection was confirmed on site by a ZN-positive BAL stain or in Amsterdam 
by PCR. Prior to bronchoscopy the exact location of the diseased lung subsegment was 
identified by chest X-ray.  Bilateral BALs were performed by qualified pulmonologists in 
a standardized fashion according to the guidelines of the American Thoracic Society, 
using a flexible direct bronchoscope (Olympus type C30C, P20D and P40, Shinjuku, 
Tokyo, Japan). Eight successive 20-mL aliquots of sterile saline 0.9% were instilled at the 
uninfected side in a subsegment of the middle lobe or lingula and aspirated 
immediately with low suction. This was followed by instillation and aspiration of the 
same amount of aliquots in the contralateral, diseased lung subsegment. 
Bronchoscopies were not performed in patients with ZN-positive sputum, since these 
would not contribute to the diagnosis and patient management.   
All patients were tested for human immunodeficiency virus (HIV) infection by a 
Determine® HIV 1/2 test (Alere, Tilburg, The Netherlands). The study was approved by 
the National Research Ethics Committee (NREC), Bangladesh Medical Research Council, 
Bangladesh and the Oxford Tropical Research Ethics Committee, University of Oxford, 
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Oxford, UK (OXTREC 35-09). Written informed consent was obtained from all study 
subjects or next-of-kin by a native Bengali speaker. 
 
Table 1: Primer sequence used for real-time PCR using the Light Cycler 

 

Gene              Primer sequence   

 

IRAK-M 

 

Forward, 

 

GTACATCAGACAGGGGAAACTTT 

 Reverse, GACATGAATCCAGGCCTCTC 

SIGIRR/ Tir8 Forward, CAGACCCATCTTCATCACCTTC 

 Reverse, GCTGCACTTCTTTCCAAAAATC 

A20 Forward, TCCAGAACACCATTCCGTG 

 Reverse, TGAGGTGCTTTGTGTGGTTC 

Tollip Forward, CTGATGCCAACAGTGTACCAG 

 Reverse, ACATGTCCTGGATGGCTTTC 

ST2/ IL1RL1 Forward, TCAATAGGACTGGATATGCGA 

 Reverse, GCCCTGTACCTTGATCCTTG 

MKP-1 Forward, CAACCACAAGGCAGACATCA 

 Reverse, CTTCGCCTCTGCTTCACAA 

SOCS-1 Forward, AGAGCTTCGACTGCCTCTTC 

 Reverse, AGGGGAAGGAGCTCAGGTAG 

SOCS-3 Forward, CAGTCTGGGACCAAGAACCT 

 Reverse, GAGGAGGGYYCAGTAGGTGG 

β2-microglobulin Forward, CTCGCGCTACTCTCTCTTTCT 

 Reverse, TGCTCCACTTTTTCAATTCTCT 

 

Irak-m: Interleukin (IL)-1 receptor (R) associated kinase-m, Sigirr: single immunoglobulin IL-1 related receptor 
(molecule), Tir8: Toll/IL-1R 8, Tollip: Toll interacting protein, IL1RL1: IL-1R like-1, MKP-1: Map kinase 
phosphatase-1, Socs: suppressor of cytokine signaling 
 
Sample handling 
Blood samples for plasma collection (EDTA and heparinized blood) and peripheral blood 
mononuclear cell (PBMC) harvesting (Cell Preparation Tubes (CPT), Becton Dickinson, 
Franklin Lakes, NJ) were taken directly at presentation. PBMCs were isolated according 
to the manufacturer’s instructions and preserved in RA1 lysis buffer for later RNA 
extraction (Nucleospin RNA kit, Macherey-Nagel, Dueren, Germany) or viably frozen 
(see flow cytometry) awaiting additional analysis. Alveolar macrophages (AMs) were 
isolated from BAL fluid using CD71 MACS beads (Miltenyi Biotec, Bergisch Gladbach, 
Germany) as described [14]. In brief, BAL fluid was centrifuged and cells were 
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resuspended in ice-cold sterile automated magnetic cell sorting and separation 
(autoMACS) buffer (PBS, 0.5% bovine serum albumin, 2 mM EDTA; pH = 7.4). 
Subsequently, cells were incubated for 15 min with CD71 microbeads at 4°C. Cells were 
washed again in autoMACS buffer and purified by autoMACS (Miltenyi Biotec). The 
average AM purity was 96% as determined on cytospins. AMs were preserved in RA1 
lysis buffer for RNA analysis (Nucleospin RNA kit, Macherey-Nagel, Dueren, Germany). 
 
Assays 
Levels of the following cytokines, chemokines and other inflammatory markers were 
measured in EDTA-plasma by multiplex assay (Luminex, Austin, TX) using reagents from 
Bio-Rad (Veenendaal, the Netherlands): interleukin (IL)-6, chemokine (C-X-C motif) 
ligand (CXCL) 8 (IL-8), soluble IL-2 receptor subunit-α (sIL-2Rα), soluble intercellular 
adhesion molecule 1 (sICAM-1), soluble TNF receptor-1 and -2 (sTNFR-1, sTNFR-2). IL-33 
and sST2 were measured by specific enzyme-linked immunosorbent assays (R&D 
systems, Abingdon, UK). C-reactive protein (CRP) was measured in heparinized plasma 
samples with the C-Reactive Protein Gen.3 test kit (Roche Diagnostics, Mannheim, 
Germany), an immunoturbidimetric method, on the Hitachi Modular P-800 module 
(Hitachi, Hitachinaka, Japan). 
 
Flow cytometry 
Freshly obtained PBMCs were frozen in RPMI medium with 20% FCS and 20% DMSO 
with the help of a ‘mr. Frosty’ freezing container (Thermo Scientific, Waltham, US) first 
placed overnight in a -20◦ freezer and subsequently stored in the gas phase of a liquid 
nitrogen container. Prior to analysis stored cells were carefully thawed, washed and 
stained with the following antibodies: CD14-APC-Cy7, CD3-Alexa Fluor 700, CD4-PERCP-
Cy5.5 or CD4-PE (all BD Biosciences), CD8-PE-Cy7 (eBioscience), ST2-FITC (Acris, 
Herford, Germany) and SIGIRR-APC (R&D Systems) for 30 minutes at 4°C.  To stain for 
TOLLIP cells were permeabilized with perm I buffer (BD Biosciences) for 20 minutes at 
4°C. Permeabilized cells were stained intracellularly with antibodies against TOLLIP 
(SouthernBiotech, Birmingham, AL) for 30 minutes at 4°C followed by staining with a 
secondary anti-mouse-Alexa Fluor 610-R-Phycoerythrin (Life technologies, Carlsbad, CA) 
) antibody for 30 minutes at 4°C.  Data acquisition was performed using a FACS Canto II 
(BD biosciences) flow cytometer. Measured geomean fluorescence intensities (MFIs) 
were corrected with the help of the fitting fluorescence minus one (FMO) 
measurements. For cytometric analysis 17 (healthy donor) versus 19 (TB patient) were 
compared.  
 
Evaluation of mRNA levels by quantitative RT-PCR 
Total RNA obtained from PBMCs and AMs was reverse transcribed using oligo(dT) 
primer and moloney murine leukemia virus reverse transcriptase (Promega, Madison, 
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WI, USA) according to recommendations of the suppliers. RT-PCRs were performed 
using FastStart DNA Master SYBR Green I in a Light Cycler apparatus (Roche Applied 
Science, Penzberg, Germany). Primers used are indicated in Table 1. Quantitative PCR 
data were analyzed with the LinRegPCR program [15, 16]. All samples were normalized 
to the house keeping gene β2-microglobulin [17, 18]. 
 
Statistical analysis 
Data are expressed as dot plots with medians (figures) or medians with interquartile 
ranges (tables). Comparisons between groups were performed using the Mann-Whitney 
U test. Comparisons between paired samples were performed using a Wilcoxon 
matched pairs test. Analyses were done using Graphpad Prism version 5.01 (San Diego, 
CA). Correlations were calculated using the Spearman rho test via SPSS version 16.0 
(Armonk, NY). P-values < 0.05 were considered statistically significant.  
 
 
Table 2: Patient characteristics 
 

 
 

Systemic host response  
 

Local host response  

 
Healthy controls 
n = 29 

Primary TB 
n = 54 

All TB-positive  
bronchoscopy patients 
n = 9 

Demographics    
Age (years) 31 (26-35) 28 (22-42) 35 (24-48) 
Male sex (n, %) 21 (72%) 40 (74%) 7 (78%) 
Smoker (n, %) 8 (28%) 27 (50%) 5 (56%) 
HIV-positive (n, %) 0 (0%) 1 (2%)  1 (11%) 
Symptoms    
Fever (n, %) 0 (0%) 54 (100%) 9 (100%) 
Night sweats (n, %) 0 (0%) 21 (39%) 1 (11%) 
Weight loss (n, %) 0 (0%) 39 (72%) 4 (44%) 
Fatigue (n, %) 1 (3%) 29 (54%) 4 (44%) 
Shortness of breath (n, %) 0 (0%) 6 (11%) 0 (0%) 
Productive cough (n, %) 2 (7%) 50 (93%) 8 (89%) 
Signs    
Temperature (oC) 36.9 (36.5-37.1) 37.4 (36.8-38.1)*** 37.3 (36.5-38.3) * 
MAP (mmHg) 83.3 (80-93.3) 80 (70-87)** 77 (73-82) ** 
Heart rate (bpm) 80 (78-84) 90 (81-100)*** 84 (80-105) 
Respiratory rate (brpm) 20 (20-24) 25 (24-28)*** 20 (20-28) 
BMI (w/l2) 24 (22.4-25.7) 17.7 (15.6-19.6)*** 18.3 (16.3-22.6) ** 
 

Abbreviations: TB tuberculosis; n number of patients; MAP mean arterial blood pressure; bpm beats per 
minute; brpm breaths per minute; BMI body mass index; expressed as weight (w) divided by length (l)2. 
Percentages given are within study groups. Data presented are medians with interquartile ranges. Mann 
Whitney-U test: *P < 0.05, **P < 0.01, ***P < 0.001 when compared to healthy controls. 
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Results 

Patient characteristics 
Two patient groups with lung TB were studied. The first group, from which plasma and 
PBMCs were obtained, consisted of 54 patients with primary TB, who were compared 
with 29 healthy blood donors. The second group, consisting of patients suspected to 
have lung TB but with ZN negative sputum, comprised 23 patients, 9 of whom were 
confirmed to have TB by Mtb specific PCR on BAL material. Patient characteristics and 
clinical features are summarized in Table 2.  

