
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Endogenous danger signals in ventilator-induced lung injury

Kuipers, M.T.

Publication date
2013
Document Version
Final published version

Link to publication

Citation for published version (APA):
Kuipers, M. T. (2013). Endogenous danger signals in ventilator-induced lung injury. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/endogenous-danger-signals-in-ventilatorinduced-lung-injury(6f39108e-c228-40c6-ab4b-d95a70e8766f).html


ENDOGENOUS DANGER SIGNALS 
 IN VENTILATOR-INDUCED 

 LUNG INJURY

Endogenous danger signals in ventilator-induced lung injury  
Ilse Kuipers

Ilse Kuipers



ENDOGENOUS DANGER SIGNALS 
 IN VENTILATOR-INDUCED 

 LUNG INJURY



Endogenous danger signals in ventilator-induced lung injury
Academic Thesis, University of Amsterdam, The Netherlands

Copyright © 2013 by M.T. Kuipers, Amsterdam, The Netherlands
All rights reserved. No part of this thesis may be reproduced, stored or transmitted in 
any form or by any means, without prior permission of the author.

Cover: Optima Grafische Communicatie
Lay-out: Optima Grafische Communicatie
Printed by: Optima Grafische Communicatie
ISBN: 978-94-6169-460-7

Printing of this thesis was financially supported by: University of Amsterdam, Academic 
Medical Center, Stichting Gilles Hondius Foundation en Chipsoft



ENDOGENOUS DANGER SIGNALS 
 IN VENTILATOR-INDUCED 

 LUNG INJURY

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor

aan de Universiteit van Amsterdam

op gezag van de Rector Magnificus

prof. dr. D.C. van den Boom

ten overstaan van een door het college voor promoties ingestelde

commissie, in het openbaar te verdedigen in de Agnietenkapel

op dinsdag 10 december 2013, te 16:00 uur

door Maria Theresa Kuipers

geboren te Wierden



PROMOTIECOMMISSIE

Promotoren: Prof. dr. M.J. Schultz
  Prof. dr. T. van der Poll

Copromotor: Dr. C.W. Wieland

Overige leden: Prof. dr. M.A. Boermeester
  Prof. dr. S. Florquin
  Dr. D.A.M.P.J. Gommers
  Prof. dr. M.W. Hollmann
  Prof. dr. J. Kesecioglu
  Prof. dr. M.G. Netea
  Prof. dr. M.B. Vroom

Faculteit der Geneeskunde



CONTENTS

Chapter 1 General introduction and outline of this thesis 7

Chapter 2 Bench-to-bedside review: Damage-associated molecular patterns 
in the onset of ventilator-induced lung injury

17

Chapter 3 Ventilator-induced lung injury is mediated by the NLRP3 inflam-
masome

37

Chapter 4 The Receptor for Advanced Glycation End products in ventilator-
induced lung injury

59

Chapter 5 TLR2 deficiency aggravates lung injury caused by mechanical 
ventilation

81

Chapter 6 Pre-treatment with allopurinol or uricase attenuates barrier dys-
function but not inflammation during murine ventilator-induced 
lung injury

89

Chapter 7 High levels of S100A8/A9 proteins aggravate ventilator-induced 
lung injury via TLR4 signaling

115

Chapter 8 Inhibition of Toll-like receptor 4 with Eritoran attenuates neutrophil 
influx in ventilator-induced lung injury

143

Chapter 9 Cyclin-dependent kinase inhibition reduces lung damage in a 
mouse model of ventilator-induced lung injury

157

Chapter 10 Mechanical ventilation affects innate immunity in a model of 
community-acquired pneumonia

173

Chapter 11 Summary and general discussion 189

Chapter 12 Nederlandse samenvatting 199

Authors and affiliations 211

Acknowledgments 215

PhD Porfolio 219





Chapter 1

General introduction and outline of the thesis





Chapter 1 9

CH
A

PT
ER

 1

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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ABSTRACT

Mechanical ventilation (MV) has the potential to worsen preexisting or even initiate 
lung injury. Moreover, it is thought that injurious MV contributes to the overwhelming 
inflammatory response seen in patients with acute lung injury (ALI) or acute respira-
tory distress syndrome (ARDS). Ventilator-induced lung injury (VILI) is characterized by 
increased endothelial and epithelial permeability and pulmonary inflammation in which 
the innate immune system plays a key role.

A growing body of evidence indicates that endogenous danger molecules, also 
termed damage-associated molecular patterns (DAMPs), are released upon tissue injury 
and modulate the inflammatory response. DAMPs activate pattern recognition recep-
tors (PRRs), may induce the release of pro-inflammatory cytokines and chemokines, and 
have been shown to initiate or propagate inflammation in non-infectious conditions. 
Experimental and clinical studies demonstrate the presence of DAMPs in bronchoalveo-
lar lavage fluid in patients with VILI and the upregulation of PRRs in lung tissue by MV.

The objective of this article is to review research in the area of DAMPs, their recogni-
tion by the innate immune system, their role in VILI, and the potential utility of blocking 
DAMP-signaling pathways to reduce VILI in the critically ill.



Chapter 2 19

CH
A

PT
ER

 2

INTRODUCTION

The oldest citations referring to artificial ventilation were found in Egyptian mythology: 
Isis resurrected Osiris with the breath of life [1]. The first documentation of positive 
pressure ventilation in humans dates from the 18th century. Not much later, in the 19th 
century, the first questions concerning the safety of positive pressure ventilation were 
raised [1]. Nowadays the use of mechanical ventilation (MV) is well established in inten-
sive care medicine and an essential tool in the management of patients with acute lung 
injury (ALI) or its more severe form, the acute respiratory distress syndrome (ARDS).

Both ALI and ARDS are devastating pulmonary conditions, and despite advances in 
supportive care a high mortality rate persists [2]. The exact pathogenesis of the uncon-
trolled inflammatory response seen in ARDS is not elucidated. A two hit event has been 
postulated [3]: The first event being the underlying illness of the patient (e.g. trauma, 
sepsis) and the second hit injurious MV. However, injurious MV can both initiate and 
worsen preexisting lung damage, termed ventilator-induced lung injury (VILI) in animals 
and ventilator-associated lung injury (VALI) in humans [3-5]. The landmark study by the 
ARDS Network confirmed the clinical relevance of VALI by showing that the use of lower 
tidal volumes (VT) significantly reduced morbidity and mortality in ALI/ARDS patients 
[4]. However, lung protective ventilator settings may limit but do not prevent pulmonary 
inflammation and additional therapeutic strategies remain to be established.

The innate immune system plays a pivotal role in the initiation and progression of 
lung inflammation. It offers the first line of defense against invading pathogens but it 
also recognizes the more recently discovered endogenous danger signals. These danger 
signals include intracellular molecules released after cell death or following immune 
cell activation and matrix degradation products, and are termed alarmins or damage-
associated molecular patterns (DAMPs) [6;7]. DAMPs modulate inflammatory responses 
in infectious and in non-infectious conditions to mediate tissue repair. However, DAMP 
signaling has also been linked to excessive inflammation associated with several inflam-
matory and autoimmune diseases. DAMPs activate pattern recognition receptors (PRRs) 
and trigger various signaling cascades involving the activation of the transcription 
factor nuclear factor kappa B (NF-κB) and subsequently the transcription of several pro-
inflammatory genes [6]. The activation of NF-κB has previously been established in VILI 
[8]. In the last decade numerous DAMPs have been identified and linked to inflammatory 
diseases [6]. Since DAMP-mediated inflammation involves activation of NF-κB, it can be 
postulated that DAMPs play also an essential role in VILI.

In this review we focus on innate immune signaling in the lung triggered by DAMPs. 
We discuss both experimental and clinical studies highlighting the role of DAMPs and 
PRRs in lung injury and VILI. We also speculate on the potential clinical utility of blocking 
DAMP-signaling pathways in VILI.
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VILI AND THE ‘DANGER MODEL’

Distinct injury mechanisms contribute to VILI development. Computerized tomography 
visualized that lung inflation in ALI is heterogeneous [9]. Injured regions are fluid filled or 
collapsed, while healthy regions remain well aerated and are at risk for overdistension. 
Repetitive opening and closure of collapsed lung parts induces shear forces acting on 
pulmonary cells causing atelectrauma [10]. However, in the absence of gross structural 
lung damage, pulmonary stretch can still alter cellular metabolism, change gene expres-
sion, and induce the release of inflammatory cytokines and chemokines. MV-induced 
molecular and cell-mediated events are termed biotrauma [11].

In the presence of preexisting pulmonary abnormalities the susceptibility of lungs to 
MV is increased. Hernandez et al. published one of the first papers that demonstrated 
this synergistic interaction. Oleic acid administration or MV individually, had minimal 
effects on lung capillary filtration coefficients in isolated perfused rabbit lungs [12]. 
However, the combination of oleic acid injury with MV significantly increased microvas-
cular permeability. Other investigators observed synergistic interactions between MV 
and intravenously or intrapulmonary microbial cell wall products such as lipopolysac-
charide (LPS) [13;14]. Similarly, the combination of pulmonary infection and MV was 
more deleterious to the lung (increased influx of neutrophils, augmented production of 
pro-inflammatory cytokines, and increased barrier dysfunction) than either one alone 
[15].

Indeed, lungs with preexisting abnormalities possess a smaller number of healthy 
alveoli and are more at risk for injury due to regional increased mechanical forces. In 
addition, increased levels of pro-inflammatory mediators and DAMPs are present during 
inflammation and may prime the inflammatory response. Cellular injury and plasma 
membrane wounding due to injurious MV may further increase DAMP tissue levels, 
which in turn aggravates the pro-inflammatory cascade. Moreover, it is thought that the 
presence of pathogens and DAMPs might amplify each other both at the receptor level 
and in the activation of transcriptional factors [6].

For over 50 years it was believed that our immune system merely distinguishes be-
tween ‘self’ and ‘non-self’. Recently, the danger model was introduced, a viewpoint which 
outlines the immune response to tissue injury [7]. This theory describes the immune 
activation by endogenous danger signals and states that immunity is more concerned 
with injury than with foreignness. The introduction of the danger model stimulated the 
search for DAMPs and their signaling pathways. Before we discuss DAMP signaling in VILI 
we provide a brief overview of PRRs and DAMPs.
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PATTERN RECOGNITION RECEPTORS AND DAMP SIGNALING

There is a wide range of innate immune sensors known as PRRs. These are critical in 
host response by recognizing pathogen-associated molecular patterns (PAMPs) but are 
also activated by DAMPs. Toll-like receptors (TLRs) represent the best-known class. Other 
DAMP receptors are nucleotide-binding oligomerization domain (NOD)-like receptors 
(NLRs) and the receptor for advanced glycation end products (RAGE).

Toll-like receptors

TLRs are expressed by a range of immune cells including dendritic cells, macrophages 
and B cells but also by non-immune cells including epithelial cells [16]. All TLRs, except 
for TLR3, recruit myeloid-differentiation primary response protein 88 (MyD88) as an 
adaptor protein, crucial for the activation of NF-κB, which controls the expression of pro-
inflammatory mediators [16]. In TLR4 and TLR3 signaling a second downstream pathway 
is involved. This pathway is mediated by Toll/interleukin-1 receptor domain-containing 
adaptor-inducing interferon-β (TRIF) protein and results in delayed NF-κB activation and 
activation of type I interferons (IFNs) [16].

Toll-like receptor activating DAMPs

Hyaluronan (HA) is part of the extracellular matrix and its high-molecular-weight (HMW) 
form is an important molecule in tissue architecture. Low-molecular-weight (LMW) HA is 
synthesized under inflammatory conditions by HA synthase (HAS) 3 or is formed by the 
breakdown of HMW HA. LMW HA accumulates at sites of inflammation and stimulates 
macrophages to produce chemokines via TLR2 and TLR4 activation [17]. Biglycan is a 
small leucin-rich proteoglycan, which is another constituent of the extracellular matrix. 
During tissue injury or by excretion from activated macrophages, biglycan becomes 
available in its soluble form and increases tumor necrosis factor-alpha (TNF-α) and mac-
rophage inflammatory protein-2 (MIP-2) levels via TLR2 and TLR4 [18]. Other extracel-
lular matrix components such as versican, heparan sulfate, fibronectin, and tenascin-C 
can also activate TLR2 and/or TLR4 [19].

The heat shock proteins (HSPs) are molecular chaperones, which are abundantly present 
in the cytosol. Increased expression of HSPs is induced in response to a wide variety of 
insults including heat stress. Intracellular HSPs have anti-apoptotic properties; extracellular 
HSPs interact with the immune system via TLR2 and TLR4 [20]. Caution is warranted when 
interpreting HSP data: LPS contamination of the HSP preparations used in studies is a well-
known problem. High mobility group box 1 (HMGB1) is a nuclear chromatin-associated 
protein and an important mediator in sterile inflammation when released in the extracellu-
lar space [21]. HMGB1 is passively released from necrotic cells, but several immune cells can 
also actively secrete it 8-12 hours after TLR ligation [21]. TLR4-HMGB1 interactions activate 
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the MyD88 pathway and are important for macrophage activation and cytokine release. 
Although there is debate whether highly purified HMGB1 can directly activate cells, it is 
now accepted that other molecules bound by HMGB1, at least in part, are responsible for 
the detrimental effects of extracellular HMGB1. The S100 family of proteins, or calgranulins, 
consists of more than 20 intracellular calcium-binding proteins implicated in cell homeo-
stasis and regulation of the cytoskeleton [22]. S100A8 and S100A9 form heterodimers, their 
physiologically relevant form, and are secreted by activated phagocytes during inflamma-
tion. Extracellular S100A8/A9 activates endothelial cells; murine S100A8 has been shown to 
induce chemotaxis in vitro [22]. S100A8/A9 proteins are ligands for TLR4 [23]. β-defensins 
are host derived antimicrobial peptides and signal via TLR4 and TLR1/2 [24;25].

In cellular injury nucleic acids are released. Mammalian mRNA can activate TLR3, 
leading to IFN-α secretion [26]. Single stranded RNA is sensed by TLR7 and TLR8 [27]. Mi-
tochondria might carry bacterial molecular patterns being evolutionary endosymbionts 
derived from bacteria. Mitochondrial DNA can activate TLR9 and stimulate neutrophil 
migration and degranulation [28].
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Figure 1. DAMPs and Toll-like receptors
Toll-like receptor (TLR) signaling is illustrated as discussed in the text. TLR2 (in association with TLR1 or TLR6) 
and TLR4 are located at the cell surface. TLR3, TLR7/8 and TLR9 are found in the endosome. All TLRs except TLR3 
recruit myeloid-differentiation primary response protein 88 (MyD88) as an adaptor protein, TLR3 and TLR4 recruit 
Toll/interleukin-1 receptor domain-containing adaptor-inducing interferon-β (TRIF) protein. TLR signaling path-
ways lead to nuclear factor kappa B (NF-κB) activation and/or type I interferon (IFN) expression. Endogenous TLR 
activators are listed based on the receptors they can activate.
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Fatty acids and lipoproteins such as serum amyloid A, oxidized low density lipoprotein 
and saturated fatty acids, can activate TLR2 and TLR4 [19]. A more detailed list of all 
endogenous TLR activators is previously published [19], a schematic overview of DAMPs 
and TLR signaling pathways can be found in figure 1.

Nod-like receptors

Recently, intracellular sensors of infection and tissue injury have been identified and 
termed NLRs [29]. The NLR family consists of more then 20 members, in this review we 
focus on the function of NLRP3 (or NALP3 or cryoporin) in DAMP signaling.

NLRP3, expressed by immune cells, epithelial cells, and osteoblasts, assembles with 
adaptor protein ASC (apoptosis-associated speck-like protein), and caspase-1 to form a 
multiprotein complex termed the NLRP3 inflammasome [29]. NLRP3 inflammasome-
dependent caspase-1 activation leads to maturation and release of interleukin (IL)-1β 
and IL-18. A two-step process is required for NLRP3 inflammasome signaling: a priming 
step (signal 1) and a NLRP3 activation step (signal 2). Signal 1 induces NF-κB-dependent 
production of pro-IL-1β and pro-IL-18 via, for example, activation of TLRs. Signal 2 can be 
provided by the presence of PAMPs, inhaled large particles, and DAMPs. How these various 
stimuli are recognized by NLRP3 and trigger its activation is still not completely elucidated. 
Potassium efflux, production of reactive oxygen species (ROS), and lysosomal damage 
with cathepsin B release are intracellular features associated with NLRP3 activation [30].

NLRP3 inflammasome activating DAMPs

Intracellular adenosine 5’-triphosphate (ATP) is a nucleotide with a primary function 
in energy metabolism. Extracellular ATP has a function in cell communication and its 
release from healthy cells is tightly regulated [31]. Cell damage and/or cellular stress 
leads to an uncontrolled release of ATP. ATP-induced NLRP3 inflammasome activation 
requires activation of the P2X7 receptor in combination with the pannexin-1 channel 
and decreases intracellular potassium levels [29;32]. Another NLRP3 activating DAMP is 
uric acid. It is the main metabolite of the cellular catabolism of purines and at high local 
concentrations it precipitates and forms crystals [33]. Phagocytosis of uric acid crystals 
can induce lysosomal damage and the release of cathepsin B [33]. Uric acid crystals may 
also trigger potassium efflux and/or induce ROS production. Extracellular matrix com-
ponents HA and biglycan have also been shown to induce NLRP3 activation [34;35]. The 
association of HA with CD44 and the mechanism of HA catabolism, such as endocytosis 
and lysosmal hyaluronidase activity, are needed to trigger intracellular NLRP3 [34]. How 
these small intracellular saccharides activate NLRP3 is still unclear. Biglycan can interact 
with multiple receptors, including the P2X7 receptor, in order to form multi-receptor 
complexes [35]. Furthermore, biglycan induces the formation of ROS. A schematic over-
view of NLRP3 inflammasome signaling can be found in figure 2.
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RAGE

RAGE is a multiligand receptor highly expressed in lungs primarily by type I alveolar cells.  
[36;37] The RAGE receptor contains one V-domain and two extracellular C-domains. It 
has a transmembrane part and a cytoplasmic tail, which is important for intracellular 
signaling. Although the exact downstream signaling after RAGE-ligand interaction 
is largely unknown, it ultimately leads to the activation of the NF-κB and mitogen-
activated protein kinase signaling pathways [36]. Soluble RAGE (sRAGE), a RAGE isoform 
lacking the transmembrane domain, can be used as a marker of alveolar epithelial type 
I cell injury [37]. Furthermore, it is thought that sRAGE can act as a decoy receptor by 
competing with full length RAGE for ligand binding [36;37].
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Figure 2. DAMPs and the NLRP3 inflammasome
The NLRP3 inflammasome is a multiprotein complex with an important role in the production of mature inter-
leukin (IL)-1β and IL-18. Activation of nuclear factor kappa B (NF-κB), via for example Toll-like receptor signal-
ing, is necessary for the production of pro-IL-1β and pro-IL-18 (signal 1). Pathogen-derived factors as well as 
damage-associated molecular patterns (DAMPs), including uric acid, ATP, biglycan, and hyaluronan (HA), can ac-
tivate NLRP3 (signal 2). How these various stimuli activate NLRP3 is not completely elucidated. Three intracellular 
features are associated with NLRP3 activation: (a) potassium efflux, (b) increased reactive oxygen species (ROS) 
levels, and (c) lysosomal damage and the release of cathepsin B. Catabolism of HA leads to the release of small 
oligosaccharide fragments. How these fragments exactly activate NLRP3 is unclear. Activated NLRP3 assembles 
with adaptor protein apoptosis-associated speck-like protein (ASC) and pro-caspase-1 to form active caspase-1, 
which cleaves pro-IL-1β and pro-IL-18 into their mature form.
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RAGE activating DAMPs

RAGE interacts with various ligands. S100A12, also a member of the S100 family of 
proteins, is mainly found in granulocytes, and contributes to endothelial and leukocyte 
activation via binding with RAGE [22]. HMGB1-RAGE interactions stimulate chemotaxis, 
immune cell differentiation and migration, cell growth, and the upregulation of recep-
tors such as TLR4 and RAGE [21]. Other known RAGE ligands are amyloid, β-sheet fibrils, 
S100B, and S100P [36].

DAMPS IN VILI

Whether MV results in the release of DAMPs, and if so, which ventilator settings are 
responsible, were key questions tackled by investigators in the last decade. In addition, 
laboratory studies investigated whether DAMPs indeed enhance VILI and explored 
DAMP scavenging strategies.

Hyaluronan

Previously it was shown that HA levels in bronchoalveolar lavage fluid (BALF) were six 
times higher in ARDS patients compared to control patients [38]. The role of HA in VILI 
was first studied in vitro [39]. Cyclic stretch of human fibroblasts triggered the release 
of soluble LMW HA. Furthermore, stretch-induced LMW HA was able to increase the 
production of IL-8 in both static and stretched epithelial cells [39]. Other investigators 
observed LMW HA to induce epithelial to mesenchymal transition (EMT) in alveolar type 
II cells via the MyD88 pathway [40]. When injured, alveolar type II cells are capable of 
self-renewal but can also undergo EMT, which may contribute to the development of 
lung fibrosis and subsequently respiratory failure.

Mice ventilated for 5 hours with high VT (30 ml/kg) were found to have increased LMW 
HA and HAS3 mRNA levels in lung tissue [41]. Ventilated HAS3 knockout (KO) mice had 
significantly reduced LMW HA levels, neutrophil infiltration, and MIP-2 (rodent equiva-
lent for human IL-8) production compared to ventilated wild type (WT) mice [41]. In 
search for a treatment strategy that would reduce LMW HA levels produced by HAS3, 
phosphodieesterase 3 inhibitors were studied [42]. Treatment of septic ventilated rats 
resulted in decreased HAS3 expression levels in lung tissue. Moreover, alveolar protein 
levels, neutrophil influx, and lung injury scores were reduced. Whether these anti-
inflammatory properties are indeed all mediated by inhibition of HAS3 and a reduction 
of LWM HA levels, remains to be elucidated.

Conversely, HMW HA exerts anti-inflammatory and anti-apoptotic effects [17;43]. 
Transgenic mice that overexpress HMW HA are protected from bleomycin-induced lung 
injury [17]. Furthermore, HMW HA pretreatment inhibited inflammatory cell infiltration, 
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cytokine production and the extent of lung injury in a rat model of sepsis combined 
with mechanical ventilation [43]. It is thought that the beneficial effects of HMW HA 
are secondary to an altering in the balance of HA in favor of the HMW form and thereby 
maintaining the integrity of the extracellular matrix.

Other extracellular matrix components

Injurious MV (2 h, VT 30 ml/kg) resulted in elevated lung levels of versican, heparan 
sulfate proteoglycan and biglycan compared to non-injurious ventilated rats (2 h, VT 8 
ml/kg) [44]. The dynamic alterations of extracellular matrix components during VILI can 
influence viscoelastic properties of the lung but may also contribute to the progression 
of pulmonary inflammation. Further studies are warranted.

Heat shock proteins

Induction of HSPs mediates cellular protection against harmful stimuli. Kira et al. docu-
mented the upregulation of pulmonary HSP70 expression due to injurious MV (30 min, 
positive inspiratory pressure (PIP) with 30 cm H2O) in rats (45). Induction of HSP70 sup-
pressed cytokine-induced IL-8 and TNF-α expression in respiratory epithelial cells [46]. It 
was shown that HSP induction stabilized inhibitory kappa B factor, indicating attenuated 
NF-κB activation [46]. In line, Ribeiro et al. observed lower levels of pro-inflammatory 
cytokines and a better lung compliance in ex vivo rat lungs pretreated with heat stress 18 
hours before start of injurious MV (2 h, VT 40 ml/kg) [47]. However, timing is essential for 
the cytoprotective effects of the heat shock response. Induction of HSPs in cells already 
primed by inflammation might lead to cell death by apoptosis [48].

More recently, the role of extracellular HSPs has become an area of interest. Presence 
of extracellular HSP72 was reported in BALF and plasma of ALI patients [49]. In vitro, 
extracellular HSP72 induced a dose dependent increase in IL-8 expression and activa-
tion of NF-κB in bronchial epithelial cells [50]. Moreover, intratracheal installation of 
HSP72 in mice induced upregulation of keratinocyte-derived chemokine (KC) and TNF-α 
levels and increased neutrophil influx in BALF [50]. TLR4 mutant mice did not develop 
a similar inflammatory response to intratracheal HSP72, stressing the important role 
of TLR4 in HSP-mediated inflammation. Further research is needed to understand the 
divergent response to HSPs. Strategies that activate HSP genes may be beneficial in the 
pathogenesis of VILI; antibodies that block extracellular HSP could reduce pulmonary 
inflammation.

High mobility group box 1

A rise in HMGB1 levels in response to MV has been observed [51;52]. HMGB1 concentra-
tions in BALF of patients subjected to long-term ventilator therapy (VT < 8 ml/kg and 
optimal positive end-expiratory pressure) were increased when compared to a control 



Chapter 2 27

CH
A

PT
ER

 2

group of healthy volunteers [51]. In an in vivo VILI model, levels of HMGB1 in BALF were 
5-fold higher in the high VT group (4 h, VT 30 ml/kg) when compared to the lower VT 
group (VT 8 ml/kg) (52). Blocking HMGB1 led to a significant reduction in neutrophil 
influx and TNF-α concentration in BALF, improved oxygenation, and limited microvas-
cular permeability [52]. These results indicate that the presence of enhanced HMGB1 
levels exerts detrimental effects in the lung. In line with this hypothesis, Abraham et al. 
observed pulmonary neutrophil accumulation, lung edema, and increased production 
of IL-1β, TNF-α, and MIP-2 due to intratracheal administration of HMGB1 in mice [53]. Nu-
merous experimental disease models (including sepsis, ischemia-reperfusion injury and 
arthritis) responded to therapy targeting HMGB1 [21]. This might indicate that removal 
or neutralizing HMGB1 attenuates innate immune system activation and reduces tissue 
damage [21]. HMGB1 is a promising target for future therapy. However, careful patient 
selection will be necessary since antibodies may also interfere with beneficial qualities 
of HMGB1 such as potential antitumor activities [21].

S100 proteins

S100A9 mRNA is upregulated in rat lungs undergoing injurious MV (30 min, VT 25 ml/
kg) [54]. In mice, 4 hours of MV with a conventional VT of 10-12 ml/kg enhanced the 
pulmonary transcription of S100A9 mRNA as well [14]. Both studies used whole lung 
tissue as the source of mRNA, making the interpretation of which cells are responsible 
for the changes in gene expressions difficult. The expression of S100A12 in lung tissue 
and the concentration of S100A12 in BALF were both significantly higher in patients 
with ARDS when compared to healthy controls [56]. In addition, S100A8/A9 protein 
levels were elevated in BALF of ARDS patients relative to healthy controls [57]. Although 
studies revealed the presence of S100 proteins in the inflamed lung, the role of these 
proteins has not been studied extensively. Their shown potential to activate leukocytes 
and endothelial cells warrants further research.

ATP

Animal studies demonstrated increased ATP concentrations in BALF due to injurious MV 
(30 min, PIP 40 cm H20 and 1h VT 40ml/kg) [57;58]. To determine whether extracellular 
ATP contributed to VILI development, ATP was administered before onset of low pressure 
ventilation (30 min, PIP 15 cm H2O). Intratracheal ATP significantly increased the volume 
of epithelial lining fluid during low pressure MV [57]. In line, other investigators studied 
the effects of intratracheal ATP in non-ventilated mice [58]. ATP increased pulmonary 
wet to dry ratio, lung permeability index, mRNA expression of IL-6, TNF-α, and MIP-2, 
and induced aggregation of inflammatory cells in alveolar tissue. ATP signals via P2 
purinergic receptors and blockage with a specific P2 receptor antagonist, just before the 
onset of MV, partially mitigated the inflammatory response during high tidal ventilation 
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[58]. Recently, elevated pulmonary ATP concentrations were observed in patients with 
lung fibrosis and mice with bleomycin-induced lung injury [59]. In mice, ATP levels were 
reduced using an ATP-degrading enzyme and this resulted in attenuated inflammatory 
cell recruitment, lung IL-1β levels and matrix remodeling protein TIMP-1 concentrations. 
ATP-induced inflammation was mediated by the ATP/P2X7 axis. Whether this axis also 
contributes to VILI development remains an interesting topic for future studies.

Uric acid

Injurious MV (5 h, VT 15 ml/kg) increased uric acid levels in BALF of mice [60]. When 
mice were pretreated with allopurinol (uric acid synthesis inhibitor) or uricase (degrades 
uric acid), alveolar barrier dysfunction was attenuated [60]. Gasse et al. demonstrated 
pulmonary uric acid accumulation in a bleomycin-induced lung injury model [61]. Local 
administration of uric acid crystals induced dose dependent cell recruitment in BALF, 
IL-1β production and TIMP-1 expression, establishing uric acid as a major endogenous 
danger signal. Uric acid-induced lung inflammation was mediated by the NLRP3 inflam-
masome, MyD88, and the IL-1 receptor 1 pathway and the combined action of TLR2 and 
TLR4 [61].

PATTERN RECOGNITION RECEPTORS IN VILI

Toll-like receptors in VILI

After 4 hours of low tidal volume MV (VT 8 ml/kg) TLR4 KO mice displayed lower pulmo-
nary cytokine and chemokine levels compared to ventilated WT animals [62]. Moreover, 
MV caused release of endogenous TLR4 ligands in BALF [62]. In line, lower pulmonary 
IL-1β and KC levels and NF-κB activity were observed in similarly ventilated TRIF KO mice 
[63]. Therefore, the TLR4-TRIF pathway was suggested as a dominant signaling cascade 
involved in MV-induced inflammation [62]. However, a role for TLR3 signaling cannot be 
excluded. Chun et al. studied TLR involvement in VILI using a model in which MV (6 h, VT 
10 ml/kg) was combined with TLR3-mediated lung inflammation [64]. Interestingly, they 
demonstrated that MV-associated augmentation of TLR3-induced lung inflammation 
occurred via the MyD88 pathway. Since, TLR4 signals via MyD88, their next step was 
to identify the role of TLR4 in this model. In contrast to the Vaneker study [62], TLR4 KO 
mice displayed no significant differences in cytokine concentrations, neutrophil influx 
or lung permeability when compared to WT mice [64]. These results suggest that other 
MyD88-dependent receptors are required for MV augmentation of TLR3-induced lung 
inflammation, the TLR4-MyD88 pathway, however, seems not involved. The use of a TLR3 
agonist makes it difficult to separate out the effect of MV on TLR4-TRIF activation, since 
the TLR3 agonist already activates a part of this signaling cascade. In isolated perfused 
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lungs of C3H/HeJ mice, which lack functional TLR4, injurious MV (3.5 h, VT 15 ml/kg) still 
resulted in NF-κB activation [8]. These results suggest that other PRRs may contribute to 
MV-induced inflammation. The exact role of TLR2 in VILI is a matter of debate. Although 
TLR2 mRNA expression levels in lung tissue of healthy mice increased due to MV (4 h, 
VT 8 ml/kg), lungs from TLR2 KO mice did not show attenuated cytokine levels [62]. In 
contrast to the findings in the mouse model, a more recent study conducted in rats dem-
onstrated that TLR4 mRNA, but not TLR2 mRNA, was upregulated by injurious MV (4 h, VT 
15 ml/kg) [65]. TLR3 expression is enhanced in lung histological slides of ARDS patients 
[66]. Although not studied in VILI, TLR3 KO mice were protected from hyperoxia-induced 
ALI [66]. The negative regulator of MyD88-dependant TLR signaling, interleukin-1 recep-
tor associated kinase-M (IRAK-M), is a possible regulator of VILI [65]. In the absence of 
infection, IRAK-M was down regulated by injurious MV (4 h, VT 15 ml/kg).

TLR signaling pathways that are activated in response to pathogens are modulated by 
MV. In septic rats (induced by cecal ligation and puncture) injurious MV (4 h, VT 20 ml/
kg) influenced TLR4 and IRAK-M protein levels, pulmonary and systemic cytokines and 
mortality [67]. CD14, an important accessory protein for LPS-TLR4 ligand interaction, 
was upregulated due to 4 hours of injurious MV (VT 20 ml/kg) in rabbits [68]. In addition, 
alveolar macrophages from these ventilated animals were stimulated with LPS: TNF-α 
release in the injurious MV group was 20-fold higher than in the low VT group (5 ml/kg). 
These results suggest that mechanical stress can sensitize lungs to endotoxin, partially 
via CD14 up-regulation [68].

Up to now, many studies have been conducted to unravel the role of TLRs, TLR ligands, 
and their specific signaling pathways. However, there are still many questions to be 
answered. Whether TLR4 plays an important role in VILI is uncertain but of potential 
interest as TLR4 antagonists are available for use in humans.

NLRP3 inflammasome in VILI

Previously, pre-clinical and clinical studies demonstrated an important role for IL-1β, the 
main product of activated NLRP3 inflammasome, in the pathogenesis of VILI [69;70]. IL-1 
receptor KO mice displayed less alveolar barrier dysfunction due to injurious MV (3 h, VT 
30 ml/kg) when compared to WT mice [70].

The role of NLRP3 inflammasome in VILI has not been studied. Recently, NLRP3 signal-
ing in a bleomycin-induced lung injury model was established. NLRP3 and ASC KO mice, 
both unable to assemble the NLRP3 inflammasome, displayed less lung inflammation 
compared to WT mice [61]. Given the presence of NLRP3 ligands ATP and uric acid in VILI 
and the proven role of IL-1β, we expect that there is a role for NLRP3 in VILI.
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RAGE in VILI

sRAGE levels are significantly higher in pulmonary edema fluid and plasma from ALI/
ARDS patients compared to patients with hydrostatic edema [37]. sRAGE concentrations 
are also elevated in BALF from rats with LPS or hydrochloric acid-induced ALI [37]. In 
mice with LPS-induced lung injury, sRAGE treatment attenuated neutrophil influx, lung 
permeability, pathological lung changes, and NF-κB activity [71].

RAGE is highly expressed in lung tissue and might have a role in cell physiology of 
healthy lungs. Spontaneous development of pulmonary fibrosis-like alterations in aged 
RAGE KO mice has been demonstrated [72]. However, lack of RAGE in younger mice 
with bleomycin or hyperoxia-induced lung injury, resulted in reduced lung inflamma-
tion [73;74]. We speculate that RAGE signaling also exerts detrimental effects in VILI but 
future studies are mandatory to elucidate the exact role of RAGE.

FUTURE PERSPECTIVE ON BLOCKING DAMP-SIGNALING PATHWAYS

Increasing the knowledge of the innate immune response in MV-induced inflammation 
may lead to treatment options in which DAMPs or their signaling pathways can serve as 
possible therapeutic targets. DAMP-mediated inflammation is a double-edged sword; 
low levels may play a pivotal role in tissue repair and protection of the host, whereas 
high levels may trigger further tissue injury and DAMP release, leading to a chronic 
inflammatory state.

