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SUMMARY

Mechanical ventilation facilitates surgery under general anesthesia and is an essential 
supportive measure in the management of the critically ill. However, mechanical ventila-
tion has the potential to aggravate or even induce lung injury itself [1-3]. This iatrogenic 
condition is termed ventilator-associated lung injury (VALI) (in patients) and ventilator-
induced lung injury (VILI) (in animals). Pulmonary inflammation is a key feature of VILI/
VALI [4]. Nevertheless, the primary mechanisms through which mechanical ventilation 
triggers an inflammatory response are incompletely understood.

The innate immune system of the respiratory tract is indispensable for sensing 
pathogens and tissue injury [5]. Pattern recognition receptors play a key role herein. The 
detection of microbial products or damage-associated molecular patterns (DAMPs) by 
these receptors triggers an inflammatory response crucial to eliminate pathogens and 
cell debris. In general, inflammation is essential for host defense, important for tissue 
repair and usually self-limiting. However the balance between protective and harmful 
innate immune responses is delicate and determines whether lung injury is repaired 
or continues inducing collateral damage. In chapter 2 we reviewed the literature con-
cerning DAMPs and their potential to evoke inflammation via innate immune receptors. 
Research investigating these pathways in VILI was addressed. Studies indicated that 
several DAMPs could be released upon ventilation. Moreover, Toll-like receptor (TLR) 
signaling pathways are important in non-infectious VILI. The involvement of other in-
nate immune pathways is however less clear.

In the research described in chapter 3 we analyzed the role of the NLRP3 inflamma-
some pathway in the inflammatory response induced by ventilation of healthy lungs. 
We observed that mechanical ventilation was associated with enhanced mRNA levels of 
NLRP3 inflammasome components in human and murine lung tissue. Both the NLRP3 
activating ligand uric acid and the end product of NLRP3 inflammasome activation, 
IL-1β, were increased in bronchoalveolar lavage fluid of high tidal volume ventilated 
animals. Moreover, ventilation-induced activation of caspase-1 appeared to be NLRP3 
dependent. With the use of NLRP3 and ASC deficient mice we showed that VILI is, at least 
partially, mediated by NLRP3 inflammasome signaling. Furthermore, we demonstrated 
that the sulfonylurea drug glibenclamide, which can inhibit the NLRP3 inflammasome 
[6], attenuates VILI. Similar effects were observed with the use of IL-1 receptor antagonist.

Since the receptor for advanced glycation end products (RAGE) is highly expressed 
by lung tissue and studies have reported RAGE ligands to be present in ventilated lungs 
we investigated the involvement of RAGE in VILI in chapter 4. Despite a clear increase 
in pulmonary RAGE levels, RAGE was found of modest importance in the inflammatory 
response following mechanical ventilation. RAGE deficiency only affected neutrophil 
influx but not other VILI parameters like alveolar barrier function or the increase of 
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inflammatory cytokines. In a double hit setting combining mechanical ventilation with 
lipopolysaccharide (LPS) inhalation we demonstrated that high tidal volume ventilation 
results in elevated expression of high mobility group box 1, a RAGE ligand, and soluble 
RAGE in bronchoalveolar lavage fluid of wild-type mice. To our surprise, mechanical 
ventilation of RAGE knockout mice with pre-injured lungs resulted in an increase of 
pulmonary cytokines and chemokines. Administration of soluble RAGE in part reversed 
this phenotype displayed by RAGE deficient mice. Apparently, RAGE is not a crucial pro-
inflammatory receptor in the development of VILI. On the contrary, RAGE presence is 
beneficial in ventilated lungs with pre-existing injury.

In chapter 5 we analyzed the involvement of TLR2 in VILI. We demonstrated that gene 
expression of TLR2 in human BALF cells and in murine lung tissue is enhanced after 
5 hours of injurious ventilation. However, in contrast to our hypothesis TLR2 knockout 
mice were not protected against VILI.

In order to investigate the potential of endogenous danger signals in VILI we studied 
uric acid in more detail in chapter 6. We showed that uric acid levels in bronchoalveolar 
lavage fluid of injured human and murine lungs are increased. Furthermore, we used 
allopurinol (inhibits uric acid synthesis) and uricase (degrades uric acid) in our murine 
VILI model. We observed that ventilator-induced inflammation was not diminished in al-
lopurinol or uricase treated mice. Alveolar barrier dysfunction however, was attenuated 
especially in mice treated with allopurinol.