Expression of cell-surface negative regulators of innate immunity and plasma sST2 
concentrations in patients with active TB 
ST2 and SIGIRR are cell-surface associated receptors that have been shown to inhibit 
TLR signaling [19, 20]. ST2 mRNA levels were low in PBMCs of both TB patients and 
healthy controls and not different between groups (Figure 1A). Flow cytometry revealed 
an upregulation of ST2 expression on CD4 and CD8 positive lymphocytes, but not on 
CD14 positive monocytes, of TB patients when compared to healthy controls (Figure 
1B,C). Patients with lung TB showed elevated plasma levels of sST2 (261 [183-430] 
pg/ml; median [IQR]) relative to healthy controls (124 [99-177] pg/ml; P < 0.001) (Figure 
1D). In contrast, the plasma levels of the ST2 ligand IL-33 were below or just above the 
detection limit in both patients and controls and not different between groups (data not 
shown). We next investigated whether plasma sST2 levels correlated with the plasma 
concentrations of established biomarkers of TB. For this we measured IL-6, IL-8 and IP-
10 (which are elevated in active TB), as well as sIL-2Rα, sICAM-1, sTNFR-1, sTNFR-2 and 
CRP (which correlate with the extent of disease in TB) [21] in plasma of TB patients and 
healthy controls (Table 3). As expected  [21], the plasma levels of all biomarkers were 
elevated in TB patients (all P < 0.001 versus controls). Plasma sST2 correlated 
significantly with the plasma levels of these TB biomarkers, although correlations were 
relatively modest (Table 4). The strongest correlations were found with plasma sIL-2Rα 
(r = 0.52, P < 0.001) and IL-8 (r = 0.50, P < 0.001).  
 
To obtain insight in (s)ST2 expression at the site of the infection, we performed bilateral 
BAL in 9 patients with confirmed TB and harvested AMs from the site of infection (as 
determined by chest X ray) and from the contralateral lung (not showing a radiologic 
infiltrate). sST2 was not detectable in BAL fluid of patients with lung TB. In addition, ST2 
mRNA levels did not differ in AMs from the infected side and the contralateral lung 
(Figure 1E).  
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Figure 1: ST2 during active pulmonary tuberculosis. (A) ST2 mRNA in PBMCs; (B) ST2 surface expression 
measured on CD4 and CD8 positive lymphocytes and CD14 positive monocytes (representative 
histograms). FMO, fluorescence minus one. (C) Idem for individual subjects (geomean channel 
fluorescence intensity (MFI)). (D) Plasma sST2 concentrations. (E) ST2 mRNA in alveolar macrophages 
(AM) of TB patients originating from the TB infected lung (open squares) or contralateral lung (closed 
squares). Depicted mRNA levels are normalized to the house keeping gene β2-microglobulin. Depicted 
are dot plots with medians; open dots: TB patients, closed dots: healthy donors. *** P < 0.001  
 
 
 
Table 3: Parameters of systemic inflammation during pulmonary TB 

 
Controls 
n = 29 

TB 
n = 54 

IL-6 (pg/mL) 0.3 (0.06-0.7) 5.8 (3.3-12)*** 
IL-8 (pg/mL) 0.8 (0.4-1.4) 2.2 (1.3-3.7)*** 
IP-10 (ng/mL) 0.37 (0.3-0.46) 2.8 (1.6-3.7)*** 
sIL-2Rα (pg/mL) 74 (54-101) 225 (152-349)*** 
sICAM-1 (ng/mL) 170 (145-214) 344 (279-418)*** 
sTNFR-1 (ng/mL) 0.9 (0.7-1.0) 1.7 (1.1-2.0)*** 
sTNFR-2 (ng/mL) 5.1 (4.6-6.0) 10 (7.8-13)*** 
CRP (μg/mL) 0.9 (0.3-2.6) 51 (23-90)*** 
 

Abbreviations: IL interleukin; IP-10 Interferon gamma-induced protein (CXCL) 10; 
sIL-2Rα soluble interleukin-2 receptor α; sICAM-1 soluble intercellular adhesion 
molecule-1; sTNFR-1,-2 soluble tumour necrosis factor receptor-1 and -2; sST2 
soluble ST2 (IL1R like 1); CRP C-reactive protein. Data are medians with 
interquartile ranges. ***P < 0.001 for the difference between primary TB versus 
controls. Depicted are medians with interquartile ranges. 
  



 

  

Inhibitory regulators of innate im
m

unity during active tuberculosis 

118 

SIGIRR mRNA levels did not differ in PBMCs from patients and controls (Figure 2A). In 
addition, flow cytometry showed similar expression levels in CD4 positive and CD8 
positive lymphocytes, and on CD14 positive monocytes (Figure 2B,C). SIGIRR mRNA 
levels did not differ in AMs from the infected side and the contralateral lung (Figure 2D). 
Overall these data indicate that SIGIRR expression is not altered during TB.  
 
 
 

 
 
Figure 2: SIGIRR during active pulmonary tuberculosis. (A) SIGIRR mRNA in PBMCs. (B) SIGIRR surface 
expression measured on CD4 and CD8 positive lymphocytes and CD14 positive monocytes 
(representative histograms). FMO, fluorescence minus one. (C) Idem for individual subjects (mean 
channel fluorescence intensity, MFI). (D) SIGIRR mRNA in alveolar macrophages (AM) of TB patients 
originating from the TB infected lung (open squares) or contralateral lung (closed squares). Depicted 
mRNAs are normalized to the house keeping gene β2-microglobulin. Depicted are dot plots with 
medians; open dots: TB patients, closed dots: healthy donors. 
 
 
 
Table 4: Correlations of sST2 with TB biomarkers in patients with primary lung TB. 
 

 CRP IL-6 IL-8 IP-10 sIL-2Rα sICAM-1 sTNFR-1 sTNFR-2 

sST2   
rs   
P 

0.32  
0.02 

0.33  
0.02 

0.50  
<0.001 

0.43 
 0.001 

0.52 
<0.001 

0.43  
0.001 

0.37  
0.006 

0.39  
0.004 

 

Abbreviations: IL interleukin; IP-10 Interferon-γ induced protein (CXCL-10); sIL-2R soluble interleukin-2 
receptor; sICAM soluble intercellular adhesion molecule; sTNFR soluble tumour necrosis factor receptor; CRP 
C-reactive protein; rs Spearman rank coefficient of correlation adjusted for multiple comparisons using 
Bonferroni’s procedure. 
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Expression of  intracellular negative regulators of innate immunity in patients with active 
TB 
We next sought to determine the expression of intracellular negative regulators of 
innate immunity in the blood compartment of TB patients (Figure 3). TB patients 
showed higher levels of mRNAs encoding IRAK-M (P <0.01 versus controls), TOLLIP (P 
<0.05) and SOCS-3 (P <0.01), whereas the levels of mRNAs encoding A20 and mitogen-
activated protein kinase phosphatase (MKP)-1) did not differ between groups. SOCS-1 
mRNA could not be detected in PBMCs of either TB patients or controls. The extent of 
IRAK-M, TOLLIP or SOCS-3 mRNA expression did not correlate with the plasma 
concentrations of CRP, IL-6, IL-8, IP-10, sIL-2Rα, sICAM-1, sTNFR1 or sTNFR2 (data not 
shown). Flow cytometry showed no difference in TOLLIP expression between PBMCs 
from TB patients and healthy controls. mRNA levels of IRAK-M, MKP-1, A20 or TOLLIP 
did not differ in AMs from the infected site and the contralateral lung (Figure 3). SOCS-1 
and -3 mRNAs could not be detected in AMs. 
 

Discussion 
TLRs are important players in the recognition of mycobacterial pathogens and the 
facilitation of the antimicrobial immune response [4, 5]. Negative regulators of TLR 
signaling dampen TLR induced inflammation [7], which on the one hand can prevent 
detrimental pathological changes but on the other hand  can provide a pathway for Mtb 
immune evasion. Here we sought to obtain insight in the expression of negative innate 
immunity and TLR regulators in the blood compartment and at the site of infection in 
patients with TB from an endemic region in Bangladesh. We showed differential 
expression of several inhibitory regulators of innate immunity at either mRNA or protein 
level between patients with active TB and healthy controls and identified plasma sST2 
as a potential novel biomarker for TB, correlating with established biomarkers of TB 
disease activity.  
 
Many previous studies examined the role of TLRs in TB. Among the TLR family, TLR2, 
TLR4 and TLR9 have been implicated in host defense against Mtb, although the impact 
of deficiency of either one of these receptors was modest or variable in mouse TB 
models [5, 6]. Certain gene polymorphisms in TLRs and related genes (i.e., TLR1 [22], 
TLR2 [23-25], and MyD88-adaptor-like (MAL) [25, 26]) have been associated with 
susceptibility to TB in humans, suggesting that TLR signaling influences TB development 
in the human host. Patients with active pulmonary TB showed  increased TLR1, 2, 4 and 
6 mRNA levels in whole blood leukocytes when compared with healthy controls, while 
TLR 7 and 9 mRNA expression was unaltered [9].  
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Figure 3: Intracellular negative regulators and mediators of TLR signaling. mRNA levels in PBMCs of TB 
patients (open dots) and healthy controls (closed dots) and TB patient AMs from the diseased (TB-
positive) lung segment (open squares) and from the matching contralateral lung (closed squares). PBMC 
mRNA expression of IRAK-M (A), MKP-1 (C), SOCS-3 (E), TOLLIP (F) and A20 (I). AM mRNA expression of 
IRAK-M (B), MKP-1 (D), TOLLIP (G) and A20 (J). TOLLIP (H) expression levels in CD4 or CD8 positive 
lymphocytes and CD14 positive monocytes, as determined by flow cytometry (mean channel 
fluorescence intensity, MFI). mRNA expression is normalized to β2-microglobulin. Depicted are dot plots 
with medians; open dots: TB patients, closed dots: healthy donors.* P < 0.05, ** P < 0.01   
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ST2 inhibits MyD88 dependent signaling [19], and, together with IL-1R accessory 
protein, functions as the IL-33 receptor [27]. In addition, a sST2 variant exists which can 
act as a decoy receptor for IL-33 [12]. We here detected elevated levels of sST2 in 
plasma of TB patients. Elevated circulating sST2 levels have been reported in different 
human disease settings, including auto-immune diseases like systemic lupus 
erythematosus and rheumatoid arthritis [28], asthma exacerbations [29] and 
cardiovascular disease [30]. Our laboratory previously reported elevated sST2 levels in 
sepsis [31] and leptospirosis [32]. Hence, elevated sST2 plasma levels by no means are 
specific for TB. Rather, circulating sST2 levels could be a marker for disease activity in TB 
patients, also considering the statistically significant correlations between sST2 and 
known TB biomarkers [21]. Clearly, the potential value of sST2 as a TB biomarker and its 
response to TB treatment need to be tested further in independent cohorts. We only 
detected very low amounts of ST2 mRNA in PBMCs of patients with TB. In accordance, 
our laboratory previously reported a marked rise in plasma sST2 concentrations after 
intravenous administration of LPS to healthy humans in the absence of an increase in 
ST2 mRNA levels in blood leukocytes [17]. We also found equally low ST2 mRNA levels in 
AMs from lungs of TB patients. In agreement, Oshikawa et al tested different lung 
macrophages for ST2 expression (human and murine cell-lines, and primary human 
AMs) and found low or undetectable mRNA levels unless cells had been exposed to LPS, 
IL-1β, TNF-α or IL-6  [29]. Importantly, our group previously documented that 
stimulation of whole blood with LPS or viable Leptospira does not result in sST2 release 
[32]. Together these results indicate that plasma sST2 originates from cells not present 
in blood. Interestingly, we found increased ST2 surface expression on blood 
lymphocytes of TB patients, although ST2 expression was low relative to that on 
monocytes. Of note, ST2 deficiency did not influence mycobacterial loads or disease 
outcome during murine Mtb infection [33]. Plasma IL-33 was not elevated in patients 
with TB. In accordance, children with TB showed unaltered circulating IL-33 levels [34].  
 