To maintain the balance natural inhibiting molecules counteract DAMPs. Uric acid 
levels are reduced by uricase and sRAGE may dampen HMGB1-induced inflammation. 
Recently, it was shown that HMGB1 autoantibodies are produced during sepsis [75]. 
Interestingly, increased levels of these autoantibodies were associated with a better 
outcome in patients with septic shock [75].

Modulating TLR-activity is a possible approach to temper excessive inflammation. 
Current approaches target (1) individual TLRs with antibodies, soluble receptors, 
natural antagonists, and small molecule inhibitors, (2) block downstream TLR signaling 
pathways or (3) use PAMP analogues for TLRs [21]. An example of this last category of 
approach is Eritoran tetrasodium. It is a structural analogue of the lipid A portion of LPS 
and blocks TLR4 signaling [76]. Its exact role in blocking the inflammatory response in 
severe sepsis has been subject of investigation in a phase III study of which the results 
await publication. We have to keep in mind that modulating PRRs may be beneficial in 
inflammatory disease but their activity is vital in order to survive infections. Targeting 
endogenous danger signals is likely to be safer. Blockade of DAMPs in VILI has thera-
peutic potential in animal models. Allopurinol and/or uricase, both already established 
therapies for hyperuricemia during the tumor lysis syndrome or gout, have shown to 
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be an attractive strategy in lung injury [60;61]. Use of HMGB1 antibodies in a VILI model 
improved oxygenation, reduced neutrophil influx and cytokine production [52].

There are many different DAMPs released in inflammation and perhaps we need to 
target more than one to reduce severe inflammation. However, the relative contribution 
of these DAMPs may differ between various tissues and identifying candidate molecules 
with the highest impact in VILI would be an interesting topic for future research.

Studies in humans demonstrate an enormous variability in the inflammatory response 
towards microbial products. Indeed, susceptibility and immune responses are in part 
heritable. It is likely that these individual genetic variations also influence the inflamma-
tory response towards DAMPs. Markers of high genetic susceptibility to identify high-risk 
patients for developing severe lung injury might be of great value for future therapies.

Although PAMPs and DAMPs can activate the same receptors, increasing evidence 
suggest that they may use differential binding sites or need differential co-receptors and 
accessory molecules for receptor activation [19]. Moreover, it is thought that they may 
use distinct downstream signaling pathways and initiate different biological outcomes. 
Further detailed research is necessary to elucidate the exact molecular mechanisms of 
DAMP receptor activation and signaling during VILI. This knowledge may lead to future 
treatment options targeting overwhelming DAMP inflammation without compromising 
the host defense against invading pathogens.

CONCLUSIONS

Several DAMPs and their potential to evoke sterile inflammation have been character-
ized in the last decade. Although studies demonstrated the importance of DAMP signal-
ing in MV-induced inflammation, extensive research is imperative for the identification 
of all DAMPs released in VILI and the therapeutic relevance of selective targeting DAMP 
release, DAMP receptors or downstream signaling pathways to attenuate VILI.
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ABSTRACT

Background: The innate immune response is important in ventilator-induced lung injury 
(VILI) but the exact pathways involved are not elucidated. We studied the role of the 
intracellular danger sensor NLRP3 inflammasome.
Methods: NLRP3 inflammasome gene expression was analyzed in respiratory epithelial 
cells and alveolar macrophages obtained from ventilated patients (n = 40). In addition, 
wild-type and NLRP3 inflammasome deficient mice were randomized to low tidal vol-
ume (~7.5 ml/kg) and high tidal volume (~15 ml/kg) ventilation. Presence of uric acid in 
lung lavage, activation of caspase-1, and NLRP3 inflammasome gene expression in lung 
tissue were investigated. Moreover, mice were pre-treated with interleukin-1 receptor 
antagonist, glibenclamide or vehicle before start of MV. VILI endpoints were relative 
lung weights, total protein in lavage fluid, neutrophil influx, pulmonary and systemic 
cytokine and chemokine levels. Data represent mean ± SD.
Results: MV upregulated messenger RNA expression levels of NLRP3 in alveolar mac-
rophages (1.0 ± 0 versus 1.70 ± 1.65, p<0.05). In mice, MV increased both NLRP3 and 
apoptosis-associated speck-like protein messenger RNA levels (respectively 1.08 ± 0.55 
versus 3.98 ± 2.89; P < 0.001 and 0.95 ± 0.53 versus 6.0 ± 3.55; P < 0.001), activated 
caspase-1, and increased uric acid levels (6.36 ± 1.85 versus 41.9 ± 32.0, p<0.001). NLRP3 
inflammasome deficient mice displayed less VILI due to high tidal volume MV compared 
to wild-type mice. Furthermore, treatment with interleukin-1 receptor antagonist or 
glibenclamide reduced VILI.
Conclusions: MV induced a NLRP3 inflammasome dependent pulmonary inflammatory 
response. NLRP3 inflammasome deficiency partially protected mice from VILI.
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INTRODUCTION

Mechanical ventilation (MV) is often used during general anesthesia and as a lifesaving 
intervention in patients with acute respiratory failure. However, MV can aggravate pre-
existing lung injury and may even induce lung injury in previously healthy lungs [1-3]. 
The Acute Respiratory Distress Syndrome network group convincingly demonstrated 
the clinical relevance of ventilator-induced lung injury (VILI) by showing that the use of 
lower tidal volumes (VTs) in patients with acute lung injury reduced mortality and mor-
bidity [3]. However, the exact mechanisms underlying this outcome are still incompletely 
understood. An important role for the innate immune response in VILI pathogenesis is 
proposed [4;5]. Despite use of low tidal volume ventilation, the injured lung is still at 
risk for overdistension [6]. Some lung areas are collapsed and fluid filled, placing the 
open recruitable lung regions at risk for hyperinflation injury. Injured tissue can release 
endogenous molecules that activate innate immune receptors and initiate or propagate 
inflammation [7]. These molecules are termed alarmins or damage-associated molecular 
patterns (DAMPs). adenosine triphosphate (ATP), uric acid crystals, heat shock proteins, 
S100A8/A9, hyaluronan, and high mobility group box 1 are DAMPs and recognized by a 
diverse repertoire of pattern recognition receptors, including the toll-like receptor (TLR) 
and the receptor for advanced glycation endpronducts [7;8]. High mobility group box 
1, hyaluronan and ATP are found in bronchoalveolar lavage fluid (BALF) of previously 
healthy animals subjected to injurious MV [9-11]. An important role for TLRs in VILI has 
been demonstrated [4]. Less is known about the recently identified intracellular pattern 
recognition receptors, the nucleotide-binding and oligomerization domain-like recep-
tors in VILI [12]. The best understood family member is NLRP3 (or cryopyrin or NALP3). 
NLRP3 assembles upon activation by pathogen-associated molecular patterns or 
specific DAMPs such as ATP, uric acid and hyaluronan, with the adaptor ASC (apoptosis-
associated speck-like protein) and pro-caspase-1, forming the NLRP3 inflammasome 
[12;13]. Caspase-1 is activated by the formation of this multiprotein complex and 
cleaves pro-interleukin-1β (pro-IL-1β) and pro-IL-18 into their active forms. Previous pre-
clinical and clinical research demonstrated the important role of the pro-inflammatory 
cytokine IL-1β in VILI [14-17]. However, the molecular mechanisms by which the IL-1β 
pathway becomes activated during VILI are largely unknown. The important role of 
NLRP3 inflammasome in the innate immune response associated with cellular injury and 
the demonstrated release of the NLRP3 activators ATP and hyaluronan in BALF during 
injurious MV [10;11], makes the NLRP3 inflammasome a likely candidate to be activated 
in VILI pathogenesis.

The objective of this current study was to test the hypothesis that NLRP3 inflamma-
some signaling is involved in the inflammatory response induced by MV.
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MATERIALS AND METHODS

Patients

We used bronchial brush samples and BALF cells from a previously published random-
ized controlled trial in which patients without pre-existing lung injury were mechani-
cally ventilated [18]. The Medical Ethics Committee of the Academic Medical Center, 
Amsterdam, the Netherlands approved the study protocol and informed consent was 
obtained from all patients. Adult patients scheduled for elective surgery with an es-
timated duration of 5 h or longer were eligible for this study. Exclusion criteria were; 
history of any lung disease, recent infections, use of immunosuppressive medication, 
previous thromboembolic disease, and recent ventilatory support.

Study design

All patients received anesthesia consisting of 2-3 mg/kg of propofol (thereafter 6-12 mg/
kg per hour), fentanyl 2-3 μg/kg and rocuronium administered intravenously together 
with epidurally administered bupivacaine (0.125%)-fentanyl (2.5 μg/ml). The ventilatory 
protocol consisted of volume-controlled MV, at an inspired oxygen fraction of 0.40, 
inspiratory-to-expiratory ratio of 1:2, and a respiratory rate adjusted to achieve normo-
capnia. Patients were randomly assigned to MV with either VTs of 12 ml/kg ideal body 
weight (high VT [HVT]) and 0 cm H2O positive end-expiratory pressure or 6 ml/kg (low 
VT [LVT]) and 10 cm H2O positive end-expiratory pressure. Bronchial brushes and BALF 
were collected during a bronchoscopic procedure that was performed twice in each 
patient: the first directly after induction of anesthesia and start of MV in the right middle 
lobe or lingula, and the second performed in the contralateral lung 5 hours thereafter, 
either perioperatively or directly postoperatively. BALF was obtained and processed as 
previously described [18]. BALF cells were resuspended in ice cold phosphate buffered 
saline. The resuspended cells were partially used for absolute cell counts and for differ-
ential counting using Giemsa-stained cytospin preparations. The remaining cells were 
dissolved in RNAlater (Ambion, Austin, TX) and stored at -80 ˚C. Bronchial brushes were 
directly placed into RNAlater. After several minutes and thorough vortexing, the brush 
was removed. RNA was purified using RNeasy mini kit system (Qiagen, Valencia, CA) ac-
cording to the manufacturer’s protocol. Lung brush samples and BALF cells were used to 
determine messenger RNA (mRNA) expression levels of NLRP3, ASC and hypoxanthine-
guanine phosphoribosyl transferase. Analysis only included patient samples in which 
paired measurements of both time points was possible and the data from both ventila-
tion strategies was combined.
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Mice

The Animal Care and Use Committee of the Academic Medical Center of the University 
of Amsterdam, the Netherlands approved this study. Animal procedures were carried 
out in compliance with Institutional Standards for Human Care and Use of Laboratory 
Animals.

The generation of NLRP3 and ASC knockout (KO) mice has been described [19]. Seven- 
to twelve week old male NLRP3 KO and ASC KO mice, backcrossed 9 times to a C57BL/6 
genetic background, were bred in the animal facility of the Academic Medical Center 
(Amsterdam, the Netherlands). C57BL/6 age and sex matched wild-type (WT) mice were 
purchased from Charles River (Maastricht, the Netherlands). The animals were housed 
in rooms with a controlled temperature and a 12 hour light-dark cycle. They were ac-
climatized for 1 week prior to the experiments, and received standard rodent chow and 
water ad libitum.

Experimental groups

WT, NLRP3 and ASC KO mice were randomized to a low VT or high VT ventilation strategy; 
non-ventilated mice served as controls (n = 6-9/ group). Two sets of experiments were 
performed. In the first set of experiments we used the right lung for BALF, the left lung 
for wet weight. In the second set of experiments we used the left lung for histopathology 
and the right lung for western blot analysis and to extract RNA as previously described 
[20]. In both sets of experiments blood was sampled from the carotid artery. In addition, 
experiments with two pharmacological blockers were performed. To study the IL-1β 
pathway, WT mice received 50mg/kg recombinant human IL-1 receptor antagonist (Bio-
vitrum AB, Stockholm, Sweden) or vehicle (saline) 1 hour before ventilation (n=9/group), 
controls were non-ventilated mice receiving IL-1ra or vehicle (n=6/group) [21]. Here we 
used the right lung for BALF, the left lung for wet weight and blood was sampled from 
the carotid artery. Glibenclamide has previously been used to block the NLRP3 inflam-
masome [22]. Therefore, we pre-treated WT mice with 50mg/kg glibenclamide or vehicle 
(10% dimethylsulfoxide) one hour before start of high tidal volume ventilation (n=6 for 
controls, n=9 for ventilated mice). To determine if the protective effect of glibenclamide 
is indeed related to NLRP3 inflammasome blockage, and not due to off target effects, we 
pre-treated HVT ventilated NLRP3 KO mice with glibenclamide or vehicle (n=9 per group). 
In these experiments we used the right lung for BALF and the left lung for wet weights.

Instrumentation and anesthesia

Methods used in this VILI model were published in detail previously [23]. In short, mice 
received an intraperitoneal bolus of 1 ml normal saline 1 hour before start of randomiza-
tion. In the ventilated mice, a tracheotomy was performed and an Y–tube connector 
(1.0 mm outer diameter and 0.6 mm inner diameter, VBM Medizintechnik GmbH, Sulz 
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am Neckar, Germany) was surgically inserted into the trachea under general anesthesia 
with an injection of “induction”–mix: 7.5 μl per 10 gram of body weight of 1.26 ml 100 
mg/ml ketamine, 0.2 ml 1 mg/ml medetomidine, and 1 ml 0.5 mg/ml atropine in 5 ml 
normal saline. Maintenance anesthesia consisted of 10 μl per 10 gram body weight of 
“maintenance”-mix: 0.72 ml 100 mg/ml ketamine, 0.08 mL 1 mg/ml medetomidine and 
0.3 ml 0.5 mg/ml atropine in 20 ml normal saline. Maintenance mix was hourly adminis-
tered via an intraperitoneal catheter (PE 10 tubing, BD, Breda, the Netherlands), every 30 
minutes 0.2 ml sodium carbonate (200 mmol/l NaHCO3) was administered via the same 
catheter. Throughout the experiments rectal temperature was maintained between 36.5 
– 37.5°C using a warming pad. In the glibenclamide experiments blood glucose levels 
and systolic blood pressure were measured directly after start of ventilation, after 2.5 
hours and 5 hours of MV. Blood pressure was monitored using a murine tail-cuff system 
and data were recorded on a data acquisition system (PowerLab/4SP, ADInstruments, 
Spenbach, Germany). Glucose concentrations were determined using a glucometer (Ab-
bott freestyle glucometer, Hoofddorp, the Netherlands).

MV strategies

Animals were placed in a supine position and connected to a ventilator (Servo 900 C, 
Siemens, Sweden). Mice were pressure controlled ventilated for 5 hours with either an 
inspiratory pressure of 10 cm H2O (resulting in lung–protective VT ~ 7.5 ml/kg; low VT, LVT) 
or an inspiratory pressure of 18 cm H2O (resulting in injurious VT ~ 15 ml/kg; high VT, HVT).
[23] Respiratory rate was set at 110 breaths/min and 70 breaths/min with LVT and HVT, 
respectively. Positive end-expiratory pressure was set at 2 cm H2O with both MV strate-
gies. The fraction of inspired oxygen was kept at 0.5 and inspiration to expiration ratio 
was set at 1:1. A sigh (sustained inflation with 30 cm H2O) for 5 breaths was performed 
every 30 minutes. At the end of the experiment mice were sacrificed by withdrawing 
blood from the carotid artery, which was used for blood gas analysis.

Sampling

BALF was harvested from the right lung, by instilling three times 0.5 ml aliquots of saline 
by a 22-gauge Abbocath-T catheter (Abbott, Sligo, Ireland) into the trachea. Cell counts 
were determined using a Coulter cell counter (Beckman Coulter, Fullerton, CA), differ-
ential cell counts were performed on cytospin preparations stained with Giemsa stain. 
Supernatant was stored at -20°C for total protein level and cytokine measurements. 
The left lung was weighed immediately after harvesting and lung/body weight ratio, a 
parameter of lung edema, was calculated [24].

In the second set of experiments left lungs were fixed in 4% formalin and embedded 
in paraffin, 4 µm sections were stained with hematoxylin and eosin and analyzed by a 
pathologist who was blinded for group identity. To score lung injury, we used a modified 
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VILI  histology scoring system [25]. In short, four pathologic parameters were scored on 
a scale of 0 – 4: (a) alveolar congestion, (b) hemorrhage, (c) leukocyte infiltration and (d) 
thickness of alveolar wall/hyaline membranes. A score of 0 represents normal lungs; 1, 
mild, < 25% lung involvement; 2, moderate, 25 – 50% lung involvement; 3, severe, 50 – 
75% lung involvement and 4, very severe, > 75% lung involvement. The total histology 
score was expressed as the sum of the score for all parameters. Right lungs were homog-
enized in 4 volumes of saline and 50 µl was transferred in Tripure (Roche, Woerden, the 
Netherlands) for mRNA analysis. The remaining homogenate was diluted in 1 volume of 
lysis buffer (300mM NaCl, 30mM Tris, 2mM MgCl.H2O, 2mM CaCl2, 1% Triton x-100, and 
Pepstatin A, leupeptin and aprotinin, all 20 µg/ml. pH 7.4) and incubated at 4ºC for 30 
min. Cell free supernatants were obtained by centrifugation and stored at -80ºC.

Assays

Total protein levels in BALF were determined using a Bradford Protein Assay Kit (OZ 
Biosciences, Marseille, France) according to manufacturers’ instructions. IL–6, IL-1β and 
KC levels were measured by enzyme-linked immunosorbent assay (R&D Systems Inc., 
Minneapolis, MN). Detection limits were 51 pg/ml for IL-6, 13 pg/ml for IL-1β and 254 
pg/ml for KC. Uric acid concentrations were measured in BALF samples using Amplex 
Red Uric Acid Assay Kit (Molecular probes, Eugene, OR) with a detection limit of 1.3 μM.

mRNA expression analysis

Complementary DNA synthesis from human and murine RNA was performed by a reverse 
transcription reaction using oligo dT (Invitrogen) and Moloney murine leukemia virus 
reverse transcriptase (Invitrogen). Quantitative polymerase chain reactions were per-
formed using lightCycler®SYBR green I master mix (Roche, Mijdrecht, the Netherlands) 
and measured in a LightCycler 480 (Roche) apparatus using the following conditions: 5 
min 95°C hot-start, followed by 40 cycles of amplification (95°C for 10 seconds, 60°C for 
5 seconds, 72°C for 15 seconds). For quantification, standard curves were constructed 
by polymerase chain reactions on serial dilutions of a concentrated complementary 
DNA sample, and data were analyzed using LightCycler software. Gene expression is 
presented as a ratio of the expression to the housekeeping gene hypoxanthine-guanine 
phosphoribosyl transferase for human and murine analysis. The following human primer 
sequences were used: NLRP3 forward primer 5’-cttctctgatgaggcccaag-3’ and reverse 
primer 5’-gcagcaaactggaaaggaag-3’; ASC forward primer 5’-ctctgtacgggaaggtcctg-3’ 
and reverse primer 5’-tcctccaccaggtaggactg-3’; hypoxanthine-guanine phosphoribosyl 
transferase forward primer 5’-tgctgacctgctggattaca-3’ and reverse primer 5’-cctgac-
caaggaaagcaaag-3’. cctgaccaaggaaagcaaag Murine primer sequences were: NLRP3 
forward primer 5’-ccacagtgtaacttgcagaagc-3’ and reverse primer 5’-ggtgtgtgaagttct-
ggttgg-3’; ASC forward primer 5’-aaagaagagtctggagctgtgg-3’ and reverse primer 
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5’-gcaatgagtgcttgcctgt-3’; hypoxanthine-guanine phosphoribosyl transferase forward 
primer 5’-tcctcctcagaccgctttt-3’ and reverse primer 5’-cctggttcatcatcgctaatc-3’ [26].

Caspase-1 western blot

Electrophoresis of proteins was performed using the NuPAGE system (Invitrogen, Grand 
Island, NY) according to the manufacturer’s protocol. Separated proteins on the NuPAGE 
gel were transferred to a Polyvinylidene fluoride membrane by electroblotting. To 
detect Caspase-1 a rabbit polyclonal anti-mouse caspase-1 p10 antibody (Santa Cruz 
Biotechnology, Santa Cruz, CA) was used [27].

Statistical analysis

Data are expressed as mean ± SEM unless stated otherwise. Wilcoxon signed-rank test 
was used for paired human mRNA lung brush and BALF cell samples comparing t=0 h 
versus t=5 h. For differences between mechanical ventilation groups, NLRP3 and ASC 
KO versus WT mice, as well as, treated versus non-treated groups one-way ANOVA with 
Bonferroni as post-hoc analysis or a Kruskal-Wallis test with Mann-Whitney U test as 
post-hoc analysis was used, depending on data distribution. For analysis of data ob-
tained from the glibenclamide treated or non-treated NLRP3 KO mice we used student’s 
t test or Mann-Whitney U test depending on data distribution. Statistical analyses were 
carried out using GraphPad Prism version 5 (Graphpad Software; San Diego, CA). All P 
values are two-sided and p<0.05 is considered to be statistically significant.

RESULTS

Patients

Baseline characteristics, peri-operative parameters and patient characteristics were 
described in detail previously [18]. In short, from December 2003 through March 2005, 
74 patients scheduled for an elective surgical procedure were screened. In total 28 
patients were excluded and 40 patients completed the study protocol; 21 patients were 
assigned to lung-protective MV, 19 patients to the conventional ventilation strategy. No 
major differences in baseline characteristics or duration of MV were found between both 
randomization groups [18].

Mice

The characteristics of the physiological VILI model used were published in detail previ-
ously [23]. All animals survived five hours of MV after which they were sacrificed. Blood gas 
analysis showed adequate gas exchange, confirming our previous study [23], with no dif-
ferences between WT and KO mice or treated versus non-treated groups (data not shown).
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MV increases relative mRNA expression of NLRP3 and ASC protein in the lung

ASC mRNA levels were higher in lung brush samples after 5 h of MV (n=23 pairs) (fig 1A), 
while NLRP3 mRNA levels were not detectable in epithelial cells.

BALF cells before and after MV consisted for >99% of macrophages [18]. MV increased 
relative NLRP3 mRNA expression levels in alveolar macrophages (n=29 pairs) (fig 1B). 
Relative ASC mRNA expression levels in BALF cells were not significantly upregulated 
(n=34 pairs) (fig 1C). 

To study if MV in our murine VILI model had the same effect, we determined rela-
tive NLRP3 and ASC mRNA expression levels in lung tissue homogenates derived from 
healthy control mice and healthy WT animals ventilated with LVT or HVT. Both ventilation 
strategies significantly increased NLRP3 and ASC mRNA expression in whole lungs when 
compared to the non-ventilated group (both p<0.001) (fig 2A and B), no significant dif-
ferences between the two ventilation strategies were found.
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Figure 1. Relative messenger RNA expression levels of apoptosis-associated speck-like protein (ASC) (A,C) 
in human epithelial cells and alveolar macrophages and NLRP3 (B) in alveolar macrophages. Epithelial 
cells and alveolar macrophages were obtained from brush and lung lavage samples respectively at base-
line and after 5 h of mechanical ventilation (MV). Gene expression was normalized to the house-keeping 
gene hypoxanthine-guanine phosphoribosyl transferase (HPRT). Samples were included for analysis 
when paired measurement of both time points was possible. Data represent mean (SEM) of n=23 pairs for 
ASC in epithelial cells, n=29 pairs for NLRP3 in alveolar macrophages, and n=34 pairs for ASC in alveolar 
macrophages. * p<0.05
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Figure 2. Wild-type mice ventilated for 5 h with low tidal volumes (LVT) (~7.5 ml/kg) or high tidal volumes 
(HVT) (~15 ml/kg). Spontaneously breathing mice (C) served as control. NLRP3 and apoptosis-associated 
speck-like protein (ASC) gene expression was measured in lung homogenates and normalized to the 
house-keeping gene hypoxanthine-guanine phosphoribosyl transferase (HPRT). Data represent mean 
(SEM) of 6 control mice and 8-9 ventilated mice per group. *p<0.05, **p<0.01, ***p<0.001 versus controls.
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MV releases ligands for NLRP3 and the end product of NLRP3 inflammasome 
activation, IL-1β in BALF

Upon ligand recognition, NLRP3 assembles together with ASC and caspase 1 to form the 
NLRP3 inflammasome. Known ligands are uric acid, ATP, and, hyaluronan [12;13]. To de-
termine if, in addition to ATP [10] and hyaluronan [11], there are other NLRP3 activating 
DAMPs that are released due to MV, we measured uric acid levels in BALF from WT mice 
ventilated with LVT or HVT and non-ventilated animals served as controls. Significantly 
more uric acid was released during MV by both ventilation strategies when compared to 
non-ventilated control mice (control versus LVT p<0.01, control versus HVT p<0.001) (fig 
3A). The end product of NLRP3 inflammasome activation, the pro-inflammatory cytokine 
IL-1β was found in BALF. HVT ventilation of WT mice significantly increased IL-1β protein 
levels in BALF when compared to unventilated mice (p<0.01) (fig 3B).

Having demonstrated that cytokine IL-1β is released due to HVT MV we decided to 
study the impact of IL-1β signaling in our VILI model. Treatment with IL-1 receptor an-
tagonist attenuated neutrophil influx and BALF IL-6 levels compared to vehicle treated 
ventilated mice (fig 4). Systemic IL-6 levels were reduced (p=0.05) compared to the 
vehicle treated group (table 1).

NRLP3 and ASC KO mice display reduced lung injury by injurious MV

The LVT strategy did not result in significant differences between KO and WT mice. The 
HVT strategy however, demonstrated clear differences (fig 5). Alveolar barrier dysfunc-
tion reflected by relative lung weights and total protein concentrations in HVT ventilated 
NLRP3 KO mice were reduced compared to HVT WT mice (fig 5A, B) (both p<0.05). The 
influx of neutrophils into the pulmonary compartment was diminished in HVT NLRP3 KO 
mice (p<0.05) (fig 5C). Moreover, BALF of HVT ventilated WT animals contained signifi-
cantly more IL-6 and IL-1β protein than HVT ventilated NLRP3 KO mice (fig 5D, E) (both 
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Figure 3. Uric acid (A) levels and IL-1β protein (B) concentrations in bronchoalveolar lavage fluid (BALF). 
Wild-type mice were ventilated for 5 h with low tidal volumes (LVT) (~7.5 ml/kg) or high tidal volumes (HVT) 
(~15 ml/kg). Spontaneously breathing mice (C) served as control. Data represent mean (SD) of 8 control 
mice and 10 ventilated mice per group for uric acid analysis and 5 control mice and 7-8 ventilated mice per 
group for interleukin-1β (IL-1β) protein measurements. *p<0.05, **p<0.01, ***p<0.001.
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p<0.05). In line, systemic IL-6 levels were reduced in the HVT ventilated NLRP3 KO mice 
(p<0.05) (table 1). No differences in KC levels were found.

When we compared ASC KO with WT mice a similar pattern as in NLRP3 KO mice was 
observed (fig 6). Although we found no differences in the LVT strategy, the HVT strategy 
resulted again in differences between KO and WT mice. Relative lung weights and neu-
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Figure 4. Relative lung weights (A), total protein levels in bronchoalveolar lavage fluid (BALF) (B), neutro-
phil influx (C), interleukin (IL) -1β (D), IL-6 (E), and keratinocyt-derived chemokine (KC) (F) levels in BALF. 
IL-1 receptor antagonist (IL-1ra) (50mg/kg; white bars) treated and vehicle treated wild-type (WT) mice 
(black bars) were ventilated for 5 h with high tidal volume (HVT) (~15 ml/kg) and spontaneously breathing 
mice served as control (C). Data represent mean (SEM) of 6 control mice and 8-9 ventilated mice per group. 
*p<0.05, **p<0.01, ***p<0.001.

Table 1. The effect of the NLRP3 inflammasome on systemic cytokine levels

Control High tidal ventilation

NLRP3 KO experiment ASC KO experiment IL-1ra experiment

C WT NLRP3 KO WT ASC KO Vehicle IL-1ra

IL-1β 0.01 [0.00] 0.54 [0.35] 0.47 [0.26] 0.28 [0.13] 0.10 [0.05]** 0.31 [0.17] 0.24 [ 0.11]

IL-6 0.05 [0.00] 0.84 [0.18] 0.52 [0.24]* 0.78 [0.25] 0.50 [0.08]* 1.34 [0.55] 0.76 [0.47]

KC 0.27 [0.03] 2.45 [0.97] 2.29 [0.81] 5.03 [2.11] 5.18[7.45] 5.09 [6.83] 2.22 [0.70]

Cytokine levels in serum (in ng/ml) of WT, NLRP3 KO, ASC KO, vehicle and IL-1ra treated mice. Mice were spontane-
ously breathing (C) or high tidal volume (HVT) ventilated for 5 hours with a tidal volume of ~15ml/kg. Values rep-
resent mean [SD] of 6 control mice and 8 ventilated mice per group (n=6 for ASC KO IL-1β, n=7 for IL-1ra-treated 
IL-6, n=9 for ASC WT and KO KC). *p<0.05, **p<0.01.
ASC = apoptosis-associated speck-like protein; IL = interleukin; IL-1ra = IL-1 receptor antagonist; KC = keratinocyt-
derived chemokine; KO = knockout; WT = wild-type
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trophil influx in BALF were significantly lower in the HVT ventilated ASC KO as compared 
to the HVT WT group (all p<0.05) (fig 6A, C). Systemic IL-6 and IL-1β levels were also 
reduced in these ASC KO mice when compared to the HVT WT group (table 1).

Histopathological changes in animals from the HVT group were mild and no significant 
differences in lung injury scores between WT and KO groups were found (see figure 
supplemental data 1, which demonstrates the lung injury scores of HVT ventilated and 
non-ventilated control mice).

MV results in NLRP3 dependent activation of caspase-1

The NLRP3 inflammasome serves as a platform for the activation of caspase-1, which 
involves autocatalytic processing of the 45-kDa pro-caspase-1 to generate two subunits, 
p20 and p10. To obtain direct evidence that caspase-1 is activated in an NLRP3-depen-
dent fashion during MV we performed immunoblots of lung homogenate samples 
of ventilated WT and NLRP3 KO mice (fig 7). In contrast to the non-ventilated control 
group, LVT and HVT ventilation induced the activation of caspase-1 as detected by the 
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Figure 5. Relative lung weights (A), total protein levels in bronchoalveolar lavage fluid (BALF) (B), neu-
trophil influx (C), interleukin (IL)-1β (D), IL-6 (E) and keratinocyt-derived chemokine (KC) (F) levels in BALF. 
NLRP3 knockout (KO) (white bars) and wild-type (WT) mice (black bars) were ventilated for 5 h with low 
tidal volumes (LVT) (~7.5 ml/kg) or high tidal volumes (HVT) (~15 ml/kg) and spontaneously breathing WT 
mice (C) served as control. Data represent means (SEM) of 5-6 mice (n=9 for relative lung weights HVT WT). 
*p<0.05, **p<0.01, ***p<0.001.



Chapter 3 49

CH
A

PT
ER

 3

appearance of the p10 subunit of caspase-1. HVT ventilated NLRP3-deficient mice did 
not display active caspase-1, indicating that caspase-1 activation in the WT animals oc-
curred through NLRP3 dependent manner.
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Figure 6. Relative lung weights (A), total protein in bronchoalveolar lavage fluid (BALF) (B), neutro-
phil influx (C), interleukin (IL)-1β (D), IL-6 (E) and keratinocyt-derived chemokine (KC) (F) levels in BALF. 
Apoptosis-associated speck-like protein (ASC) knockout (KO) (white bars) and wild-type (WT) mice (black 
bars) were ventilated for 5 h with low tidal volumes (LVT) (~7.5 ml/kg) or high tidal volumes (HVT) (~15 ml/
kg) and spontaneously breathing WT mice (C) served as control. Data represent mean (SEM) of 5-6 control 
mice, 6-8 LVT ventilated mice, and 6-9 HVT ventilated mice per group. *p<0.05, **p<0.01, ***p<0.001.

Figure 7. Lung homogenate samples of control (C) wild-type (WT) mice, low tidal volume (LVT) (~7.5 ml/
kg) ventilated WT mice, and high tidal volume (HVT) (~15 ml/kg) ventilated WT and HVT ventilated NLRP3 
knockout (KO) mice were immunoblotted with antibodies against the caspase 1 and the p10 subunit of 
caspase-1. Data depict 3 mice per group.
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VILI is attenuated in glibenclamide treated mice

As expected, glibenclamide treatment reduced glucose levels when compared to vehicle 
treated mice; blood pressure levels did not differ between the groups (data not shown). 
VILI was attenuated in mice treated with glibenclamide (fig 8). Relative lung weights and 
total protein levels in BALF were reduced when compared to vehicle treated mice (p<0.05) 
(fig 8A, B). Moreover, pulmonary neutrophil influx and BALF IL-6 levels were significantly 
lower (p<0.05) (fig 8C, E). It is possible that the protective effect of glibenclamide treat-
ment was attributable to effects of glibenclamide apart from inhibiting the NLPR3 inflam-
masome. Therefore we treated NLPR3 KO mice with glibenclamide. The protective effect 
disappeared: no statistical significant differences were found in relative lung weights, 
total protein levels, neutrophil influx or cytokine and chemokine levels in BALF (table 2).
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Figure 8. Relative lung weights (A), total protein in bronchoalveolar lavage fluid (BALF) (B), neutrophil in-
flux (C), interleukin (IL)-1β (D), IL-6 (E) and keratinocyte-derived chemokine (KC) (F) levels in BALF. Vehicle-
treated (black bars) and glibenclamide-treated mice (50mg/kg, white bars) were ventilated for 5 h with 
high tidal volumes (HVT) (~15 ml/kg), spontaneously breathing mice served as control (C). Data represent 
mean (SEM) of 5-6 control and 8-9 ventilated mice per group. *p<0.05, **p<0.01, ***p<0.001.
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DISCUSSION

This study is the first to reveal involvement of NLRP3 inflammasome signaling in inflam-
mation induced by MV. Using human lung brush samples and BALF cells, a murine VILI 
model ventilating WT, NLRP3 KO and ASC KO mice and by blockade of the IL-1β or the 
NLRP3 pathway in HVT MV, we here demonstrate that (1) NLRP3 is upregulated in human 
alveolar macrophages by MV, that (2) NLRP3 and ASC mRNA are upregulated in lung 
tissue by MV in mice, that (3) NLRP3 ligand uric acid and the end product of NLRP3 in-
flammasome activation, IL-1β, are found in BALF of ventilated mice, that (4) MV activates 
caspase-1 and (5) VILI induced by short-term HVT is attenuated, but not abolished, in 
NLRP3 and ASC KO mice, and that (6) pharmacological inhibition of the IL-1β and NLRP3 
inflammasome pathway results in reduced VILI.

BALF IL-1β levels increased due to injurious ventilation, which confirms the previously 
demonstrated role for the IL-1β pathway in VILI [14-17]. IL-1β binding to its signaling 
receptor results in activation of nuclear factor-κB [28], an important factor perpetuating 
the inflammatory response. In order to release IL-1β, a two-step stimulation process is 
necessary. Step one involves NF-κB-dependent production of pro-IL-1β via, for example, 
TLR-signaling. Involvement of the TLR4 pathway in VILI has been established previously 
by Vaneker et al. [4]. This group also reported reduced IL-1β concentrations in lung ho-
mogenates of the TLR4 KO mice.

