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INTRODUCTION

The acute respiratory distress syndrome (ARDS) is a devastating pulmonary condition 
characterized by dysregulated inflammation and increased permeability of alveolar- 
capillary barriers leading to protein-rich edema and severe hypoxemia [1]. To date, no 
pharmacological intervention exists and supportive care with mechanical ventilation re-
mains a vital tool in the treatment of these critically ill patients. One of the key advances 
in understanding ARDS pathogenesis was the discovery that mechanical ventilation 
itself may aggravate or even induce lung injury [2-4]. This iatrogenic condition is known 
as ventilator-associated lung injury (VALI) (in patients) and ventilator-induced lung 
injury (VILI) (in animals) and is a crucial consideration in the care of patients with respi-
ratory failure. Studies revealed volutrauma (trauma due to hypervolemia), barotrauma 
(overdistention of lung tissue by high pressures), atelectrauma (repetitive opening and 
collapsing of alveoli) and biotrauma (release of inflammatory mediators by lung tissue 
in the absence of gross structural damage) as mechanisms underlying VILI development 
[5]. These observations led to the introduction of lung protective ventilation strategies 
that aim to minimize lung overdistention and cyclic stretch. The only clinically proven 
strategy to improve morbidity and mortality of ARDS patients is indeed the use of lower 
tidal volumes and airway pressures [2]. However, the development of lung injury is not 
completely prevented by the use of lung protective strategies [6-8]. The exact mecha-
nisms by which mechanical ventilation triggers/exacerbates inflammation (biotrauma) 
are incompletely understood. The general aim of this thesis was to obtain more insight 
into the role of injury-related molecules and the innate immune response in the per-
petuation of inflammation triggered by mechanical ventilation.

Ventilator-induced lung injury

Although inflammation is a crucial host defense mechanism, the balance between 
beneficial and injurious inflammatory responses is very delicate. During critical illness 
regulatory mechanisms may fail resulting in an overwhelming inflammatory response. 
An important feature of VILI is the production of pro-inflammatory mediators. Numer-
ous in vitro, ex vivo, and in vivo studies reported cyclic stretch/ventilation with higher 
tidal volumes to induce cytokine and chemokine upregulation in both healthy and 
injured lungs [5]. In addition, mechanical ventilation can contribute to the strong pro-
inflammatory response present in the pulmonary compartment of patients with ARDS; 
lung protective ventilation attenuated a rise in levels of TNF-α, IL-1β, IL-6, soluble TNF-α 
receptor 55, and IL-8 in bronchoalveolar lavage fluid as compared to conventional ven-
tilation [9]. The clinical relevance of these cytokine levels was demonstrated by studies 
that reported higher pulmonary and systemic inflammatory cytokine concentrations 
in ARDS non-survivors as compared to survivors [10;11]. In line, the ARDS network 
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investigators reported reduced IL-6 plasma levels in patients ventilated with lower tidal 
volumes, which was associated with a higher number of days without organ failure and 
a reduced mortality compared to the group ventilated with traditional tidal volumes [2]. 
It is thought that ventilator-induced systemic overspill of pulmonary pro-inflammatory 
mediators contributes to the development of multiple organ failure [5].

In addition to cytokine and chemokine expression, pulmonary influx of neutrophils 
is another important hallmark of VILI. Neutrophils have even been implicated as caus-
ative agents of VILI; depleting neutrophils improved gas exchange and alveolar barrier 
dysfunction in an experimental VILI model [12]. In addition, it was shown that apoptosis 
of neutrophils is delayed in lung injury [13], increasing the risk of neutrophil-mediated 
damage.

Furthermore, alveolar-capillary permeability is enhanced in VILI, which results in the 
accumulation of pulmonary protein rich edema, again resulting in hampered gas ex-
change in the lung. Apoptotic and necrotic cell death, and loss of vascular integrity are 
crucial in ventilator-induced disruption of the alveolar-capillary membrane [5].

Innate immunity

The innate immune system plays an important role in acute conditions affecting the 
lung. When for example microorganisms intrude they are rapidly detected by pattern 
recognition receptors [14]. Activation of these receptors triggers the production of in-
flammatory cytokines and chemokines leading to the recruitment of macrophages and 
neutrophils needed to remove pathogens and/or cell debris. These signaling pathways 
are also important for restoring tissue homeostasis as they induce repair mechanisms.

Interestingly, in the last decade it became clear that apart from infections, the innate 
immune system also responds to tissue and cell damage [15;16]. Endogenous molecules 
released upon tissue injury, the so-called damage-associated molecular patterns 
(DAMPs) are able to trigger an inflammatory response via the same pattern recogni-
tion receptors as molecular patterns from microorganisms. Studies have indicated that 
uncontrolled and excessive release of these endogenous danger signals contributes to 
dysregulation of inflammation [17]. The membrane-bound Toll-like receptors (TLRs), 
the cytosolic nucleotide binding domain and leucine-rich repeat containing receptors 
(NLRs), RIG-I-like receptors and DNA sensors are all pattern recognition receptors that 
can recognize DAMPs [18-23]. In addition, the immunoglobulin receptor, the receptor 
for advanced glycation end products (RAGE), is also considered an important DAMP 
recognizing receptor [24]. DAMP detection by these receptors mediates the inflamma-
tory response to sterile tissue injury and is a potent driving force for acute pulmonary 
inflammation. Apart from the TLR4 signaling pathway, the role of pattern recognition 
receptors in VILI pathogenesis has not been studied. In this thesis we focused on the 
NLRP3 inflammasome, belonging to the NLR family, TLR2, and RAGE in the inflamma-
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tory response following mechanical ventilation (fig. 1). The list of DAMPs is growing and 
several are found in the alveolar compartment as a result of (injurious) ventilation. In this 
thesis we studied the following DAMPs: S100A8/A9 proteins, uric acid, and high mobility 
group box 1 (HMGB1).