SOCSs are a family of intracellular proteins functioning as feedback inhibitors of 
cytokine receptors. They are induced by TLR activation and either directly (SOCS-1) or 
indirectly (SOCS-3) interfere with TLR signaling [35]. While we could not detect SOCS-1 
mRNA in PBMCs, confirming a previous report from our group [17], we report increased 
mRNA expression of SOCS-3 in PBMCs from pulmonary TB patients when compared to 
PBMCs from healthy controls. In contrast,  Masood et al reported increased SOCS-1 
mRNA expression in PBMCs from patients with advanced lung TB in the absence of 
changes in SOCS-3 mRNA expression [36, 37]. In accordance with our current data, 
SOCS-3 mRNA expression was reported increased in whole blood leukocytes [38]. 
Another investigation demonstrated enhanced mRNA SOCS-1 and SOCS-3 mRNA levels 
in induced sputum from TB patients [8]. We were not able to detect either SOCS-1 or -3 
mRNA in AMs from TB patients suggesting that SOCS-1 and -3 expression in induced 
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sputum might originate from a different cell type. A recent study has established the 
important functional role for SOCS-3 expression in either lymphoid or myeloid cells for 
resistance against Mtb in mice [39].  
 
To the best of our knowledge our study is the first to report increased IRAK-M mRNA 
expression in PBMCs from TB patients. It has been suggested that Mtb 
lipoarabinomannan can induce IRAK-M in macrophages, thereby attenuating pro-
inflammatory signals [40]. Indeed, IRAK-M mRNA expression was upregulated in 
induced sputum from TB patients [8]. We did not find increased IRAK-M mRNA levels in 
AMs from TB patients. Of note, however, control AMs were obtained from the 
contralateral lung of the same patient. Although patients were selected for one sided 
radiographic abnormalities and although the contralateral BAL fluids tested PCR 
negative for Mtb, one cannot rule out a spillover effect from the affected to the 
contralateral lung. Furthermore, ethical considerations prevented us from recruiting 
sputum smear positive patients for BAL procedure, meaning that bacterial loads in 
these patients were low enough to escape repetitive sputum smear testing (in contrast 
to the pulmonary TB patients recruited for PBMC analysis). Therefore, it is possible that 
in patients with more extensive pulmonary TB, gene expression is altered in AMs 
harvested from the site of infection. 
 
In addition to elevated SOCS-3 and IRAK-M mRNA levels we observed slightly enhanced 
expression of mRNA encoding TOLLIP in PBMCs of TB patients, which, however, was not 
accompanied by enhanced protein expression. In resting cells TOLLIP forms a complex 
with either IRAK-1 or -2 thereby preventing IRAK (auto)phosphorylation and inhibiting 
IL-1R, TLR2 and TLR4 signaling pathways [41, 42]. In accordance, human peripheral 
blood monocytes in which TOLLIP was partially silenced produced more TNFα and IL-6 
upon stimulation with Mtb whole cell lysates [43]. Although this might suggest that 
TOLLIP may hamper the antimycobacterial immune response, SNPs in the human tollip 
gene resulting in deficiency are associated with an increased susceptibility to TB [43]. As 
such, the functional role of TOLLIP in TB has yet to be determined. Notably, the extent 
of TOLLIP (and IRAK-M) mRNA expression in PBMCs did not correlate with circulating 
levels of pro-inflammatory cytokines. This does not contradict the assumption that the 
enhanced expression of negative innate immunity regulators serves to inhibit aberrant 
inflammation caused by activation of immune enhancing receptors such as TLRs. 
Rather, it is the balance between pro- and anti-inflammatory regulators that determines 
the net effect on pro-inflammatory cytokine release.  
 
MKP-1 inactivates MAPKs (in particular p38 and JNK) which are downstream of TLR 
signal transduction pathways [44]. Silencing of MKP-1 in human blood monocytes 
decreased phospho-MAPK expression and TNF-α production in response to BCG, 
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suggestive for a possible detrimental role of MKP-1 in host defense against Mtb [45]. 
We here did not find an effect of active TB on MKP-1 mRNA expression in either PBMCs 
or AMs. Similarly, TB did not influence mRNA levels of A20 or SIGIRR in PBMCs or AMs. A 
possible role for A20 in TB pathogenesis has not been investigated thus far, although its 
central role as an inducible inhibitor of NF-κB activation suggests A20 may be important 
[46]. Consistent with the TLR inhibiting role of SIGIRR, SIGIRR deficient mice showed 
exaggerated inflammation and increased lethality after infection with Mtb despite an 
efficient control of mycobacterial growth [47].  
 

Conclusions 
Innate immunity needs to be controlled carefully in order to prevent damage to cells 
and tissues due to aberrant inflammation. The immune system harbors a large variety 
of negative regulators that upon interaction between immune cells and pathogens 
become activated in parallel with immune enhancers. While previous studies examined 
the expression of immune enhancers, and in particular TLRs, during TB [8-11], we here 
report on an expression of a group of inhibitory regulators of innate immunity, 
differential expression of these “immune controllers” in PBMCs of patients with active 
TB relative to healthy blood donors. As such, our study provides evidence that in 
patients with TB activation of innate immunity is kept in check by several negative 
regulators. Furthermore, in patients elevated sST2 plasma levels correlated with several 
established TB biomarkers, suggesting that sST2 could be a useful marker for TB disease 
activity and treatment response.  
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Abstract 
Biomarkers may assist in stratifying patients with community-acquired pneumonia (CAP) 
according to etiology and severity. We evaluated plasma soluble (s)ST2 as a potential 
biomarker in CAP. sST2 was measured in 75 patients with CAP of microbiologically 
defined etiology: influenza A(H1N1) (n=9), Coxiella burnetii (n=29) or Streptococcus 
pneumoniae (n=38). sST2 was elevated in all subgroups; the highest levels were 
measured in bacteremic S. pneumoniae infections and severe pneumonia. sST2 levels 
positively correlated with the established CAP biomarkers C-reactive protein, and 
interleukins 6, 8 and 10. These data suggest that plasma sST2 may be a biomarker of 
disease severity in CAP.  
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Introduction 
Pneumonia remains one of the most prevalent and potentially lethal manifestations of 
infectious disease [1-3]. Adequate diagnostics and risk assessment are important for 
reducing the morbidity and mortality associated with community-acquired pneumonia 
(CAP) [4, 5]. Though etiologies of community acquired pneumonia (CAP) may vary by 
geographic region, Streptococcus pneumoniae is the predominant global causative 
agent  [1, 2, 6]. A prospective study in Spain identified Coxiella burnetii as the second 
most common cause of CAP, followed by Mycoplasma pneumoniae, respiratory viruses 
and other agents [4]. Biomarkers may help to establish a more detailed and accurate 
estimation of individual patient pathology, risk and prognosis [7].  
Toll-like receptors (TLRs) play an essential role in protective immunity during infection 
[8]. Membrane bound ST2 (ST2L) functions as a negative regulator of TLR signaling and 
the receptor for interleukin (IL)-33[9]. A soluble form of ST2 has been found in the 
circulation of healthy humans. Elevated plasma soluble (s) ST2 levels have been 
reported in patients with leptospirosis [10] and sepsis [11], suggesting that circulating 
sST2 could serve as a biomarker for disease activity in infection. These previous studies 
prompted us to measure plasma sST2 and IL-33 in patients with microbiologically 
defined CAP and its possible value as a biomarker of disease severity.  
 

Materials and methods 
 
Study design and population 
CAP patients were recruited from the emergency department (ED) of the Jeroen Bosch 
Hospital in ’s-Hertogenbosch in the Netherlands between November 2007 and January 
2010 [12]. CAP was defined as an acute lower respiratory tract infection with at least 
two of the following clinical symptoms: new onset of cough, sputum production or 
change in color of respiratory secretions in patients with chronic cough, fever or 
hypothermia, or a physical examination consistent with pneumonia and a chest X-ray 
that demonstrated new lung infiltrates. Exclusion from the study was based on: age 
<18yrs, residency in a nursing home or transfer from another hospital. Study design and 
subjects have been described in detail before [12]. The Pneumonia Severity Index (PSI) 
[13] was determined on ED admission. EDTA-anticoagulated blood was obtained on 
admission and in 82% of patients on day 28 for further analysis, as were nose and throat 
swabs, sera, sputum and urine specimens for pathogen diagnosing (National Institute 
for Public Health and the Enviroment: RIVM, Bilthoven, the Netherlands) as described 
[12]. For the current investigation, CAP patients (n=76) with microbiologically confirmed 
infections caused by Streptococcus pneumoniae, Coxiella burnetii or influenza A(H1N1) 
were selected. Informed consent was obtained from all patients. Control plasma was 
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drawn from 12 healthy volunteers. The study was approved by the Medical Ethical 
Review Committee in Tilburg, the Netherlands. 
 
Assays 
Measurements were conducted using a cytometric bead array multiplex assay (BD 
Biosciences, San Jose, CA; IL-6, IL-8, IL-10 and tumor necrosis factor (TNF)-α) or enzyme-
linked immunosorbent assays (R&D systems, Abingdon, UK; sST2 and IL-33).  C-reactive 
protein (CRP) levels were measured by enzyme-linked immunoassay using an Aeroset 
2.0 analyzer (Abbott Diagnostics, Santa Clara, CA).  
 