The second step requires the activation of NLRP3 by pathogen-associated molecular 
patterns or DAMPs and will lead to the cleavage of pro-IL-1β into mature IL-1β by active 
caspase-1. Many studies elaborate on tissue injury causing sterile inflammation via the 
release of endogenous danger molecules. It has been shown that injurious MV leads 
to ATP and hyaluronan release in BALF [10;11]. Extracellular ATP binds to purinergic 
receptor P2X7 and it thereby activates the NLRP3 inflammasome [12]. Hyaluronan is an 

Table 2. The effect of glibenclamide in high tidal ventilated NLRP3 KO mice

High tidal ventilation

Parameters
NLRP3 KO mice

Vehicle Glibenclamide

Relative lung weights (mg/g) 1.97 [0.11] 2.16 [0.33]

Total protein (mg/ml) 0.42 [0.06] 0.41 [0.10]

Neutrophils (%) 36.8 [18.0] 24.4 [28.0]

IL-1β (ng/ml) 0.30 [0.22] 0.17 [0.13]

IL-6 (ng/ml) 0.21 [0.04] 0.16 [0.06]

Relative lung weights and total protein levels, neutrophil counts, interleukin (IL)-1β, IL-6 levels in bronchoalveo-
lar lavage fluid. NLRP3 knockout (KO) mice were high tidal volume ventilated for 5 hours with a tidal volume of 
~15ml/kg and treated with glibenclamide or vehicle. Values represent mean [SD] of n=9/group.
IL = interleukin; KO = knockout; WT = wild-type
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important structural component of the extracellular matrix. Released from injured tissue 
it can associate with CD44, and stimulate TLR4 leading to increased pro-IL-1β produc-
tion. Moreover, endocytosis of CD44-hyaluronan and subsequently the processing of 
hyaluronan into small fragments can activate NLRP3 [13]. Our study adds the release of 
the DAMP uric acid in BALF due to MV. Previous research demonstrated uric acid release 
in BALF in a bleomycin-induced lung injury model [29]. Moreover, locally administered 
uric acid crystals induced NLRP3 inflammasome-dependent acute lung inflammation 
[29]. Hence, two independent processes are involved in the production and secretion 
of mature IL-1β and both processes can be activated during MV. In line, activation of 
caspase-1 due to MV is demonstrated by the presence of the p10 subunit in lung ho-
mogenate samples of ventilated WT mice. Our data reveal that caspase-1 activation in 
HVT MV in mice is dependant on NLRP3.

Granulocytes, monocytes, dendritic cells, T and B cells, epithelial cells, and osteoblasts 
all express NLRP3, suggesting an important role for NLRP3 in primary defense mecha-
nisms of the body [30;31]. To further specify cell type and tissue that express NLRP3 
inflammasome we analyzed human bronchial epithelial cells and alveolar macrophages. 
NLRP3 mRNA levels were not detectable in epithelial cells, suggesting that no functional 
NLRP3 inflammasome can be formed. ASC mRNA levels in epithelial cells were signifi-
cantly upregulated (p<0.01) due to 5 h of MV. ASC, not only involved in signaling of the 
NLRP3 inflammasome, is also an important adaptor protein for the NLRP1, NLRC4, and 
AIM2 inflammasomes [32]. NLRP1 senses anthrax lethal toxin, NLRC4 detects virulence 
factors from gram-negative pathogens, and AIM2 is activated by cytosolic double 
stranded DNA [32]. Which member besides NLRP3 pairs with ASC in VILI pathogenesis is 
an interesting topic for future research. Previous research demonstrated strong staining 
of NLRP1, and not NLRP3, in respiratory epithelium [30]. In our VILI model, we found 
that MV resulted in enhanced NLRP3 and ASC mRNA levels in whole lung homogenates. 
This increase could be due to influx of inflammatory cells. However, we demonstrated in 
patients that MV induces an upregulation of NLPR3 mRNA in alveolar macrophages. This 
suggests that local, immune cell influx independent, increased NLRP3 protein expres-
sion is possible.

The absence of NLRP3 or ASC both attenuated VILI during HVT ventilation in our 
model. However, the reduction of inflammation was stronger in NLPR3 KO mice than the 
reduction observed in the ASC KO mice. Differences in protection between mice lacking 
NLPR3 or ASC were previously shown in an in vivo renal ischemic acute tubular necrosis 
model [26]. Moreover, a more recent study demonstrated an inflammasome indepen-
dent role for NLRP3 in renal ischemia-reperfusion injury [33]. These studies suggest that 
NLRP3 may have an ASC-independent role in inflammation associated with tissue injury.

Interestingly, the lack of NLRP3 inflammasome not only attenuated IL-1β but also IL-6 
levels. Reduced IL-6 levels in NLRP3 KO and ASC KO mice were previously demonstrated 
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in a bleomycin-induced lung fibrosis model [29]. IL-6 is a pleiotrophic cytokine with an 
important role in regulating the immune response, inflammation, and hematopoiesis, 
levels are elevated in (pre-) clinical VILI studies 2;17;34;35]. Crestani et al. showed in an 
in vitro model that IL-6 production by rat alveolar type II cells and human pulmonary 
epithelial-derived cells (A549 cell line) highly increased with IL-1β stimulation [36]. IL-6 
concentrations are sensitive to IL-1β protein and infusion of IL-1β in humans led to 
increasing IL-6 plasma levels in a dose dependent fashion [28]. This previously described 
direct control of IL-6 by IL-1β could partly explain the effect on IL-6 levels shown in our 
study.

A strong effect on neutrophil influx in BALF was demonstrated in NLRP3 and ASC KO 
mice, IL-1ra-treated animals also showed a reduced neutrophil influx. However, we did 
not detect significant differences in chemokine levels in BALF. This discrepancy could 
be explained by reduced transendothelial migration of neutrophils due to attenuated 
levels of adhesion molecules. IL-1β has been shown to upregulate intercellular adhesion 
molecule-1 [37].

Glibenclamide is widely used to treat type 2 diabetes. It blocks KATP-channels in pancre-
atic β cells leading to insulin secretion. Recent studies indicate that glibenclamide also 
exerts anti-inflammatory effects; glibenclamide treatment was associated with a sur-
vival benefit during lipopolysaccharide-induced lethality in mice22 and also in patients 
with gram-negative sepsis [38]. Lamkanfi et al. demonstrated an inhibitory effect of 
glibenclamide on NLRP3 inflammasome activation [22]. In our VILI model, glibenclamide 
reduced lung edema, neutrophil influx and IL-6 levels in BALF, which was consistent with 
the KO experiments. Unexpectedly, we did not detect reduced IL-1β concentrations by 
glibenclamide treatment, a finding that we cannot explain. In addition to inhibiting 
the inflammasome, glibenclamide reduces glycemia and influences cardiovascular 
parameters. Although bloodpressure levels were not significantly different between the 
groups, glibenclamide treatment did affect glycemia. To exclude “off-target” effects like 
reduction of glycemia, we treated NLRP3 KO mice with glibenclamide. The protective ef-
fect of glibenclamide vanished in NLRP3 KO mice suggesting that the anti-inflammatory 
effect is in part dependent on NLRP3 activation.

Involvement of the NLRP3 inflammasome pathway was clearly present in the HVT 
group, in which VILI evidently was induced. Although VTs have declined gradually in the 
last decade, there is still underuse of low tidal ventilation in hypoxic and acidotic pa-
tients [38]. Moreover, ventilation with LVT may still lead to overdistension of healthy lung 
areas in patients with acute lung injury [6]. Therefore, our HVT group still reveals relevant 
information on lung injury caused by MV. Mice ventilated with LVT also developed VILI, 
although to a lesser extent. This finding is in accordance with previous animal studies, 
where short term LVT ventilation resulted in inflammation and severely affected the 
pulmonary extracellular architecture [40]. LVT ventilation may promote development 
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of atelectasis and subsequently atelectrauma, which could explain the inflammation 
seen in murine setting. Activation of the NLRP3 inflammasome during short-term LVT 
ventilation was demonstrated by active caspase-1. However, our data suggest that this 
pathway is less relevant for the minimal inflammatory changes seen in these mice.

Our study has several limitations. First, lung brushes were obtained from the right 
middle lobe or lingula. Since most VILI is thought to occur in distal airways, these 
samples may therefore not be a perfect representative. Second, we used BALF and lung 
brush samples obtained from a previously published paper, which was not powered 
to detect differences in mRNA levels between both ventilation groups. Therefore we 
analyzed the effect of MV, irrespective of which ventilation strategy was used. Third, we 
used a short-term murine MV model; we cannot extrapolate what the long-term effects 
would be. Fourth, the anesthesia mix we used may have immunomodulating effects 
[41]. In our VILI model all animals, except the control mice, received the same amount of 
anesthesia. A control group of sham operated, intratracheally intubated spontaneously 
breathing mice during anesthesia would be ideal but is not possible since this leads to 
severe hypoventilation and deep respiratory acidosis. Fifth, as stated in the figures some 
measurements were not collected due to technical reasons.

In conclusion, our study offers a novel mechanism that in part explains how MV modu-
lates the innate immune response in the lung. We demonstrate the participation of the 
intracellular danger sensor NLRP3 inflammasome in VILI. Further studies examining the 
role of innate immunity in the regulation of VILI are warranted.
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Figure S1. Ventilator-induced lung injury (VILI) histology scores of wild-type (WT), NLRP3 knockout (KO), 
and apoptosis-associated speck-like protein (ASC) KO mice ventilated for 5 h with high tidal volumes (HVT) 
(~15 ml/kg). Non-ventilated WT animals served as control (C). Bars indicate mean (SD) of 6 control, NLRP3 
KO, and ASC KO mice per group and 11 WT HVT mice per group. **p<0.01
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ABSTRACT

Objective: To address the role of the receptor for advanced glycation end products 
(RAGE) signaling in inflammation and injury induced by mechanical ventilation (MV).
Methods: RAGE expression was analyzed in lung brush and lavage cells from ventilated 
patients and lungs of ventilated mice. Wild-type (WT) and RAGE knockout (KO) mice 
were ventilated with low or high tidal volumes. Also, WT and RAGE KO mice with lipo-
polysaccharide (LPS)-induced lung injury were ventilated. In separate experiments the 
contribution of soluble RAGE in ventilated RAGE KO mice was investigated. Lung wet-to-
dry ratio, cell influx, cytokine concentrations, total protein levels, soluble RAGE and high 
mobility group box 1 presence in lung lavage fluid were analyzed.
Results: MV was associated with increased RAGE mRNA levels in lung brush samples and 
lungs of mice. RAGE deficiency limited cell influx in high tidal ventilated mice but did 
not affect other parameters. RAGE KO mice undergoing LPS/high tidal volume MV dem-
onstrated more inflammation compared to WT mice. Administration of soluble RAGE to 
LPS/high tidal volume ventilated RAGE KO mice attenuated the increased production of 
inflammatory mediators.
Conclusions: Although RAGE was not crucial for VILI pathogenesis, presence of soluble 
RAGE limited the production of pro-inflammatory mediators in the 2-hit model.
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INTRODUCTION

The acute respiratory distress syndrome (ARDS), characterized by severe pulmonary 
inflammation and alveolar-capillary membrane dysfunction, is an important cause of 
morbidity and mortality [1]. Mechanical ventilation (MV) can aggravate lung injury by 
artificial repetitive opening and collapsing of alveoli as well as overinflation, termed 
ventilator-induced lung injury (VILI) [2;3]. The exact molecular mechanisms involved in 
VILI pathogenesis are incompletely understood but accumulating evidence indicates 
that MV triggers an inflammatory response in which innate immunity plays a central 
role [4-8].

The innate immune system is the first line of defense against external threats. Pattern 
recognition receptors (PRRs) recognize bacterial products and trigger inflammation nec-
essary to combat infection [9]. Endogenous molecules released during tissue injury, the 
so-called alarmins or damage-associated molecular patterns (DAMPs), are also capable 
of activating PRRs [9]. DAMPs are released during (injurious) MV indicating the potential 
significance of the DAMP/receptor axis in VILI [5]. The role of some PRRs in VILI has been 
investigated: VILI is in part mediated by Toll-like receptor (TLR) 4 signaling [7;8]. More re-
cently, the importance of the inflammasome pathway was identified [4;6]. Less is known 
about the role of the receptor for advanced glycation end products (RAGE) in VILI.

RAGE is highly expressed in lungs and recognizes a variety of molecules including 
DAMPs such as S100 proteins and high mobility group box 1 (HMGB1) [10]. Soluble (s)
RAGE is a RAGE isoform that lacks the transmembrane and cytosolic part. sRAGE levels 
can be used as biomarker for alveolar epithelial type I cell injury [11]. sRAGE itself may 
also influence inflammation as it can compete with cell-surface RAGE for ligand engage-
ment [10]. Studies indicated that RAGE ligands are present in the pulmonary compart-
ment during MV: (1) Long-term MV in patients without acute lung injury increased 
HMGB1 levels in bronchoalveolar-lavage fluid (BALF) [12], (2) 4 hours of injurious MV in 
rabbits induced a 5-fold increase of HMGB1 levels in BALF and blocking HMGB1 attenu-
ated VILI [13], and (3) S100A12, S100A8/A9, members of the S100 family of proteins, are 
found in BALF of patients with ARDS [14]. RAGE-ligand interaction activates intracellular 
pathways and induces pro-inflammatory cytokines, proteases, and oxidative stress [10].

We hypothesized that RAGE signaling contributes to the pro-inflammatory state 
induced by MV. For this we analyzed the expression of RAGE mRNA in lung brush cells 
and BALF cells obtained from ventilated patients. In addition, we ventilated wild type 
(WT) and RAGE knockout (KO) mice, healthy and with LPS-induced lung injury to study 
the role of RAGE in VILI. Furthermore, the contribution of soluble RAGE was investigated.
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MATERIALS AND METHODS

A more detailed description of the methods is provided in data supplement S1.

Patients

Samples obtained from a previous trial in which patients were randomized to 2 ventila-
tion strategies during elective surgery were used [15]. The Medical Ethics Committee of 
the University of Amsterdam approved the study protocol and informed consent was 
obtained from all patients [15]. mRNA expression levels of RAGE and hypoxanthine-
guanine phosphoribosyl transferase (HPRT) in lung brush samples and BALF cells were 
determined. Analysis included samples in which RAGE and HPRT were both measurable 
at both time points allowing paired measurements, data from both ventilation strate-
gies were combined.

Mice

The Animal Care and Use Committee of the Academic Medical Center approved all ex-
periments. Eight- to 10 week old male RAGE KO mice were generated as described previ-
ously [16], backcrossed 10 times to a C57Bl/6 background, and bred in the animal facility 
of the Academic Medical Center (Amsterdam, the Netherlands). C57BL/6 age matched 
WT mice were purchased from Harlan laboratories B.V. (Horst, the Netherlands).

Design

WT and KO mice, healthy and with pre-injured lungs (induced by inhalation of 5 μg LPS 
(E. coli L4130, Sigma Aldrich) 1 hour before randomization), were assigned for 5 hours to 
a non-ventilated control group, to MV with a tidal volume (VT) of ~ 7.5 ml/kg (LVT), or to 
MV with a VT of ~ 15 ml/kg, (HVT) (n=6-9/group). In addition, KO mice with LPS-induced 
lung injury received 50μg murine sRAGE or vehicle (saline) intratracheally at start of HVT 
MV. Recombinant murine his-tagged sRAGE was a kind gift from P. Nawroth. Sample 
harvesting and processing were done as described previously [6].

Assays

Total protein was determined using Bradford Protein Assay Kit (OZ Biosciences, Marseille, 
France). Interleukin (IL)–6, keratinocyte–derived chemokine (KC), macrophage inflam-
matory protein (MIP)-2, IL-1β, and tumor necrosis factor (TNF)-α levels were measured 
by ELISA (R&D Systems Inc., Minneapolis, MN, USA). sRAGE was measured by Mouse 
RAGE Duo set ELISA (R&D Systems Inc., Minneapolis, MN, USA) as described before [17]. 
HMGB1 levels were analyzed by western blot. Proteins were separated using polyacryl-
amide gel electrophoresis (Criterion Bis-Tris Precast Gel, Carlsbad, CA, USA), to detect 
HMGB1 a rabbit polyclonal antibody was used (Abcam Biochemicals, Cambridge, UK). 
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Lung tissue homogenate was used to analyze RAGE and HPRT mRNA levels. Methods 
were used as described previously [6]. RAGE was stained on paraffin embedded lung 
tissue. For this we used goat anti-mouse RAGE polyclonal antibodies (Neuromics, Edina, 
MN, USA). Alveolar and bronchial epithelium and vascular endothelium were scored 
for RAGE presence on a scale 0 (negative) – 3 (very intense), total RAGE staining score 
represents the sum of all scores.

Statistical analysis

Data represent mean ± (SEM). Human samples were analyzed by paired t-test or Wil-
coxon signed-rank test. One-way analysis of variance with Bonferroni or a Kruskall-Wallis 
test with Mann-Whitney U as post-hoc analysis was used to analyze multiple groups. To 
compare 2 groups a t-test or Mann-Whitney U test was used. P < 0.05 was considered 
statistically significant.

RESULTS

RAGE expression in human lung brush cells is enhanced during MV

Baseline characteristics, peri-operative parameters and characteristics of the patients 
included in this study were described in detail previously [15]. BALF cells consisted for 
more than 99% of macrophages. RAGE mRNA expression levels in these cells (n=31 pairs) 
tended to be higher after 5 hours of MV but this did not reach statistical significance 
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Figure 1. RAGE gene expression in ventilated patients
Relative mRNA expression levels of the receptor for advanced glycation end products (RAGE) in human bron-
choalveolar lavage fluid (BALF) cells [A] (n=31 pairs) and lung brush samples [B] (n=15 pairs). Samples were ob-
tained from patients respectively at baseline and after 5 h of mechanical ventilation [MV]. Gene expression was 
normalized to the house-keeping gene hypoxanthine-guanine phosphoribosyl transferase [HPRT]. Data repre-
sent mean [SEM] * p<0.05.
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(p=0.12) (fig. 1). In lung brush samples RAGE mRNA levels were increased after 5 hours of 
MV (n= 15 pairs) (fig. 1). In separate analysis of the 2 ventilation strategies no significant 
differences were found.

MV enhanced RAGE expression in murine lungs

To study if pulmonary RAGE increases in ventilated mice, we determined relative RAGE 
mRNA expression levels in lung tissue homogenates. Both LVT and HVT ventilation strate-
gies significantly increased RAGE mRNA expression when compared to non-ventilated 
controls (fig. 2). In addition, we analyzed the expression of RAGE on lung immunohis-
tochemical stainings. Whereas RAGE KO lungs did not show positive staining, healthy 
non-ventilated WT mice abundantly expressed RAGE in their lungs, predominantly in 
the alveolar epithelium (fig. 2). Total score for RAGE staining was not affected by LVT 
ventilation but increased in HVT MV. This was mainly due to de novo expression of RAGE 
on bronchial epithelial cells and endothelium.

PCR A 

B C 

E D 

Figure 2. RAGE expression in ventilated mice
Expression of the receptor of advanced glycation end-products [RAGE] in wild-type mice ventilated for 5 hours 
with low tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes [HVT] [~15 ml/kg]. Non-ventilated mice [C] served 
as control. RAGE gene expression was measured in lung homogenates and normalized to the house-keeping 
gene hypoxanthine-guanine phosphoribosyl transferase [HPRT] [n=5 for controls, n=7 ventilated mice/group] 
[A]. Total scores for RAGE expression by immunohistochemical staining of lung tissue [n=6 for controls, n=9 ven-
tilated mice/group] [B-E]. Representative view of a lung from non-ventilated control mouse [B], absence of RAGE 
positivity in the lung of a RAGE KO mouse [C], the lung of a LVT ventilated mouse [D] and increased RAGE expres-
sion in the lung of a HVT ventilated mouse [E]. Data represent mean [SEM] *** p<0.001, *p<0.05 vs LVT and C, 
stainings magnification x200.
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Neutrophil influx is attenuated in RAGE KO mice in 1-hit VILI

To obtain a first insight into the role of RAGE in VILI, we ventilated healthy WT and RAGE 
KO mice with a LVT or HVT MV strategy. Alveolar-capillary barrier permeability is an im-
portant hallmark of VILI [3]. As illustrated in figure 3, WT mice subjected to HVT MV, but 
not those ventilated with LVT, demonstrated a marked increase in lung wet-to-dry ratio 
and total protein level in BALF as compared to non-ventilated WT controls. When com-
paring RAGE KO and WT mice we observed no significant differences regarding alveolar 
barrier dysfunction. Further BALF examination demonstrated that both ventilation 
strategies induced cell influx, with higher levels in HVT ventilated mice. Differential cell 
counts revealed an increased number of neutrophils, reaching statistical significance for 
HVT ventilated mice. Compared to HVT ventilated WT mice, RAGE KO mice demonstrated 
a lower total cell and neutrophil count after 5 hours of HVT MV. To establish the contribu-
tion of RAGE to MV-induced cytokine and chemokine production we measured IL-6, KC, 
MIP-2, IL-1β, and TNF-α levels in BALF (table 1). HVT MV increased the levels of IL-6, KC, 
and IL-1β. LVT MV elevated the levels of IL-1β and MIP-2. TNF-α was undetectable. No 
differences were found between RAGE KO and WT mice.
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Figure 3. RAGE in 1-hit VILI
Lung wet-to-dry ratios [A], and total protein level [B], cell influx [C], and neutrophil counts [D] in bronchoalveolar 
lavage fluid of wild-type [WT] and RAGE knockout [KO] mice with healthy lungs ventilated for 5 hours with low 
tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes [HVT] [~15 ml/kg]. Non-ventilated mice [C] served as con-
trol. Data represent mean [SEM] of n=6-9 mice/group *p<0.05, **p<0.01, ***p<0.001.
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RAGE KO mice display elevated levels of pro-inflammatory mediators in 2-hit VILI

Since it has been shown that lungs with pre-existing injury are more susceptible to 
the effects of MV [18], we also determined the role of RAGE in a 2-hit injury model in 
which mice with LPS-induced lung injury were ventilated. MV enhanced LPS-induced 
lung injury in our VILI model, most clearly demonstrated in HVT ventilated mice (fig. 4). 
RAGE deficiency did not affect lung wet-to-dry ratio, total protein level and cell influx in 

Table 1. Cytokines and chemokines in bronchoalveolar lavage fluid

C WT C KO LVT WT LVT KO HVT WT HVT KO

IL-6 [ng/ml] B.D. B.D. 104.0 [17.0] 101.0 [12.4] 156.1 [15.9]*** 142.7 [18.6]

KC [ng/ml] 51.4 [0.7] B.D. 336.7 [70.0]** 463.4 [123.7] 423.4 [94.0]** 505.9 [59.3]

MIP-2 [ng/ml] B.D. B.D. 239.6 [56.5]* 233.2 [35.4] 189.2 [18.4] 216.2 [20.6]

IL-1β [ng/ml] B.D. B.D. 69.9 [21.9]* 64.9 [15.9] 57.3 [14.5]* 66.0 [21.3]

Cytokines and chemokines [pg/ml] in bronchoalveolar lavage fluid of wild-type [WT] and RAGE knockout [KO] 
mice with healthy lungs ventilated for 5 hours with low tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes 
[HVT] [~15 ml/kg]. Non-ventilated mice [C] served as control. Data represent mean [SEM] of n=6-9 mice/group 
*p<0.05, **p<0.01, ***p<0.001 vs controls. Below detection: B.D.
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Figure 4. RAGE in 2-hit VILI
Neutrophil counts [A] and levels of interleukin [IL]-6 [B], keratinocyte-derived chemokine [KC] [C] and tumor-
necrosis factor [TNF]-α [D] in bronchoalveolar lavage fluid of wild-type [WT] and RAGE knockout [KO] mice in a 
2-hit lung injury model of lipopolysaccharide [LPS] exposure followed by mechanical ventilation for 5 hours with 
low tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes [HVT] [~15 ml/kg]. LPS-exposed non-ventilated mice [C] 
served as control. Data represent mean [SEM] of n=6-9 mice/group. *p<0.05, **p<0.01, ***p<0.001.
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LPS-exposed and LPS/MV treated groups (data supplement S2). Also neutrophil influx 
was not significantly different between WT and RAGE KO mice (fig. 4). Remarkably, in 
our 2-hit setting RAGE KO mice demonstrated elevated cytokine and chemokine levels 
in BALF. IL-6, TNF-α, and KC were higher when LPS-induced lung injury was combined 
with MV, reaching significance for the RAGE KO mice of the LPS/HVT MV group (fig. 4). 
Of note, MIP-2 and IL-1β levels were not different (data supplement S2). In addition we 
evaluated the presence of the RAGE ligand HMGB1 in BALF in our models. In healthy 
mice undergoing HVT MV, HMGB1 was undetectable. In animals with LPS-induced lung 
injury or LPS-induced injury combined with LVT MV, HGMB1 was barely detectable but 
HMGB1 was clearly present in BALF of mice that underwent the LPS/HVT MV double hit 
(fig. 5).

sRAGE attenuates inflammation in RAGE KO mice

Since HMGB1 is present in LPS/HVT ventilated animals and RAGE deficiency aggravated 
the inflammatory response in this group, we next questioned what the role of missing 
sRAGE was herein. We first evaluated sRAGE levels in WT mice undergoing our VILI mod-
els. Five hours of HVT MV resulted in an increased BALF sRAGE concentration compared 
to LVT MV and controls (fig. 6). Levels further increased during the LPS/MV double hit 
in which the highest levels were found in the HVT ventilated group. In an additional 
set of experiments we verified if sRAGE might have protective effects during MV by 
administering sRAGE (or vehicle) to LPS/HVT ventilated RAGE KO mice. We observed no 
effect on total protein levels, cell count, and neutrophil influx by sRAGE administration 
(table 2). However, when analyzing cytokine and chemokine levels in BALF we found 
that sRAGE-treated mice displayed significantly lower levels of IL-6, KC, and MIP-2 (table 
2). These results suggest that although RAGE signaling itself does not play a major role 
in 2-hit VILI, presence of sRAGE seems beneficial.

                   M    1     2      3     4     5      6     7     8     9    10    11    12    13    14   15   16   17   18   19   20   21   22   23   24 pos 
        ctrl   

LPS LPS + LVT MV LPS + HVT MV

HMGB1 in BALF

   40- 
   30-

   20-

Figure 5. HMGB1 in lung lavage fluid
High mobility group box-1 [HMGB1] levels in bronchoalveolar lavage fluid [BALF] of wild-type mice in a 2-hit 
model of lipopolysaccharide [LPS] exposure followed by spontaneous breathing or mechanical ventilation for 5 
hours with low tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes [HVT] [~15 ml/kg], n=8 mice/group.
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DISCUSSION

This is the first study that investigated the role of RAGE in the development of MV-
induced inflammation and injury. We demonstrated that (1) RAGE expression is up-
regulated during 5 hours of MV in human pulmonary cells and in murine lungs, that 
(2) RAGE contributes to inflammatory cell influx in 1-hit VILI but that it does not affect 
other VILI parameters, that (3) in a 2-hit VILI setting loss of RAGE is not protective, on the 
contrary, deficiency results in an enhanced inflammatory response and that (4) sRAGE 
administration to RAGE KO mice undergoing the LPS/HVT MV double hit in part reverses 
this phenotype.
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Figure 6. sRAGE in lung lavage fluid
Soluble RAGE [sRAGE] levels in bronchoalveolar lavage fluid [BALF] of wild-type [WT] mice ventilated for 5 hours 
with low tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes [HVT] [~15 ml/kg] [A] [VILI]. In addition, sRAGE [B] 
in BALF of WT mice in a 2-hit model of lipopolysaccharide [LPS] exposure followed by mechanical ventilation for 
5 hours with low tidal volumes [LVT] [~7.5 ml/kg] or high tidal volumes [HVT] [~15 ml/kg]. Data represent mean 
[SEM] of n=6-9 mice/group. *p<0.05, **p<0.01, ***p<0.001.

Table 2. VILI parameters of sRAGE treated RAGE KO mice in 2-hit VILI

Vehicle i.t. sRAGE i.t.

Cell count [x104] 112 [1.6] 91 [0.9]

Neutrophil influx [x104] 103 [15] 86 [10]

Total protein [μg/ml] 623 [32] 614 [44]

IL-6 [pg/ml] 3162 [291] 1875 [243]**

KC [pg/ml] 8831 [876] 6016 [867]*

MIP-2 [pg/ml] 6115 [688] 2827 [379]***

IL-1β [pg/ml] 676 [69] 850 [122]

TNF-α [pg/ml] 1274 [118] 1425 [141]

Cell count, neutrophil count, total protein, cytokine and chemokine levels in bronchoalveolar lavage fluid of 
RAGE knockout [KO] mice with LPS-injured lungs treated with intratracheal (i.t.) soluble RAGE or vehicle at start 
of 5 hours of high tidal volume [HVT] [~15 ml/kg] mechanical ventilation. Data represent mean [SEM] of n=7-8 
mice/group *p<0.05, **p<0.01, ***p<0.001
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We chose to ventilate our mice with low or high tidal volume MV as both strategies 
may reveal relevant information for clinical practice. Low tidal volume MV is widely used 
since the ARDS network group convincingly demonstrated that this reduces morbidity 
and mortality in ARDS [2]. However, it was also shown that even with the use of lung 
protective ventilator settings one-third of ARDS patients still experience regional tidal 
hyperinflation and VILI [19]. Indeed, ARDS is a heterogeneous disease: some lung re-
gions are poorly aerated placing other healthier lung regions at risk for overinflation 
[19]. It is therefore still an important translational effort to ventilate animals with higher 
tidal volumes.

In addition, a pulmonary pro-inflammatory state makes the lung more vulnerable to a 
second hit such as MV [18]. Therefore, to mimic ventilation in the presence of pulmonary 
co-morbidities we added an additional injurious stimulus to our MV model. Nonetheless, 
our 1-hit VILI model is still important to give insights into RAGE signaling in ventilated 
healthy lungs.

RAGE is primarily expressed by alveolar type I cells but is also expressed by pulmonary 
endothelium, bronchiolar epithelium, alveolar type II cells, and alveolar macrophages 
[10]. In line with previous studies we observed that in healthy lungs RAGE is already 
abundantly expressed [11;20;21]. Our finding that MV increases RAGE expression in 
mouse lungs extends a previous investigation studying RAGE in hyperoxia-induced 
lung inflammation: 4 days of hyperoxia elevated pulmonary RAGE as demonstrated 
by immunostaining, immunoblotting, and real-time PCR [21]. In contrast, other sterile 
lung inflammatory disorders reported no impact on pulmonary RAGE expression (LPS 
instillation) [11] or reported reduced RAGE levels (in pulmonary fibrosis models) [20;22]. 
This might indicate that the presence of a sustained pro-inflammatory stimulus such 
as hyperoxia and MV has more impact on RAGE expression. In line, also infectious lung 
models, with the continuous presence of bacteria, reported RAGE upregulation [23].

In our 1-hit VILI model RAGE deficiency was associated with a reduced total cell 
and neutrophil influx into the alveolar compartment. RAGE activation may enhance 
neutrophil migration by increasing the release of inflammatory mediators. However, we 
observed no differences in pro-inflammatory mediators at the time point investigated. 
RAGE itself has also been implicated in the regulation of cell migration: it can function 
as a counter receptor for leukocyte integrins [24]. In vitro studies showed that RAGE can 
bind the β2 integrin MAC-1 and p150,95 [24]. From these findings it can be speculated 
that RAGE-dependent neutrophil adhesion also contributed in our 1-hit VILI model.

Our current analysis revealed no differences in inflammation in pulmonary LPS-
exposed RAGE KO and WT mice. These results are in line with a previous report also 
showing a similar degree of inflammation between RAGE deficient and WT mice, here 
24 hours after intratracheal LPS challenge [25]. However, a recent in vitro study reported 
evidence for RAGE-LPS interaction [26]. This group also demonstrated that RAGE con-
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tributes to LPS-induced nuclear factor-κB activation in isolated peritoneal macrophages, 
while in vivo RAGE KO mice displayed reduced mortality and inflammation after intra 
peritoneal LPS-induced shock [26]. As such, the importance of the RAGE-LPS interac-
tion seems to vary in different organ tissues; in lungs RAGE-LPS signaling appears less 
important.

RAGE KO mice undergoing the LPS/HVT MV double hit were not protected from VILI. 
Instead, they displayed more lung inflammation. This is a remarkable finding since 
previous findings demonstrated that RAGE deficiency led to attenuated inflammation 
in sterile lung injury models such as bleomycin-induced and hyperoxia-induced lung 
injury [21;27]. However, inflammation was evaluated at a much later time point in these 
studies: several days after start of the experiment. Possibly, deficiency of RAGE in our 
MV model might have influenced respiratory mechanics: pulmonary RAGE is also im-
portant for adherence of epithelial cells towards the basal membrane [10]. However, a 
previous study reported no differences in airway and tissue resistance, -compliance and 
-elastance between healthy RAGE KO and WT mice [28]. We repeated our LPS/HVT MV 
double hit group in a MV-model with volume-controlled ventilation to exclude possible 
interference of lung mechanics. Again, a similar increased inflammatory response in 
RAGE KO mice was observed (data not shown).

Another explanation for our finding is that the lack of sRAGE was unfavorable for the 
inflammatory response since sRAGE can scavenge ligands that also have the potential to 
activate other PRRs. HMGB1 for example can activate RAGE but also TLR4 [29]. Moreover, 
TLR4 signaling clearly contributes to VILI development [7;8]. We observed elevated 
HMGB1 levels in mice undergoing the LPS/HVT MV double hit, extending a previous 
study reporting increased HMGB1 levels after 4 hours of extremely high tidal volume 
MV (30ml/kg) [13]. Blocking HMGB1 in that study improved alveolar barrier dysfunction 
and limited neutrophil influx and TNF-α release. In addition, S100A8/A8 proteins, which 
are as well present in our murine VILI models [30], also have the potential to trigger both 
RAGE and TLR4 [29]. The observation that sRAGE administration to RAGE KO mice in 
part reversed the increased inflammation present in RAGE KO mice indeed suggests that 
certain ligands were sequestered by sRAGE that would have interacted with other PRRs 
in the absence of sRAGE. If sRAGE administration could also have therapeutic potential 
in WT mice in our VILI model is an interesting question for future research. However, a re-
cent study demonstrated that neither intratracheal nor intraperitoneal sRAGE treatment 
affected LPS-induced or E. coli-induced acute pulmonary inflammation, even though 
HMGB1 was also increased in these models [25].