Models of ventilator-induced lung injury

Inflammation evoked by mechanical ventilation of healthy lungs is mild and usually 
self-limiting [7]. However, this ventilator-induced pro-inflammatory state may enhance 
pulmonary responsiveness to a second insult (pneumonia, blood transfusion, sepsis, 
acid aspiration etc.) resulting in an overwhelming inflammatory response. The other 
way around, mechanical ventilation itself may also serve as second hit when ventilating 
critically ill patients. The coexistence of 2 hits enhances the likelihood of development 
of ARDS [1]. To investigate the mechanisms by which mechanical ventilation triggers 
inflammation and the role of the innate immune response herein we studied gene 
expression levels of pattern recognition receptors in bronchial brush samples and 
bronchoalveolar lavage cells obtained from ventilated patients. In addition, we made 
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Figure 1. The release of some damage-associated molecular patterns (DAMPs) and the initiation of an 
innate immune response are schematically illustrated in this figure. Upon tissue injury DAMPs can be 
secreted by activated inflammatory cells, passively released from apoptotic or necrotic cells, or released 
from the injured extracellular matrix. The different DAMPs can trigger pattern recognition receptors like 
the receptor for advanced glycation end products (RAGE), Toll-like receptors (TLRs), and the intracellular 
formation of the NLRP3 inflammasome to initiate a pro-inflammatory response.
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use of murine models of VILI. Animals without lung injury were ventilated for 5 hours 
with lower or higher tidal volumes making it possible to study mechanical ventilation 
as the sole trigger of inflammation and injury. In addition, we ventilated mice with pre-
injured lungs. Several animal studies have demonstrated that mechanical ventilation 
has synergistic interactions with microbial products in inducing or aggravating lung 
injury [25-27]. To analyze the immunomodulating effects of MV in this 2-hit setting we 
ventilated mice with lipopolysaccharide (LPS)-induced lung injury. LPS is a component 
of the cell wall of gram-negative bacteria and a potent inducer of inflammation [28]. Fur-
thermore, we studied DAMPs in a model in which mice with pneumococcal pneumonia 
were ventilated.

OUTLINE OF THIS THESIS

The general aim of this thesis was to obtain more insight into the immunomodulatory 
effects of mechanical ventilation. In chapter 2 we reviewed research from bench to bed-
side studying pattern recognition receptors, DAMPs, their role in VILI, and the potential 
of blocking the DAMP/receptor axis to reduce VILI in the critically ill. In chapter 3 we 
investigated the role of the intracellular danger sensor, the NLRP3 inflammasome. We 
studied its role in inducing the inflammatory response following mechanical ventilation 
of healthy lungs. For this we ventilated wild-type, NLRP3 knock-out, and ASC knock-out 
mice. In addition, we searched for the presence of endogenous ligands in BALF and used 
pharmacological strategies (glibenclamide and IL-1 receptor antagonist) to block NLRP3 
inflammasome signaling pathways. In chapter 4 we sought to determine if RAGE and 
soluble RAGE are important in VILI pathogenesis. For this we used a 1-hit VILI model and 
also a 2-hit model combining LPS-inhalation with mechanical ventilation. In addition, 
we searched for the presence of HMGB1. In chapter 5 we focused on the role of TLR2 in 
ventilator-induced inflammation and injury in healthy mice. In addition to these pattern 
recognition receptors, we studied 2 DAMPs: Uric acid and S100A8/A9 proteins. Levels of 
uric acid were determined in bronchoalveolar lavage fluid of injured human and murine 
lungs (chapter 6). Also, the effects of lowering uric acid were investigated in the murine 
1-hit VILI model using 2 pharmacological strategies (allopurinol and uricase). S100A8/
A9 proteins were studied in both 1-hit and 2-hit VILI (chapter 7). In addition, to study 
their potential to induce or aggravate pulmonary inflammation we administered these 
proteins to spontaneously breathing and ventilated mice. Moreover, the importance 
of TLR4 for S100A8/A9 signaling in the lung was determined. Next, since studies have 
indicated that TLR4 signaling mediates VILI in previously healthy mice we investigated 
in chapter 8 the therapeutic potential of the TLR4 antagonist Eritoran in the 1-hit VILI 
model. Also, in addition to previous animal studies, we determined TLR4 mRNA expres-
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sion in bronchoalveolar lavage cells and lung brush samples of patients ventilated dur-
ing surgery. Research has indicated that neutrophils are important causative agents of 
lung injury. We therefore studied in chapter 9 the effects of r-roscovitine, which induces 
polymorphonuclear cell apoptosis, in ventilator-induced inflammation and injury. In 
chapter 10 we describe a novel murine 2-hit VILI model in which bacterial infection 
is combined with mechanical ventilation. The effects of lung protective ventilation on 
alveolar barrier dysfunction and pulmonary and systemic inflammation were studied. In 
addition, we investigated the gene expression of pattern recognition receptors and the 
presence of uric acid, HMGB1, ATP, and S100A8/A9 proteins. The results from all parts are 
summarized and discussed in chapter 11 and chapter 12 (in Dutch).
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