Statistical analysis 
Comparisons between groups were performed using the Kruskall-Wallis test, followed 
by Mann Whitney U test where appropriate. Comparisons between day 0 and 28 levels 
were done by  Wilcoxon matched pairs tests. Analysis were done using Graphpad Prism 
version 5.01 (San Diego, CA). Correlations were calculated using the Spearman rho test 
via SPSS version 16.0 (Armonk, NY). P-values < 0.05 were considered statistically 
significant.  
 

Results 

Patient characteristics 
This study comprised 9 influenza A(H1N1) patients (nose/throat swab PCR positive for 
influenza A(H1N1)), 29 patients with acute Q-fever (serum PCR positive for C. burnetii, 
serology negative), 16 patients with sputum culture confirmed S. pneumoniae infection, 
and 22 patients with blood culture confirmed S. pneumoniae infection (Table 1).  

Enhanced inflammatory markers in CAP patients  
EDTA plasma samples were taken directly at presentation and 28 days later. As 
expected CRP, IL-6, IL-8 and IL-10 were raised at time of presentation in all pneumonia 
patients when compared to healthy blood donors (Table 1). TNF-α was detectable in 
only a minority of patients (not significantly different from controls) (data not shown). 
All cytokine levels had relatively normalized 28 days later in all pneumonia patients 
when compared to healthy donors, with the exception of IL-10 in S. pneumoniae 
bacteremic patients (data not shown). When comparing IL-6, IL-8 and IL-10 levels 
between the different pneumonias S. pneumoniae infection displayed the highest 
circulating cytokine levels, especially in bacteremic patients. This difference was 
significant when comparing S. pneumoniae bacteremia with Q-fever (IL-6 P <0.05; IL-8 
and IL-10 P <0.001) or influenza (IL-6 P <0.01). CRP levels were also higher in S. 
pneumoniae bacteremic patients when compared with Influenza patients ( P <0.01) and 
S. pneumoniae sputum positive pneumonia patients ( P <0.01).   
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Table 1: Patient characteristics 

 
Acute Q-fever 
 
n=29 

Influenza A  
 
n=9 

Streptococcus 
pneumoniae 
n=16 

S. pneumoniae 
with bacteremia 
n=22 

Demographics 
Age (years) 54 (44-60) 51(47-56) 69 (60-74) 61 (53-70) 
Male sex (n, %) 20 (69%) 1 (11%) 8 (50%) 13 (59%) 

Signs 
Temperature (oC) 38.7 (37.2-39.6) 37.7 (37.6-38.3) 38.2 (37.6-38.7) 38.2 (37.8-38.4) 
MAP (mmHg) 90 (81-100) 95 (82-96) 82 (75-99) 84 (77-95) 
Heart rate (bpm) 95 (91-110) 85 (78-89) 102 (92-120) 93 (89-103) 
Respiratory rate (brpm) 20 (18-30) 27 (24-29) 20 (20-24) 24 (20-30) 

Severity and outcome 

PSI class 
Low risk < IV 

Medium/High risk≥IV 
Missing 

 
20 (69%) 
4 (14%) 
5 (17%) 

 
6 (67%) 
1 (11%) 
2 (22%) 

 
8 (50%) 
5 (31%) 
3 (19%) 

 
9 (41%) 
8 (36%) 
5 (23%) 

Mortality 1 (3%) 0 0 0 

Inflammatory markers 

CRP (µg/ml) 
230 (177-326) 
*** 

30 (16-170)  
* 

106 (51-192)  
* 

317 (156-445)  
*** 

IL-6 (pg/ml)     
30.4 (13.5-50.0)  
*** 

7.7 (3.5-14.2)  
* 

76.4 (6.4-2144.0) 
*** 

953.0 (189.0-
1651.0) 8*** 

IL-8 (pg/ml)     
3.7 (1.4-5.6)  
 ** 

5.2 (3.2-8.0)  
** 

9.9 (4.1-33.8)  
*** 

24.6 (11.0-53.0) 
*** 

IL-10 (pg/ml)   
0.9 (0.5-2.0) 
 * 

5.1 (1.6-6.1)  
*** 

2.6 (1.4-7.5)  
*** 

12.7 (4.7-21.0)  
***  

 Abbreviations:  n total number; N normal reference value; MAP mean arterial blood pressure; bpm beats per 
minute; brpm breaths per minute; PSI Pneumonia Severity index: score <90= low risk (class I-III), 91-
130=medium risk (class IV) 131-395 =high risk (class V); CRP C-reactive protein. Data present either numbers 
of patients with percentages (percentages given are within study groups) or medians with (interquartile 
ranges). Reference (normal) values for biomarkers were: CRP < 10 mg/L, IL-6 (0.08 (0.08-0.08) pg/ml), IL-8 
(0.49 (0.48-0.49) pg/ml) and IL-10 (0.12 (0.12-0.45) pg/ml)(n = 12). * P < 0.05, ** P < 0.01, *** P < 0.001 when 
compared to healthy controls. 

 
Plasma sST2 and IL-33 concentrations during CAP 
Plasma sST2 levels were elevated on admission in patients with CAP caused by either 
influenza A (0.14 (0.09-1.01)ng/ml), C. burnetii  (0.45 (0.20-0.68)ng/ml) or S. 
pneumoniae  (3.62 (0.51-7.71)ng/ml) when compared to sST2 levels in healthy blood 
donors  (0.01 (0.01-0.01)ng/ml; Figure 1A). sST2 levels were highest in patients with 
positive blood cultures for S. pneumoniae  (4.66 (2.89-7.71)ng/ml versus  (0.51 (0.24-
9.18)ng/ml in patients with sputum cultures positive for S. pneumoniae). Patients with 
severe pneumonia (PSI-score≥IV) had higher plasma sST2 concentrations on admission 
than patients with less severe pneumonia (Figure 1B). At day 28, sST2 concentrations 
had decreased in all patients from whom a follow up sample was available, except for 
one patient with S. pneumoniae bacteremia (Figure 1C-F).  Co-morbidity (metastasized 
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malignancy) could explain the 28th day raise in sST2 in this patient [14-16]. Notably, day 
28 sST2 levels were still higher than those in healthy controls, significantly so for 
bacteremic S. pneumoniae patients (0.09 (0.04-0.35)ng/ml; P<0.05). 
Possible correlations between sST2 and inflammatory markers were calculated. 
Significant positive correlations existed between admission sST2 and CRP  (r=0.46, 
P<0.001), IL-6 (r=0.81, P<0.001), IL-8 (r=0.78, P<0.001) and  IL-10 (r=0.54, P<0.001). 
IL-33 could be measured in plasma of approximately one third of healthy controls and 
patients, and no differences between groups were present (data not shown). 

 

 
 
Figure 1: Plasma sST2 levels in community-acquired pneumonia (CAP). sST2 levels were measured in 
plasma of healthy controls and patients with CAP caused by influenza A(H1N1), acute Q-fever or 
Streptococcus pneumoniae (sputum or blood culture positive) (A). sST2 levels of patients with CAP (a 
pneumonia severity index (PSI)-score belonging to class I-III (low risk)) and severe (S)CAP (PSI class IV-V 
(medium/high risk)) (B). sST2 levels measured in individual influenza A(H1N1) (C), acute Q-fever (D), S. 
pneumoniae sputum culture positive (E) and S. pneumoniae blood culture positive (F) patients on 
emergency department admission and 28 days later. Horizontal lines in panels A and B represent 
medians. All patients (N=76) were included in all tests with the exception of CAP versus SCAP 
comparisons, in which the patients lacking PSI scores were excluded. * P < 0.05, ** P < 0.01, *** P < 0.001 
when compared to controls (A), PSI <4 (B) and day 0 (C-F). # P < 0.05, ### P < 0.001 when compared to S. 
pneumoniae blood culture positive patients (A).   
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Discussion 
Lower respiratory tract infections, in particular pneumonias, are common, potentially 
life-threatening disorders that still challenge global health [1-3]. Accurate diagnostics, 
severity assessments and risk stratification of patients are extremely important in the 
management of CAP [4, 5]. Biomarkers may help in either identifying disease severity, 
establishing individual disease prognoses or even distinguishing between causative 
agents [7]. The interleukin 1 receptor-like 1 gene transcripts have divergent functions 
during infection: as negative regulator of TLR signaling (ST2L), as specific inhibitor of LPS 
effector functions in certain cells (sST2) and as either the IL-33 receptor (ST2L) or decoy 
receptor (sST2) [9, 17-21]. Here we sought to investigate a possible additional function 
for sST2: that of biomarker during CAP. 
 
Elevated circulating sST2 plasma levels were found on ED admission in Influenza A, Q-
fever and S. pneumoniae pneumonia patients. The highest levels were measured during 
S. pneumoniae infection, in particular when bacteremia was present.  CAP patients also 
had elevated plasma levels of CRP, IL-6, IL-8 and IL-10 relative to healthy controls. 
Admission sST2 concentrations showed significant positive correlations with admission 
CRP, IL-6, IL-8 and IL-10 levels. CRP, IL-6, IL-8 and IL-10 have been associated with CAP 
mortality risk and treatment failure [7, 22]. Thus, these data are in accordance with the 
fact that sST2 levels were higher in patients with higher clinical severity scores. Notably, 
patients with Q fever had relatively  high CRP admission levels although they had a 
relatively low percentage of severe CAP according to clinical scores.  This in particular 
was evident when comparing patients with Q fever and sputum culture positive S. 
pneumoniae pneumonia. In contrast, sST2 levels were not different between these two 
groups; only blood culture positive pneumococcal infections were associated with 
higher sST2 levels. These data suggest that, unlike sST2, CRP at least partially is 
dependent on the causative pathogen, with C. burnetii possibly causing a higher CRP 
response.  
Elevated circulating sST2 concentrations have been reported in various disease states. 
In asthma patients raised serum sST2 levels correlated with the severity of asthma 
exacerbations [19]. In patients with myocardial infarction high serum sST2 levels were 
suggested to predict mortality and heart failure [23]. Leptospirosis and sepsis were 
associated with elevated serum sST2 concentrations, which correlated with disease 
severity and mortality [10, 11]. Hence, while elevated circulating sST2 levels clearly are 
not specific for CAP, these previous data taken together with our current results suggest 
that they do reflect disease severity in different clinical conditions. 
 