Our study has several limitations. First, we used patient samples from a previous study 
in which the effect of 2 ventilation strategies on inflammation and coagulation was ana-
lyzed. This study was however, not powered to find differences in mRNA levels between 
the 2 groups. We therefore combined the samples from both ventilation strategies. Sec-
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ond, we used a short-term VILI model to analyze the role of RAGE. Although short-term 
MV models are commonly used [6-8;24;26;27], as it technically very difficult to ventilate 
rodents for days, a long term MV model would make the translation of results to clinical 
practice easier. Third, the tracheotomy and the use of anesthesia might also have influ-
enced inflammation in all ventilated animals. It would be ideal to have a control group of 
anesthetized, tracheotomized spontaneously breathing mice. Unfortunately, this results 
in hypoventilation, respiratory acidosis and death.

In conclusion, our data indicate that RAGE is not a crucial pro-inflammatory recep-
tor in the development of MV-induced inflammation. Moreover, complete blockage of 
RAGE seems not beneficial in ventilated lungs with pre-existing injury as the presence of 
sRAGE can limit the production of pro-inflammatory mediators.
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DATA SUPPLEMENT S1

MATERIALS AND METHODS

Patients

Bronchial brush samples and bronchoalveolar lavage fluid (BALF) cells from a previously 
published randomized controlled trial in which patients without pre-existing lung injury 
were mechanically ventilated for 5 hours during elective surgery were used [1]. The 
Medical Ethics Committee of the University of Amsterdam approved the study protocol 
and informed consent was obtained from all patients. Adult patients scheduled for a 
surgical procedure with an estimated duration of 5 hours or longer were eligible for this 
study. Exclusion criteria were: history of any lung disease, use of immunosuppressive 
medication, recent infections, previous thromboembolic disease and recent ventilatory 
support.

Study design

Study design was described in detail previously [1]. Patients without lung injury sched-
uled for elective surgery were randomized to mechanical ventilation (MV) with either a 
conventional tidal volume (VT) of 12 ml/kg ideal body weight and 0 cm H2O positive end 
expiratory pressure (PEEP) or 6 ml/kg and 10 cm H2O PEEP. The inspired oxygen fraction 
was 0.4, the inspiration-to-expiration ratio 1:2, and the respiratory rate was adjusted to 
achieve normocapnia. Bronchial brushes and BALF were collected during bronchoscopy 
which was performed twice in each patient: the first directly after induction of anesthe-
sia and start of MV in the right middle lobe or lingula, and the second was performed 
in the contralateral lung 5 hours thereafter, either perioperatively or directly postopera-
tively. BALF was processed as previously described [1]. BALF cells were resuspended in 
ice cold phosphate buffered saline and were partially used for absolute and differential 
cell counts using Giemsa-stained cytospin preparations. The remaining cells were dis-
solved in RNAlater (Ambion, Austin, TX) and stored at -80 ˚C. Bronchial brushes were 
directly placed into RNAlater. After several minutes and thorough vortexing, the brush 
was removed. RNA was purified using RNeasy mini kit system (Qiagen, Valencia, CA) ac-
cording to the manufacturer’s protocol. Lung brush samples and BALF cells were used 
to determine mRNA expression levels of receptor for advanced glycation end products 
(RAGE) and hypoxanthine-guanine phosphoribosyl transferase (HPRT). Analysis only 
included patient samples in which both RAGE and HPRT were measurable at both time 
points allowing paired analysis. Data from both ventilation strategies was combined.
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Mice

The Animal Care and Use Committee of the Academic Medical Center of the University 
of Amsterdam approved all experiments. Animal procedures were carried out in compli-
ance with Institutional Standards for Human Care and Use of Laboratory Animals.

Eight- to 10 week old male RAGE knockout (KO) mice were generated as described 
previously [2], backcrossed 10 times to a C57Bl/6 background, and bred in the animal 
facility of the Academic Medical Center (Amsterdam, the Netherlands). C57BL/6 age 
matched wild-type (WT) mice were purchased from Harlan laboratories B.V. (Horst, the 
Netherlands).

Experimental groups

WT and RAGE KO mice were randomly assigned to 2 different ventilation strategies (see 
below, MV strategies) or to a non-ventilated control group. Two sets of experiments were 
performed with 6-9 mice per group. In the first set of experiments healthy RAGE KO 
and WT mice were randomized. After 5 hours mice were sacrificed and right lungs were 
used to collect BALF and left lungs for wet/dry ratio. An additional group of WT mice 
were ventilated to obtain lungs for RAGE lung tissue staining and mRNA analysis. In 
the second set of experiments we used WT and RAGE KO mice with pre-injured lungs 
induced by 5 μg LPS (E. coli L4130, Sigma Aldrich) intranasally under 2-3% isoflurane in-
halation anesthesia. After 1 hour mice were randomized to a ventilation strategy, again 
for 5 hours. The right lungs was used to collect BALF and left lungs for wet/dry ratio. To 
study the importance of sRAGE in the 2-hit setting a third experiment was performed 
(n=8 mice/group). Here, RAGE KO mice with LPS-induced lung injury received 50μg 
murine sRAGE or vehicle (saline) intratracheal at start of 5 hours of high tidal volume 
MV. Recombinant murine his-tagged sRAGE was a kind gift from P. Nawroth.

Instrumentation and anesthesia

Methods used in this VILI model were published in detail previously [3;4]. In short, mice 
received an intraperitoneal bolus of 1 ml normal saline 1 hour before start of anesthesia 
and initiation of MV. In ventilated mice, a tracheotomy was performed and an Y–tube 
connector was inserted into the trachea under general anesthesia with an intraperito-
neal injection of 0.75 μl/gram body weight of 1.26 ml 100 mg/ml ketamine, 0.2 ml 1 
mg/ml medetomidine, and 1 ml 0.5 mg/ml atropine in 5 ml normal saline. Maintenance 
anesthesia consisted of 1 μl per/gram body weight of 0.72 ml 100 mg/ml ketamine, 
0.08 ml 1 mg/ml medetomidine, and 0.3 ml 0.5 mg/ml atropine in 20 ml normal saline. 
Maintenance mix was administered hourly via an intraperitoneal catheter, every 30 min-
utes 0.2 ml sodium bicarbonate (200 mmol/l NaHCO3) was administered via the same 
catheter. Throughout the experiments rectal temperature was maintained between 36.5 
– 37.5°C using a warming pad.
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MV strategies and sampling

Ventilated animals were placed in a supine position and connected to a human ventila-
tor (Servo 900 C, Siemens, Sweden). Mice were pressure controlled ventilated for 5 hours 
with either an inspiratory pressure of 10 cm H2O (VT ~ 7.5 ml/kg, LVT) or an inspiratory 
pressure of 18 cm H2O (VT ~ 15 ml/kg, HVT). Respiratory rate was set at 110 breaths/min 
and 70 breaths/min respectively. PEEP was set at 2 cm H2O during both MV strategies. 
The fraction of inspired oxygen was kept at 0.5 and inspiration to expiration ratio was 
1:1. After 5 hours of MV mice were sacrificed by withdrawing blood from the carotid 
artery. Sample harvesting, processing and cell counts were done as described previously 
[3;4]. For RNA analysis, lungs were homogenized in 4 volumes of saline and 50 µl was 
transferred in Tripure (Roche, Woerden, the Netherlands).

Immunostaining of RAGE

Immunostaining of RAGE was performed on slides after deparaffinization and rehydra-
tion. One % H2O2 in methanol was used to quench endogenous peroxidase activity. 
Goat anti-mouse RAGE polyclonal antibodies (Neuromics, Edina, MN, USA) were used 
as primary antibody, biotinylated rabbit anti-goat antibodies (DakoCytomation, Glos-
trup, Denmark) as secondary antibody. For detection ABC solution (DakoCytomation, 
Glostrup, Denmark) was used. Visualization was obtained with DAB peroxidase (Sigma, 
St Louis, MO) as substrate. Lung stainings were scored for RAGE presence on a scale 
0 (negative) – 3 (very intense): alveolar and bronchial epithelium and vascular endo-
thelium were analyzed by a pathologist blinded for group identity, total RAGE staining 
score represents the sum of all scores.

Assays

Total protein levels in BALF were determined using a Bradford Protein Assay Kit (OZ 
Biosciences, Marseille, France) according to manufacturers’ instructions with a detection 
limit of 50μg/ml. Interleukin (IL)–6, keratinocyte–derived chemokine (KC), macrophage 
inflammatory protein (MIP)-2, IL-1β, and tumor necrosis factor (TNF)-α levels were mea-
sured by enzyme–linked immunosorbent assay (ELISA) according to the manufacturer’s 
instructions (R&D Systems Inc., Minneapolis, MN, USA). Detection limits were 51 pg/ml 
for IL-6, KC, and TNF- α, 153 pg/ml for MIP-2 and 25 pg/ml for IL-1β. sRAGE levels were 
measured by Mouse RAGE Duo set ELISA (R&D Systems Inc., Minneapolis, MN, USA) as 
described before with a detection limit of 102pg/ml [5].

HMGB1 western blot

Sixteen μl BALF was separated by polyacrylamide gel electrophoresis (Criterion Bis-Tris 
Precast Gel, Carlsbad, CA, USA). Proteins were transferred to polyvinylidene membranes, 
blocked in blocking buffer containing 5% non-fat dry milk proteins with Tween 20 in 
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50 mM Tris, 150 mM NaCl (pH 7.4, TBS), washed, and incubated overnight with rabbit 
polyclonal HMGB-1 antibodies (Abcam Biochemicals, Cambridge, UK) at 4˚C. After wash-
ing, membranes were probed with peroxidase-labelled Rabbit-IgG1-HRP (Cell Signalling 
Technology, Danvers, MA) for 1 hour at room temperature in TBS. Again after washing; 
blots were imaged with Lumi-LightPlus Western Blotting Substrate (Roche, Mijdrecht, the 
Netherlands).

mRNA expression analysis

Complementary DNA synthesis from human and murine RNA was performed by a re-
verse transcription reaction using Moloney murine leukemia virus reverse transcriptase 
(Invitrogen) and oligo dT (Invitrogen) as described before [4]. Quantitative polymerase 
chain reactions were done using lightCycler®SYBR green I master mix (Roche, Mijdrecht, 
the Netherlands) and analyzed in a LightCycler 480 (Roche) apparatus with the follow-
ing conditions: 5 min 95°C hot-start, followed by 40 cycles of amplification (95°C for 10 
seconds, 60°C for 5 seconds, 72°C for 15 seconds). Standard curves were constructed by 
polymerase chain reactions on serial dilutions of a concentrated complementary DNA 
sample for quantifications. Data were analyzed using LightCycler software. The following 
human primer sequences were used: RAGE forward primer 5’-gccagaaggtggagcagtag-3’ 
and reverse primer 5’-acaagatgaccccaatgagc-3’ HPRT forward primer 5’-tgctgacctgctg-
gattaca-3’ and reverse primer 5’-cctgaccaaggaaagcaaag-3’, Murine primer sequences 
were: RAGE forward primer 5’-aacccatcctaccttctcctg-3’ and reverse primer 5’-cccac-
caggagcgactatt-3’, HPRT forward primer 5’-tcctcctcagaccgctttt-3’ and reverse primer 
5’-cctggttcatcatcgctaatc-3’.
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Figure data supplement S2. RAGE in 2-hit VILI
Lung wet/dry ratio (A), and total protein levels (B), cell counts (C), interleukin (IL)-1β (D) and macrophage-inflam-
matory protein-2 (MIP-2) (E) levels in bronchoalveolar lavage fluid of wild-type (WT) and RAGE knockout (KO) 
mice in a 2-hit lung injury model of lipopolysaccharide (LPS) exposure followed by mechanical ventilation for 5 
hours with low tidal volumes (LVT) (~7.5 ml/kg) or high tidal volumes (HVT) (~15 ml/kg). LPS-exposed non-venti-
lated mice (C) served as control. Data represent mean (SEM) of n=6-9 mice/group. *p<0.05, **p<0.01, ***p<0.001.

DATA SUPPLEMENT S2
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ABSTRACT

Introduction: Innate immunity pathways are found to play an important role in ventila-
tor–associated lung injury (VALI) in ventilated patients, also known as ventilator–in-
duced lung injury (VILI) in models of ventilation in animals. We analyzed pulmonary 
expression of Toll-like receptor 2 (TLR2) in humans and mice after 5 hours of ventilation, 
and determined the role of TLR2 in mice.
Methods: TLR2 gene expression levels in human bronchoalveolar lavage fluid (BALF) cells 
and murine lung tissue were analyzed after 5 hours of ventilation. In addition, wild type 
(WT) and TLR2 knockout (KO) mice were ventilated with either lower tidal volumes (VT) 
of 7ml/kg plus positive end–expiratory pressure (PEEP), or higher VT of 15ml/kg without 
PEEP for 5 hours. Spontaneously breathing mice served as controls. Total protein and im-
munoglobulin M (IgM) levels in BALF, neutrophil influx into the alveolar compartment, 
and interleukin (IL)–6, IL–1β and keratinocyte-derived chemokine (KC) concentrations in 
lung tissue homogenates were analyzed.
Results: TLR2 gene expression was enhanced in BALF cells of ventilated patients and 
in lung tissue of ventilated mice. In WT mice, ventilation with higher VT without PEEP 
resulted in lung injury and inflammation with higher IgM levels, neutrophil influx and 
levels of inflammatory mediators compared to controls. In TLR2 KO mice neutrophil 
influx and IL–6, IL-1β and KC were enhanced by this ventilation strategy. Ventilation with 
lower VT with PEEP only increased neutrophil influx and was similar in WT and TLR2 KO 
mice.
Conclusion: Injurious ventilation enhances TLR2 expression in lungs. TLR2 deficiency 
does not protect lungs from VILI. In contrast, ventilation with higher VT without PEEP 
aggravates inflammation in TLR2 knockout mice.



Chapter 5 83

CH
A

PT
ER

 5

INTRODUCTION

Mechanical ventilation is a vital intervention in the management of patients who need 
general anesthesia for surgery. Ventilation is increasingly recognized for its effects on 
pulmonary integrity, also known as ventilator-associated lung injury (VALI) in patients, 
and ventilator–induced lung injury (VILI) in animal models of ventilation [1-3].

The innate immune system seems to play an important role in injury and inflamma-
tion caused by ventilation. Toll-like receptors (TLRs) are considered key mediators of 
the innate immune response [4]. These receptors recognize both pathogen-associated 
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) and 
their activation triggers inflammation. Indeed, several studies have indicated that 
ventilation could trigger the release of TLR2 and/or TLR4 activating DAMPs (e.g. hyaluro-
nan, S100A8/A9, high mobility group box 1) [5;6]. Animal experiments demonstrated 
ventilation-induced upregulation of pulmonary TLR4 expression [7;8]. Additionally, loss 
of TLR4 clearly attenuated the development of VILI in mice [7].

The role of TLR2 is more uncertain as conflicting data are reported concerning 
ventilation-induced pulmonary TLR2 expression [7-9]. Four hours of lung protective 
ventilation did not result in differences in lung inflammation between wild-type (WT) 
and TLR2 knockout (KO) mice [7]. Experimental studies reported however that injurious 
ventilation releases TLR2 activating DAMPs such as hyaluronan [5]. Since overstretching 
and repetitive opening and collapsing of alveoli are important contributing factors me-
diating VILI it is of interest to study the role of TLR2 in both “lung protective” ventilation 
and high tidal volume injurious ventilation.

In the present study we investigated TLR2 expression in human bronchoalveolar 
lavage (BALF) cells of ventilated patients undergoing elective surgery before and after 5 
hours of MV. In addition we studied TLR2 expression in lungs of ventilated mice. In the 
light of the inflammatory function of TLR4 in VILI, we hypothesized that TLR2 KO mice 
would be protected against MV-induced lung injury and inflammation induced by lung 
injurious ventilation.

MATERIALS AND METHODS

mRNA expression in ventilated patients and mice

This is a secondary analysis of samples obtained from a previous randomized controlled 
trial of ventilation in patients under general anesthesia for surgery without pre-existing 
lung injury [10]. The Institutional Review Board of the Academic Medical Center (AMC), 
Amsterdam, the Netherlands, approved the study protocol and informed consent was 
obtained from all patients before study entry.
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The study protocol was described in detail previously [10]. In short, patients were ran-
domized to ventilation with a conventional tidal volume (VT) of 12 ml/kg predicted body 
weight (PBW) without positive end-expiratory pressure (PEEP) or to ventilation with a 
protective VT of 6 ml/kg predicted body weight with a PEEP level of 10 cmH2O. BALF was 
obtained twice, directly after initiation of ventilation in the right middle lobe or lingula 
and after 5 hours in the contralateral lung, and processed as described previously [10].

BALF cells were used to determine TLR2 messenger ribonucleic acid (mRNA) levels 
relative to the housekeeping gene hypoxanthine-guanine phosphoribosyl transferase 
(HPRT) as described previously [11]. The following human primer sequences were used: 
TLR2 forward primer 5’-catgtgcgtggccagcaggt-3’ and reverse primer 5’-cccccgtgag-
caggatcagc-3’and HPRT forward primer: 5’-tgctgacctgctggattaca-3’ and reverse primer 
5’-cctgaccaaggaaagcaaag-3’. Analysis included samples in which paired measurement 
of both time points was possible. Murine pulmonary TLR2 expression was determined 
in lung homogenate samples obtained from mice ventilated for 5 hours with lower VT 
(7.5 ml/kg) or higher VT (15 ml/kg), non-ventilated mice served as controls [11]. mRNA 
analysis was performed as previously described [11]. The following murine primer se-
quences were used: TLR2 forward primer 5’-tctgggcagtcttgaacattt-3’ and reverse primer 
5’-agagtcaggtgatggatgtcg3’ and HPRT forward primer: 5’-tcctcctcagaccgctttt-3’ and 
reverse primer: 5’cctggttcatcatcgctaatc-3’.

TLR2 in murine VILI

The Animal Use and Care Committee of the AMC, approved the experiments. Nine-
week-old C57Bl/6 mice were purchased from Harlan Inc. (Horst, the Netherlands). TLR 2 
KO mice, generated as described previously [12] and backcrossed > 6 times to a C57Bl/6 
background, were bred in the animal facility of the AMC.

Ventilation was performed as described previously [13]. In short, mice received pres-
sure controlled ventilation for 5 hours, with higher VT (~15 ml/kg) without PEEP (HVT) 
or lower VT (~7 ml/kg) with a PEEP level of 3 cmH2O. Non–ventilated mice served as 
controls.

Mice were sacrificed after 5 hours by withdrawing blood from the carotid artery after 
which the left lung was snap frozen and homogenized and the right lung was used to ob-
tain BALF as described previously [13]. BALF cell counts were determined using a Coulter 
cell counter (Beckman Coulter, Fullerton, CA), differential cell counts were performed 
on Giemsa stained cytospin preparations. Total protein levels in BALF were measured 
using a Bradford Protein Assay Kit (OZ Biosciences, Marseille, France). Immunoglobulin 
(Ig)M levels were measured as previously described [13]. Interleukin (IL)–6, IL-1β and 
keratinocyte–derived chemokine (KC) were determined in lung tissue homogenate by 
ELISA (R&D systems, Mineapolis, MN).
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Data are presented as mean (SEM). Human samples were analyzed by paired t-test or 
Wilcoxon signed-rank test. One outlier (Grubbs test) was removed from the LVT ventilated 
group, removal did not affect outcome. Murine data were analyzed by one–way analysis 
of variance with Bonferroni post–hoc test or a Kruskal Wallis followed by Mann-Whitney, 
depending on data distribution. P–values < 0.05 were considered statistically significant.

RESULTS

TLR2 expression levels are enhanced in ventilated lungs

Patient characteristics and perioperative parameters were previously described in detail 
[10]. Ninety-nine percent of BALF cells obtained before and after 5 hours of ventilation 
were macrophages. TLR2 mRNA levels in cells obtained from patients ventilated with 
lower tidal volumes were not significantly different compared to baseline (n=17 pairs). 
TLR2 levels in patients ventilated with higher tidal volumes and no PEEP however were 
significantly upregulated after 5 hours of MV (n = 16 pairs) (fig. 1A). In line, ventilation 
enhanced the levels of TLR2 mRNA in total lung homogenates of mice, reaching signifi-
cance for mice ventilated with the injurious strategy (fig. 1B).
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Figure 1. Relative messenger RNA expression levels of TLR2 in human bronchoalveolar lavage fluid (BALF) 
cells (A) and murine lung tissue homogenates (B). Patients were ventilated with a conventional tidal vol-
ume (VT) of 12 ml/kg predicted body weight without positive end-expiratory pressure (PEEP) (HVT) (n=16 
pairs) or ventilated with a protective VT of 6 ml/kg predicted body weight with a PEEP level of 10 cmH2O 
(LVT) (n=16 pairs). BALF was obtained at baseline and after 5 hours of mechanical ventilation (MV). Murine 
lung tissue was obtained from mice ventilated for 5 hours with lower VT (7.5ml/kg) (LVT) or higher VT (HVT). 
Non-ventilated mice served as controls (C). Gene expression was normalized to the housekeeping gene 
HPRT. Data represent mean (SEM), *p<0.05.
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TLR2 deficiency enhances VILI

Next, WT and TLR2 KO mice were ventilated to study the role of TLR2 in VILI patho-
genesis. As a measure of alveolar-capillary membrane permeability we analyzed total 
protein levels and IgM in BALF (fig. 2A,B). Mechanical ventilation did not affect total 
protein concentrations. IgM levels however, were increased by the injurious ventilation 
strategy compared to non-ventilated controls (p<0.05). Neutrophil influx in BALF, an 
important hallmark of VILI, was elevated by both ventilation strategies (for both p<0.01) 
(fig. 2C). Furthermore, we analyzed levels of the potent cytokines IL-6 and IL-1β, and 
the chemokine KC in pulmonary tissue (fig. 2D,E,F). Mice ventilated with the injurious 
strategy demonstrated higher levels of IL-6 and IL-1β when compared to the lung pro-
tective strategy (IL-6: p<0.01, IL-1β: p<0.05) and to spontaneously breathing mice (for 
both p<0.01). No significant increases were found in KC concentrations in lungs of WT 
animals due to ventilation.

In contrast to our hypothesis, TLR2 deficient mice were not protected against VILI. 
To our surprise, total protein and IgM tended to be higher in ventilated TLR2 KO mice 
compared to WT mice. Furthermore, neutrophil influx in TLR2 KO mice was enhanced; 
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Figure 2. Total protein (A) and immunoglobulin M (IgM)(B) levels in bronchoalveolar lavage fluid, neutro-
phil influx into the alveolar compartment (C) and interleukin (IL)-6 (D), IL-1β (E), and keratinocyte-derived 
chemokine (KC) (F) in lung tissue homogenates of wild-type (WT) (black bars) and TLR2 knockout (KO) 
(white bars) mice ventilated for 5 hours with lower tidal volume and positive-end expiratory pressure 
(PEEP) (LVT) or higher tidal volume and no PEEP (HVT). Non-ventilated mice served as controls (C). Data 
represent mean (SEM) *p<0.05, **p<0.01.
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reaching significance for TLR2 KO mice ventilated with the injurious strategy. Moreover, 
TLR2 deficient mice ventilated with HVT displayed higher pulmonary levels of IL-6, IL-1β 
and KC.

DISCUSSION

This study demonstrated that ventilation is associated with increased pulmonary TLR2 
gene expression. Loss of TLR2 aggravated VILI in mice ventilated with the injurious 
strategy.

Two different ventilation strategies were used to study the role of TLR2: A ventilation 
strategy with lower tidal volume and PEEP, currently recommended for ventilation un-
der general anesthesia during surgery and a strategy with conventional tidal volumes 
without PEEP, which has the potential to cause lung injury [14]. The effect of MV on pul-
monary TLR2 expression is uncertain with conflicting data in literature. A prior murine 
study demonstrated that 4 hours of ventilation (VT 8ml/kg) increased pulmonary TLR2 
mRNA levels [7]. More recently, a 60-fold increase of TLR2 mRNA was found in lungs of 
mice ventilated for 8 hours with a VT of 12ml/kg [9]. In contrast, a study conducted in 
rats reported no effect of ventilation (4 hours of VT 6ml/kg or VT 20ml/kg) on pulmonary 
TLR2 levels [8]. Our data demonstrate elevated TLR2 mRNA levels in human BALF cells 
ventilated with a conventional strategy and murine lung tissue after 5 hours of injuri-
ous ventilation, which supports the work of the first two studies. In agreement with a 
previous murine study [7], we found no differences in ventilation-induced injury and 
inflammation between WT and TLR2 KO mice ventilated with LVT and PEEP. The injurious 
strategy however, aggravated VILI in TLR2 KO mice pointing at a protective role for TLR2. 
In line, a previous study reported TLR2/TLR4 double KO mice to be more sensitive to 
bleomycine and hyperoxia-induced lung injury, which was associated with enhanced 
epithelial cell apoptosis; the contribution of solely TLR2 herein was not studied [15]. A 
different study reported that administration of the TLR2 agonist Pam3CSK aggravated 
MV-induced inflammation, indicating that stimulation of the TLR2 pathway in VILI is not 
beneficial [9]. A second explanation for our findings could be that TLR2 is not important 
in VILI pathogenesis. Loss of TLR2 may result in enhanced triggering of TLR4 as some 
DAMPs can activate both TLR2 and TLR4 [5].

In conclusion, TLR2 is overexpressed in HVT ventilated lungs. TLR2 deficiency however, 
did not protect lungs from VILI instead inflammation induced by injurious ventilation 
was aggravated in TLR2 KO mice.
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ABSTRACT

Objective: Uric acid released from injured tissue is considered a major endogenous 
danger signal and local instillation of uric acid crystals induces acute lung inflammation 
via activation of the NLRP3 inflammasome. Ventilator-induced lung injury (VILI) is medi-
ated by the NLRP3 inflammasome and increased uric acid levels in lung lavage fluid are 
reported. We studied levels in human lung injury and the contribution of uric acid in 
experimental VILI.
Methods: Uric acid levels in lung lavage fluid of patients with acute lung injury (ALI) were 
determined. In a different cohort of cardiac surgery patients, uric acid levels were cor-
related with pulmonary leakage index. In a mouse model of VILI the effect of allopurinol 
(inhibits uric acid synthesis) and uricase (degrades uric acid) pre-treatment on neu-
trophil influx, upregulation of adhesion molecules, pulmonary and systemic cytokine 
levels, lung pathology, and regulation of receptors involved in the recognition of uric 
acid was studied. In addition, total protein and immunoglobulin M in lung lavage fluid 
and pulmonary wet/dry ratios were measured as markers of alveolar barrier dysfunction.
Results: Uric acid levels increased in ALI patients. In cardiac surgery patients, elevated 
levels correlated significantly with the pulmonary leakage index. Allopurinol or uricase 
treatment did not reduce ventilator-induced inflammation, IκB-α degradation, or up-
regulation of NLRP3, Toll-like receptor 2, and Toll-like receptor 4 gene expression in mice. 
Alveolar barrier dysfunction was attenuated which was most pronounced in mice pre-
treated with allopurinol: both treatment strategies reduced wet/dry ratio, allopurinol 
also lowered total protein and immunoglobulin M levels.
Conclusions: Local uric acid levels increase in patients with ALI. In mice, allopurinol and 
uricase attenuate ventilator-induced alveolar barrier dysfunction.
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INTRODUCTION

The acute respiratory distress syndrome (ARDS) is a devastating pulmonary condition 
characterized by acute inflammation, loss of alveolar-capillary membrane function and 
neutrophilic alveolitis [1;2]. Mechanical ventilation (MV), often mandatory in the man-
agement of these patients, can enhance lung injury by repetitive opening, collapsing, 
and overstretching of alveoli, termed ventilator-induced lung injury (VILI) [3]. The ARDS 
network demonstrated that protective ventilator settings improve outcome in ARDS 
patients [4]. However, to date reported mortality rates remain up to 42% demanding the 
search for additive therapeutic strategies [5].

Bacterial products activate pattern recognition receptors such as the Toll-like recep-
tors (TLRs) and Nod-like receptors (NLRs) triggering an inflammatory response necessary 
to combat infections [6]. In the last decade it became clear that injured tissue releases 
endogenous danger molecules, referred to as damage-associated molecular patterns 
(DAMPs) or alarmins, which trigger the same immune receptors and initiate inflamma-
tion in the absence of infection [6]. Hyperinflammation and immune dysregulation are 
characteristic for VILI. Animal studies demonstrated upregulation of TLR4 by MV [7;8] 
and indicated that MV-induced inflammation is TLR4 dependent [7;9]. In a more recent 
study we showed that VILI is also mediated by NLRP3 inflammasome activation [10]. 
Since these experiments were performed in uninfected animals it is thought that pat-
tern recognition receptors are activated by exposure to endogenous danger molecules. 
Studies indeed demonstrated that DAMPs are released as a consequence of (injurious) 
MV [11].

Uric acid, the product of purine catabolism, is considered a major DAMP contribut-
ing to cell death-induced acute inflammation [12]. The relevance of extracellular uric 
acid in lung pathology was previously demonstrated in a bleomycin-induced lung 
injury model in mice [13]. Local administration of uric acid crystals induced acute lung 
inflammation, a process depending on the NLRP3 inflammasome, the combined action 
of TLR2 and TLR4, the interleukin (IL)-1 receptor and myeloid differentiation factor 88 
pathways. Treatment with allopurinol (blocking uric acid synthesis) greatly inhibited 
bleomycin-induced inflammation and resulted in reduced neutrophil influx and lower 
levels of keratinocyte-derived chemokine (KC) and IL-1β in the lung [13]. Uricase treat-
ment (rapidly degrading uric acid) also reduced neutrophil recruitment and pulmonary 
IL-1β production in these animals. Recently, we demonstrated that uric acid levels in 
bronchoalveolar lavage fluid (BALF) increase upon injurious MV in mice [10]. These find-
ings suggest that uric acid might also contribute as a pro-inflammatory DAMP in VILI. 
Allopurinol and uricase treatment are already well-established therapies to lower patho-
genic uric acid concentrations in patients suffering from gout or to prevent tumor lysis 
syndrome during chemotherapy. In the present study we hypothesized that allopurinol 
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and uricase attenuate pulmonary inflammation and barrier dysfunction compared to 
vehicle pre-treated mice in a clinically relevant model of VILI. In addition, we hypoth-
esized that BALF uric acid levels are also increased in patients with lung injury. To study 
this, we measured BALF uric acid levels in patients suffering from acute lung injury (ALI). 
In a different patient cohort BALF uric acid levels were correlated with pulmonary leak-
age index (PLI) a measure of microvascular pulmonary permeability.

MATERIALS AND METHODS

Patients

The Medical Ethics Committee from the University of Amsterdam approved both study 
protocols. Uric acid measurements were performed on samples obtained during previ-
ous studies where the relation between transfusion and the onset of ALI in adult cardiac 
surgery patients was investigated [14;15]. Written informed consent for participation in 
the study was asked and obtained prior to surgery. Exclusion criteria were emergency 
surgery and pulmonary thrombo-endarterectomy. A detailed description of study 
design and methods was described previously and is also provided in the supporting 
information section, supplemental data S1 [14;15].

Uric acid measurements in human lung lavage fluid

Patients were observed for the onset of ALI up to 30 hours after cardiac surgery [14]. 
At onset of ALI, a non-directed bronchoalveolar lavage was performed as described 
before [16]. Controls were patients not developing ALI and lavaged within 30 hours of 
ICU admission. In total, 16 transfusion-related ALI and 62 control cases were analyzed in 
this study.

Association between uric acid levels and pulmonary leakage index

Pulmonary leakage index (PLI) can be used as a measure of microvascular pulmonary 
permeability and has been shown to be an early marker of acute lung injury in at risk 
patients [17]. In a separate cohort of 60 cardiac surgery patients, pulmonary leakage 
index (PLI) was measured [15]. Transferrin was labeled in vivo, after intravenous injection 
of 67Gallium (Ga)-citrate, 4.5 MBq (physical half-life 78 hour; Mallinckrodt Diagnostica, 
Petten, The Netherlands). In supine position, two scintillation detection probes (Eurorad 
C.T.T., Strasburg, France) were positioned over the right and left lung apices of the pa-
tient. When 67Ga was injected, radioactivity was measured during 30 minutes. The 67Ga 
counts were corrected for background radioactivity, physical half-life, spillover of 67Ga, 
obtained by in vitro measurement of 67Ga, and expressed as cpm per lung field. Blood 
samples were taken at 0, 5, 8, 12, 16, 20, 25 and 30 min after 67Ga injection. Each sample 
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was weighed and radioactivity was determined using a single-well well-counter (LKB 
Wallac 1480 WIZARD, Perkin Elmer, Life Science, Zaventem, Belgium), background, spill-
over of 67Ga, and decay were taken into account. Results are expressed as cpm g−1. For 
each blood sample, a time-matched count rate over each lung was defined. The radio-
activity ratio was calculated as (67Galung)/(67Gablood) and plotted against time. The PLI was 
calculated from the slope of increase of the radioactivity ratio divided by the intercept, 
physical factors in radioactivity detection were corrected this way. The PLI represents 
the transport rate of 67Ga-transferrin from the intravascular to the extravascular lung 
space and is therefore a measure of pulmonary vascular permeability. The values for 
both lung fields are averaged. Measurement error is ~10% and the upper limit of normal 
for PLI is 14.7 x10−3/min. The present analysis included the patients with a PLI measure-
ment and from whom also bronchoalveolar lavage fluid was obtained (n=40). The non-
directed bronchoalveolar lavage and PLI measurements were performed within 3 hours 
postoperatively. A correlation with PLI was investigated in the samples with detectable 
uric acid levels (n = 16).

Mice

The Animal Care and Use Committee of the Academic Medical Center, the Netherlands 
approved this study (permit number: 2010 LEICA102060-1). Animal procedures were 
carried out in compliance with Institutional Standards for Human Care and Use of 
Laboratory Animals. Male C57BL/6 mice aged 8-10 weeks were purchased from Charles 
River (Maastricht, The Netherlands). One hour before randomization to spontaneously 
breathing (n=4/group) or MV (n=9/group), mice received an intraperitoneal injection 
of allopurinol 25mg/kg (Sigma-Aldrich, Schnelldorf, Germany) or uricase 0.2mg/kg 
(Fasturtec, Sanofi Aventis, Notre Dame de Bondeville, France) or vehicle 10% dimethyl-
sulfoxide/saline in 250 μl NaCl. Doses were based on a previous study demonstrating its 
efficacy in reducing bleomycin-induced lung inflammation in mice [13]. The experiment 
was performed twice: In the first subset, lungs were used for wet/dry ratio and to obtain 
BALF, in the second set of experiments lungs were used for tissue homogenate and lung 
histopathology. Methods used in this VILI model were published in detail previously [18].