S100A8/A9 proteins are potent modulators of inflammation. It has been shown that 
these DAMPs promote lethal LPS-induced shock [7]. Since studies demonstrated the 
importance of the TLR4 pathway in VILI [8-11] as well as the presence of endogenous 
TLR4 agonists in BALF [9] we studied S100A8/A9 as written in chapter 7. We demon-
strated that pulmonary S100A8/A9 levels are enhanced in patients and mice with 
(ventilator-induced) lung injury. Using S100A9 deficient mice we were able to show that 
endogenous S100A8/A9 proteins mediate mechanical ventilation-induced aggravation 
of LPS-triggered inflammation and injury. Furthermore, in gain of function experiments 
these danger signals induced neutrophil influx in spontaneously breathing mice and 
clearly amplified VILI upon high tidal volume ventilation. These experiments dem-
onstrated that in the absence of bacterial products, endogenous danger signals also 
synergistically interact with mechanical stress to compound lung injury. In additional 
experiments we reported that S100A8/A9 augmented inflammation in ventilated ani-
mals was diminished in TLR4 mutant mice suggesting that S100A8/A9 proteins primarily 
signal via TLR4 upon VILI.

Several animal studies demonstrated upregulation of pulmonary TLR4 expression 
by mechanical ventilation [9;10]. In line, we demonstrated that pulmonary TLR4 ex-
pression is increased in ventilated patients without pre-existing lung injury (chapter 
8). Next, we investigated the effects of intravenous Eritoran, a synthetic inhibitor of 
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TLR4, on VILI in our murine 1-hit model. We found that Eritoran attenuated mechanical 
ventilation-induced neutrophil influx. Lung edema, total protein levels and pulmonary 
and systemic concentrations of inflammatory cytokines and chemokines were however 
not influenced by Eritoran treatment. Infiltration of neutrophils is an important feature 
of VILI. Since r-roscovitine can induce apoptosis of polymorphonuclear cells we next 
investigated its potential to protect previously healthy lungs from VILI (chapter 9). R-
roscovitine treated mice showed a reduced number of infiltrating neutrophils and lower 
levels of lung damage marker RAGE and total IgM in lung lavage fluid. Cytokine and 
chemokine levels were however not affected. Accumulating evidence from VILI models 
using non-infectious animals indicates that mechanical ventilation has immunomodula-
tory effects. A next step would be to study the effects of ventilation on the innate im-
mune response following bacterial infection. In chapter 10 we describe a 2-hit model 
combining mechanical ventilation with pneumonia. Despite the use of “lung protective” 
ventilation we observed an increased pulmonary and systemic inflammatory response 
in ventilated animals compared to non-ventilated controls. In addition, aggravated 
inflammation was associated with gene up-regulation of pattern recognition receptors 
and increased presence of DAMPs.

GENERAL DISCUSSION

The fact that research indicated that even mechanical ventilation with lung protective 
ventilator settings may provoke the development of inflammation suggests that all 
ventilated patients are at risk. In clinical practice it is often difficult to distinguish VALI 
from the underlying lung disorder for which ventilation was initially started. However, 
we do know when VALI might develop; the moment we start mechanical ventilation. 
This knowledge offers the possibility to initiate (preventive) treatment. One option is 
to target an early mediator of inflammation. In the research described in this thesis we 
sought to determine the contribution of different pattern recognition receptors and 
their endogenous ligands to the inflammatory response following mechanical ventila-
tion.

The results described in chapter 3 indicate that the intracellular pattern recognition 
receptor, the NLRP3 inflammasome, is important for the initiation of inflammation 
following mechanical ventilation. The contribution of the inflammasome pathway to 
VILI was later also reported by others [12]. In addition, previous research has indicated 
that TLR4 signaling mediates VILI [8-11]. We confirmed this in chapter 7 were we used 
wild-type and TLR4 mutant mice in our 1-hit VILI model. Furthermore, chapter 4 and 
5 of this thesis indicate that blocking of TLR2 or RAGE are less promising therapeutic 
strategies since deficiency of these receptors did not protect mice from VILI. Moreover, 
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the administration of soluble RAGE was beneficial as it attenuated the production of 
inflammatory mediators in 2-hit VILI in RAGE KO mice.

Besides these sensors of injury we studied the initiators of innate immunity. Previous 
research indicated that endogenous TLR4 agonists are present in lung lavage fluid of 
ventilated healthy mice of which we studied S100A8/A9 and HMGB1 [9]. The lack of 
solely S100A8/A9 did not affect ventilator-induced inflammation and injury in healthy 
mice (chapter 7). In addition, no HMGB1 was detected in 1-hit VILI (chapter 4). It is 
very well possible that other DAMPs like hyaluronan, biglycan and heat shock proteins 
or other, yet to be discovered, DAMPs are more potent in inducing the TLR4 mediated 
innate immune response in 1-hit VILI. Another explanation would be that indeed several 
DAMPs are released and that just targeting one has not enough potential to modulate 
inflammation. In the more overwhelming inflammatory response of our 2-hit VILI model 
a clear role for S100A8/A9 was observed. If blockage of these proteins would lead to a 
survival advantage is an interesting question for future research. However, a potential 
drawback of this approach could be that it hampers the anti-microbial effects of these 
proteins.