A previous study reported detectable serum IL-33 levels in approximately 50% of sepsis 
patients, with IL-33 concentrations remaining below detection limit in most healthy 
subjects [24]. Although we used the same ELISA to measure IL-33, we found detectable 
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IL-33 levels (>4pg/ml) in only approximately one third of subjects, either CAP patients or 
healthy individuals, and IL-33 concentrations did not differ between groups. In CAP 
patients who had detectable IL-33 levels on admission, IL-33 remained measurable on 
day 28, further suggesting that CAP does not induce IL-33. Additional studies are 
warranted to obtain further insight in the appearance of IL-33 in the circulation during 
infections of distinct origins and severities. 
 

Conclusion 
We established that CAP caused by either influenza A(H1N1), C. burnetii or S. 
pneumoniae is associated with elevated sST2 plasma levels on ED admission, with the 
highest concentrations detected in patients with bacteremic S. pneumoniae infection or 
the highest clinical severity scores. Several studies have suggested that measurement of 
a combination of biomarkers (rather than the measurement of a single biomarker) may 
aid in risk stratification of patients with severe infections [25]. Further investigations are 
required to establish the value of plasma sST2 levels as a biomarker for disease severity 
in CAP, including studies examining the value of a set of biomarkers. 
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Summary 
Humanity struggles against micro-organism invasion on a daily basis. Survival hinges on 
the ability to maintain host balance in a sometimes hostile environment. When 
homeostasis is disrupted not only virulent pathogens challenge host survival but 
otherwise harmless bacteria can cause invasive infection as well. Innate immunity is 
part of the first line of defense when it comes to preventing infection, signaling a 
perceived health threat and eliminating microbes before they can cause harm. Toll-like 
receptors (TLRs) and other pattern recognition receptors (PRRs) are vital in those 
processes [1-3]. The downside of a rigorous inflammatory response elicited by host 
defense is detrimental collateral tissue damage and, as a consequence thereof 
(provided damage is extensive enough) dysfunction of affected organs. To regulate 
immune responses and thus limit unnecessary tissue destruction a crucial role is 
reserved for inhibitors of inflammation like negative regulators of TLR signaling [4]. This 
thesis aims to elucidate the role of such negative regulators and associated signaling 
molecules in pneumonia and sepsis caused by common human pathogens. 
Chapter 1 comprises a general introduction and a thesis outline. The disease burden of 
infections, particularly pneumonia and sepsis, and the importance of advancing our 
understanding of pathogen evoked host responses are discussed. Innate pulmonary 
host defense mechanisms and the role of TLRs and TLR inhibitors therein are 
introduced. In addition, the differential functions of ST2 are considered.  
The following chapters (2-4) study the role of two specific negative regulators of TLR 
signaling in the aforementioned disease states. In chapter 2 the role of single 
immunoglobulin interleukin-1 receptor related molecule (SIGIRR) during pneumococcal 
pneumonia and sepsis is investigated using murine models of airway and intravenous 
infection with Streptococcus (S.) pneumoniae respectively. SIGIRR deficiency resulted in 
delayed mortality and lower bacterial burdens during S. pneumoniae pneumonia. 
Diminished bacterial outgrowth was accompanied by enhanced lung pathology scores in 
the early stages of the infection, while pulmonary cytokine and chemokine levels or 
neutrophil influx were not affected. Notably, SIGIRR deficient neutrophils and alveolar 
macrophages displayed an enhanced capacity to phagocytose S. pneumonia, which at 
least in part may explain the improved antibacterial defense of SIGIRR deficient mice in 
vivo.  Chapter 3 demonstrates the diversity in negative regulator function, since ST2 
deficiency in the same murine model of pneumococcal pneumonia did not result in 
diminished bacterial outgrowth as SIGIRR deficiency did. However, during secondary S. 
pneumoniae pneumonia following influenza A infection (a common clinical scenario), 
ST2 deficient mice demonstrated modestly higher pulmonary bacterial burdens with an 
unaltered local inflammatory response. During influenza A infection, prior to secondary 
infection with pneumococci, ST2 deficient mice cleared the virus as effective as wild-
type mice. ST2 deficient mice tended to have a stronger pulmonary inflammatory 
response upon infection with influenza, especially 14 days after infection, as reflected 
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by modest elevations in lung cytokine, chemokine and myeloperoxidase levels.  Chapter 
4 examines the role of ST2 in cytokine release induced by S. pneumoniae and Klebsiella 
(K.) pneumoniae in whole blood and splenocyte cultures ex vivo and, after intravenous 
infection, in intact mice in vivo. Unexpectedly, ST2 deficiency resulted in reduced rather 
than enhanced cytokine release by whole blood leukocytes and splenocytes incubated 
with either one of the aforementioned bacteria. ST2 did not impact on systemic 
cytokine release or induction of cytokines in spleens after intravenous infection with S. 
pneumoniae or K. pneumoniae. The results of chapters 3 and 4 taken together suggest 
that ST2 plays a limited role in experimental infection caused by three common human 
pathogens.  
Chapter 5 addresses the effect of ST2 stimulation by intravenous administration of its 
ligand IL-33 to mice prior to infection with K. pneumoniae via the airways. IL-33 
treatment strongly improved host defense in a ST2 dependent manner, as reflected by 
delayed mortality and reduced bacterial outgrowth in IL-33 wild-type but not ST2 
deficient mice. Of note, ST2 deficient mice treated with vehicle showed similar bacterial 
loads and survival as wild-type mice, further indicating that ST2 has an insignificant role 
in host defense during bacterial infection, thereby confirming the findings in chapters 3 
and 4. The beneficial effect of IL-33 was dependent on the presence of type 2 innate 
lymphoid cells (ILC2s), as demonstrated by a series of experiments involving IL-33 
treatment of mice deficient of T and B cells (RAG2 deficient mice), mice deficient of T, B 
and ILCs (RAG2 plus IL-2 receptor common gamma chain deficient mice) and mice 
depleted of NK cells; whereas the former mouse strain could be protected by IL-33, the 
latter mouse strain did not respond. In addition, IL-33 treatment caused high lung levels 
of the ILC2 cytokines IL-5 and IL-13, and ILC2s purified from the lungs produced high 
levels of these type 2 cytokines in response to IL-33. The effect of IL-33 did not require 
IL-5 or IL-13 (shown by experiments using anti-IL-5 antibody treatment and IL-13 
deficient mice) or natural killer cells (using antibody mediated depletion of this cell 
type). Although IL-33 administration caused enhanced influx of neutrophils into the 
lungs, the protective effect of IL-33 did not require the presence of neutrophils, as 
demonstrated in studies in which neutrophils were depleted prior to IL-33 treatment 
and Klebsiella infection. These results identify stimulation of ILC2s as a potential 
therapeutic approach in the treatment of severe bacterial infections.  
Chapter 6 concentrates on the two adaptor molecules responsible for TLR signal 
transductions upon interaction with bacteria: myeloid differentiation primary response 
gene (MyD)88 and TIR domain-containing adapter-inducing IFN-β (TRIF). We showed 
that mice deficient for either adaptor molecule have a markedly impaired host defense 
during K. pneumoniae induced pneumosepsis. To determine the role of MyD88 and TRIF 
in parenchymal and myeloid cells in this infection, we created bone marrow chimeras 
with MyD88 or TRIF deficiency in either (radioresistant) resident or (radiosensitive) 
hematopoietic cells. While MyD88 in both hematopoietic and resident cells contributed 
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to antibacterial defense and survival, TRIF deficiency in hematopoeitic cells alone was 
enough to result in a hypersusceptible phenotype. Of interest, MyD88 in resident cells 
and TRIF in hematopoietic cells contributed to cell injury during late-stage infection. As 
such, these results suggest that mortality in MyD88 or TRIF deficient mice likely 
occurred as a consequence of excessive bacterial growth and nicely illustrate the 
double-edged sword character of innate immune activation via MyD88- and TRIF-
dependent signaling.  
The last two chapters concentrate on human studies. The first, described in chapter 7, 
focusses on inhibitory molecules of innate immunity in pulmonary tuberculosis and 
reports soluble (s)ST2 as a potential biomarker for tuberculosis disease activity. In this 
chapter expression of specific inhibitory genes was measured in peripheral blood 
mononuclear cells (PBMCs) and alveolar macrophages obtained from patients with 
active pulmonary tuberculosis in Chittagong, Bangladesh. Patients with tuberculosis had 
increased expression of IL-1 receptor associated kinase-M (IRAK-M), Toll interacting 
protein (TOLLIP) and suppressor of cytokine signaling (SOCS)-3 in PBMCs when 
compared with local healthy control subjects. In contrast, the expression of SIGIRR, A20 
and MAP kinase phosphatase (MKP)-1 was not altered during tuberculosis. Although 
ST2 mRNA levels in PBMCs from tuberculosis patients were not changed, ST2 protein 
expression was enhanced at the surface of CD4 and CD8 positive lymphocytes. These 
data provide evidence that activation of innate immunity in circulating cells during 
tuberculosis is kept in check by negative regulators. Alveolar macrophage mRNA 
expression of negative TLR regulators did not differ between the infected and 
contralateral lung side. sST2 plasma levels were elevated in patients with tuberculosis 
and correlated with established tuberculosis biomarkers, most strongly with soluble 
interleukin-2 receptor subunit α and IL-8, suggesting that sST2 could be a useful marker 
for tuberculosis disease activity.  To further investigate the value of sST2 as a biomarker 
in lung infection, sST2 plasma levels were measured in patients with community-
acquired pneumonia caused by either Influenza A (H1N1), Q-fever or S. pneumoniae  in 
chapter 8. While all patients exhibited elevated sST2 levels,  patients infected with S. 
pneumoniae, especially those suffering from bacteremia, displayed the highest levels. 
Moreover, patients with the highest pneumonia severity scores presented with the 
highest sST levels. sST2 plasma concentrations correlated with the concentrations of the 
established biomarkers C-reactive protein, IL-6, IL-8 and IL-10. These results further 
indicate that sST2 could be of use as a biomarker reflective of infectious disease 
severity. 
 
 



 

 

141 

Sum
m

ary &
 Discussion 

Discussion 
Inflammation is a tool used by the immune system to combat (pathogenic) micro-
organisms and prevent infectious disease. Unfortunately, rigorous inflammation 
generates tissue damage and dysfunction. Hence, in pursuance of both adequate 
infection/pathogen control and limited inflammatory host damage, tight regulation of 
immune responses is needed. TLRs are pattern recognition receptors responsible for 
the recognition of pathogen- and damage-associated molecular patterns and the 
initiation of an immune response [1-3]. Negative regulators of TLR signaling, like SIGIRR 
and ST2, are able to inhibit these pathways and thus limit inflammation [4-6]. Finding 
the right balance between pro- and anti-inflammatory stimuli is essential to generate a 
sufficient response followed by a swift return to homeostasis. 
 