Instrumentation, anesthesia, and monitoring

Mice received 1 hour before start of MV an intra peritoneal bolus of 1 ml normal saline. 
One hour thereafter, a Y–tube connector (1.0 mm outer diameter and 0.6 mm inner 
diameter, VBM Medizintechnik GmbH, Sulz am Neckar, Germany) was surgically inserted 
into the trachea under general anesthesia (intraperitoneal injection of 7.5 μl per 10 gram 
of body weight of: 1.26 ml 100 mg/ml ketamine, 0.2 ml 1 mg/ml medetomidine, and 1 
ml 0.5 mg/ml atropine in 5 ml normal saline). During the 5 hours of MV maintenance 
anesthesia was given hourly (consisting of 10 μl per 10 gram body weight: 0.72 ml 100 
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mg/ml ketamine, 0.08 ml 1 mg/ml medetomidine and 0.3 ml 0.5 mg/ml atropine in 20 ml 
normal saline) via an intra peritoneal catheter (PE 10 tubing, BD, Breda, the Netherlands). 
Every 30 minutes 0.2 ml sodium bicarbonate (200 mmol/l NaHCO3) was administered via 
the same catheter to keep the mice hemodynamically stable and to prevent metabolic 
acidosis [18]. Rectal temperature was maintained between 36.5 – 37.5°C using a heat-
ing pad. Blood pressure was monitored in the first subset of experiments at t=0, t=2.5 
and t=5 hours using a murine tail-cuff system. Data were recorded on a data acquisition 
system (PowerLab/4SP, ADInstruments, Spenbach, Germany).

Mechanical ventilation

Animals were placed in a supine position and connected to a mechanical ventilator 
(Servo 900 C, Siemens, Sweden). Simultaneously, 6 mice were pressure-controlled 
ventilated with settings known to induce VILI in mice [18]: inspiratory pressure of 18 
cm H2O (resulting in VT ~ 15 ml/kg), respiratory rate was 70 breaths/min, positive end-
expiratory pressure was set at 2 cm H2O, the fraction of inspired oxygen was kept at 0.5 
and inspiration to expiration ratio was set at 1:1. At the end of the experiment mice were 
sacrificed by withdrawing blood from the carotid artery. Previous data from our lab us-
ing the same VILI model demonstrated adequate gas-exchange after 5 hours of MV [18]. 
Because of limited amounts, obtained plasma was stored for cytokine and chemokine 
measurements.

Sampling

BALF was harvested from the right lung by instilling 3 times 0.5 ml saline by a 22-gauge 
Abbocath-T cathether (Abbott, Sligo, Ireland). Cell counts were determined using a Coul-
ter cell counter (Beckman Coulter, Fullerton, CA), differential cell counts were performed 
on cytospin preparations stained with Giemsa stain. Supernatant was stored at -20°C 
for further analysis. The left lung was weighed immediately after harvesting and dried 
for three days in a 65°C stove and weighed again for wet/dry ratio. In the second set of 
experiments right lungs were removed and snap frozen in liquid nitrogen. Next, these 
frozen specimens were homogenized in 4 volumes of saline and 50 µl was transferred 
in Tripure (Roche, Woerden, the Netherlands) for messenger ribonucleic acid (mRNA) 
analysis. The remaining homogenate was diluted 1:1 in lysis buffer (150mM NaCl, 15mM 
Tris, 1mM MgCl.H2O, 1mM CaCl2, 1% Triton x-100, 100 µg/mL Pepstatin A, leupeptin 
and aprotinin, pH 7.4) and incubated at 4ºC for 20 minutes. Cell free supernatants were 
obtained by centrifugation and stored at -80ºC. Left lungs were fixed in 4% formalin 
and embedded in paraffin, 4 µm sections were stained with hematoxylin and eosin 
and scored by a pathologist who was blinded for group identity. To score lung injury 4 
parameters were analyzed on a scale 0-4: alveolar congestion, hemorrhage, leukocyte 
infiltration, and thickness of the alveolar wall/hyaline membranes [18]. Score 0 repre-
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sents normal lungs, 1, mild: <25% involvement, 2, moderate: 25-50% involvement, 3, 
severe: 50-75% involvement, and 4, very severe: >75% lung involvement. An overall VILI 
score was calculated based on the summation of all 4 scores.

Assays

Amplex Red Uric Acid Assay Kit (Molecular probes, Eugene, OR) with a detection limit of 
0.43 μg/ml was used to analyze uric acid levels in samples. Total protein levels in BALF 
were determined using a Bradford Protein Assay Kit (OZ Biosciences, Marseille, France). 
Immunoglobulin M (IgM) measurements were performed as described previously [19], 
a detailed protocol is added to the supporting information section: supplemental data 
S2. Cytokines and chemokines were measured by enzyme-linked immunosorbent as-
say (R&D Systems Inc., Minneapolis, MN) according to manufacturers’ instructions. The 
detection limits were 8pg/ml for KC, 31 pg/ml for IL-6, IL-1β, and tumor necrosis factor-α 
(TNF-α), and 47 pg/ml for macrophage inflammatory protein-2 (MIP-2).

mRNA expression analysis

Complementary deoxyribonucleic Acid (DNA) was synthesized with a reverse transcrip-
tion reaction using oligo dT (Invitrogen) and Moloney murine leukemia virus reverse 
transcriptase (Invitrogen). Quantitative polymerase chain reactions were done using 
lightCycler®SYBR green I master mix (Roche, Mijdrecht, the Netherlands) and measured 
in a LightCycler 480 (Roche) apparatus using the following conditions: 5 min 95°C hot-
start, followed by 40 cycles of amplification (95°C for 10 seconds, 60°C for 5 seconds, 72°C 
for 15 seconds), using primers for NLRP3, TLR2, TLR4, intracellular adhesion molecule-1 
(ICAM-1), vascular adhesion molecule (VCAM), and e-selectin. For relative quantification 
we used the 2-ΔΔCT method. Data were normalized for expression to the housekeeping 
gene hypoxanthine-guanine phosphoribosyl transferase (HPRT). For sequences see 
table 1.

Westernblotting

To study activation of intracellular innate immune pathways, we analyzed the degrada-
tion of inhibitory kappa B alpha (IκB-α), a parameter of nuclear factor-κB (NF-κB) activa-
tion. Lung tissue homogenate samples were measured for total protein concentration, 
and a total of 50μg protein was separated by polyacrylamide gel electrophoresis (Cri-
terion Bis-Tris 4-12% Precast Gel, Biorad, Veenendaal, the Netherlands). Proteins were 
transferred to a immobilon-P Transfer membrane (Millipore, Billerica, MA, USA), blocked 
in blocking buffer containing 5% non-fat dry milk proteins in TBS-T, washed, and incu-
bated overnight with a rabbit polyclonal antibody against IκB-α (Santa Cruz Biotechnol-
ogy, Cambridge, UK) at 4˚C. The Ponceau protein staining was used as loading control. 
After washing, membranes were probed with peroxidase-labeled Rabbit-IgG1-HRP 
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(Cell Signaling Technology, Danvers, MA) for 2 hours at room temperature in TBS. Again 
after washing, blots were imaged with Lumi-LightPlus Western Blotting Substrate (Roche, 
Basel, Switzerland). Quantification was performed using ImageJ software (Rasband, W.S. 
USA), each band was corrected for total protein content using Ponceau concentrations. 
Protein levels did not differ between the experimental groups.

Statistical analysis

Statistical analyses were carried out using GraphPad Prism version 5 (Graphpad Soft-
ware; San Diego, CA). Data are expressed as mean ± SEM unless stated otherwise. Two 
sample comparisons were performed by a Student-t test or Mann-Whitney U test, 
depending on data distribution. Categorical data were analyzed with the Chi Square 
test (supplemental data S3,S4), correlations were determined by Pearson’s analysis. To 
detect differences between multiple groups (non-ventilated controls versus ventilated 
vehicle pre-treated mice and ventilated vehicle pre-treated versus ventilated allopurinol 
or uricase pre-treated mice) ANOVA with Bonferroni post-hoc analysis was used. Non-
parametric data were analyzed with a Kruskal-Wallis test, if overall significant, individual 
groups were assessed by Mann Whitney-U test. P values < 0.05 were considered to be 
statistically significant.

RESULTS

Uric acid levels in BALF of ALI patients

Baseline characteristics of cardiac surgery patients developing transfusion-related ALI 
and their controls were described in detail previously [14] and are demonstrated in the 
supporting information section: supplemental data S3. Patients who developed ALI 
were older, received more transfusions, had a higher Euroscore and ASA score, and, total 

Table 1. Primers used for real-time RT-PCR

Forward Reverse

NLRP3 5’-ccacagtgtaacttgcagaagc-3’ 5’-ggtgtgtgaagttctggttgg-3’

TLR2 5’-ggggcttcacttctctgctt-3’ 5’-agcatcctctgagatttgacg-3’

TLR4 5’-ggactctgatcatggcactg-3’ 5’-ctgatccatgcattggtaggt-3’

ICAM-1 5’-ggagacgcagaggaccttaacag-3’ 5’-cgacgccgctcagaagaacc-3’

VCAM 5’-tgaagttggctcacaattaagaagtt-3’ 5’-tgcgcagtagagtgcaagga-3’

E-selectin 5’-caacgtctaggttcaaaacaatcag-3’ 5’-ttaagcaggcaagaggaacca-3’

HPRT 5’-tcctcctcagaccgctttt-3’ 5’-cctggttcatcatcgctaatc-3’

NLRP3 = Nucleotide-binding domain and leucine-rich repeat protein 3, TLR = Toll-like receptor, ICAM = intracellu-
lar adhesion molecule; VCAM = vascular cell adhesion molecule; HPRT = hypoxanthine-guanine phosphoribosyl 
transferase
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operation time, clamp-time and pump-time were longer when compared to controls. To 
investigate whether lung injury in patients is also associated with a rise in extracellular 
uric acid concentrations, we analyzed uric acid levels in lung lavage samples. Patients 
with lung injury had significantly higher uric acid levels in BALF when compared to 
patients without ALI (fig. 1A). In the second cohort of cardiac surgery patients in whom 
PLI measurements were performed, 1 patient met the criteria of (transfusion-related) 
ALI. Baseline characteristics are reported in the supporting information section: supple-
mental data S4. The mean PLI was elevated in all cardiac surgery patients [15]. In this 
cohort we also measured uric acid concentrations in BALF. Uric acid was elevated in 16 
patients and below the limit of detection in 24 patients, which could not be explained 
by kidney function, ureum levels, or a medical history of smoking or alcohol abuses, 
all parameters that in theory could influence uric acid levels. When we analyzed the 
samples with measurable uric acid concentrations we found a positive correlation with 
the mean PLI levels (fig. 1B).

Uric acid levels, TLR2, TLR4 and NLRP3 gene expression and IκB-α protein levels

All mice survived the duration of the experiment and heart rate and blood pressures 
remained stable without significant differences between the groups (fig. 2). BALF uric 
acid levels were significantly elevated by MV (fig. 3). Intraperitoneal uricase or allopu-
rinol lowered uric acid levels. In plasma, concentrations were significantly reduced by 
allopurinol and uricase when compared to vehicle pre-treated animals (fig. 3). In BALF, 
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Figure 1. Uric acid levels in ventilated patients
Levels of uric acid in bronchoalveolar lavage fluid obtained from patients with acute respiratory distress syn-
drome (ARDS) (n=16) and patients without ARDS (n=62) (A). In a different cohort of cardiac surgery patients 
elevated uric acid levels in lung lavage fluid were correlated with the mean pulmonary leakage index (PLI) mea-
sured, displayed in x10−3min−1 (B) (n=16). Data are presented as mean ± SEM. ** p< 0.01 vs no ALI.
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uric acid concentrations were reduced by uricase. Uric acid levels in the allopurinol 
group were also lower but this did not reach statistical significance. Since previous work 
proposed that for optimal inflammation in response to uric acid crystals the receptors 
TLR2, TLR4, and the intracellular danger sensor NLRP3 are needed [13], we determined 
gene expression levels in lung tissue of these pattern recognition receptors. TLR2 and 
TLR4 mRNA levels were significantly elevated in lung tissue obtained from ventilated 
mice when compared to non-ventilated controls, NLRP3 mRNA levels demonstrated 
a non-significant increase (table 2). We did not detect differences in up-regulation of 
these DAMP signaling receptors between ventilated uricase or allopurinol pre-treated 

0.0 2.5 5.0

0

50

100

150

200
Allopurinol
Vehicle

Uricase

time (hour)

m
m

H
g

0.0 2.5 5.0

0

150

300

450

600

time (hour)

be
at

s/
m

in

HeartrateSystolic Bloodpressure

A B

Figure 2. Hemodynamic parameters during 5 hours of ventilation in mice
Hemodynamic parameters of mice pre-treated with vehicle (10% dimethylsulfoxide), uricase (0.2mg/kg), or allo-
purinol (25mg/kg) 1 hour before start of mechanical ventilation. Systolic bloodpressure (A) and heart rate (B) was 
measured at start of ventilation, after 2.5, and after 5 hours. Data represent mean ± SEM of n = 9 mice per group.
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Figure 3. Uric acid levels in murine ventilator-induced lung injury
Uric acid levels in plasma (A) and bronchoalveolar lavage fluid (BALF) (B) of mice pre-treated with vehicle (10% 
dimethylsulfoxide, dark grey bars), uricase (0.2mg/kg, light grey, striped bars), or allopurinol (25mg/kg (white 
bars) 1 hour before start of 5 hours of mechanical ventilation (VILI). Spontaneously breathing, vehicle pre-treated 
mice served as controls (C). Data represent mean ± SEM of 4 control mice and n=6-9 ventilated mice. **p<0.01 vs. 
control, # p<0.05 vs. vehicle ventilated.
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mice versus vehicle pre-treated mice (table 2). In addition, to analyze whether MV and/
or treatment strategies influenced intracellular immune pathways we measured IκB-α 
protein levels in lung tissue homogenate as a proxy for NF-κB activation. Five hours of 
MV induced degradation of IκB-α as compared to non-ventilated controls (fig. 4). We 
observed no differences between ventilated treated and non-treated groups.

Table 2. Pulmonary mRNA levels of pattern-recognition receptors

C MV

Vehicle Vehicle Uricase Allopurinol

TLR2/HPRT 0.12 [0.12] 10.7 [1.68] ** 12.3 [1.91] 10.5 [2.16]

TLR4/HPRT 2.39 [0.76] 9.21 [1.06] ** 8.02 [1.01] 8.78 [0.98]

NLRP3/HPRT 0.93[0.17] 2.23 [0.20] 3.38 [0.54] 2.82 [0.44]

Animals were pre-treated with uricase (0.2mg/kg), allopurinol (25mg/kg), or vehicle (10% dimethylsulfoxide) 
and were mechanically ventilated for 5 hours (MV), non-ventilated vehicle pre-treated mice served as controls 
(C). Gene expression levels of Toll-like receptor (TLR) 2, TLR4, and, NLRP3 were measured in lung tissue homog-
enates and normalized to the house-keeping gene hypoxanthine-guaninephosphoribosyl transferase (HPRT). 
Data represent mean ± SEM of n=4 non-ventilated mice and n=8-9 ventilated mice/group. **p<0.01 versus non-
ventilated controls.
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Figure 4. Pulmonary inhibitory kappa-B alpha levels in murine ventilator-induced lung injury
Fold down regulation of inhibitory kappa-B alpha (IκB-α) in lung tissue homogenate relative to total protein lev-
els measured by Ponceau staining. Mice were pre-treated with vehicle (10% dimethylsulfoxide), uricase (0.2mg/
kg, light grey, striped bars), or allopurinol (25mg/kg (white bars) 1 hour before start of mechanical ventilation 
(VILI). Spontaneously breathing, vehicle pre-treated mice served as controls (C). After 5 hours mice were killed. 
Data represent mean (SEM) of 4 control mice and n=5-6 ventilated mice. ***p<0.001 vs. vehicle control.
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No effect of uric acid inhibition upon MV-induced inflammation

Five hours of injurious MV induced neutrophil migration to the alveolar compartment 
(fig. 5). Neutrophil influx was paralleled by up-regulated gene expression of the adhesion 
molecules ICAM-1, VCAM in lung tissue homogenate. Ventilated animals pre-treated 
with uricase or allopurinol demonstrated similar neutrophil counts in their BALF and 
up-regulation of the adhesion molecules were not attenuated as compared to vehicle 
pre-treated ventilated mice. To further dissect the pulmonary inflammatory response, 
cytokine and chemokine levels were measured in lung tissue homogenates and plasma 
(fig. 6). MV significantly enhanced IL-6, KC, and IL-1β levels in lung homogenates and 
IL-6 and KC levels in plasma. Concentrations of TNF-α and MIP-2 were not significantly 
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Figure 5. Allopurinol or uricase pre-treatment do not reduce neutrophil influx
Mice were pre-treated with vehicle (10% dimethylsulfoxide, dark grey bars), uricase (0.2mg/kg, light grey, striped 
bars), or allopurinol (25mg/kg (white bars) 1 hour before start of mechanical ventilation (VILI). Spontaneously 
breathing, vehicle pre-treated mice served as controls (C). After 5 hours mice were killed. Neutrophil influx into 
the alveolar compartment (A) and the pulmonary expression of intracellular adhesion molecule-1 (ICAM-1) (B), 
vascular adhesion molecule (VCAM) (C) and e-selectin (D) relative to the housekeeping gene HPRT were ana-
lyzed. Data represent mean ± SEM of 4 control mice and n=7-9 ventilated mice. *p<0.05, **p<0.01 vs. vehicle 
control.
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Figure 6. Allopurinol and uricase pre-treatment do not affect pulmonary and systemic cytokine levels
Mice were pre-treated with vehicle (10% dimethylsulfoxide, dark grey bars), uricase (0.2mg/kg, light grey, striped 
bars), or allopurinol (25mg/kg (white bars) 1 hour before start of mechanical ventilation (VILI). Spontaneously 
breathing, vehicle pre-treated mice served as controls (C). After 5 hours mice were killed. Interleukin (IL)-6 (A,B), 
IL-1β (C,D) and keratinocyt-derived chemokine (KC) (E,F) levels were determined in lung tissue homogenate and 
plasma. Data represent mean ± SEM of 4 control mice and n=9 mice per ventilated group. *p<0.05, **p<0.01 vs. 
vehicle control.
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affected by MV (data not shown). Uricase and allopurinol pre-treatment of ventilated 
mice did not attenuate IL-6, KC, or IL-1β levels in lung or plasma (fig. 6).

Allopurinol and uricase pre-treatment attenuate lung injury

In addition to the inflammatory component, alveolar barrier dysfunction is an important 
measure of VILI. Injurious MV induced lung edema as demonstrated by an increased pul-
monary wet/dry ratio (fig. 7). We observed that uricase and allopurinol treatment both 
markedly reduced lung wet/dry ratio in ventilated animals. In line with these results, 
BALF total protein levels, significantly increased during ventilation, were attenuated in 
ventilated treated groups, reaching statistical significance for allopurinol pre-treated 
mice (fig. 7b). Alveolar-capillary permeability was further analyzed by measuring IgM 
levels in BALF. MV increased IgM levels as compared to non-ventilated controls. Allopu-
rinol pre-treatment also significantly lowered IgM BALF levels compared to ventilated 
vehicle pre-treated mice (fig. 7c). Next, to study lung pathology, lung tissue slides were 
scored for signs for inflammation and damage (fig. 8). Five hours of MV induced mild 
histopathological changes compared to non-ventilated controls. None of the lungs 
showed signs of haemorrhage or hyaline membranes but edema and neutrophil influx 
were present. Total scores tended to be lower in allopurinol pre-treated animals. In ad-
dition, when focusing only on the edema scores, a clear trend (p=0.09) towards reduced 
scores for allopurinol pre-treated animals was found.
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Figure 7. Allopurinol and uricase pre-treatment attenuate alveolar barrier dysfunction
Mice were pre-treated with vehicle (10% dimethylsulfoxide, dark grey bars), uricase (0.2mg/kg, light grey, striped 
bars), or allopurinol (25mg/kg (white bars) 1 hour before start of mechanical ventilation (VILI). Spontaneously 
breathing, vehicle pre-treated mice served as controls (C). After 5 hours mice were killed. Lung wet-to-dry ratio 
(A), total protein levels in lung lavage fluid (B) and immunoglobulin M (IgM) concentrations in (C) were analyzed. 
Data represent mean ± SEM of 4 control mice and n=9 for the VILI groups (for IgM n=5-6). ##P<0.01, ###P<0.001 
vs. vehicle ventilated. ***p<0.001 vs. vehicle control.
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Figure 8. Histopathology of VILI in mice is affected by allopurinol pre-treatment
Lung tissue slides of mice pre-treated with vehicle (10% dimethylsulfoxide, dark grey bars), uricase (0.2mg/kg, 
light grey, striped bars), or allopurinol (25mg/kg (white bars) 1 hour before start of mechanical ventilation (VILI). 
Spontaneously breathing, vehicle pre-treated mice served as controls (C). Lungs were scored for presence of 
edema, hemorrhage, neutrophil influx, and hyaline membranes. Total scores and edema scores are demonstrat-
ed below. Data are presented as mean ± SEM of 4 control mice and n=9 for the VILI groups. *p<0.05 vs vehicle 
control H&E staining, magnification x20.
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DISCUSSION

Present findings demonstrate that uric acid levels are increased in BALF of patients with 
lung injury and that elevated uric acid concentrations are positively correlated with 
increased pulmonary vascular leakage in cardiac surgery patients. In an experimental 
VILI model we found that pre-treatment with allopurinol or uricase did not reduce pul-
monary neutrophil influx, upregulation of adhesion molecules and receptors involved in 
uric acid recognition, intracellular IκB-α degradation, or pulmonary and plasma cytokine 
levels. However, both treatment strategies attenuated lung wet/dry ratio. Allopurinol 
also reduced total protein and IgM levels in BALF and demonstrated a clear trend to-
wards lower lung edema scores on histopathology, thus compatible with reduced lung 
injury.

In the early 90s, urinary uric acid was measured as a marker for increased degradation 
of ATP and was found associated with the severity of human acute respiratory failure 
[20]. A more recent study analyzed uric acid levels in the alveolar compartment as a 
measure of antioxidant status in patients with ARDS [21]. Uric acid concentrations were 
found elevated, despite persistent oxidative stress, in ARDS patients compared to healthy 
controls. In line with these studies, we demonstrated increased BALF uric acid levels in 
cardiac surgery patients that developed ALI. These results cannot be directly compared 
to our animal experiments since in humans ALI was transfusion related and the circum-
stances in which ALI developed were different (for example: lungs were deflated and 
non-ventilated for several hours during the surgical procedure, and a cardiopulmonary 
bypass was used). However, we chose to present our results because it illustrates that 
human lung injury is also associated with a local rise in uric acid levels.

It has been known for decades that uric acid plays a central role in the painful inflam-
matory condition gout. The more recent discovery that released uric acid stimulates 
dendritic cell maturation and enhances the CD8+ T cell responses indicates its role 
in other forms of immune responses and inflammation [22]. Although the effects of 
soluble uric acid are still a matter of debate, it is well established that uric acid crystals 
strongly induce inflammation [23]. A study reported that TLR2, TLR4, and the NLRP3 in-
flammasome are needed for optimal sensing of uric acid crystals [13]. Activation of these 
pattern recognition receptors leads to increased release of pro-inflammatory mediators 
and neutrophil recruitment [13;23]. Our results demonstrate that 5 hours of high tidal 
volume MV induced gene over-expression of these immune receptors, which is in line 
with previous reports [7;8;10]. These receptors can be activated by several endogenous 
ligands and it has been shown that besides uric acid other DAMPs such as hyaluronan, 
high mobility group box 1, and adenosine triphosphate are also increased during VILI 
[11]. Which DAMP contributes most is not established yet and the answer is probably 
dependent on tissue and type of injury. Modulation of uric acid levels with allopurinol 



Chapter 6 105

CH
A

PT
ER

 6

or uricase during severe liver or lung injury substantially reduced inflammation, indicat-
ing that among the numerous potential contributing DAMPs uric acid was one of the 
more important ones in these experiments [13;22]. This contrasts to our study where 
MV-induced inflammation was not affected by allopurinol or uricase treatment.

Uric acid has to be in the range of supersaturation (>70ug/ml) to precipitate and form 
crystals [24]. All cells contain a high intracellular uric acid level as a result of the catabo-
lism of purines. Concentrations further rise when injured cells degrade their DNA and 
RNA. The hypothesis is that in the close area of dying cells released uric acid exceeds its 
saturation point and crystallizes when it comes into contact with the high levels of free 
extracellular sodium. Preclinical studies have demonstrated that injurious MV can cause 
cell injury [3] and our data indeed show increased uric acid levels in BALF of ventilated 
mice. However, reported uric acid concentrations are low. These concentrations might 
be underestimated because the lavage procedure rigorously dilutes the liquid covering 
the alveolar epithelium and therefore local concentrations are unknown. However, it 
can also be speculated that in our relatively mild lung injury model released uric acid 
levels were not sufficient to induce crystals. Previous studies have demonstrated that 
lungs with pre-existing lung injury are more susceptible to the effects of MV. Future 
experiments might therefore focus on the potential of allopurinol and uricase in a 2-hit 
VILI model, in which an additional lung injurious stimulus, such as lipopolysaccharide or 
hydrochloride aspiration, is combined with MV. If the combined use of allopurinol and 
uricase has synergistic effects, since their mechanism of action is different but comple-
mentary, is another interesting question for further research.

Lung edema caused by increased alveolar epithelial and vascular endothelial perme-
ability is an important hallmark of VILI and ARDS. Both allopurinol and uricase reduced 
lung wet/dry ratio, indicating that uric acid itself plays a role in MV-induced lung edema. 
It has been demonstrated that TLR4 and (NLRP3) inflammasome signaling mediate 
alveolar barrier dysfunction in VILI [9;10;25]. Triggering of the TLR pathway and NLRP3 
inflammasome pathway (via IL-1β and IL-18) leads to intracellular IκB-α degradation 
and NF-κB activation. We observed no differences in IκB-α degradation between the 
ventilated treatment groups, indicating that the effect of allopurinol and uricase on 
lung edema was not NF-κB mediated. Uric acid may also function as pro-oxidant and 
generate free radicals in various reactions including the reaction with peroxynitrite [26]. 
Reactive oxygen and nitrogen species can modify or influence ion channels such as 
epithelial sodium channels, which are of utterly importance to maintain the pulmonary 
fluid balance [27]. It can be speculated that uric acid via the generation of free radicals 
had a cytotoxic effect on the endothelial-capillary membrane leading to an increased 
wet/dry ratio. In line with this hypothesis, we observed that elevated BALF uric acid 
levels correlate with higher levels of PLI. We did not study the source of the increased 
BALF uric acid levels. Since the mean PLI was elevated in all cardiac surgery patients, 
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it can be postulated that the increased uric acid levels are not directly caused by the 
increased leakage itself.

The effect of allopurinol pre-treatment on barrier dysfunction was more pronounced 
indicating an additive role for xanthine oxidoreductase. Allopurinol blocks uric acid 
synthesis by inhibiting the enzyme xanthine oxidoreductase. This enzyme catalyzes the 
2 terminal steps of purine degradation (hypoxanthine -> xanthine -> uric acid) and has 
also the ability to generate reactive oxygen species. Our allopurinol data are in line with 
a previous experimental study where 2 hours of injurious MV (VT 20ml/kg) resulted in 
increased pulmonary xanthine oxidoreductase activity [28]. Allopurinol pre-treatment 
of these mice attenuated BALF protein concentrations and evans blue dye extravasation 
in the alveolar compartment. In a different study this group reported that allopurinol 
also attenuated MV-induced alveolar cell apoptosis [29]. It is thought that its role in MV-
induced capillary leakage is related to the production of reactive oxygen species that 
react with nitric oxide to form ONOO−, a powerful oxidant [28]. Whether reactive oxygen 
species indeed play an important role in the mechanisms via which allopurinol improves 
barrier dysfunction should be a focus of future research.

Our study has limitations. First, modulating uric acid concentrations with allopurinol 
or uricase has limitations. Blocking xanthine oxidoreductase by allopurinol only partially 
reduces uric acid concentrations as levels are also affected by absorption from diet [12]. 
Uricase, an enzyme that oxidizes uric acid into allantoin and water, has pharmacokinetic 
limitations since it is short lived and only slowly distributed to interstitial fluids [12]. 
It is therefore possible that uric acid’s contribution is underestimated in our model. 
However, in a bleomycin-induced lung injury model both allopurinol and uricase treat-
ment, using the same dosages, did reduce acute lung inflammation [13]. Second, a 
direct comparison between the mouse and the human studies is not possible because 
multiple factors may have influenced ALI development in patients. In contrast, we used 
healthy animals in our murine model and lung injury was solely induced by injurious 
ventilation. Third, in our murine model mice received allopurinol or uricase before lung 
injury was established and therefore we did not study if allopurinol and uricase also 
have therapeutic effects. Fourth, the tidal volumes used in our VILI model are higher 
then those normally used in clinical practice. Indeed, to date the only clinically proven 
strategy to reduce morbidity and mortality in ARDS is low tidal volume MV [4]. However, 
recent computed tomography studies demonstrated in ARDS that the distribution of 
pulmonary aeration and inflammation is very heterogeneous [30;31]. Even low tidal 
volume MV can cause overdistention in the aerated compartments [31]. VILI is therefore 
considered a regional phenomenon and experimental models using high tidal volume 
MV still reveal important information on VILI pathogenesis.

In conclusion, we found that allopurinol and uricase pre-treatment were not capable 
of reducing innate immune activation and inflammation associated with MV in our mu-
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rine VILI model. However, uric acid seems to play an important role in the pathogenesis 
of MV-induced lung edema. Future experimental studies are needed to elucidate the 
underlying mechanisms.
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DATA SUPPLEMENT S1

METHODS HUMAN STUDIES

Cardiothoracic surgery/anesthesia

The studies were performed in a Dutch university hospital [1;2]. Patients were anes-
thetized according to institutional protocol: lorazepam was used as premedication 
followed by etomidate, sufentanil, and rocuronium for induction of anesthesia and 
facilitation of the intubation procedure. During surgery, sufentanil was used as analgesic 
and sevoflurane plus propofol were used as maintenance anesthesia. Muscle relaxants 
were not used during the surgical procedure. At the end of the procedure small doses 
of morphine and midazolam could be given. Steroids were used at the discretion of 
the cardio-anesthesiologist. The cardiopulmonary bypass was performed under mild 
to moderate hypothermia (28-34°C) using a membrane oxygenator and a non-pulsatile 
blood flow. Lungs were deflated during the procedure. After surgery, patients were 
transferred to the intensive care unit (ICU) with mechanical ventilation.

ICU management

The ICU protocol included fluid infusion with normal saline and starch solutions, blood 
transfusions to maintain hemoglobulin concentrations (≥5 mmol/l), dopamine and nor-
epinefrine in continuous infusion to keep the mean arterial blood pressure ≥ 65 mm Hg, 
and dobutamine and/or milrinone to achieve a cardiac index ≥ 2.5 l/min/m2 or a mixed 
venous oxygenation > 60%. Propofol was infused until core temperature was 36.0°C. 
Acetaminophen and morfine were used as analgesics.

Acute lung injury (ALI) was defined by a new onset of hypoxemia or deterioration 
demonstrated by a PaO2/FiO2 < 300 mmHg, with bilateral pulmonary changes on chest 
X-ray, in the absence of elevated left arterial pressure defined as a pulmonary occlusion 
pressure < 18 mmHg. Chest radiographs were taken before surgery and on arrival at 
the ICU. Two independent physicians scored these radiographs for the presence of new 
onset bilateral interstitial abnormalities. When the interpretation was different, the chest 
radiograph and the description by the radiologist were reviewed to obtain consensus. 
ALI was considered transfusion related when it developed within 6 hours after transfu-
sion. At onset of ALI, a non-directed bronchoalveolar lavage was performed, controls 
were lavaged within 30 hours after ICU admission. Via the orotracheal tube, a 50 cm 14 
Fr tracheal suction catheter was inserted [3]. The tube was advanced until resistance 
was encountered, then 20 ml 0.9% saline was instilled over 10 seconds and immediately 
aspirated. Bronchoalveolar lavage fluid was centrifuged and supernatant was stored at 
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-80°C until further analysis. Patients included in the study were observed for the onset of 
ALI up to 30 hours after ICU admission.
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DATA SUPPLEMENT S2

IGM ELISA

Immunoglobulin M (IgM) was measured using 96 wells plates coated with Anti-mouse 
Ig (SouthernBioTech, Birmingham, AL, USA) in sodium carbonate buffer at 4°C overnight 
[4]. Plates were washed and blocked with 5% bovine serum albumin (BSA, Roche Ap-
plied Science, Indianapolis, IN, USA) in PBS for 1 hour at room temperature. After wash-
ing, the plates were incubated with diluted samples in 1% BSA and 0.05% Tween 20 
(Sigma-Aldrich) in PBS for 2 hours in 37°C. For detection we used anti-mouse IgM-HRP 
(SouthernBioTech, Birmingham, AL, USA) and plates were developed with 3,3’,5,5’-tetra-
methylbenzidine (TMB; Invitrogen, Paisley, UK) and 0.003% H2O2. Optical density of each 
well was measured at 450 nm.
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DATA SUPPLEMENT S3

ALI VERSUS NO ALI COHORT

A total of 1000 cardiac surgery patients were screened for inclusion from November 
2006 until February 2009, of these, 668 patients were included in the study. Sixteen 
patients developed ALI, all within 6 hours of transfusion. Controls (n=62) were randomly 
matched cardiac surgery patients not developing ALI.

Patient characteristics ALI vs No ALI cohort

No ALI (n=62) ALI (n=16)

Pre-operative

Age # 68 (61-74) 74 (70-80)**

Male gender, n (%) 47 (76) 12 (75)

Euroscore # 4.5 (4.3-9.8) 6.0 (3.0-6.0)*

ASA # 3.0 (3.0-3.0) 3.0 (3.0-3.8)*

FEV1 # 90 (76-106) 82 (61-101)

Left ventricular function:

Poor, n (%) 6 (10) 1 (6)

Moderate, n (%) 11 (18) 7 (44)*

Good, n (%) 43 (69) 9 (50)

Alcohol abuse, n (%) 2 (3) 1 (6)

Smoking, n (%) 18 (29) 2 (13)

Ureum mmol/l # 6 (5.0-8.0) 6.5 (5.3-9.8)

Creatinine mmol/l # 83 (73-108) 88 (73-92)

Surgery

CABG, n (%) 33 (53) 6 (38)

Valve replacement n (%) 24 (39) 9 (56)

Other type of surgery n (%) 5 (8) 1 (6)

Clamp time, min † 79 (34) 115 (42)***

Pump time, min # 115 (89-139) 170 (126-198)***

Operation time, min # 244 (205-294) 359 (273-416)***

Amount of transfusions, n # 1 (0-4) 6 (3-10)***

Outcome

ICU LOS (hrs) # 42 (24-52) 102 (70-172)***

Acute lung injury (ALI); EuroSCORE: European System for Cardiac Operative Risk Evaluation; ASA-score: physical 
status classification system according to the American Society of Anesthesiologists; FEV1: forced expiratory vol-
ume in 1 second, given in % of predicted, data are presented in † mean (SD) or in # median (IQR) when appropri-
ate. *p<0.05, **p<0.01, ***p<0.001
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DATA SUPPLEMENT S4

PLI COHORT

Sixty patients were included in the original study, which was performed in 2 univer-
sity hospitals in the Netherlands. In this study the effect of transfusion on pulmonary 
leakage index in cardiac surgery patients was investigated. For the present cohort we 
included patients in which a PLI measurement and a bronchoalveolar lavage procedure 
were performed (n=40).