In this thesis we made use of different experimental VILI models. In chapter 3, 4, 
6, 7, and 9 we used a previously developed 1-hit VILI model [13]. During the set up 
of this model tidal volumes were measured hourly with a body-plethysmograph. This 
led to 2 pressure controlled ventilation strategies resulting in tidal volumes of about 
7.5ml/kg or about 15ml/kg with respectively the low or high tidal volume mechanical 
ventilation strategy. In chapters 5, 8, and 10 we were able to measure tidal volumes on 
each inspiration-expiration cycle with a pneumotachometer. This technique improved 
our model as it facilitated accurate maintenance of tidal volume by continuously 
adjusting peak pressures. We also used a 2-hit model; in the studies of chapter 4 and 
7 we ventilated mice with pre-injured lungs induced by LPS inhalation. We chose this 
model as it was shown that even in the absence of evident bacterial infection, microbial 
products like LPS are present in lungs of many ARDS patients [14]. Moreover, bacterial 
products have synergistic effects with mechanical stress in triggering/enhancing lung 
injury [15-17]. LPS inhalation however does not reflect the severe effects of a bacterial 
infection. In chapter 10 we described an experimental model in which we ventilated 
mice infected with Streptococcus pneumoniae, the most common causative agent of 
community-acquired pneumonia [18]. In this 2-hit setting lungs were first affected for 
40 hours by inflammation induced by the primary illness (e.g. pneumonia) and then by 
supportive treatment, mechanical ventilation. This new mouse model may increase the 
understanding of molecular mechanisms underlying synergistic interactions when me-
chanical stress and infection are simultaneously present. Although this is a more realistic 
model one must consider it is still simplistic; mice are young and without underlying 
co-morbidity, the ventilation period is relatively short as it is technically very challeng-
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ing to ventilate mice, and compared to clinical practice they receive little supportive 
care. The same applies for all used murine VILI models. The high level of evolutionary 
homology between mice and men makes the mouse an interesting research model to 
study the innate immune response. This however, does not enable direct extrapolation 
of data obtained from murine studies to the human situation. In addition, we have used 
mice with a single gene deficiency. Although this is an elegant method to investigate 
the role of a specific protein in VILI, the possibility exists that these genetically modified 
animals might have developed compensatory changes in their immune system. Despite 
these clear limitations, insights obtained from rodent VILI studies have been valuable in 
the past in improving patient care.

Furthermore, in chapter 3, 4, 5, and 8 we demonstrated gene upregulation of pat-
tern recognition receptors in lung brush samples and bronchoalveolar lavage cells of 
patients obtained at start and after 5 hours of mechanical ventilation. Although these 
results indicate that also in the human setting mechanical ventilation is associated with 
immunomodulating effects, these patients were ventilated during a surgical procedure. 
It is therefore difficult to distinguish the inflammatory effects of solely mechanical ven-
tilation from inflammation induced by surgery.

Uncontrolled perpetuation of inflammation produces a broad array of pro-inflamma-
tory mediators and host tissue may end up severely injured by a form of “friendly fire”. 
Targeting of innate immune pathways in sterile inflammation induced by mechanical 
ventilation seems desirable whereas modulation of the innate immune response during 
infection requires careful consideration; complete elimination of innate immune signal-
ing may be counterproductive. An attractive approach is to block initiators (and perpetu-
ators) of inflammation: DAMPs. This thesis indeed shows that inhibition of S100A8/A9 
proteins or uric acid can reduce VILI. However, many DAMPs are released during tissue 
injury (the list is still growing) and currently we don’t know which DAMP is the master 
contributor that should be targeted. In addition, DAMPs may also have beneficial effects 
in for example tissue repair and remodeling; microenvironment and concentrations 
seem to determine whether their presence is valuable or harmful [19]. Furthermore, the 
release of multiple DAMPs can trigger several pattern recognition receptors simultane-
ously. Studies described in this thesis indicate that the NLRP3 inflammasome and TLR4 
both mediate VILI. Whether their signaling is complementary or has synergistic effects is 
an interesting question for future research.

A better understanding of DAMPs and the innate immune response may lead to fu-
ture therapies that create an ideal inflammatory environment in which injurious innate 
immune responses are dampened and protective pathways are stimulated in order to 
resolve and repair alveolar injury.
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