The ferocity of inflammation induced by specific pathogens and the magnitude up to 
which inflammation is beneficial for infection control differs between micro-organisms. 
For example, the common respiratory pathogen used in one of the murine pneumonia 
models in this thesis, S. pneumonia, is not easily recognized by the immune system due 
to its thick polysaccharide capsule [7]. Enhanced inflammatory signaling might therefore 
improve host defense towards this relatively ‘invisible’ pathogen. As demonstrated in 
chapter 2, SIGIRR deficiency indeed led to a clear host benefit in this model, 
accompanied by enhanced inflammation. In contrast, increased inflammation due to 
SIGIRR deficiency in Pseudomonas aeruginosa induced pneumonia (primarily infecting 
immunocompromised hosts) and Mycobacterium tuberculosis (chronic) lung infection, 
was detrimental for the host [8, 9]. Dampening the enhanced inflammatory response in 
SIGIRR deficient mice by blocking IL-1R and IL-1β/TNF-α signaling respectively, 
significantly improved the outcome of both P. aeruginosa and M. tuberculosis 
infections. Hence, these data suggest that the effect of manipulating immune responses 
by eliminating negative TLR regulation is pathogen specific. 
 
Unlike SIGIRR deficiency, removing ST2 driven negative regulation of inflammation from 
host defense during pneumococcal pneumosepsis did not result in a host benefit, as 
demonstrated using ST2 deficient mice. Differential effects of different inhibitory TLR 
regulators in similar disease settings are not unexpected. As described in chapter 7 
negative regulation of TLR signaling occurs at different levels in the signaling cascade 
and individual regulators may have disparate additional functions. SIGIRR and ST2 are 
both transmembrane, cell-surface associated negative regulators. SIGIRR is 
constitutively and ubiquitously expressed (in particular in the kidney, liver, digestive 
tract, lymphoid organs and lung (i.e. bronchial epithelium, endothelium and leukocytes) 
[8]) and interferes with the association of adaptor molecules to activated TLRs and IL-1R 
family members [5]. It has been shown that pathogen induced activation of cells results 
in down-regulated expression of SIGIRR and stable overexpression of SIGIRR resulted in 
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diminished NF-kB mediated cytokine production [10]. Membrane bound ST2 on the 
other hand is primarily expressed by hematopoietic cells (granulocytes, monocytes, 
macrophages, mast cells, dendritic cells, Th2 lymphocytes, NK and NKT cells); it resides 
intracellularly in resting cells and surfaces on the outer cell membrane after stimulation 
[11]. ST2 most likely sequesters MyD88, resulting in inhibition of TLR and IL-1R driven 
MyD88 dependent pathways once ST2 is overexpressed and enhanced cytokine release 
from ST2 deficient macrophages in response to TLR activation [6]. In addition, ST2 
functions as the IL-33 receptor, thus facilitating a pro-inflammatory immune response 
[12]. IL-33 expression has been established in many cell types and tissues [13]. It has 
been proposed as an alarmin since it is released from damaged epithelium and 
endothelial cells (necrosis) and stressed fibroblasts (actively secreted under mechanical 
strain) [12, 13]. Furthermore, macrophages and NKT cells have been shown to produce 
IL-33 in response to LPS and influenza virus respectively [14, 15]. In vivo, ST2 has been 
reported to play an essential role in the development of endotoxin tolerance [6] and the 
development of an immune-compromised state (increased susceptibility to P. 
aeruginosa pneumonia following non-lethal peritonitis) [16]. Nonetheless, the research 
presented in chapter 3 indicates a minor if any role for ST2 in both primary and 
secondary  S. pneumoniae lung infection. Perhaps in the latter disease settings the 
balance between ST2 facilitated TLR signaling inhibition and IL-33 mediated pro-
inflammatory signaling is different from that in for example secondary Pseudomonas 
pneumonia. Together these results suggest that the role of distinct TLR inhibitors in 
different infections depend on the cellular distribution of the TLR regulator, it’s effect 
on specific signaling pathways, the pathogen and the premorbid condition of the host. 
 
In contrast to the proposed inhibitory effect of ST2 on pro-inflammatory PAMP 
signaling, as shown by isolated peritoneal macrophages [6], in experiments described in 
chapter 4 we detected lower cytokine levels produced by ST2 deficient whole blood 
leukocytes and splenocytes stimulated with bacteria. Although ST2 might enhance pro-
inflammatory cytokine release upon activation by IL-33, this cytokine was not detected 
in culture supernatants. As such, the mechanism by which ST2 deficiency resulted in 
attenuated pathogen-induced cytokine release should be the focus of future 
investigations.  
While the studies described in chapters 3 and 4 point to a limited role for endogenous 
IL-33 in host defense during infections caused by S. pneumoniae or K. pneumoniae, in 
chapter 5 we demonstrate that the administration of recombinant IL-33 strongly 
improves antibacterial defense during Klebsiella airway infection. This research was 
prompted by an earlier investigation showing a protective effect of recombinant IL-33 in 
a model of polymicrobial abdominal sepsis [17]. Herein IL-33 facilitated the recruitment 
of neutrophils into the peritoneal cavity, which was considered essential for its 
protective effect. However, while we also found enhanced neutrophil influx to the 
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primary site of infection (i.e. the lungs), IL-33 remained effective in reducing bacterial 
burdens in neutrophil depleted mice. Rather, we provide evidence that a recently 
discovered group of innate lymphoid cells, ILC2s, were at least in part responsible for 
the beneficial effect of recombinant IL-33. ILC2s per se, like endogenous IL-33, did not 
play an eminent role in host defense, as illustrated by the fact that mice lacking ILCs 
were not impaired in their capacity to limit bacterial growth and dissemination after 
infection with Klebsiella via the airways. The findings of chapter 5 provide leads to 
future research on the role of ILCs in bacterial infection, and the possibility that 
strategies targeting ILCs may be of use as adjunctive therapies in sepsis. The possible 
value of IL-33 treatment for sepsis was underlined by our finding that postponed 
administration of IL-33, 3 hours after infection with Klebsiella, was still capable of 
lowering bacterial loads.  
 
The measurement of biomarkers might assist physicians in clinical decision making. 
Several biomarkers have been suggested for tuberculosis and pneumonia [18-20]. sST2 
has been reported elevated in patient plasma in various disease states [21-24]. During 
tuberculosis and community-acquired pneumonia sST2 levels were found elevated as 
well (chapter 7 and 8 respectively). Moreover sST2 levels correlated with disease 
severity and “established” biomarkers for these infections. Whether sST2 is a valuable 
predictor of infectious disease severity and whether its measurement could have 
therapeutic consequences needs to be investigated further. Perhaps, eventually, it 
could help to predict or monitor the success or failure of treatment in specific 
situations. 
 
While SIGIRR and ST2 (studied in chapters 2-4) are considered negative TLR regulators, 
in chapter 6 we engaged in experiments seeking to establish the role of the (signaling 
enhancing) TLR adaptors MyD88 and TRIF in gram-negative sepsis. Blocking 
inflammatory signaling by removing one of two TLR adaptors during Klebsiella induced 
pneumosepsis resulted in dramatically diminished survival accompanied by high 
bacterial burdens. MyD88 is the adaptor for all TLRs except TLR3, while TRIF mediates 
signaling via TLR3 and TLR4. As such, these adaptors affect the function of multiple 
TLRs, just like SIGIRR and ST2 can influence signaling of many TLRs (albeit in an opposite 
way). Different from the studies described in chapters 3 and 4, in chapter 6 we 
attempted to dissect the cell-specific roles of MyD88 and TRIF by generating chimeric 
mice with altered TLR adaptor expression in either resident (most notably epithelial and 
endothelial) cells or hematopoietic cells (most notably neutrophils and 
monocytes/macrophages). The phenotype of MyD88 and TRIF deficient mice tuned out 
to be stronger (hypersusceptible) than that of ST2 deficient (no phenotype) in Klebsiella 
pneumonia (chapter 5), which may indicate that during a gradually evolving infection, 
such as produced in the Klebsiella airway infection model used in this thesis, adequate 
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triggering of TLRs is more important for a balanced host response than inhibition 
thereof (at least by ST2). Thus far, the role of SIGIRR in Klebsiella infection has not been 
studied.  
 

Concluding 
A balanced immune response consists of a swift pro-inflammatory reaction upon 
encountering a pathogen followed by a response that on the one hand eliminates the 
threat and on the other hand limits excessive inflammation and guides repair 
mechanisms. Regulators tweak distinct signal transduction processes and thereby shape 
the overall innate immune response. Manipulation of these regulators might tip the 
balance towards a more pro- or anti-inflammatory state. The net benefit of this 
manipulation depends on the regulator and its cellular expression, the causative 
pathogen and type of infection, and the condition of the host. In some infections 
(temporary) inhibition of inflammation can be advantageous, while in other the same 
intervention can be detrimental for the host. Therefore, before considering 
implementation of interventions targeting immune regulators in infectious disease (e.g. 
pneumosepsis) one has to have a clear understanding of the individual patient’s disease 
state, the disease setting and the causative pathogen. In the end, a successful immune 
response (i.e. upholding a state of health) is characterized by maintaining balance and 
returning to tissue homeostasis as soon as possible. While immune modulation could 
expedite this process, additional research is needed to provide the detailed knowledge 
required for use in clinical practice.  
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Nederlandse samenvatting 
De mensheid levert dagelijks strijd tegen de micro-organismen (bacteriën, virussen, 
schimmels, parasieten) in haar omgeving. De long bevat één van de grootste 
oppervlakten van het menselijk lichaam welke in contact staat met de buitenwereld en 
is derhalve één van de plekken waar deze strijd wordt uitgevochten. Wanneer de 
homeostase (evenwicht) in het lichaam wordt verstoord kunnen zowel virulente 
(ziekmakende) bacteriën als anderszins onschadelijke bacteriën infectie en ziekte 
veroorzaken in de gastheer (i.e. de mens). De aangeboren afweer is onderdeel van de 
eerstelijns verdediging van het lichaam. Het detecteert mogelijke gezondheidsrisico’s, 
elimineert microben voordat zij schade veroorzaken en voorkomt infectie. De 
hoeksteen van een goede verdediging is de herkenning van binnendringende micro-
organismen. Toll-like receptoren (TLRs) en andere ‘patroon herkennende receptoren’ 
(PRRs) zijn in staat om juist dat te doen en initiëren vervolgens het immuunsysteem om 
in actie te komen en een afweerreactie te genereren [1-3]. Het nadeel van een 
rigoureuze inflammatoire (ontstekings-) reactie is echter de bijkomende schade aan 
weefsels en organen, mogelijk resulterend in dysfunctie en orgaan falen. Ter 
voorkoming van onnodige schade is een goede regulatie van deze afweer- en 
ontstekingsreacties noodzakelijk. Negatieve regulatoren spelen hierin een cruciale rol: 
zij inhiberen (remmen) de ontstekingsreactie die door bijvoorbeeld TLRs wordt 
geïnduceerd [4]. Dit proefschrift hoopt inzicht te verschaffen in de rol van negatieve 
regulatoren en de hieraan geassocieerde signaleringsmoleculen gedurende pneumonie 
(longontsteking) en sepsis (bloedvergiftiging) veroorzaakt door veelvoorkomende 
humane pathogenen (ziekteverwekkers).  
 