Patient characteristics PLI cohort

uric acid (n=16) no uric acid (n=24)

Pre-operative

Age † 64 (12) 68 (11)

Male gender, n (%) 11 (71) 17 (69)

Euroscore # 4 (3-6) 5 (3-6)

ASA # 3.0 (3.0-3.0) 3.0 (3.0-3.0)

FEV1 † 91 (16) 99 (18)

Left ventricular function:

Poor, n (%) 1 (6.3) 0 (0)

Moderate, n (%) 4 (25) 7 (29)

Good, n (%) 8 (50) 16 (67)

Alcohol abuse, n (%) 0 (0) 0 (0)

Smoking, n (%) 3 (19) 5 (21)

Ureum mmol/l # 5.0 (5-7) 6.5 (6-9)

Creatinine mmol/l # 75 (69-88) 85 (75-97)

Surgery

CABG, n (%) 8 (50) 16 (67)

Valve replacement n (%) 6 (38) 5 (21)

Other type of surgery n (%) 1 (6) 2 (8)

Clamp time, min † 76 (34) 75 (35)

Pump time, min † 112 (50) 107 (38)

Operation time, min # 239 (213-358) 246 (194-291)

Amount of transfusions, n # 1.5 (0-2) 1 (0-5.8)

Outcome

PLI 32.1 (17) 30.6 (18)

ICU LOS (hrs) # 45 (24-54) 42.5 (25-50)

Mechanical ventilation (hrs) # 14 (7-22) 14 (10-18)

Acute lung injury (ALI); EuroSCORE: European System for Cardiac Operative Risk Evaluation; ASA-score: physical 
status classification system according to the American Society of Anesthesiologists; FEV1: forced expiratory vol-
ume in 1 second, given in % of predicted, data are presented in † mean (SD) or in # median (IQR) when appropri-
ate. *p<0.05, **p<0.01, ***p<0.001
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ABSTRACT

Background: Bacterial products add to mechanical ventilation (MV) in enhancing lung 
injury. The role of endogenous triggers of innate immunity herein is less well under-
stood. Phagocytes release S100A8/A9 proteins during inflammation. The present study 
investigates the role of S100A8/A9 proteins in ventilator-induced lung injury.
Methods: Pulmonary S100A8/A9 levels were measured in samples obtained from pa-
tients with and without lung injury. Furthermore, wild-type and S100A9 knock-out mice, 
naïve and with lipopolysaccharide-induced injured lungs, were randomized to 5 hours 
of spontaneously breathing or mechanical ventilation with low or high tidal volume 
(VT). In addition, healthy spontaneously breathing and high VT ventilated mice received 
S100A8/A9, S100A8 or vehicle intratracheal. Furthermore, the role of Toll-like receptor 4 
herein was investigated.
Results: S100A8/A9 protein levels were elevated in patients and mice with lung injury. 
S100A8/A9 levels synergistically increased upon the lipopolysaccharide/high VT MV 
double hit. Markers of alveolar barrier dysfunction, cytokine and chemokine levels, and 
histology scores were attenuated in S100A9 knockout mice undergoing the double-hit. 
Exogenous S100A8/A9 and S100A8 induced neutrophil influx in spontaneously breath-
ing mice. In ventilated mice, these proteins clearly amplified inflammation; neutrophil 
influx, cytokine, and chemokine levels were increased compared to ventilated vehicle-
treated mice. In contrast, administration of S100A8/A9 to ventilated Toll-like receptor 4 
mutant mice did not augmented inflammation.
Conclusion: S100A8/A9 proteins increase during lung injury and contribute to inflam-
mation induced by HVT MV combined with lipopolysaccharide. In the absence of lipo-
polysaccharide, high levels of extracellular S100A8/A9 still amplify ventilator-induced 
lung injury via Toll-like receptor 4.



Chapter 7 117

CH
A

PT
ER

 7

INTRODUCTION

Acute lung injury (ALI) and its most severe form the acute respiratory distress syndrome 
(ARDS) are devastating pulmonary conditions with a high mortality rate, characterized 
by acute lung inflammation and edema [1]. Although mechanical ventilation (MV) is a 
lifesaving intervention in the management of these patients, it is well known that MV 
can contribute to the pathogenesis of ARDS [2]. Studies demonstrated that conventional 
MV could enhance but also initiate lung inflammation referred to as ventilator-induced 
lung injury (VILI) [2-4]. To date, low tidal volume (VT) MV is recommended. However, 
it has been reported that also MV with lung protective ventilator settings can cause 
(regional) hyperinflation and VILI [5]. The need for additional pharmacological interven-
tions demands further research investigating potential new therapeutic targets.

Although the exact underlying mechanisms are incompletely elucidated, accumulat-
ing evidence indicates that mechanical stress and innate immunity pathways interact 
and compound lung injury [6]. One of the key findings in understanding the develop-
ment of lung injury in the presence of MV was the discovery that microbial molecules, 
like lipopolysaccharide (LPS), have synergistic effects with MV in initiating or enhancing 
lung injury [7-9]. Innate immunity plays a central role in orchestrating pulmonary in-
flammation. Pathogen-associated molecular patterns are recognized by pattern recog-
nition receptors and activation triggers an intense inflammatory response necessary to 
combat infection [10]. In the last decade it became clear that endogenous molecules 
released at sites of tissue injury, termed “alarmins” or “damage-associated molecular 
patterns” (DAMPs), also initiate and further activate innate immunity via the same recep-
tors [10]. Of particular interest are S100A8 (also referred to as myeloid related protein 
8) and S100A9 (also referred to as myeloid related protein 14) proteins, released into 
the extracellular space by activated phagocytes [11]. Indeed, neutrophils are among the 
first cells to infiltrate inflammatory regions and play a central role in the pathogenesis 
of ARDS and VILI [4]. The physiologically relevant form of S100A8 and S100A9 proteins is 
the S100A8/A9 complex in which S100A8 is thought to be the most active component 
[12-14]. S100A8/A9 levels correlate with disease activity in several inflammatory disor-
ders, especially in rheumatoid arthritis, juvenile idiopathic arthritis, and inflammatory 
bowel disease [11]. Recently it became clear that these proteins are not only excellent 
biomarkers of inflammation, they also amplify the pro-inflammatory cascade via activa-
tion of innate immunity [12;15]. In lung tissue, upregulation of S100A9 mRNA due to 
injurious MV was demonstrated [16]. Also, S100A8 and S100A9 proteins were detected 
in bronchoalveolar lavage fluid (BALF) of ARDS patients [17-19]. However, knowledge 
about the impact of S100A8/A9 proteins in inflamed ventilated lungs is limited.

We hypothesized that S100A8/A9 proteins are released during human and murine 
lung injury and contribute to the inflammatory response in a 2-hit model of LPS-induced 
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lung injury combined with MV. In addition, we analyzed the effects of exogenous ad-
ministered S100A8/A9 and S100A8 proteins in naïve mice, the impact of these proteins 
when combined with HVT MV, and the role of TLR4 herein.

MATERIALS AND METHODS

Patients

The study represents a secondary analysis of a previous prospective nested case control 
study where the relation between transfusion and the onset of ALI was investigated [20]. 
The Medical Ethics Committee from the University of Amsterdam approved the study 
protocol and written informed consent was obtained from all patients. Cardiac surgery 
patients were observed for the onset of ALI up to 30 hours after the surgical procedure. 
At onset of ALI a non-directed lung lavage was performed. Patients without ALI who 
were lavaged within 30 hours of ICU admission served as controls. In total 16 cases of 
ALI and 62 controls were identified. Study design and methods were described in detail 
previously [20].

In addition, to illustrate S100A8/A9 presence we stained paraffin-embedded lung 
biopsies for S100A9. Sections were obtained from 12 ICU patients during autopsy: 5 
patients died without ALI and 7 patients died with ALI. Lung sections shown were from 
2 patients: both were admitted to the ICU with an intracerebral bleeding, 1 patient 
developed ALI, the other patient succumbed without ALI.

Mice

The Animal Care and Use Committee of the University of Amsterdam approved all ex-
periments. Deficiency of the S100A8 gene in mice results in a lethal phenotype during 
embryogenesis [21]. Therefore S100A9 knockout (KO) mice, which lack both S100A9 and 
S100A8 proteins, despite normal S100A8 mRNA levels, were used [22]. It is thought that 
the turnover of isolated S100A8 is higher in the absence of its binding partner S100A9. 
Eight- to eleven week old S100A9 KO mice, generated as described previously [22] and 
backcrossed 10 times to a C57Bl/6 background, were bred in the animal facility of the 
Academic Medical Center of Amsterdam, The Netherlands. Age and sex matched wild-
type (WT) mice were purchased from Harlan Sprague Dawley (Horst, The Netherlands) 
one week prior to the experiments and were also housed in the animal facility of the 
Academic Medical Center of Amsterdam.
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Experimental groups

WT versus S100A9 KO mice in (ventilator-induced) lung injury
Lungs of critically ill patients are exposed to diverse insults such as MV, infections, and 
systemic inflammation. These insults may interact and culminate in overwhelming lung 
inflammation often seen in ARDS patients. To study the role of S100A8/A9 proteins in 
these settings we used WT and S100A9 KO mice in a 1-hit and 2-hit lung injury model. 
Healthy animals and mice with pre-injured lungs, induced by 0.25mg/kg lipopolysac-
charide (LPS) (E. coli L4130, Sigma Aldrich) intranasal 1 hour before randomization, were 
assigned to a spontaneously breathing group (n=6-8/group) or to a mechanically venti-
lated group (n=6-8/group). Mice were ventilated with high (H)VT or with a relatively low 
(L)VT (see below MV strategy). After 5 hours all mice were sacrificed by exsanguination 
under general anesthesia. Lungs were used for histopathology, BALF, and lung tissue 
homogenates.

Exogenous S100A8/A9 or S100A8 in vivo
To study the impact of extracellular S100A8/A9 or S100A8 proteins in the lung, healthy 
WT mice received recombinant mouse S100A8/A9 (30 μg/mouse) or S100A8 (30 μg/
mouse) or vehicle (PBS) intratracheal. Mice were subsequently randomized to a sponta-
neously breathing group (n=6) or to HVT MV (n=7). After 5 hours all mice were sacrificed 
by exsanguination under general anesthesia and lungs were used for BALF.

Exogenous S100A8/A9 in TLR4 mutant mice
Next, we analyzed the role of TLR4 in pulmonary S100A8/A9 signaling. For this we used 
C3H/HeN mice (WT mice) and C3H/HeJ mice, that have homozygous mutated TLR4 
genes leading to a TLR4 null phenotype. At start of 5 hours of HVT MV, we administered 
S100A8/A9 proteins (30 μg/mouse) or vehicle (PBS) intratracheal to C3H/HeN mice 
(Charles River, Someren, the Netherlands) and C3H/HeJ mice (Jackson Laboratory, Bar 
Harbor, Maine). After 5 hours all mice were sacrificed by exsanguination under general 
anesthesia and lungs were used for BALF (n=7-8/group).

Instrumentation and anesthesia

LPS, S100A8/A9, S100A8, or PBS were administered under 2-3% isoflurane anesthesia. 
In ventilated animals, a tracheotomy was performed and an Y–tube connector (1.0 mm 
outer diameter and 0.6 mm inner diameter, VBM Medizintechnik GmbH, Sulz am Neckar, 
Germany) was inserted into the trachea under general anesthesia with an intraperitoneal 
injection of KMA “induction”–mix: 7.5 μl per 10 gram of body weight of 1.26 ml 100 mg/
ml ketamine, 0.2 ml 1 mg/ml medetomidine, and 1 ml 0.5 mg/ml atropine in 5 ml normal 
saline. Maintenance anesthesia consisted of 10 μl per 10 gram body weight of KMA 
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“maintenance”-mix of 0.72 ml 100 mg/ml ketamine, 0.08 ml 1 mg/ml medetomidine and 
0.3 ml 0.5 mg/ml atropine in 20 ml normal saline. Maintenance mix was administered via 
an intraperitoneal catheter (PE 10 tubing, BD, Breda, the Netherlands) hourly, every 30 
minutes 0.2 ml sodium carbonate (200 mmol/l NaHCO3) was administered via the same 
intraperitoneal catheter throughout the experiment. Rectal temperature was main-
tained between 36.5 – 37.5°C using a warming pad. In a subset of the experiment heart 
rate and systolic blood pressure were non-invasively monitored using a murine tail-cuff 
system (ADInstruments, Spenbach, Germany). Directly after start of MV, after 2.5, and 5 
hours of MV. Both remained stable throughout the experiment (See supplemental data 
S1).

MV strategy

Methods of the murine MV-model used were published in detail previously [23]. Animals 
were placed in supine position and connected to a ventilator (Servo 900 C, Siemens, 
Sweden). During 5 hours mice were pressure controlled ventilated with an inspiratory 
pressure of 18 cm H2O (resulting in VT ~ 15 ml/kg (HVT)) or with an inspiratory pressure 
of 10 cm H2O (resulting in VT ~ 7.5 ml/kg (LVT)) under general anesthesia. Respiratory 
rate was set at 70 or 110 breaths per minute respectively, PEEP was set at 2 cm H2O, the 
fraction of inspired oxygen was kept at 0.5, and inspiration to expiration ratio was set at 
1:1. A sigh (sustained inflation with 30 cm H2O) for 5 breaths was performed hourly. After 
5 hours of MV mice were sacrificed under general anesthesia by withdrawing blood from 
the carotid artery. This was used for blood gas analysis in a subset of the experiment, 
demonstrating adequate gas exchange in ventilated animals with no differences be-
tween WT and KO mice (See supplemental data S2).

Purification of S100A8 and S100A8/A9

Murine S100A8 and S100A9 proteins were purified as described earlier for the human 
S100 proteins [24]. To obtain heterodimer complexes, purified homodimers were 
denatured in 8 M urea and mixed in equal amounts. Renaturation was allowed during 
extensive dialysis from acid pH to neutral pH in different steps. Protein identification 
was performed by electrospray ionization mass spectrometry. Possible endotoxin con-
taminations were eliminated by Endotrap column and quantified by limulus amebocyte 
lysate assay (BioWhittaker) and in blocking experiments using polymyxin B (Sigma). 
Limulus amebocyte assay did not detect LPS in the protein preparations (sensitivity ~ 
5pg/µg protein).

Sampling

BALF was performed by instilling three times 0.5 ml of saline into the trachea. Cell 
counts were determined using a Coulter cell counter (Beckman Coulter, Fullerton, CA). 
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Differential cell counts were performed on cytospin preparations stained with Giemsa 
stain. Supernatant was stored at -20°C for further measurements. For histology, lungs 
were fixed in 4% formalin, embedded in paraffin, 4 µm sections were stained with he-
matoxylin–eosin and analyzed by a pathologist who was blinded for group identities. To 
score lung injury, 4 pathologic parameters were scored on a scale of 0–4: (a) edema, (b) 
hemorrhage, (c) interstitial infiltration and (d) hyaline membranes [23]. Total histology 
score was expressed as the sum of the score for all parameters. In addition, S100A8 and 
S100A9 stainings were performed on lung sections as described previously [22]. Lung 
tissue homogenates were prepared by homogenizing lungs in 4 volumes of sterile 0.9% 
NaCl and these samples were subsequently lysed in 1:2 lysis buffer containing 300 mM 
NaCl, 30 mM Tris, 2mM MgCl2, 2 mM CaCl2, 1% Triton x-100 and Pepstatin A, Leupeptin 
and Aprotinin (all 20ng/ml; pH 7.4). Homogenates were centrifuged and supernatants 
were stored at -20°C until further analysis.

Assays

Total protein levels were determined in BALF using a Bradford Protein Assay Kit (OZ 
Biosciences, Marseille, France). Interleukin (IL)–6, IL–1β, tumor necrosis–factor (TNF)–α, 
keratinocyte–derived chemokine (KC) and macrophage inflammatory protein (MIP)–2 
levels were measured by enzyme–linked immunosorbent assay (R&D systems, Mineapo-
lis, MN). Detection limits were 51 pg/ml for KC, IL-6, TNF-α and IL-1β. MIP-2 had a detec-
tion limit of 153 pg/ml. Immunoglobulin M (IgM) levels were analyzed as previously 
described [25]. S100A8/A9 concentrations were measured by sandwich enzyme–linked 
immunosorbent assay as previously described: human [26], mouse [14].

Statistical analysis

All data are presented as mean ± SEM. Two group comparisons were analyzed with a 
student t-test or Mann Whitney U-test depending on data distribution (ARDS versus 
no ARDS and WT versus KO). A secondary analysis compared WT mice of control, HVT 
MV-only, LPS-only and HVT MV/LPS groups. For this we used analysis of variance in con-
junction with Bonferroni post hoc testing or a Kruskal-Wallis test with Mann-Whitney 
U-test, depending on data distribution. For the experiments were intratracheal vehicle 
was compared with S100A8/A9 or S100A8 protein exposure in naïve and ventilated mice 
we also used analysis of variance with Bonferroni post hoc analysis or a Kruskal-Wallis 
in conjunction with a Mann-Whitney U-test, depending on data distribution. All statisti-
cal analyses were carried out using GraphPad Prism version 5 (Graphpad Software; San 
Diego, CA). P values < 0.05 were considered significant.
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RESULTS

S100A8/A9 levels increase in clinical and experimental lung injury

In the prospective nested case control study, baseline characteristics of the cases (n=16), 
and their controls (n=62), were described in detail previously [20]. There were no differ-
ences in cardiac or pulmonary function between the groups pre-operatively. Patients 
who developed ALI were older, received more transfusions, and total operation time, 
clamptime, and pumptime were longer when compared to controls [20]. Also, PaO2/
FiO2 ratios were reduced in ALI patients and several outcome parameters were also 
different: patients with ALI were mechanically ventilated longer and had a longer stay 
on the ICU and hospital (See supplemental data S3) [20]. To determine whether levels 
of S100A8/A9 proteins increase during lung injury we analyzed S100A8/A9 concentra-
tions in lavage samples of these patients. ALI patients had increased levels of S100A8/
A9 proteins in BALF when compared to patients without ALI (fig. 1). In addition, we 
illustrated increased S100A9 presence in lung tissue of a patient who succumbed with 
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Figure 1. S100A8/A9 proteins increase in patients with acute lung injury
Presence of S100A8/A9 proteins in lung lavage fluid of patients with acute lung injury (ALI) (n=16) and patients 
without ALI (n=62) (A). Representative immunohistochemical stainings of S100A9 (staining in red, background 
in blue) of human lung tissue obtained from an ICU patient without ALI (B) and with ALI (C). Data are shown as 
mean ± SEM. *P<0.05.
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ALI by immuno-histochemical staining, which was clearly more intense compared to an 
ICU patient who died without ALI (fig. 1b,c).

In our mouse model, we found that both HVT MV and LPS-induced injury resulted in 
significantly increased S100A8/A9 levels compared to non-ventilated control mice (fig. 
2). The combination of both LPS and HVT MV resulted in synergistically increased con-
centrations of S100A8/A9 in BALF; levels were higher when compared to non-ventilated 
controls, HVT MV-only and LPS-only groups. To visualize S100A8 and S100A9 in the 
pulmonary compartment immuno-histochemical staining of mouse lung slides was 
performed. The expression of S100A8 and S100A9 increased with LPS administration 
or HVT MV separately (fig. 3). In line with the S100A8/A9 protein levels in BALF, the most 
intense staining was seen in lung tissue of mice that received both HVT MV and LPS. 
Higher magnification revealed that infiltrating neutrophils were the main S100A8 and 
S100A9-expressing cells (fig. 3). Healthy S100A9 KO mice lack both S100A9 and S100A8 
proteins and thus biologically active S100A8/A9 heterodimers in myeloid cells [19]. For 
additional control purposes we also measured BALF S100A8 levels and stained lung tis-
sue for S100A8 in S100A9 KO mice undergoing the 1 or 2-hit injury. S100A8 could not be 
detected in BALF. Moreover, in contrast to WT mice, no increased S100A8 staining was 
seen in KO mice undergoing the 1 or 2-hit injury (see supplemental data S4).
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Figure 2. S100A8/A9 protein levels increase in mice with lung injury
S100A8/A9 levels in lung lavage fluid in a murine 2-hit lung injury model. Mice were spontaneously breathing (C), 
mechanically ventilated for 5 hours with high tidal volume (HVT MV), received intranasal lipopolysaccharide (LPS; 
0.25 mg/kg) followed by 5 hours spontaneously breathing (LPS), or received intranasal LPS followed by 5 hours 
of HVT ventilation (HVT MV + LPS). Data represent mean ± SEM of 8 mice per group. ### p<0.001 versus control, 
++ p<0.01 versus MV, §§ p<0.01 versus LPS.
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S100A9 deficient mice are partially protected in a HVT MV/LPS 2-hit lung injury 
model

To determine if the increased presence of S100A8/A9 proteins influenced lung injury and 
inflammation, we compared WT with S100A9 KO mice. HVT MV-only and LPS-only both 
induced lung injury and the HVT MV/LPS double-hit boosted lung injury: total protein 
levels, IgM concentrations, and neutrophil influx into the alveolar compartment were sig-
nificantly increased when compared to control, HVT MV-only, and LPS-only groups (fig. 4). 
No differences between S100A9 KO and WT mice were found in the control, HVT MV-only 
and LPS-only groups. However, S100A9 KO mice undergoing the double hit demonstrated 
attenuated alveolar-epithelial permeability when compared to WT mice. This was demon-

S100A8 

S100A9 

C HVT MV LPS HVT MV + LPS Detailed view 

Figure 3. S100A8/A9 presence in lung tissue increases in mice with lung injury
Representative images of immunohistochemical stainings of S100A8 and S100A9 (specific staining in red, back-
ground staining in blue) of murine lung sections. Wild-type mice were spontaneously breathing (C), mechanically 
ventilated for 5 hours with high tidal volume (HVT MV), received intranasal lipopolysaccharide (LPS; 0.25 mg/kg) 
followed by spontaneously breathing for 5 hours (LPS), or received intranasal LPS followed by 5 hours of HVT 
mechanical ventilation (HVT MV + LPS). Magnification 10x, detailed view of the HVT MV + LPS group: magnifica-
tion 100x.
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Figure 4. Barrier dysfunction is attenuated in S100A9 knockout mice undergoing a 2-hit lung injury model
Total protein levels (A), immunoglobulin M (IgM) content (B) and neutrophil counts (C) in bronchalveolar lavage 
fluid of wild-type (WT) and S100A9 knockout (KO) mice. Animals were spontaneously breathing (C), high tidal 
mechanically ventilated (HVT MV), exposed to LPS followed by spontaneously breathing (LPS) or exposed to 
LPS followed by HVT mechanical ventilation (HVT MV + LPS). Data represent means (SEM) of 6-8 mice per group. 
**p<0.01 WT versus KO, ###p<0.001, ##p<0.01, #p<0.01 versus WT C. §§§p<0.001 versus LPS-only. +++p<0.001, 
++p<0.01 versus HVT MV-only.
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 7strated by a lower total protein content and IgM concentration in BALF. The same trend 
was seen for neutrophil influx although this did not reach statistical significance. To further 
analyze the lung inflammatory response in S100A9 KO mice, concentrations of cytokines 
and chemokines were measured in BALF. In line with the lung permeability measurements, 
inflammation was most severe in mice that were exposed to both LPS and overinflation. 
HVT MV/LPS double hit increased the concentrations of BALF IL-6, MIP-2, Il-1β, TNF-α, and 
KC compared to the control, HVT MV-only and LPS-only groups (fig. 5). As compared to WT 
mice, S100A9 KO mice had reduced levels of IL-6, MIP-2, IL-1β and TNF-α after both LPS and 
HVT MV (fig. 5). Furthermore, inflammation was also attenuated in the LPS-only group dem-
onstrated by lower IL-6, KC, MIP-2, and TNF-α concentrations compared to WT mice. Again, 
no significant differences were found in cytokine concentrations of WT and KO mice in the 
control group, and the HVT MV-only group. In addition, we analyzed inflammation in lung 
parenchyma (See supplemental data S5). In line with levels in BALF, IL-6, MIP-2 and TNF-α 
levels were significantly lower in lung tissue homogenates of S100A9 KO mice compared to 
WT mice of the HVT MV/LPS group. The difference between WT and KO mice of the LPS group 
was less prominent in lung parenchyma, only TNF-α concentrations were reduced in S100A9 
KO mice. Next, we analyzed lung histopathology slides. Whereas no significant differences 
in histopathology scores were found between WT and KO mice of control, HVT MV-only, and 
LPS-only groups (table 1), histopathology scores of S100A9 KO mice undergoing the double 
hit were attenuated when compared to WT mice (table 1, fig. 6).
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Figure 5. Inflammation is attenuated in S100A9 knockout mice undergoing a 2-hit lung injury model
Cytokine and chemokine concentrations in lung lavage fluid of wild-type (WT) and S100A9 knockout (KO) mice. 
Animals were spontaneously breathing (C), high tidal mechanically ventilated (HVT MV), exposed to LPS followed 
by spontaneously breathing (LPS), or exposed to LPS followed by HVT mechanical ventilation (HVT MV + LPS). 
Levels of interleukin (IL)–6 (A), macrophage inflammatory protein (MIP)-2 (B), tumor necrosis factor-α (TNF-α) 
(C), IL-1β (D), and keratinocyte–derived chemokine (KC) (E) were determined. Data represent means (SEM) of 6-8 
mice per group. *p<0.05, **p<0.01, ***p<0.001 KO versus WT mice, ###p<0.001, ##p<0.01, and #p<0.05 versus 
WT C, §§§ p<0.001 and §§ p<0.01 versus LPS-only, +++p<0.001, and ++p<0.01 versus HVT MV-only.
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S100A8/A9 proteins in LVT MV

After we have demonstrated that deficiency of S100A8/A9 reduces lung injury in over-
inflated inflamed lungs we analyzed the role of these proteins during LVT MV. Five hours 
of LVT MV induced S100A8/A9 proteins in BALF (See supplemental data S6). Levels were 
higher in LPS-exposed LVT MV ventilated mice. Again, we analyzed total protein, IgM, 
neutrophil influx, and cytokines and chemokines in BALF. In mice with healthy lungs 
and also in animals with inflamed lungs, induced by LPS-inhalation, we observed no dif-
ferences between WT and KO mice in these measures of injury and inflammation after 5 
hours of LVT MV (table 2). These data indicate that S100A8/A9 proteins are less important 
in non-overstretched lung areas.

Exogenous S100A8/A9 proteins induce mild lung inflammation in healthy mice

In a second set of experiments we analyzed if S100A8/A9 proteins could elicit inflam-
mation in otherwise healthy lungs. Within 5 hours, S100A8/A9 and S100A8 proteins 
induced neutrophil recruitment into the alveolar compartment (fig. 7). Total protein 
levels were not affected by S100A8/A9 or S100A8 protein instillation but BALF IgM levels 

Table 1. Histopathology scores

Group WT S100A9 KO

C 0.50 [0.3] 1.50 [0.4]

HVT MV 2.33 [0.3] 2.67 [0.4]

LPS 2.50 [0.6] 2.14 [0.4]

HVT MV + LPS 6.33 [0.61] 4.43 [0.5]*

Lung injury scores of wild-type (WT) and S100A9 knockout (KO) mice of the non-ventilated control group (C), 
high tidal mechanically ventilated group (HVT MV), LPS-exposed non-ventilated group (LPS), and LPS-exposed 
followed by mechanical ventilation group (HVT MV + LPS). Data represent mean ± [SEM] of n=6-7 mice/group. 
*p<0.05 compared to WT mice of the HVT MV + LPS group.
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Figure 6. Histopathological changes were reduced in S100A9 knockout mice undergoing 2-hit lung injury
Representative histological sections of hematoxylin and eosin stained lungs of a wild-type (WT) mouse (A) and a 
S100A9 knockout (KO) (B) mouse exposed to lipopolysaccharide (LPS) and high tidal volume mechanical ventila-
tion (HVT MV). Original magnification x20 (in set x40).
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were elevated. Cytokines and chemokines were not significantly affected. Additionally, 
no differences were detected between S100A8/A9 and S100A8 instillation.

Table 2. S100A8/A9 in low tidal ventilated mice

Healthy LPS-exposed

LVT WT LVT KO LVT WT LVT KO

Total protein (μg/ml) 85 [17] 64 [17] 131 [15] 164 [12]

IgM (ng/ml) 58 [13] 30 [5] 107 [11] 126 [18]

Neutrophils (x104/ml) 4.1 [1.8] 2.7 [0.8] 25 [2.9] 25 [2.9]

IL-6 (pg/ml) 206 [30] 204 [38] 532 [56] 620 [63]

KC (pg/ml) 135 [26] 189 [35] 1382 [342] 1767 [518]

MIP-2 (pg/ml) 81 [17] 57 [19] 1436 [439] 1093 [266]

IL-1β (pg/ml) 62 [8] 57 [18] 152 [9] 201 [35]

TNF-α (pg/ml) B.D. B.D. 614 [64] 386 [77]

Total protein, immunoglobin M (IgM), neutrophil influx, cytokines and chemokines in bronchoalveolar lavage 
fluid of wild-type (WT) and S100A9 knockout (KO) mice. Animals with healthy lungs or with pre-existing lung 
injury induced by lipopolysaccharide exposure were ventilated for 5 hours with low tidal volumes (LVT) (~7.5 ml/
kg). Data represent mean (SEM) of n=6-8 mice/group. Below detection limit: B.D.
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Figure 7. Exogenous S100A8/A9 proteins amplify MV-induced lung inflammation
Neutrophil influx (A), Total protein (B), immunoglobulin M (IgM) (C), interleukin (IL)-6 (D), keratinocyte-derived 
chemokine (KC) (E), macrophage inflammatory protein (MIP)-2 (F), IL-1β (G) and tumor necrosis factor (TNF)-α 
concentrations (H). Mice received S100A8/A9 (30μg/mouse) or S100A8 (30μg/mouse) or vehicle intra tracheal 
at start of five hours of spontaneously breathing (C) or high tidal volume mechanical ventilation (MV). Data rep-
resent mean (SEM) of 5-7 mice per group. *p<0.05, **p<0.01, ***p<0.001 versus vehicle treated mice. + p<0.05 
S100A8 versus S100A8/A9 treated mice. #p<0.05, ##p<0.01 ventilated vehicle treated versus control vehicle 
treated mice.
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S100A8/A9 proteins have synergistic effects with mechanical stress

To determine if S100A8/A9 have additive effects during VILI in the absence of LPS, we 
administered these proteins also to naive mice and ventilated them with the HVT MV 
strategy. S100A8/A9 and S100A8 exposure both resulted in significantly more neutrophil 
influx into the alveolar compartment compared to vehicle-treated mice (fig. 7). Total pro-
tein levels were not influenced by administration of S100 proteins. IgM levels however, 
tended to be higher reaching significance for S100A8/A9 exposed mice. Concentrations 
of the inflammatory mediators IL-6, IL-1β, MIP-2, and TNF-α were significantly increased 
in BALF due to exogenous S100A8/A9 and S100A8 compared to vehicle treated venti-
lated mice. S100A8-exposed ventilated mice tended towards more inflammation, which 
was significant for the IL-1β levels. These experiments suggest that when pulmonary 
S100A8/A9 or S100A8 levels are highly increased, these proteins have additive effects in 
overinflated lung areas in enhancing pulmonary inflammation.

S100A8/A9 proteins aggravate VILI via TLR4 signaling

To evaluate if TLR4 signaling was required for S100A8/A9-induced aggravation of VILI we 
analyzed pulmonary inflammation in TLR4 mutant mice. First, we tested if presence of 
S100A8/A9 also aggravates HVT MV-induced inflammation in the C3H mouse strain. We 
observed, in line with the results above, significantly more neutrophils in the alveolar 
compartment in ventilated S100A8/A9 exposed C3H/HeN mice compared to vehicle 

0

25

50

75

Ne
ut

ro
ph

ils
 (x

 1
04 )

A

C3H-HeN C3H-HeJ

*
***

Vehicle
S100A8/A9

0

100

200

300

B

C3H-HeN C3H-HeJ

***

To
ta

l p
ro

te
in

 (µ
g/

m
l)

0

200

400

600

C

C3H-HeN C3H-HeJ

***

Ig
M

 (n
g/

m
l)

0

300

600

900

D

C3H-HeN C3H-HeJ

***
**

IL
-6

 (p
g/

m
l)

0

1000

2000

3000

E

C3H-HeN C3H-HeJ

***

KC
 (p

g/
m

l)

0

400

800

1200

F

C3H-HeN C3H-HeJ

**
***

M
IP

-2
 (p

g/
m

l)

0

50

100

150

G

C3H-HeN C3H-HeJ

p=0.08
*

IL
-1
β(

pg
/m

l)

0

125

250

375

H

C3H-HeN C3H-HeJ

***

TN
F 

(p
g/

m
l)

Figure 8. Exogenous S100A8/A9 proteins amplify VILI via Toll-like receptor 4
Total protein (A), immunoglobulin M (IgM) (B) Neutrophil influx (C), interleukin (IL)-6 (D), keratinocyt-derived 
chemokine (KC) (E), macrophage inflammatory protein (MIP)-2 (F), IL-1β (G) and tumor necrosis factor (TNF)-α 
concentrations (H) in C3H-HeN and C3H-HeJ mice exposed to S100A8/A9 (30μg/mouse) or vehicle intratrache-
ally at start of high tidal volume mechanical ventilation. Mice were ventilated for 5 hours. Data represent mean 
(SEM) of 7-8 mice per group. *p<0.05, **p<0.01, ***p<0.001 versus vehicle treated mice. #p<0.05 S100A8 versus 
S100A8/A9 treated mice.
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exposed animals (fig. 8). Also, total protein, IgM, IL-6, IL-1β, MIP-2, KC, and TNF-α levels 
were increased in BALF by S100A8/A9 exposure. Strikingly, S100A8/A9 administration to 
ventilated C3H/HeJ mice did not affect any of the inflammatory parameters compared 
to vehicle exposed C3H/HeJ mice (fig. 8). These data clearly reveal that the TLR4 pathway 
is required for S100A8/A9 proteins to aggravate VILI. Noteworthy, we also found differ-
ences between neutrophil influx and cytokine and chemokine levels when comparing 
ventilated vehicle exposed C3H/HeN with C3H/HeJ mice which again underscores the 
importance of TLR4 signaling in VILI.

DISCUSSION

The excessive pulmonary inflammatory response in ALI/ARDS is complex and know- 
ledge about key modulators is limited. Here we reported that S100A8/A9 is an important 
DAMP able to amplify pulmonary inflammation during HVT MV: (1) S100A8/A9 proteins 
were increased in lungs of ALI patients and in mice with LPS- or MV-induced lung injury, 
(2) S100A8/A9 levels were synergistically increased upon HVT MV/LPS double hit and 
targeted deletion of S100A9 in this group attenuated pulmonary permeability and 
inflammation, (3) in gain of function experiments extracellular S100A8/A9 induced mild 
neutrophil influx in healthy recipients, and (4) in the absence of LPS S100A8/A9 clearly 
aggravated VILI via TLR4 dependent mechanisms.

The tidal volumes used in our mouse model are higher then those normally used 
in clinical practice. However, although the use of low tidal volume ventilation (6 ml/
kg body weight) in ARDS is widely accepted, a recent multicenter multinational study 
indicated that higher tidal volumes (>8ml/kg body weight) in patients with evidence for 
ARDS are still used [27]. More importantly, computed tomography studies demonstrated 
that during ARDS lungs are non-uniformly expanded [28]. Extensive areas are fluid filled 
and collapsed resulting in a reduced effective alveolar volume. Even the use of low tidal 
volume ventilation can lead to hyperinflation in less-affected lung areas, indicating that 
VILI is a regional phenomenon [5]. Studies on the effect of hyperinflation are therefore 
still relevant to reveal information on lung injury caused by MV, as hyperinflation is an 
important factor contributing to the development of VILI.

S100A8/A9 proteins are highly expressed in neutrophils, representing 40% of the 
cytosolic protein content [11]. These proteins are also found in monocytes, early dif-
ferentiation stages of macrophages, and can be induced under inflammatory conditions 
in keratinocytes and epithelial cells [11]. Thirty minutes of injurious MV in rats resulted in 
pulmonary S100A9 mRNA up-regulation [16] and LPS stimulation of bronchial epithelial 
cells in vitro increased S100A8 and S100A9 protein release [29]. In addition, we here re-
port that S100A8/A9 protein levels in BALF also elevate during an in vivo murine model 



130 Chapter 7

of VILI and LPS-exposure. Our human data demonstrate high pulmonary S100A8/A9 
levels in ICU patients suffering from ALI, which is in line with previous findings [17-19]. 
Although these results cannot be directly linked to our animal experiments since the 
settings that led to lung injury development were not similar, our patient study does 
illustrate once more that human lung injury is associated with a local rise in S100A8/A9 
levels [17-19].

Studies in mice without pre-existing lung injury showed that VILI is in part dependent 
on TLR4 and the inflammasome [30-33]. It is currently unclear how TLR4 signaling is acti-
vated during VILI but evidence suggests an important role for endogenous ligands [30]. 
MV can result in the release of TLR4 activating DAMPs such as hyaluronan, high mobility 
group box 1, and heat shock proteins [34]. In addition, we observed that S100A8/A9 
is released during MV. However, elimination of only S100A8/A9 had no effect on MV-
induced VILI. In contrast, LPS-induced lung injury resulted in differences between WT 
and KO mice in reduction of several inflammatory parameters. IL-6, KC, MIP-2, and TNF-α 
in BALF were lower in KO mice, consistent with a current view that S100A8/A9 amplifies 
LPS-induced TLR4 activation [14].

The current theory for development of ARDS suggests a 2-hit mechanism [4]. The 
lung can be ‘primed’ by a direct insult such as pneumonia, aspiration, major surgery, 
and trauma, which sets the balance for an increased inflammatory response to a second 
insult such as MV. Previous experimental studies and the results presented in this manu-
script indeed show synergistic interactions between innate immunity and MV: in the 
presence of microbial products the inflammatory response towards HVT MV is enhanced 
[7-9]. Presence of the DAMP S100A8/A9 highly increased upon the HVT MV/LPS double 
hit. We demonstrated here that these proteins are not only a marker of increased lung 
damage; they contributed to injury and inflammation in this 2-hit setting.

A hallmark of ARDS is loss of alveolar-capillary membrane barrier function resulting 
in increased vascular permeability [1]. A previous in vitro study reported S100A8/A9 
proteins to induce endothelial disintegration and have cytotoxic effects contributing 
to endothelial damage [35]. In line, we observed reduced alveolar-capillary membrane 
permeability in S100A9 deficient mice, demonstrated by lower total protein content and 
IgM levels in BALF. S100A9KO mice undergoing the HVT MV/LPS double hit also demon-
strated attenuated histopathological changes and lower cytokine and chemokine levels 
in BALF and lung tissue compared to WT mice.

To further characterize the extracellular contribution of these proteins in lung inflam-
mation we administered exogenous proteins to healthy animals. In vitro it was previously 
demonstrated that S100A8 alone, in the absence of LPS, was capable of inducing TNF-α 
expression in bone marrow cells [14]. The S100A8/A9 complex had only additive effects 
in combination with LPS stimulation. Our in vivo experiments demonstrate that S100A8/
A9 and S100A8 alone induce neutrophil recruitment in lungs of naive mice. These data 
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are supported by other in vivo experiments where chemotactic features of the S100A8/
A9 complex and S100A8 were shown in an arthritis air pouch model in mice [36-37]. In 
LPS-models however, the administration of S100A8/A9 proteins has led to conflicting 
results. It has been demonstrated that S100A8/A9 and S100A8 promote LPS-induced 
shock in mice [14], but a protective effect of extracellular S100A8/A9 on LPS-induced 
liver damage has also been reported [38]. Very recently it was shown that S100A8 
administration attenuated inflammation and injury in a mouse model of endotoxemia 
[39]. These results suggest that S100A8/A9 proteins might have a dual role in inflamma-
tion depending on experimental setting (extent of inflammation, time or dosis of S100 
exposure etc.). Our experiments demonstrated that in the absence of LPS, high levels 
of S100A8/A9 and S100A8 have synergistic effects with HVT MV and markedly enhance 
VILI. This provides evidence that the interaction between MV and innate immunity is 
not restricted for bacterial products and that in the inflamed lung, in the absence of 
infection, endogenous stimuli also amplify the inflammatory response to HVT MV.

In line with prior reports we observed that VILI is attenuated in TLR4 mutant mice 
[30;31;40]. Using TLR4 deficient mice it was previously clearly demonstrated that TLR4 
mediates VILI in healthy animals [30-31] and also inflammation in HVT ventilated LPS 
challenged mice [40]. This manuscript also demonstrates that TLR4 plays a crucial role in 
S100A8/A9 induced aggravation of VILI, underscoring again the importance of this in-
nate immune receptor in VILI. Animal studies have shown that MV increases the expres-
sion of pulmonary TLR4 [30;41]. It can be speculated that the upregulated expression 
of TLR4 in overstretched lung tissue makes the lung more sensitive for high levels of 
S100A8/A9 proteins.

In a murine heart failure model it was demonstrated that S100A8/A9 proteins also 
activate the receptor for advanced glycation end products (RAGE) [15]. RAGE is an innate 
immune receptor that recognizes multiple ligands, including DAMPs like S100A8/A9, 
S100A12, and high mobility group box 1 [42]. RAGE is highly expressed by human and 
murine lung tissue and therefore an interesting receptor for future VILI research. In this 
manuscript we did not study the role of RAGE. However, since the S100A8/A9-induced 
aggravation of VILI was already significantly diminished in TLR4 mutant mice we believe 
that the influence of RAGE signaling was not major in our model. In the mouse there is 
no S100A12 and thus it might very well be possible that in the human situation, there 
is a role for either RAGE or S100A12. Hence, additional research is needed to study both 
the RAGE axis and S100A12.

The DAMP S100A12 is another member of the S100 family of proteins and human 
studies indicate that S100A12 levels are elevated during lung inflammation [17;19]. 
Moreover, it was demonstrated that despite similarly elevated levels of S100A8/A9, 
S100A12 was more increased in ARDS compared to levels in BALF obtained from cystic 
fibrosis patients [19]. Although this study was limited by the comparison of adult ARDS 
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patients with pediatric cystic fibrosis patients and the fact that BALF was obtained from 
cystic fibrosis patients during a bronchoscopy performed because of increased respira-
tory symptoms suggestive of new infection, the difference in expression ratio suggest 
an important role for S100A12 in the onset of acute neutrophilic lung inflammation [19]. 
S100A12 can induce ROS, cytokines, and activate RAGE and is therefore considered to 
be a pro-inflammatory mediator [42]. Again, the function of S100A12 is however difficult 
to study in murine models since mice do not express S100A12. However, it was recently 
reported that transgenic mice expressing human S100A12 in a model of allergic pulmo-
nary inflammation did not have increased lung inflammation [43]. These unexpected 
findings underscore the complexity of the role of S100 proteins and a more pleiotropic 
role of S100A12 in modulating inflammation was suggested [43]. Whether the lack of 
S100A12 in mice also influences the role of S100A8/A9 proteins is not known, research 
studying these proteins should therefore be interpreted with caution.

Increased lung injury may subsequently result in a further rise of S100A8/A9 levels 
as demonstrated here and it can be hypothesized that this uncontrolled loop of DAMP-
mediated inflammation is relevant in ARDS development. Disrupting the S100A8/A9 sig-
naling pathway with S100A8/A9 blocking antibodies would be an attractive approach 
to attenuate pulmonary inflammation. It has been demonstrated that passive immuni-
zation with anti-S100A8 and anti-S100A9 inhibits the accumulation of neutrophils in 
response to monosodium urate crystals in a murine air-pouch model [36]. In contrast, in 
a mouse model of lung inflammation induced by LPS inhalation had anti-S100A8 only a 
weak anti-neutrophil recruitment effect and anti-S100A9 had no effect at all [44]. These 
results plead against a major therapeutic potential. Others have speculated that the 
DAMP function of S100A8/A9 proteins is only elucidated in situations with sufficient 
cell death as S100A8/A9 proteins in the extracellular space function as a danger signal 
for the immune system [45]. LPS-induced lung inflammation would not have resulted 
in enough cell death and therefore the antibodies did not function. In line, in a mouse 
model of streptococcal pneumonia anti-S100A8 and anti-S100A9 caused neutrophil and 
macrophage recruitment to alveoli to diminish by 70-80% [45]. It has previously been 
demonstrated that VILI can lead to cell death [4]. Whether these antibodies work in VILI 
models and have the potential to attenuate the inflammatory response is an interesting 
subject for further research.

Different studies have indicated that S100A8/A9 proteins also have bactericidal activ-
ity [46-47]. The innate immune response may herein act as a double-edged sword; it is 
important to fight intruding pathogens, but on the other hand, overwhelming inflam-
mation can cause tissue damage. The presence of S100A8/A9 can severely increase the 
inflammatory response induced by HVT MV. Future research may study if the reduction 
in MV-induced injury comes at a cost of an increased susceptibility to live bacterial chal-
lenge.
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Our study has limitations. First, the longer operation time, clamptime and pumptime 
of the cardiac surgery patients that developed ALI may also have influenced S100A8/
A9 protein levels. For instance, it was previously shown that S100A8/A9 plasma levels 
are increased during cardiac surgery [48]. In our study S100A8/A9 levels were measured 
locally in BALF. We believe that this rise is a result of the inflammatory response within 
the lung and not due to systemic production. Second, since multiple factors may have 
influenced ALI development in patients a direct comparison between the mouse and 
the human studies is only partly possible. We used healthy young animals in our murine 
model and lung injury was solely induced by injurious ventilation combined with LPS-
exposure. Third, we restricted our analysis to well-known parameters of lung inflamma-
tion and injury. Effects of S100A8/A9 proteins on lung mechanics were not measured.

Taken together, our data clearly demonstrate that S100A8/A9 proteins increase during 
lung injury and contribute to pulmonary inflammation in a 2-hit setting of HVT MV com-
bined with LPS. Moreover, high levels of S100A8/A9 have synergistic effects with HVT 
MV, amplifying VILI via TLR4. These results may be translated into novel ARDS therapies 
in which dysregulated inflammation is attenuated by targeting endogenous S100A8/A9 
proteins.
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Data supplement S1 Figure 1. Hemodynamic conditions during high tidal mechanical ventilation
Hemodynamic parameters observed during 5 hours of high tidal volume mechanical ventilation (MV). Heart 
rates (A) and arterial blood pressures (BP) (B) were measured at 3 time points (T=0, T=2.5, and T=5 hours) in 
healthy (MV) and LPS-exposed ventilated (LPS + HVT MV) wild-type (WT) and S100A9 knockout (KO) mice. Data 
represent mean (SD) of n=6-8 mice per group.
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Data supplement S1 Figure 2. Hemodynamic conditions during low tidal mechanical ventilation
Hemodynamic parameters observed during 5 hours of low tidal volume mechanical ventilation (MV). Heart rates 
(A) and arterial blood pressures (BP) (B) were measured at 3 time points (T=0, T=2.5, and T=5 hours) in healthy 
(MV) and LPS-exposed ventilated (LPS + HVT MV) wild-type (WT) and S100A9 knockout (KO) mice. Data represent 
mean (SD) of n=8 mice per group.
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Table 1. Blood gas analyses of high tidal ventilated animals

pH PaO2 PaCO2 HCO3
− BE

HVT MV WT 7.47 [0.05] 171.2 [15.2] 30.2 [4.43] 20.5 [1.35] -1.80 [1.37]

KO 7.38 [0.02] 145.7 [13.4] 39.5 [3.30] 22.6 [1.32] -2.05 [1.11]

HVT MV + LPS WT 7.38 [0.05] 106.8 [12.9] 48.0 [6.77] 25.9 [0.71] 1.89 [1.58]

KO 7.43 [0.05] 136.5 [20.5] 42.3 [5.21] 26.3 [1.44] 0.33 [0.72]

Data are mean [SEM] of ventilated healthy and LPS-exposed wild-type (WT) and S100A9 knockout (KO) mice. 
Animals were ventilated for 5 hours, n=8 mice per group. PaO2 = partial pressure of arterial oxygen in mmHg; 
PaCO2 = partial pressure of arterial carbon dioxide in mmHg; HCO3

− = bicarbonate in mmol/l; BE = base excess in 
mmol/l; HVT= high tidal volume

Table 2. Blood gas analyses of low tidal volume ventilated animals

pH PaO2 PaCO2 HCO3
− BE

LVT MV WT 7.40 [0.05] 156.4 [9.38] 37.3 [4.88 21.1 [0.76] -3.01 [1.10]

KO 7.41 [0.03] 137.6 [17.0] 38.0 [2.85] 23.1 [0.78] -1.11 [1.04]

LVT MV + LPS WT 7.35 [0.05] 139.0 [12.9] 46.4 [5.55] 23.7 [1.06] -2.06 [1.17]

KO 7.35 [0.05] 111.9 [19.65] 52.7 [7.43] 26.5 [1.06] 0.14 [1.24]

Data are mean [SEM] of ventilated healthy and LPS-exposed wild-type (WT) and S100A9 knockout (KO) mice. 
Animals were ventilated for 5 hours, n=8 mice per group. PaO2 = partial pressure of arterial oxygen in mmHg; 
PaCO2 = partial pressure of arterial carbon dioxide in mmHg; HCO3

− = bicarbonate in mmol/l; BE = base excess in 
mmol/l; LVT= low tidal volume
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Lung injury and outcome characteristics

No ALI ALI

PaO2/FIO2 176 (145-235) 114 (98-146)***

Ventilation time (hrs) 17 (11-24) 25 (21-83)***

ICU LOS (hrs) 42 (24-52) 102 (70-172)***

Hospital LOS (hrs) 192 (144-252) 276 (216-594)**

Acute lung injury (ALI); Intensive care unit (ICU); Length of stay (LOS); data are presented in median (IQR). 
***p<0.001, **p<0.01



140 Chapter 7

DATA SUPPLEMENT S4

KO C KO HVT MV 

KO LPS KO HVT MV + LPS 

Data supplement S4. S100A8 protein staining in S100A9 KO mice
Representative images of immunohistochemical pulmonary stainings of S100A8 (specific staining in red, back-
ground staining in blue). S100A9 knockout (KO) mice were healthy and spontaneously breathing (C), ventilated 
with high tidal volume mechanical ventilation (HVT MV), exposed to lipopolysaccharide (LPS), or exposed to LPS 
followed by high tidal volume mechanical ventilation (HVT MV + LPS) for 5 hours.
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Data supplement S5. Cytokines and chemokines in lung tissue homogenates
Cytokine and chemokine concentrations in pulmonary tissue of wild-type (WT) and S100A9 knockout (KO) mice. 
Animals were spontaneously breathing (C), high tidal mechanically ventilated (HVT MV), exposed to LPS fol-
lowed by spontaneously breathing (LPS) or exposed to LPS followed by high tidal mechanical ventilation (HVT 
MV + LPS). Levels of interleukin (IL)–6 (A), macrophage inflammatory protein (MIP)-2 (B), tumor necrosis factor-α 
(TNF-α) (C), IL-1β (D) and keratinocyte–derived chemokine (KC) (E) were determined. Data represent means (SEM) 
of 6-7 mice per group. *p<0.05, **p<0.01, ***p<0.001 KO versus WT mice. ###p<0.001, ##p<0.01 and #p<0.05 
versus WT C. §§§ p<0.001 and §§ p<0.01 versus LPS-only. +++p<0.001 and ++p<0.01 versus HVT MV-only.
Data supplement S6. S100A8/A9 in lung lavage fluid in low tidal volume ventilated mice
Levels of S100A8/A9 in lung lavage fluid of low tidal volume ventilated (LVT) wild-type (WT) mice with healthy 
lungs or with pre-existing lung injury induced by LPS-inhalation. Data are shown as mean ± SEM. **P<0.01.
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Data supplement S6. S100A8/A9 in lung lavage fluid in low tidal volume ventilated mice
Levels of S100A8/A9 in lung lavage fluid of low tidal volume ventilated (LVT) wild-type (WT) mice with healthy 
lungs or with pre-existing lung injury induced by LPS-inhalation. Data are shown as mean ± SEM. **P<0.01. 
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ABSTRACT

Background: Pulmonary toll-like receptor 4 (TLR4) expression is increased in ventilated 
rodents and TLR4 deficiency attenuates murine ventilator-induced lung injury (VILI). We 
investigated the potential of Eritoran, a pharmacological TLR4 inhibitor, in murine VILI 
and TLR4 expression in ventilated patients.
Methods: TLR4 gene expression in lung brush and lavage cells obtained from ventilated 
patients was studied. In addition, mice were pre-treated intravenously with Eritoran 
(5mg/kg) or vehicle at start of 5 hours of ventilation with either lower tidal volumes 
(7ml/kg) and 3 cmH2O of positive-end expiratory pressure (PEEP) or higher tidal volumes 
(15ml/kg) and zero PEEP. Spontaneously breathing mice served as controls.
Results: In ventilated patients an increased TLR4 gene expression levels was observed. 
In mice, mechanical ventilation increased total protein levels and neutrophil influx in 
bronchoalveolar lavage fluid, relative lung weights were higher in mice ventilated with 
the injurious strategy. Cytokine and chemokine levels were elevated in lung and plasma, 
with higher levels in the injurious ventilation group. Eritoran attenuated neutrophil 
influx of mice ventilated with the injurious strategy. Other VILI endpoints were not af-
fected by treatment.
Conclusions: Pulmonary TLR4 gene expression in patients is enhanced after 5 hours of 
mechanical ventilation. Intravenous Eritoran reduced neutrophil recruitment in murine 
VILI.
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INTRODUCTION

Mechanical ventilation (MV) is a lifesaving supportive therapy in the management of pa-
tients with acute respiratory failure. However, it is well known that MV itself can induce 
or aggravate lung injury, termed ventilator-induced lung injury (VILI) [1-4]. Overstretch-
ing and repetitive opening and collapsing of alveoli (atelectrauma) are important con-
tributing factors in the development of this iatrogenic inflammatory condition which is 
characterized by alveolar-capillary barrier dysfunction, neutrophil influx, and increases 
in inflammatory mediators [3]. However, the underlying molecular mechanisms are 
incompletely understood. Over the last decade it has become clear that MV can activate 
an innate immune response [5].

Toll-like receptors (TLRs) are pattern recognition receptors and play a key role in in-
nate immunity [6]. They recognize intruding pathogens and initiate an inflammatory 
response necessary to combat infection. TLRs are also activated by endogenous danger 
molecules, which are released during (sterile) tissue injury and inflammation [6]. These 
so-called damage-associated molecular patterns can accumulate during VILI [7]. It has 
been demonstrated in rodents that MV itself can increase the pulmonary expression of 
one of the most studied TLR family member, TLR4 [8-10]. Using TLR4 deficient mice it 
was demonstrated that TLR4 signaling is an important pathway in the development of 
VILI [8;11;12]. TLR4 activation can contribute to inflammation by initiating the produc-
tion of inflammatory cytokines and chemokines, and mediating neutrophil recruitment 
[6;11;13].

Eritoran tetrasodium salt [Eisai Research Institute of Boston, Inc, Andover, Mass] is a 
structural analog of the lipid A portion of lipopolysaccharide (LPS) that inhibits TLR4 
activation by binding MD2, a critical co-receptor of TLR4 [14]. It thereby prevents TLR4 
dimerization and intracellular signaling. In vitro and in vivo experiments demonstrated 
that it is a potent blocker of LPS-induced cytokine release and LPS or bacterial-induced 
lethality in primed mice [15]. Sterile in vivo inflammation models demonstrated that 
Eritoran is also able to reduce TLR4 dependent inflammation that is not triggered by 
the classical TLR4 agonist LPS [16-18]. In these rodent studies intravenous administra-
tion of Eritoran protected against kidney and cardiac ischemia-reperfusion injury and 
D-galactosamine induced severe liver injury. Of interest, in a phase II trial in patients 
with sepsis intravenous Eritoran treatment was safe and well tolerated [19]. Since 
studies reported enhanced TLR4 expression in lung tissue homogenates of ventilated 
rodents [8-10], we decided to determine the pulmonary response towards mechanical 
ventilation in patients by analyzing TLR4 expression levels in bronchial brush samples 
and cells obtained from bronchoalveolar lavages. In addition, we studied the effects of 
pharmacological TLR4 inhibition with intravenous Eritoran in a clinically relevant mouse 
model of VILI. We here demonstrate in ventilated patients increased pulmonary TLR4 
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gene expression levels. In mice, intravenous Eritoran reduced MV-induced neutrophil 
recruitment without affecting other parameters of VILI.

MATERIALS AND METHODS

Patients

This is a secondary analysis of bronchial brush and bronchoalveolar lavage fluid (BALF) 
cells obtained during a previous randomized controlled trial in which patients without 
pre-existing lung injury were mechanically ventilated [20]. The medical Ethics Commit-
tee of the Academic Medical Center, Amsterdam, the Netherlands approved the study 
protocol and informed consent was obtained from the patients before entry in the study. 
Patients were eligible for this study if scheduled for elective surgery with an estimated 
duration of 5 hours or longer. Patients with severe lung disease: chronic obstructive pul-
monary disease requiring medication, pneumonia, acute lung injury/acute respiratory 
distress syndrome, lung fibrosis, pulmonary thromboembolism, previous pneumectomy 
or lobectomy, were excluded.

Study design

The study protocol was described in detail previously [20]. In short, patients received 
routine anesthesia according to local protocol, which included: intravenous propofol 
(2-3 mg/kg, thereafter 6-12 mg/kg/h), fentanyl (2-3 μg/kg, thereafter as required), and 
rocuronium (as required). Bupivacaine (0.125%)- fentanyl (2.5 μg/ml) was administered 
epidurally. The ventilatory protocol consisted for all patients of volume-controlled ven-
tilation with an inspired oxygen fraction of 0.40, an inspiratory to expiratory ratio of 1:2, 
and a respiratory rate adjusted to achieve normocapnia. Patients were randomized to 
MV with a tidal volume (VT) of 12 ml/kg predicted body weight and zero positive end-
expiratory pressure (PEEP) (ZEEP) or to a MV strategy with a VT of 6 ml/kg predicted body 
weight and 10 cmH2O PEEP. The bronchoscopic procedure was used to collect BALF and 
bronchial brushes (to obtain epithelial cells). This procedure was performed twice on all 
patients: the first directly at start of MV in the right middle lobe or lingula, the second 5 
hours thereafter in the contralateral lung either peri-operatively or directly postopera-
tively. Brushes were placed into RNAlater (Ambion, Austin, TX). The brush was removed 
after thorough vortexing during several minutes. BALF was obtained and processed as 
described previously [20]. BALF cells were resuspended in ice-cold phosphate-buffered 
saline. These cells were partially used for absolute cell counts and for Giemsa-stained cy-
tospin preparations for differential counting. Remaining cells were dissolved in RNAlater 
and stored at -80˚C until further analysis. Lung brush samples and BALF cells were used 
to determine TLR4 messenger ribonucleic acid (mRNA) levels relative to the housekeep-
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ing gene hypoxanthine-guanine phosphoribosyl transferase (HPRT). Analysis included 
samples in which paired measurement of both time points was possible. Data from both 
ventilation strategies were combined.

mRNA expression analysis

RNA was isolated using the RNeasy mini kit system (Qiagen, Valencia, CA) according to 
manufacturer’s protocol and reverse transcribed using oligo dT (Invitrogen) and Moloney 
murine leukemia virus reverse transcriptase (Invitrogen). Quantitative polymerase chain 
reactions were performed using LightCycler SYBR Green 1 master mix (Roche, Mijdrecht, 
the Netherlands) and analyzed in a LightCycler 480 (Roche) apparatus using the follow-
ing conditions: 5 min 95˚C hot-start, followed by 40 cycles of amplification (95˚C for 10 
seconds, 60˚C for 5 seconds, and 72˚C for 15 seconds). Standard curves for quantifications 
were constructed by polymerase chain reactions on serial dilutions of a concentrated 
complementary DNA sample. Light Cycler software was used for analysis of the data. 
The following human primer sequences were used: TLR4 forward primer 5’-gagcacttg-
gacctttccag-3’ and reverse primer 5’-ccagaaccaaacgatggact-3’and HPRT forward primer: 
5’-tgctgacctgctggattaca-3’ and reverse primer: 5’- cctgaccaaggaaagcaaag -3’.

Mice

The Animal Care and Use Committee of the Academic Medical Center approved the 
study. Animal procedures were carried out in compliance with Institutional Standards 
for Human Care and Use of Laboratory Animals. Nine-week-old male C57BL/6 mice 
were purchased from Charles River (Maastricht, The Netherlands) and maintained at the 
animal care facility of the Academic Medical Center according to institutional guidelines.

Eritoran treatment and experimental groups

At the day of the experiment, mice were randomized between 2 different MV-strategies 
and received 5mg/kg Eritoran or vehicle intravenously at start of MV (n=9 per group). 
Doses were based on previous animal studies demonstrating its efficacy in reducing 
cardiac or renal ischemia/reperfusion injury [17;18]. Spontaneously breathing non-
ventilated mice served as controls. After 5 hours, mice were sacrificed by withdrawing 
blood from the carotid artery, which was used for blood gas analysis and cytokine 
measurements. Lungs were used for wet weight measurements, BALF, and lung tissue 
homogenates.

Instrumentation, mechanical ventilation, and monitoring

A tracheotomy was performed under general anesthesia with an intraperitoneal injection 
of KMA “induction”–mix: 75 μl per gram of body weight of 1.26 ml 100 mg/ml ketamine, 
0.2 ml 1 mg/ml medetomidine, and 1 ml 0.5 mg/ml atropine in 5 ml normal saline. Then 
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a Y–tube connector was inserted and connected to a mechanical ventilator (Babylog 
8000 plus, Dräger Medical, Lubeck, Germany). Animals were pressure-controlled ven-
tilated, with a fractional inspired oxygen concentration of 0.4 and an inspiration-to-
expiration ratio of 1:3. Tidal volumes were measured each inspiration-expiration cycle by 
a pneumotachograph (HSE–Harvard Apparatus, March–Hugstetten, Germany) allowing 
continues regulation of tidal volume by adjusting positive inspiratory pressure. Mice 
were exposed to low tidal volume (LVT) MV with 7 ml/kg and 3 cmH2O PEEP or to an 
injurious strategy with high tidal volumes (HVT) of 15 ml/kg and ZEEP. Respiratory rate 
was set at 160 or 50 breaths per minute respectively. Maintenance anesthesia during 
MV consisted of 1 μl per gram body weight of KMA “maintenance”-mix: 0.72 ml 100 mg/
ml ketamine, 0.08 ml 1 mg/ml medetomidine, and 0.3 ml 0.5 mg/ml atropine in 20 ml 
normal saline. Maintenance mix was administered via an intraperitoneal catheter (PE 10 
tubing, BD, Breda, the Netherlands) hourly, every 30 minutes 0.2 ml sodium bicarbonate 
(200 mmol/l NaHCO3) was administered via the same intraperitoneal catheter to prevent 
metabolic acidosis. Throughout the experiment rectal temperature was maintained 
between 36.5-37.5˚C using a warming pad.

Sampling

BALF was harvested from the right lung by instilling 3 times 0.5 ml saline. Cell counts 
were determined using a Coulter cell counter (Beckman Coulter, Fullerton, CA), differ-
ential cell counts were performed on cytospin preparations stained with Giemsa stain. 
After centrifugation, supernatant was stored at -80˚ C until further analysis. The left lung 
was weighed immediately after harvesting and lung/body weight ratio, a measure of 
lung edema, was calculated. Thereafter, left lungs were homogenized in 4 volumes of sa-
line and lysed in 1 volume of lysis buffer (300mM NaCl, 30mM Tris, 2mM MgCl.H2O, 2mM 
CaCl2, 1% Triton X-100, and Pepstatin A, leupeptin and aprotinin pH 7.4). Homogenates 
were incubated at 4ºC for 20 minutes and then spun, cell free supernatants were stored 
at -80ºC until cytokine and chemokine measurements.

Assays

Total protein levels in BALF were determined using a Bradford Protein Assay Kit (OZ 
Biosciences, Marseille, France) with a detection limit of 50μg/ml. Interleukin-6 (IL-6), 
IL-1β, macrophage inflammatory protein (MIP)-2, keratinocyte-derived chemokine 
(KC), and tumor necrosis factor-α (TNF-α) levels were measured by enzyme-linked im-
munosorbent assay (R&D Systems Inc., Minneapolis, MN) according to manufacturers’ 
instructions.
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Statistical analysis

Statistical analysis was done using GraphPad Prism version 5.0 (GraphPad Software, San 
Diego, CA, USA). Data are expressed as mean ± SEM. For paired human mRNA sample 
comparisons we used the Wilcoxon signed-rank test. Comparisons between multiple 
groups were done using analysis of variance followed by Bonferroni or a Kruskal-Wallis 
followed by Mann-Whitney, depending on data distribution. P < 0.05 was considered 
statistically significant.

RESULTS

MV in patients is associated with increased TLR4 mRNA expression levels

Patient characteristics and perioperative parameters were described in detail previously 
[20]. In the bronchial brush we observed increased TLR4 mRNA levels after 5 hours of 
MV compared to basal levels (n = 20 pairs) regardless of ventilation strategy (fig 1A). No 
significant differences were found in separate analysis of the two ventilation strategies.

More than 99 percent of the cells obtained from BALF before and after 5 hours of MV 
were macrophages. TLR4 mRNA levels in these cells were also significantly upregulated 
after 5 hours of MV (n = 35 pairs) (fig 1B). Sub-analysis of the BALF samples revealed 
that only the ventilation strategy with higher VT and no PEEP induced significant TLR4 
mRNA upregulation in these cells (data not shown) These data indicate that in addition 
to rodents, pulmonary TLR4 expression levels are also elevated in ventilated patients.
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Figure 1. Pulmonary TLR4 mRNA levels
Relative mRNA expression levels of TLR4 in human bronchial brush samples (A) (n = 20 pairs) and bronchoalveolar 
lavage (BALF) cells (n = 35 pairs) (B). Brush samples and BALF cells were obtained respectively at baseline and 
after 5 hours of mechanical ventilation (MV). Gene expression was normalized to the housekeeping gene HPRT. 
Data represent mean (SEM), *p<0.05.
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Lung injury and neutrophil influx in mice

All animals survived the 5 hours of MV after which they were sacrificed. Blood gas 
analysis demonstrated adequate gas exchange with no differences between Eritoran 
and vehicle-treated mice (table 1).

To study the effect of Eritoran in VILI, we measured several indices of lung injury and 
inflammation. Injurious MV resulted in lung edema demonstrated by increased relative 
lung weights in vehicle-treated mice as compared to controls (fig. 2). In line, total protein 
levels in BALF, an important measure of alveolar-capillary barrier function, were also 
enhanced in the HVT/ZEEP group. LVT/PEEP MV also increased total protein levels, al-
though to a lesser extent. When comparing vehicle with Eritoran-treated mice, we found 
no effect on these indices of lung injury.

Table 1. Blood gas analysis

pH PaO2 mmHg PaCO2 mmHg HCO3
− BE

LVT/PEEP Vehicle 7.44 [0.04] 190.7 [9.08] 34.8 [4.13] 25.4 [1.21] -0.92 [0.55]

Eritoran 7.41 [0.02] 184.8 [11.3] 36.8 [1.20] 24.6 [1.51] -1.10 [0.90]

HVT/ZEEP Vehicle 7.48 [0.02] 158.9 [14.4] 34.7 [2.70] 24.6 [1.01] 1.53 [0.69]

Eritoran 7.47 [0.02] 165.9 [17.8] 36.2 [2.25] 25.4 [0.76] 2.17 [0.62]

Blood gas analysis of ventilated Eritoran (5mg/kg) or vehicle-treated mice. Animals were ventilated for 5 hours 
with 2 different ventilation strategies: a relatively low tidal volume (LVT, 7ml/kg) combined with 3 cmH2O posi-
tive end expiratory pressure (PEEP), or high tidal volume (HVT, 15ml/kg) combined with zero PEEP (ZEEP). Data 
represent mean ± [SEM] of n=9 for the HVT/ZEEP group and n=5 for LVT/PEEP group. (PaO2 = partial pressure of 
arterial oxygen; PaCO2 = partial pressure of arterial carbon dioxide; HCO3

− = bicarbonate in mmol/l; BE = base 
excess in mmol/l).
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Figure 2. Lung injury parameters in Eritoran (5mg/kg) or vehicle treated mice
Relative lung weights (A), total protein levels in bronchoalveolar lavage fluid (BALF) (B) and number of neutro-
phils in BALF (C) in Eritoran (5mg/kg) or vehicle-treated mice. Animals were ventilated for 5 hours with 2 different 
ventilation strategies: relatively low tidal volumes (LVT, 7ml/kg) combined with 3 cm H2O positive end expira-
tory pressure (PEEP), or high tidal volume (HVT, 15ml/kg) combined with zero positive end expiratory pressure 
(ZEEP) (n=7-9 mice/group). Non-ventilated mice served as controls (C) (n=4-5 mice/group). Data represent mean 
± [SEM], **p<0.01, *p<0.05.
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Neutrophil recruitment into the alveolar compartment is another important hallmark 
of VILI. Both ventilation strategies elevated neutrophil counts in BALF, with higher levels 
in HVT/ZEEP ventilated mice. Neutrophil influx was similar in vehicle and Eritoran-treated 
mice of the LVT/PEEP group. However, the aggravation in neutrophil influx induced by 
the injurious strategy was prevented by Eritoran pre-treatment: HVT/ZEEP ventilated, 
Eritoran-treated animals had reduced neutrophil counts in BALF as compared to vehicle 
HVT/ZEEP ventilated animals.