Hoofdstuk 1 bestaat uit een algemene introductie en een beschrijving van de opbouw 
van dit proefschrift. De ziektelast van infecties, met name pneumonie en sepsis, en het 
belang van toenemend inzicht in afweerprocessen (i.e. in de long) worden besproken. 
Er wordt dieper ingegaan op de afweer in de long; specifiek de functie van TLRs en TLR 
inhibitoren. 
 
De volgende drie hoofdstukken (2-4) verdiepen zich verder in de rol van twee specifieke 
negatieve regulatoren van TLR signalering gedurende de bovengenoemde 
ziekteprocessen. In hoofdstuk 2 wordt de rol van “single immunoglobulin interleukin-1 
receptor related molecule” of SIGIRR tijdens pneumokokken (Streptococcus 
pneumoniae geïnduceerde) pneumonie en sepsis onderzocht. Er wordt gebruik gemaakt 
van een muizenmodel waarbij middels luchtweg en intraveneuze infectie ziekte wordt 
geïnduceerd in wild-type (WT) en SIGIRR deficiënte muizen (welke het SIGIRR gen en 
eiwit missen). SIGIRR deficiëntie resulteerde in uitgestelde mortaliteit en minder 
bacteriën (pneumokokken) in de long en organen op afstand. Daarnaast was er sprake 



 

 

149 

N
L sam

envatting 

van meer ontsteking gerelateerde long pathologie (afwijkingen) gedurende de vroege 
stadia van infectie terwijl cytokine en chemokine concentraties (signaalstoffen) en 
neutrofiel influx (ontstekingscellen) gelijk bleven. SIGIRR deficiënte neutrofielen en 
alveolaire macrofagen (een tweede type ontstekingscel aanwezig in de long) waren wel 
beter in staat om pneumokokken te fagocyteren (een vorm van internalisatie; ook wel 
‘opeten’), hetgeen een mogelijk verklaring is voor de verbeterde antibacteriële afweer 
van deze muizen. 
 
Hoofdstuk 3 laat de diversiteit van negatieve TLR regulatoren zien daar ST2 deficiëntie 
in hetzelfde pneumokokken model niet hetzelfde gunstige effect te weeg brengt als 
SIGIRR deficiëntie. Sterker nog, gedurende secundaire pneumokokken pneumonie 
welke volgt op Influenza A infectie (longontsteking welke ontstaat na de griep, een 
veelvoorkomend klinisch scenario) lijkt de afweer zelfs verminderd aangezien er een 
lichte toename van bacterie aantallen werd gevonden in de long van ST2 deficiënte 
muizen. Deze verslechtering werd overigens niet vergezeld door een veranderde 
hoeveelheid aanwezige ontstekingsparameters. Het Influenza A virus werd voor intrede 
van pneumokokken infectie evengoed geklaard in WT en ST2 deficiënte muizen. De 
deficiënten negen naar een iets sterkere inflammatoire reactie tegen Influenza A (iets 
meer cytokines, chemokines en myeloperoxidase in de long) met name 14 dagen na het 
in contact komen met het virus. 
 
Hoofdstuk 4 bestudeert the rol van ST2 in cytokine productie na stimulatie door S. 
pneumoniae en Klebsiella (K.) pneumoniae van volbloed en splenocyten (miltcellen) ex 
vivo (buiten het lichaam) en in vivo (na intraveneuze infectie) in muizen. Geheel 
onverwacht resulteerde ST2 deficiëntie na stimulatie met een van beide pathogenen ex 
vivo in verminderde cytokine productie in vergelijking met WT volbloed en splenocyten. 
In vivo oefende ST2 geen invloed uit op de systemische of milt productie van cytokines 
in reactie op infectie door beide bacteriën. De resultaten uit hoofdstuk 3 en 4 tezamen 
suggereren dat ST2 slechts een kleine rol speelt in experimentele infecties veroorzaakt 
door drie veel voorkomende humane pathogenen. 
 
Hoofdstuk 5 gaat nader in op het effect van ST2 stimulatie door intraveneus toegediend 
interleukine (IL)-33. IL-33 fungeert als ligand voor het ST2/IL-1RaP receptor complex en 
verzorgt zo, via ST2, een pro-inflammatoire impuls [5]. In een setting van door K. 
pneumoniae geïnduceerde pneumonie verbeterde intraveneus IL-33 de afweer tegen 
deze dodelijke bacterie aanzienlijk. In de aanwezigheid van ST2 was er sprake van sterk 
afgenomen bacterie aantallen in bloed en organen en uitgestelde sterfte. ST2 
deficiëntie op zichzelf had geen fenotype/ effect op het beloop van Klebsiella 
pneumosepsis, hetgeen opnieuw de bevindingen met betrekking tot de 
verwaarloosbare rol van ST2 op zichzelf in de afweer tegen experimentele infecties 
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zoals beschreven in hoofdstuk 3 en 4 onderschrijft. Het heilzame effect van IL-33 bleek 
afhankelijk te zijn van de aanwezigheid van type 2 “innate lymphoid cells” (ILC2), zoals 
een serie van experimenten waarbij IL-33 werd toegediend aan muizen zonder T- en B-
cellen (RAG2 deficiënt) en muizen zonder T-, B- en ILC2s (RAG2 en IL-2 receptor 
“common gamma chain” deficiënt) uitwees: de eerste muizenlijn werd beschermd door 
IL-33 waar de tweede lijn deze bescherming verloor. De toediening van IL-33 aan WT 
muizen veroorzaakte hoge concentraties van IL-5 en IL-13 in de long, beide cytokines 
die geproduceerd worden door ILC2s in reactie op IL-33, zoals eveneens ex vivo werd 
aangetoond na isolatie van ILC2s uit de long. Het veelbelovende effect van IL-33 
berustte echter niet op de productie van bovengenoemde cytokines aangezien zowel IL-
13 deficiënte muizen als muizen behandeld met anti-IL-5 het beschermende effect van 
IL-33 behielden. Ook NK (“natural killer”) cellen (in het bezit van ST2 en derhalve 
theoretisch in staat om te reageren op IL-33 therapie) waren niet verklarend voor IL-33 
geïnduceerde bescherming tegen Klebsiella infectie, daar antilichaam gemedieerde NK 
depletie het fenotype niet beïnvloedde. Ondanks dat IL-33 behandeling de 
hoeveelheden naar de long verhuizende neutrofielen deed toenemen, bleken ook deze 
immuun cellen niet verantwoordelijk voor bescherming aangezien neutrofiel 
gedepleteerde muizen nog steeds nut ondervonden van intraveneus IL-33. Deze 
resultaten demonstreren het potentieel van ILC2 stimulatie als bijdrage aan de 
behandeling van ernstige bacteriële infecties.  
 
Hoofdstuk 6 beschrijft de twee adaptor moleculen die verantwoordelijk zijn voor de 
signaaltransductie van TLRs nadat zij in contact zijn gekomen met bacteriën: “myeloid 
differentiation primary response gene” (MyD)88 en “TIR domain-containing adapter-
inducing” IFN-β (TRIF). Het ontbreken van om het even één van deze moleculen 
resulteerde in een ernstig beperkte afweer respons tegen K. pneumoniae geïnduceerde 
pneumosepsis. MyD88 en TRIF wordt gevonden in meerdere celtypen in het lichaam. 
Grofweg zijn die te onderscheiden in parenchymale cellen (i.e. epitheel en endotheel) 
en hematopoïetische (bloed) cellen (i.e. neutrofielen, macrofagen, lymfocyten etc.). Er 
werden beenmerg chimeren gecreëerd welke MyD88 of TRIF deficiënt waren in of 
radioresistente parenchymale cellen (residenten) of bestralings sensitieve 
hematopoïetische cellen. MyD88 in beide celtypen droeg bij aan de antibacteriële 
afweer en overleving terwijl TRIF in hematopoïetische cellen alleen de belangrijkste 
bescherming bood tegen Klebsiella infectie. Opvallend was dat met name MyD88 in 
residenten en TRIF in hematopoïetische cellen cel schade veroorzaakte tijdens de latere 
fases van de infectie. Desalniettemin de resultaten in dit hoofdstuk suggereren dat 
sterfte in MyD88 en TRIF deficiënte muizen tot stand komt door overdadige groei van 
bacteriën en niet zozeer ontstekingsschade, hetgeen het ‘dubbel-snijdende zwaard’ 
karakter van de aangeboren immuniteit, geactiveerd via MyD88- en TRIF afhankelijke 
signalering, mooi illustreert. 
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De laatste twee hoofdstukken behelzen humane studies. De eerste, beschreven in 
hoofdstuk 7, focust op negatieve regulatoren binnen de aangeboren afweer ten tijde 
van pulmonale (long) tuberculose en beschrijft niet cel gebonden, “soluble” (s)ST2 als 
een potentiele biomarker van tuberculose ziekte activiteit. In dit hoofdstuk werd de 
expressie van specifieke inhiberende genen gemeten in perifere bloed mononucleaire 
cellen (PBMCs) en alveolaire macrofagen verkregen uit patiënten met actieve long TB in 
Chittagong, Bangladesh. Patiënten met tuberculose hadden toegenomen expressie van 
IL-1 receptor geassocieerd kinase (IRAK)-M, “Toll-interacting protein” (TOLLIP) en 
“suppressor of cytokine signaling” (SOCS)-3 in PBMCs in vergelijking tot gezonde 
controle personen. De expressie van SIGIRR, A20 en MAP kinase fosfatase (MKP)-1 
waren daarentegen niet verschillend. Ondanks dat het ST2 mRNA niveau in PBMCs van 
TB patiënten niet verschilde van dat van gezonde personen, was ST2 eiwit expressie wel 
toegenomen aan het oppervlak van CD4 en CD8 positieve lymfocyten. Deze data 
verschaffen bewijs dat activatie van de aangeboren afweer in circulerende cellen 
gedurende TB ziekte wordt gecontroleerd door negatieve regulatoren. mRNA expressie 
van negatieve regulatoren in alveolaire macrofagen (AMs) verschilde niet tussen AMs 
verkregen uit het geïnfecteerde long deel en deze uit de contralaterale long. sST2 
concentraties gemeten in plasma waren verhoogd in bloed van TB patiënten, hetgeen 
correleerde aan de mate van aanwezigheid van bekende tuberculose biomarkers. De 
duidelijkste correlaties betroffen die met sIL-2 receptor subunit α en IL-8. Een en ander 
suggereert de mogelijke voorspellende waarde, en derhalve het biomarker potentieel, 
van sST2 betreffende/ in zake TB ziekte activiteit. Om dit biomarker potentieel van sST2 
in longinfecties verder te onderzoeken, zoals beschreven in hoofdstuk 8, werd sST2 
gemeten in het plasma van patiënten met “community-acquired” pneumonie (CAP) 
veroorzaakt door Influenza A (H1N1), Q-koorts of pneumokokken. Alle patiënten 
vertoonden hogere sST2 plasmaconcentraties dan gezonde personen, maar de 
patiënten met pneumokokken pneumonie (met name degenen met een pneumokokken 
bacteriemie) hadden de hoogste sST2 spiegels. Bovendien werden de hoogste spiegels 
gemeten in de ziekste patiënten (met de hoogste “pneumonia severity” scores). Ook in 
deze studie correleerde de sST2 plasma concentraties met de concentraties van 
gevestigde biomarkers zijnde “C-reactive protein” (CRP), Il-6, IL-8 en IL-10. Deze 
resultaten wijzen eveneens op een biomarker potentieel voor sST2 aangaande 
infectieuze ziekte ernst. 
 

Conclusie 
Een evenwichtige afweer reactie op een gedetecteerd pathogeen bestaat uit een snelle 
pro-inflammatoire respons welke aan de ene kant de gezondheidsdreiging elimineert 
maar aan de andere kant overdadige schade minimaliseert en herstel bevordert. 
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Regulatoren sturen afzonderlijke signaaltransductie processen en geven zo vorm aan de 
overkoepelende immuunrespons. Manipulatie van deze regulatoren kan de balans doen 
doorslaan naar een meer pro- of anti-inflammatoire toestand. Zoals boven beschreven 
en zoals beredeneerd in de discussie van dit proefschrift hangt de winst van deze 
manipulatie af van de gekozen regulator, de ziekteverwekker waar men mee te maken 
heeft en de conditie waarin de gastheer zich bevindt. Voor sommige infecties kan het 
tijdelijk uitschakelen van inflammatie zeer waardevol zijn terwijl deze zelfde interventie 
onder andere omstandigheden juist ten nadelen kan werken voor de gastheer. 
Derhalve, voordat men een interventie berustende op immuun regulator beïnvloeding 
overweegt in infectieziekten, zal men eerst een duidelijk beeld moeten hebben van het 
hoe en wat van de individuele patiënt (soort infectie, ziekte stadium & verwekker). 
Uiteindelijk worden de meest succesvolle immuun responsen gekarakteriseerd door 
een  behoud van balans en een snelle terugkeer naar homeostase. Immuun modulatie 
zou dit proces kunnen bespoedigen, doch aanvullend onderzoek is noodzakelijk om ons 
te voorzien van de gedetailleerde kennis die cruciaal is voor het gebruik in de dagelijkse 
praktijk. 
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Dankwoord 
Het schrijven van een proefschrift begint en eindigt met het verzamelen van data: data 
van de onderzoekers die je zijn voorgegaan binnen het vakgebied waarin je je als 
kersverse promovendus begeeft en data die je in de loop van de jaren zelf genereert of 
elders gegenereerd worden. Het kan niet anders dan dat je in diezelfde jaren van data 
verzamelen ook een heleboel leuke, bijzondere en lieve mensen tegenkomt. Natuurlijk 
hebben al deze mensen op de één of andere manier geholpen bij het tot stand komen 
van het proefschrift dat je uiteindelijk hoopt te schrijven. Een bijdrage kan de vorm 
hebben van fysieke hulp bij het uitvoeren van experimenten of het faciliteren van de 
logistiek die het onderzoek mogelijk maakt, maar de belangrijkste bijdrage is misschien 
toch wel de inspiratie: de ideeën die je krijgt en de hypotheses die worden gegenereerd 
gewoon door naar iemand te kijken of met iemand te praten. Een promotietraject 
bestaat uit een zoektocht naar losse puzzelstukjes. Wanneer deze puzzelstukjes zijn 
gevonden, dienen zij bekeken te worden vanuit allerlei verschillende invalshoeken en 
daar waar mogelijk aan elkaar gelegd te worden opdat het grotere geheel zichtbaar 
wordt. Juist in dat proces is de hulp van anderen onontbeerlijk. 
 
Toen ik eind 2008 na mijn terugkomst uit Afrika binnenliep bij de man die mijn 
promotor zou worden, voelde ik mij meteen thuis. Ik wist niet wat voor onderzoek Tom 
precies deed, want daar was deze ontmoeting voor bedoeld, maar ik wist wel vlot dat ik 
graag met en voor hem wilde werken. De bonus betrof het veld waarin ik mij zou gaan 
begeven (mocht u de rest van dit boekje nog niet hebben gelezen dan raad ik u aan om 
dat alsnog te doen ;-).  
 
Tom, bedankt voor de open deur, de (werk)familie die je hebt gecreëerd, de 
aanmoediging, het overzicht dat jij altijd behield en de woorden waarmee jij mij wist te 
overtuigen dat iets echt “af” was (als onderzoek al ooit af kan zijn) en goed genoeg om 
in te sturen dan wel te publiceren. 
 
Alex, bedankt voor het zijn van mijn klankbord, het meedenken over alle aspecten van 
het onderzoek dat in dit proefschrift wordt gepresenteerd, het meewerken en vooral 
dat je mij het gevoel gaf dat ik nooit alleen stond. 
  
Kees, jij wist vaak nog een nieuwe zijde van een eerder gevonden puzzelstukje te 
ontdekken en checkte de deugdelijkheid van met name alle op PCR technieken 
gebaseerde experimenten, waarvoor mijn dank. We hadden wat tegenslagen, maar dat 
weerhield ons er niet van om de draad weer goed op te pakken. 
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Daar waar het werk van een promovendus en het uitvoeren van een promotie traject 
eenzaam kan zijn, zorgen collega’s voor gezelschap, support en afleiding. “Tommies” 
(Achmed, Adam, Alex & Alex, Anne Jan, Arjan, Brendon, Daan, Danielle, Floor, Gavin, 
Hakima, Isabel, Jeroen, Katja, Lauren, Liesbeth, Lonneke, Marcel, Maryse, Miranda, 
Miriam, Mischa, Regina, Rianne, Sacha, Sanne, Tassili, Tijmen, Tim), geadopteerde 
“Tommies” (Akueni, Jan-Willem, de gehele F0), en alle andere (oud) CEMM collega’s; 
bedankt voor jullie steun, het mee pipetteren, het aanhoren van frustraties, de 
toekomstdromen, de vele soms filosofische gesprekken maar vooral ook de lol en de 
feestjes die we vierden. 
 
Joost en Marieke, zonder jullie was dit boekje bijna leeg geweest. Jullie vlugge vingers 
en jaren aan muizenervaring zijn van onschatbare waarde geweest voor mij, en nog 
zovelen voor en na mij. Mijn dank is groot! 
 
Sandrine, bedankt voor het eindeloos bekijken en scoren van de zoveelste 
muizencoupe.  
 
I would like to thank Sylvia Knapp and her research group in Austria for their hospitality. 
A special thanks goes out to Simona Saluzzo who above all the help she provided before 
and during the experiment made sure I was never alone in Vienna. 
 
Jochem bedankt voor de fijne samenwerking aangaande IL-33 en de muizen ILC2s en 
Hergen bedankt voor jouw inzichten en adviezen binnen een veld waar ik als 
onderzoeker van TLRs en “innate immunity” niet vaak mee in aanraking kwam. 
 
Graag sta ik nog even stil bij het Bangladesh avontuur dat ik samen met Liesbeth en 
Ivar, met de zegen van Tom en Menno, mocht beleven. Voordat een dergelijk 
onderneming van de grond komt, moet er een heleboel lokaal overtuigingswerk 
plaatsvinden en logistieke problemen worden opgelost. Without the help of Aniruddha 
Ghose (otherwise known as dr. Joy), Arjen Dondorp, Mahtab Uddin Hassan, the late 
Ahmed Hossain and many others none of the work performed in Chittagong would have 
been possible. I would like to thank them, all the staff of the General Hospital’s Chest 
Disease Clinic and TB lab (Anderkilla), the staff members of Chittagong Medical College 
and Hospital Medicine and Microbiology department (Nasirabad), Wahid Rahman, 
Rumana Afroz and all the patients & healthy controls who were kind enough to 
participate in our studies, for all their help during this time. Rupa, thank you for showing 
us your favorite parts of the city. Safiq and Hassan, thank you for taking care of all the 
logistic hiccups we encountered and chauffeuring us around. Verder wil ik graag Paul en 
Jaring bedanken voor de scopieën die zij onder tropenomstandigheden uitvoerden, 
voor hun bereidheid af te reizen naar Bangladesh en voor alle gezelligheid (en 
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Nederlandse producten) die zij meebrachten. Ivar, Helen, Rutger, Niki en Marc, bedankt 
voor al jullie hulp in het Bengaalse lab en het gezelschap. Lizzy, ik had het niet zonder 
jou willen doen. Het was af en toe afzien maar we hebben er iets moois van gemaakt. 
 
I am incredibly grateful to Angelo Musco for allowing me to display his wonderful work 
in this thesis thus expressing the beauty of the human body and providing a 
visualization of how smaller, individual parts work together to form a bigger, more 
complex whole. 
 
Tenslotte wil ik mijn ouders en mijn broertje bedanken. Voor de creativiteit, de steun en 
de relativering. Mam, pap zonder jullie was het nooit iets geworden. Dit boekje is dan 
ook voor jullie.  
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"The Information Age offers much to mankind, and I would like to think that we will rise 
to the challenges it presents. But it is vital to remember that information — in the sense 
of raw data — is not knowledge, that knowledge is not wisdom, and that wisdom is not 
foresight. But information is the first essential step to all of these." 

Sir Arthur C. Clarke 
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