Pulmonary inflammatory response

To further analyze the effect of Eritoran treatment on the pulmonary inflammatory 
response induced by MV, we measured several cytokines and chemokines important 
in VILI. Vehicle treated HVT/ZEEP ventilated mice demonstrated increased pulmonary 
levels of IL-6, IL-1β, KC, and MIP-2 as compared to non-ventilated controls (fig. 3). The 
LVT/PEEP strategy did not affect IL-6, KC, and MIP-2 concentrations but pulmonary IL-
1β levels were elevated as compared to controls. For these cytokines and chemokines, 
there was also a difference between the LVT/PEEP and HVT/ZEEP groups, with higher 
concentrations in the injurious strategy. TNF-α concentrations were not affected by MV. 
Eritoran treatment did not reduce pulmonary cytokine and chemokine levels during 
both ventilation strategies.
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Figure 3. Pulmonary cytokine and chemokine levels in eritoran (5mg/kg) or vehicle treated mice
Animals were ventilated for 5 hours with 2 different ventilation strategies: a relatively low tidal volume (LVT, 7ml/
kg) combined with 3 cm H2O positive end expiratory pressure (PEEP), or high tidal volume (HVT, 15ml/kg) com-
bined with zero positive end expiratory pressure (ZEEP) (n=8-9 mice/group). Non-ventilated mice served as con-
trols (C) (n=4-5 mice/group). Data represent mean ± [SEM], ***p<0.001, **p<0.01.
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Systemic inflammatory response

Both MV strategies elevated systemic levels of IL-6 and KC (fig. 4). Levels tended to be 
higher in the HVT/ZEEP group compared to LVT/PEEP ventilated mice, reaching signifi-
cance for KC levels. In line with the results in lung tissue homogenates, treatment with 
Eritoran did not attenuate the systemic IL-6 or KC levels.

DISCUSSION

This study is the first to reveal upregulation of pulmonary TLR4 gene expression levels in 
ventilated patients. Eritoran treatment in mice solely reduced neutrophil infiltration into 
the alveolar compartment in the injurious ventilation group but it did not affect other 
markers of VILI.

Several animal experiments have demonstrated that MV can modulate innate im-
munity [8-12]. MV upregulates the expression of pattern recognition receptors such as 
TLRs and the NLRP3 inflammasome [8;10;21] and more downstream, the activation of 
nuclear factor-κB was demonstrated [10]. These results are of interest since they may 
offer new therapeutic targets to reduce VILI. To make these experimental findings clini-
cally relevant we need to study the MV-induced pulmonary innate immune response in 
patients. We here demonstrate TLR4 upregulation in BALF cells and lung brush samples 
obtained from patients after 5 hours of MV during elective surgery.
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Figure 4. IL-6 and KC levels in Eritoran (5mg/kg) or vehicle-treated mice
Animals were ventilated for 5 hours with 2 different ventilation strategies: a relatively low tidal volume (LVT, 7ml/
kg) combined with 3 cm H2O positive end expiratory pressure (PEEP), or high tidal volume (HVT, 15ml/kg) com-
bined with zero positive end expiratory pressure (ZEEP) (n=7-9 mice/group). Non-ventilated mice served as con-
trols (C) (n=4-5 mice/group). Data represent mean ± [SEM], **p<0.01, *p<0.05.
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The acute respiratory distress syndrome (ARDS) is characterized by severe lung inflam-
mation and increased alveolar-capillary membrane permeability and is an important 
cause of morbidity and mortality in the intensive care unit [22]. ARDS is a heterogeneous 
disease with some lung compartments collapsed and non-aerated, placing less injured 
lung areas of these ventilated patients at risk for hyperinflation [23]. VILI can therefore be 
considered to be a regional phenomenon. In line, computed tomography demonstrated 
that one-third of ARDS patients are still exposed to VILI despite the use of protective 
ventilator settings [23]. Since information on the effect of LVT/PEEP and HVT/ZEEP ven-
tilation is clinically relevant we chose to ventilate with both settings in our MV model.

Recently Eritoran was tested in a phase 3 trial for patients with severe sepsis [24]. This 
study reported that Eritoran did not reduce 28-day mortality compared with placebo, in-
dicating that Eritoran joins a long list of drugs that were developed for use in sepsis but 
failed to improve outcome [24]. Whether Eritoran is more effective in localized models of 
inflammation is currently an active area of research. We observed a reduced neutrophil 
influx after Eritoran treatment, which is in part, in line with previous animal studies ap-
plying Eritoran in different pulmonary inflammatory models. First, it reduced lung tissue 
myeloperoxidase activity in a 2-hit lung injury model of endotoxin combined with oleic 
acid [25]. Intratracheal Eritoran treatment resulted in diminished airspace neutrophilia, 
BALF IL-6 levels, and it reduced peribronchial inflammation in a chronic airway inflam-
mation model induced by daily LPS exposure [26].

Neutrophils play a central role in VILI and one of the first studies suggesting that MV 
can induce an inflammatory response used neutrophil depleted animals demonstrating 
a significantly reduced degree of VILI [27]. Several inflammatory mechanisms may influ-
ence neutrophil influx. Our data demonstrate that BALF levels of the chemokines KC and 
MIP-2 were comparable in both treatment groups indicating that the lower amounts of 
neutrophils was not due to a local difference in chemotactic mediator concentrations. A 
possible other explanation can be found in the importance of TLR4 in the recruitment of 
neutrophils into the lung [13]. Pulmonary neutrophil sequestration is completely absent 
in systemically LPS-exposed TLR4 deficient mice [13]. In a 2-hit VILI model, combining 
MV with endotoxin-induced lung injury, it was demonstrated that MV induces activation 
of circulating neutrophils and endothelial cells [11]. The same study also reported that 
TLR4 on circulating neutrophils and TLR4 expressed by lung tissue were both important 
for pulmonary neutrophil infiltration in VILI [11]. Hence, it can be speculated that in our 
VILI model, intravenous Eritoran affected neutrophil influx by blocking TLR4 on circulat-
ing neutrophils and endothelial cells and thus inhibiting migration of neutrophils.

TLR4 deficiency in a model of injurious MV combined with endotoxin attenuated neu-
trophil influx, but also total protein levels in BALF, lung edema, and tissue injury scores 
on histopathology [11]. In a VILI model without concurrent LPS administration it was 
reported that TLR4 knockout mice demonstrate a reduced BALF cell count, total protein 
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concentration, cytokine level, and lung edema in response to high tidal MV. In contrast 
to these studies, we observed no effect on other VILI end-points by Eritoran treatment. 
It can be speculated that the levels of Eritoran reaching the alveolar compartment were 
not sufficient to block TLR4 signaling in the alveoli. Additional experiments with local 
administration of eritoran are needed to study if eritoran could have a more protective 
effect via this route.

TLR4 is an attractive target to temper excessive inflammation in sterile inflammatory 
conditions such as VILI. However, the innate immune system is crucial for the recogni-
tion of pathogens and complete TLR4 blockade could therefore interfere with a critical 
step in host response towards infections. Therefore, TLR4 inhibition should be done with 
caution in patients susceptible for infection.

Our study has several limitations. First, lung brush samples were obtained from the 
right middle lobe/lingual or, at t=5 hours, the contralateral side. These samples may 
not be a perfect representative since VILI is thought to develop in more distal airways. 
Second, we performed a secondary analysis on BALF and lung brush samples collected 
during a previous study, which was not powered to detect differences in mRNA levels 
between both ventilation groups. We therefore combined these groups, and analyzed 
the effect of MV. Third, the anesthesia mix we used may have immunomodulating ef-
fects [28]. In our experiments all animals, except the non-ventilated controls, received 
the same amount of anesthesia. It would be ideal to have a control group of tracheoto-
mized, intubated, spontaneously breathing mice. However, anesthesia leads to severe 
hypoventilation and deep respiratory acidosis in non-ventilated mice.

In conclusion, our study demonstrates in patients increased expression of pulmonary 
TLR4 after 5 hours of MV. These results suggest that also in patients MV is associated with 
innate immune modulation in which TLR4 plays a role. Intravenous Eritoran attenuates 
the recruitment of neutrophils into the alveolar space during injurious MV but does 
not affect other VILI markers. If local pulmonary administration of Eritoran has a more 
pronounced effect on VILI parameters deserves future experimental studies.
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ABSTRACT

Introduction: Mechanical ventilation (MV) has the potential to induce lung damage in 
healthy lungs or aggravate existing lung injury. Polymorphonuclear cell (PMN) recruit-
ment plays an important role in driving the inflammatory response in ventilator-induced 
lung injury (VILI). The CDK inhibitor r-roscovitine has been shown to induce apoptosis 
in PMNs
Methods: In this study, we investigated the potential of r-roscovitine treatment in reduc-
ing lung damage in a mouse model of VILI. Mice were tracheotomized and subjected to 
lung-protective MV with lower (~7.5 mL/kg) or lung-injurious MV with higher (~15 mL/
kg) tidal volume (VT).
Results: R-roscovitine treatment enhanced apoptosis in PMNs in vitro. VILI was as-
sociated with pulmonary PMN influx in low and high VT MV. During lung-injurious MV 
r-roscovitine treatment reduced the number of PMNs and lowered levels of the lung 
damage markers RAGE and total IgM in bronchoalveolar lavage fluid. R-roscovitine did 
not affect cytokine or chemokine levels in the bronchoalveolar space, neither during 
lung-protective nor lung–injurious MV.
Conclusion: R-roscovitine treatment reduces lung damage in VILI, possibly dependent 
on increased apoptosis of PMNs.



Chapter 9 159

CH
A

PT
ER

 9

INTRODUCTION

Mechanical ventilation (MV) has the potential to aggravate lung damage in patients 
with acute lung injury (ALI) and even to initiate injury in patients with healthy lungs, 
a phenomenon frequently referred to as “ventilator–associated lung injury - VALI” [1;2] 
Prevention of VALI by using lower tidal volumes (VTs) has been found to reduce mor-
tality of patients with ALI [3], presumably via attenuating MV–induced inflammatory 
responses [3;4;5;6]. However, MV with lower VTs may still cause lung damage via regional 
hyperinflation and non–physiologic forces acting on the alveolar cells [7]. Injured re-
gions are collapsed and filled with fluid; other, not-affected, regions are well aerated and 
ventilated. Ventilation of a lung with a decreased number of aerated alveoli, places the 
less injured regions at risk for overdistension [8].

Recruitment of polymorphonuclear cells (PMNs) to the lungs is considered an impor-
tant feature of VALI. PMN histotoxic contents can be potentially dangerous for healthy 
tissues and PMN sequestration in uninfected lungs should be prevented.

R–roscovitine, a purine analog, is a potent cyclin-dependent-kinase (CDK) inhibitor, 
especially of CDK 1, 2, 5, 7 and 9 [9]. The selectivity of r-roscovitine for CDKs was deter-
mined in in vitro assays [10], ex vivo affinity chromatography binding assays [9] and in 
vivo CDK2 inhibition was shown [11]. R-roscovitine has the ability to induce cell cycle 
arrest and apoptosis [12;13]. Consequently, clinical trials are testing r–roscovitine as 
an anticancer therapy [14]. Recently, r–roscovitine was described to attenuate inflam-
mation in lungs and brain [13;15]. This is attributed to induction of apoptosis of PMNs 
[13;16]. R-roscovitine may reduce inflammatory response via reducing the pro-survival 
factor myeloid cell leukemia sequence 1 (MCL)–1 [16].

We hypothesized r-roscovitine to reduce lung damage in ventilator–induced lung 
injury (VILI) via apoptosis of PMNs. Therefore, we first established the apoptosis induc-
ing potential of r-roscovitine in peripheral human blood PMNs. Second, we compared 
r-roscovitine to placebo in an established model of VILI, in which mice are subjected to 
lung–injurious MV using high VTs [17].

MATERIAL AND METHODS

Ethics Statement

This study was carried out in accordance with the Dutch Experiment on Animals Act. 
The Animal Care and Use Committee of the University of Amsterdam approved all ex-
periments (Permit number: 101611). Human blood for ex vivo experiments was obtained 
with written informed consent of all participants. The Medical Ethics Committee of the 
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Academic Medical Center of the University of Amsterdam approved the experiments 
with human blood.

Animals

The Animal Care and Use Committee of the University of Amsterdam approved all ex-
periments. For all experiments male C57BL/6 mice (aged 8 to 10 weeks, weighing 19 to 
25 g) were purchased from Charles River (Maastricht, The Netherlands).

In vitro apoptosis

EDTA anticoagulated peripheral blood was obtained from healthy volunteers. Within 2 
hours of drawing blood, PMNs were isolated using Polymorphprep (Axis-Shield, Oslo, 
Norway) and 2x105 cells per well were seeded in a 24–wells plate (Greiner Bio-one, 
Alphen a/d Rijn, The Netherlands). Cells were treated with 20 μM r-roscovitine (LC Labs, 
Woburn, MA, USA) or vehicle (0.05% DMSO). After 6 hours cells were stained using a 
Annexin V FITC Apoptosis Detection Kit I (BD Pharmingen, Franklin Lakes, NJ, USA) and 
analyzed on a FACS Scan (BD Biosciences, San Jose, CA, USA).

In a similar setup after 6 hours of treatment DNA fragmentation was determined. Cells 
were taken up in a hypotone PI solution (1% Triton X-100, 0.1 % sodium citrate, 50 µg/ml 
propidium iodide, 0.1 mg/ml Ribonuclease A) and incubated at room temperature for 60 
minutes. Fragmentation was assessed by FACS analysis.

Mechanical ventilation in animals

Animals were anesthetized as previously described [17]. In short, mice received an 
intraperitoneal bolus of 0.8 ml sodium chloride (154 mM), and 0.2 mL of sodium bi-
carbonate (200 mM) every 30 minutes. Anesthesia was achieved by of injection of 7.5 
µl/g of body weight of 1.26 ml 100 mg/ml ketamine (Eurovet, Bladel, The Netherlands), 
0.2 ml 1 mg/ml medetomidine (Orion Corporation, Espoo, Finland), and 1 ml 0.5 mg/ml 
atropine (Pharmachemie, Haarlem, The Netherlands) in 5 ml normal saline. Maintenance 
anesthesia consisted 10 µl/g i.p. injection of 0.72 ml 100 mg/ml ketamine, 0.08 ml 1 mg/
ml medetomidine, and 0.3 ml 0.5 mg/ml atropine in 20 ml saline. Body temperature 
was kept constant at 36.5 – 37.5 ˚C with the use of warming plate (Adamas instruments, 
Rhenen, The Netherlands). After induction of anesthesia, mice received a tracheostomy 
(y-tube connector, 1.0 mm outer diameter, 0.6 mm inner diameter; VBM Medizintechnik 
GmbH, Germany). Systolic blood pressure and heart rate were non-invasively monitored 
using a murine tail-cuff system (AD Instruments, Spenbach, Germany) and recorded on 
a data acquisition system (PowerLab/4SP, ADInstruments, Bella Vista, Australia).

Mice received 70 mg/kg of r-roscovitine (LC Laboratories) in 200 μl 10% DMSO/Saline 
or 200 μl 10% DMSO/Saline (vehicle) was administered intraperitoneally immediately 
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before coupling to the mechanical ventilator. For both treatment regimens were 9 mice 
not ventilated which served as controls.

Mice were kept in a supine position, connected to a human ventilator (Servo 900 C, 
Siemens, Sweden) and pressure–controlled ventilated with either an inspiratory pres-
sure of 10 cmH2O (resulting in lower VTs of ~ 7.5 ml/kg) or an inspiratory pressure of 18 
cmH2O (resulting in higher VTs of ~ 15 ml/kg). Positive end–expiratory pressure (PEEP) 
was set at 2 cm H2O with both strategies. Respiratory rate was set at 110 breaths/minutes 
and 70 breaths/minutes with lower and higher VTs, respectively.

After 5 hours of MV mice were sacrificed. Blood samples were drawn from the inferior 
vena cava. The right lungs of 9 mice per group were subjected to bronchoalveolar lavage 
(BAL) by instilling two times 0.4 ml sterile phosphate buffered saline (PBS; Fresenius 
Kabi, Bad Homburg, Germany). Left lungs were used to determine the wet to dry ratio. 
In a separate experiment the right lungs of mice not subjected to BAL were excised, 
weighed and diluted 1:4 in sterile saline.

Tissue handling

Blood gas analysis was done in a Rapidlab 865 blood gas analyzer (Bayer, Mijdrecht, 
the Netherlands). The other blood samples were centrifuged and the supernatants were 
aliquoted and frozen at −20°C. Cell counts were determined using a hemacytometer 
(Beckman Coulter, Fullerton, CA).

Differential counts were done on BAL fluid cytospin preparations stained with a 
modified Giemsa stain. Cells were pelleted by centrifugation and BAL fluid was stored at 
−20°C for subsequent measurements.

After homogenization of lungs, samples were diluted with one volume of lysis buf-
fer (pH 7.4) containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton 
X-100, and AEBSF (4-(2-aminoethyl)benzeensulfonyl fluoride, EDTA-Na2, pepstatin and 
leupeptin (all 8 μg/ml; pH 7.4) and incubated at 4°C for 30 minutes. Homogenates were 
centrifuged at 4000 rpm at 4°C for 15 minutes, and supernatants were stored at -20°C 
until assays were performed.

Assays

Tumor necrosis factor (TNF) α, interleukin (IL)-6, macrophage inflammatory protein (MIP)-
2, keratinocyte-derived chemokine (KC), receptor for advanced glycation endproducts 
(RAGE) and LPS-induced CXC Chemokine (LIX) levels were measured by enzyme-linked 
immunosorbent assay (ELISA) according to the manufacturer’s instructions (all from 
R&D Systems, Minneapolis, MN, USA).

For Immunoglobulin (Ig) M measurements 96–wells plates (Greiner Bio-One) were 
plated with Anti-mouse Ig (SouthernBioTech, Birmingham, AL, USA) in sodium carbon-
ate buffer at 4°C overnight. Plates were blocked in 5% bovine serum albumin (Roche 
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Applied Science, Indianapolis, IN, USA) in PBS for 1 hour at room temperature and 
incubated with diluted samples in 1% BSA and 0.05% Tween 20 (Sigma-Aldrich) in PBS 
for 2 hours in 37°C. Anti-mouse IgM-HRP (SouthernBioTech) was used for detection and 
plates were developed with 3,3’,5,5’-tetramethylbenzidine (TMB; Invitrogen, Paisley, UK) 
and 0.003% H2O2 (Merck) and absorbance was measured at 450 nm.

For western blotting, samples were boiled at 95°C for 5 minutes in 3x Laemmli buf-
fer and loaded onto SDS-PAGE gels. After electrophoresis, gel content was transferred 
to Immobilon-PVDF membranes (Millipore, Billerica, MA, USA). The membranes were 
blocked at room temperature for 60 minutes in 5% BSA (Roche, Basel, Switzerland) in 
TBS-T. Cleaved Caspase-3 (Cell signaling Technology, Boston, MA, USA) was diluted 
1:1000; β-actin (Santacruz Biotechnology, Santa Cruz, CA, USA) was diluted 1:4000. 
Membranes were incubated overnight at 4°C. Next, the membranes were incubated for 
60 minutes with anti-rabbit-HRP conjugated secondary antibody (Cell signalling Tech-
nology) and blots were imaged using LumiLight Plus ECL (Roche, Basel, Switzerland) on 
a LAS 4000 chemiluminescence imager (GE Healthcare Biosciences, Pittsburgh, PA, USA). 
Quantification was performed using ImageJ software (Rasband, W.S.).

Statistical analysis

Statistical analysis was done using GraphPad Prism version 5.01 (GraphPad Software, San 
Diego, CA, USA). Data are expressed as mean ± SEM. For analysis of in vitro data, student 
t-tests were applied. For in vivo data, two sample comparisons were performed by Mann 
Whitney U tests. Comparisons between multiple groups were done using Kruskall-Wallis 
test; if overall significant individual groups where assessed by Mann Withney-U tests. P 
< 0.05 was considered statistically significant.

RESULTS

R-roscovitine induces in vitro apoptosis in blood PMNs

PMNs (97% pure as determined by forward and side scatter on FACS) obtained from 
healthy volunteers, were treated with r-roscovitine for 6 hours. As a measure for early 
apoptosis, Annexin V staining was determined (figure 1a). Incubation with r-roscovitine 
resulted in enhanced PI−AnnexinV+ staining in PMNs when compared to vehicle, indicat-
ing enhanced apoptosis (P < 0.05). R-roscovitine similarly enhanced DNA fragmentation 
(figure 1b) compared to vehicle treatment (P < 0.05). These data confirm previous stud-
ies that showed the capacity of r-roscovitine to induce apoptosis in PMNs [13;15;16].
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Figure 1. R-roscovitine induces in vitro apoptosis in blood PMNs
Within 2 hours of drawing peripheral blood, PMNs were isolated and treated with 20 μM r-roscovitine or vehicle 
(0.05% DMSO) for 6 hours. Apoptosis was assessed by annexin V binding. Scatter plots of PMN forward and side 
scatter and PI+AnnexinV staining of vehicle and r-roscovitine treatment (left), PI−AnnexinV+ population data are 
shown in the bar graph (right) (a). PMN DNA fragmentation as measured by PI. Majority of cells are in G0/G1 
phase, the sub G0/G1 population represents fragmented DNA. Percentage of fragmentation is shown in the right 
graph, r-roscovitine (front, black histogram) vehicle treatment (back, white histogram) (b). Data are expressed as 
mean ± SEM, N=3-6. * P < 0.05.
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R-roscovitine induces apoptosis in BAL-fluid cells in mice

To study the effect of r-roscovitine on experimental VILI, we treated mice with r-rosco-
vitine or vehicle and subjected them to either low or high VT MV for 5 hours. Heart rate 
and mean blood pressure were well maintained over the 5–hour MV period in animals 
ventilated with lower or higher VTs (figure 2). Blood gas parameters were also maintained 
within physiological range and were not different between groups (data not shown).

To assess whether r-roscovitine induced apoptosis, cleaved caspase-3 levels were 
determined by western blot in cells pelleted from the BAL fluid (figure 3a and b). No 
statistically significant differences occurred between r-roscovitine and vehicle treat-
ment in control mice and mice mechanically ventilated with lower VTs (figure 3a and 
b). However, in mice ventilated with higher VTs r-roscovitine treatment enhanced the 
cleaved caspase-3 levels in BAL fluid cells compared to vehicle treatment (P < 0.05).

R-roscovitine reduces influx of PMN and lung injury in mice

One of the mechanisms by which MV induces lung injury is most likely due to influx of 
and bystander damage by PMNs. The potential of r-roscovitine to induce apoptosis in 
PMNs was shown in vitro (figure 1) and in pelleted cells (56% PMNs in high VTs) in vivo 
[16]. In both ventilation groups PMNs migrated to the alveolar compartment. Treatment 
with r-roscovitine significantly reduced PMN counts in BAL fluid in both MV groups 
(figure 4a and b).
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Figure 2. Hemodynamic parameters during 4 hours of mechanical ventilation
Mice were ventilated for 5 hours with low tidal volumes (VT ~7.5 mL/kg) and high VT (~15 mL/kg). Positive end 
expiratory pressure (PEEP) was set at 2 cm H2O in both MV-strategies. Respiratory rate was set at 110 breaths/
minutes and 70 breaths/minutes with low tidal and high tidal, respectively. Prior to mechanical ventilation mice 
were treated with 70 mg/kg r-roscovitine or vehicle (10% DMSO). Heart rate (a) and mean blood pressure (b) were 
measured at three time points (t=0, 2 and 4 hours after start of mechanical ventilation). Data are represented as 
mean ± SEM of 7-9 animals per group.
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As a measure of lung edema, we determined lung wet to dry ratios. A trend towards 
reduced wet to dry ratios was found in mice treated with r-roscovitine in mice mechani-
cally ventilated with high VTs (P = 0.06) (figure 4c). RAGE has been recently described as a 
marker of lung injury based on experimental studies in rats and patients with ALI or mice 
suffering from hyperoxic injury [18;19]. RAGE levels strongly increased during 5 hours of 
MV and were significantly higher in high VTs compared to low VTs (P < 0.05; figure 4d). 
R-roscovitine treatment resulted in lower RAGE BAL fluid levels in mice subjected to MV 
with high VTs (P < 0.05) (figure 4d). In addition, IgM levels were higher in BAL fluid of 
high VT mice, indicating reduced endothelial and epithelial barrier function (P < 0.01 
compared to control or low VT group). R-roscovitine treatment resulted in lower BAL 
fluid IgM levels in mice subjected to MV with high VTs (P < 0.05) (figure 4e).

R-roscovitine does not influence chemokine or cytokine levels

We measured KC, MIP-2, LIX, IL-6 and TNF-α in BAL fluid. MV resulted in elevated levels 
of LIX, KC, MIP-2 and IL-6 in BAL fluid compared to non-ventilated controls; TNF-α was 
not detectable in BAL fluid from either ventilated or control animals (table 1). In plasma, 
KC, MIP-2, IL-6 and TNF-α were determined, which (apart from non-detectable TNF-α) 
were enhanced by MV, but not altered by r-roscovitine treatment (data not shown). R-
roscovitine did neither influence chemokine or cytokine levels in BAL nor chemokine or 
cytokine levels in plasma.
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Figure 3. r-Roscovitine treatment enhances cleaved caspase-3 levels in high tidal mechanical ventilation
Mice were ventilated for 5 hours with low VT (~7.5 mL/kg) and high VT (~15 mL/kg). PEEP was set at 2 cm H2O in 
both MV-strategies. Respiratory rate was set at 110 breaths/minutes and 70 breaths/minutes with low tidal and 
high tidal, respectively. Mice were treated with an i.p. injection of 70 mg/kg r-roscovitine (black bars) or vehicle 
(10% DMSO; white bars). Cellular content obtained from pelleted BAL fluid was lysed and cleaved caspase-3 
levels were determined by western blot, representative western blots shown (a). Relative densitometric quanti-
fication of cleaved caspase-3 normalized for β-actin are shown in the bar graph (b). Data are expressed as mean 
± SEM, N=6-9. * P < 0.05.
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Figure 4. r-Roscovitine treatment diminishes PMN influx in BAL fluid and attenuated lung injury in VILI
Mice were ventilated for 5 hours with low VT (~7.5 mL/kg) and high VT (~15 mL/kg). PEEP was set at 2 cm H2O in 
both MV-strategies. Respiratory rate was set at 110 breaths/minutes and 70 breaths/minutes with low tidal and 
high tidal, respectively. Mice were treated with an i.p. injection of 70 mg/kg r-roscovitine (black bars) or vehicle 
(10% DMSO; white bars). Composition of the BAL (a), number of PMNs (b), lung wet dry ratios (c), RAGE (d) and 
total IgM (e) in BAL fluid of control (ctr), low VT and high VT mice. Data are represented as means ± SEM of 7-9 mice 
per group. *P < 0.05, *P < 0.01 vs. vehicle.
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DISCUSSION

We investigated the potential of r-roscovitine treatment in reducing lung damage in 
a mouse model of VILI. In vitro, r-roscovitine enhanced PMN apoptosis. During lung-
injurious MV r-roscovitine treatment lowered PMNs and lung damage markers RAGE and 
total IgM in bronchoalveolar lavage fluid. However, R-roscovitine did not affect cytokine 
or chemokine levels in the bronchoalveolar space.

Manifestation of VALI is greatly reduced by lung-protective MV [3]. Unfortunately, MV 
with lower tidal volumes is not always possible in severe respiratory failure [20;21]. More-
over, the mortality rates of ALI patients remain as high as 31%, despite the use of lower 
tidal volumes [3]. Thus, additional strategies, including pharmacological therapies, are 
needed to attenuate detrimental effects of MV and consequently contribute to survival. 
In view of this notion, adequate animal models of MV are required to gather further 
insights into the mechanisms of VILI and to evaluate preventive treatment strategies.

The current study expands earlier investigations on the potential of r-roscovitine 
to reduce inflammatory responses in lung inflammation. Previously, r-roscovitine was 
administered 24 hours after carrageenan–induced pleurisy resulting in diminished 
lung levels of IL-6, IFN-γ and MCP-1 and PMN numbers at 36 hours compared to vehicle 
[13]. This was accompanied by enhanced, zVAD-fmk (a caspase inhibitor) reversible, 
apoptosis in cellular influx. In bleomycin–induced lung injury, r-roscovitine (given at 48 
hours) reduced PMN presence in the lung after 3 days of inflammation and ameliorated 
lung morphology compared to vehicle [13]. We confirmed the apoptotic potential of 
r-roscovitine in freshly isolated PMNs and in recruited cells during high tidal ventilation 
injury. Previously, r-roscovitine enhanced both caspase-3 cleavage and annexin V stain-
ing in PMNs [16]. In accordance, we demonstrated enhanced annexin V staining and DNA 
fragmentation in r-roscovitine treated PMNs and enhanced levels of cleaved caspase 
3 in BAL fluid cells. The lack of effect of r-roscovitine on cytokines and chemokines in 

Table 1. Effect of r-roscovitine treatment on BAL fluid cytokine and chemokine levels

control Low VT High VT

Vehicle r-roscovitine Vehicle r-roscovitine Vehicle r-roscovitine

KC 0.07 ± 0.02 0.03 ± 0.01 0.60 ± 0.11** 0.61 ± 0.14 0.76 ± 0.11*** 0.92 ± 0.11

MIP-2 0.09 ± 0.01 0.07 ± 0.01 0.22 ± 0.04** 0.24 ± 0.06 0.25 ± 0.05** 0.26 ± 0.06

LIX 0.11 ± 0.02 0.10 ± 0.01 0.44 ± 0.12** 0.46 ± 0.09 0.67 ± 0.12** 0.46 ± 0.08

IL-6 0.05 ± 0.01 BD 0.61 ± 0.11* 0.58 ± 0.14 0.85 ± 0.13*** 0.80 ± 0.07

TNF-α BD BD BD BD BD BD

Cytokine and chemokine levels (in ng/ml) in BAL fluid of vehicle of r-roscovitine treated mice. Control, spontane-
ously breathing mice; Low VT, mice ventilated for 5 hours with a VT of ~7.5ml/kg; High VT, mice ventilated for 5 
hours with a VT of ~15ml/kg. BD: below detection limit. Data are represented as mean ± SEM of 7 to 9 mice per 
group. *P < 0.05 **P < 0.01 *** P < 0.001 versus non-ventilated vehicle control.
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our experiments compared to the literature are likely due to difference in experimental 
models.

RAGE is a multiligand receptor that interacts with advanced glycation endproducts, 
amyloid, β-sheet fibrils, high mobility group box 1 and S100 family members [22]. 
Enhanced RAGE levels were shown in ALI/ARDS and are indicative of type I epithelial 
cell-damage [23]. Type I epithelial cells represent 95% percent of lung epithelium; as 
such damage to these cells is detrimental to barrier function [24]. While RAGE is a direct 
measure of epithelial damage, IgM levels represent the overall functioning of the lung 
barrier. Under normal circumstances the penta-immunoglobuline cannot pass the lung 
barrier [25]. During VILI RAGE levels in vehicle treated high VT were notably increased 
compared to low VT; presence of lung injury was further supported by elevated IgM 
levels in BAL fluid. It is likely that the effects of r-roscovitine on RAGE and IgM are related 
to the accompanying reduction in PMNs.

While MV is critical for treatment of the majority of intensive care patients, the potential 
of MV to aggravate or de novo initiate pulmonary damage is problematic [26;27]. PMNs 
are important enforcers of inflammatory responses in lung injury and VILI [28;29]. Their 
accumulation and subsequent activation is potentially dangerous to healthy tissues, 
especially in sterile inflammation [30;31]. Known for controlling cell cycle progression, 
CDKs have been implicated in controlling PMN cell fate through apoptosis [13].

The exact mechanisms by which r-roscovitine exerts its effects on PMNs are not 
entirely clear. It is postulated that inhibition of CDKs destabilizes MCL-1 resulting in 
apoptosis [32]. MCL-1 is a pro-survival B-cell lymphoma 2 (BCL-2) family member, which 
upon degrading enhances caspase activation (33). Moreover, r-roscovitine-induced de-
stabilization of MCL-1 is mediated by Noxa (phorbol-12-myristate-13-acetate-induced 
protein 1) [34].

In addition to this, r-roscovitine inhibition of CDK 5 and 9 was recently shown to be 
involved in migration and to inhibit leukocyte adherence and extravasation [35]. We 
did not investigate this mechanism in PMNs. Therefore, we cannot exclude that the 
reduced PMNs in r-roscovitine treated animals are attributable to reduced extravasa-
tion. R-roscovitine per se did not alter systemic PMN counts (data not shown). However, 
as found in vitro, we observed enhanced cleaved caspase-3 levels in BAL fluid cells in 
high VT MV. This indicates that apoptosis induction is at least in part responsible for the 
diminished PMN numbers due to r-roscovitine treatment.

Studies that observed anti-inflammatory effects of r-roscovitine treatment made 
use of more severe lung inflammation (e.g. pleurisy), which lasted more than 24 hours 
[13]. However, a strength of the VILI model, apart from closely mimicking the clinical 
situation, is that it is not influenced by variable bacterial growth such as in pneumonia 
models, or uncertain pleiotropic effects of chemically induced lung injury. Furthermore, 
our experiments did not last longer than 5 hours. Thus, anti-inflammatory effects on 
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cytokine and/or chemokine responses brought on by r-roscovitine might arise at later 
time points.

We here show that r-roscovitine is capable of attenuating VILI possibly by enhancing 
PMN apoptosis. Reducing PMN presence may have therapeutic potential to reduce pul-
monary damage for patients at risk for VILI. R-roscovitine was well tolerated in humans 
in doses up to 1600 mg bi-daily [36]. However, possible downsides of using a drug 
capable of hampering the cell cycle, such as gastrointestinal toxicity, should be taken 
into account.
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ABSTRACT

Objective: Mechanical ventilation is increasingly recognized as lung injurious, especially 
when lungs are already damaged. This study investigated the impact of ventilation on 
pulmonary and systemic inflammation and the innate immune response in mice suffer-
ing from community-acquired pneumonia.
Methods: BALBc mice were challenged with Streptococcus pneumoniae causing pneu-
monia for which they were treated with ceftriaxone. After 2 days mice were random-
ized to spontaneous breathing or lung protective ventilation with lower tidal volumes 
(7.5 ml/kg) and 3 cmH2O positive end-expiratory pressure (PEEP) for 4 hours. Bacterial 
loads in lung, blood, liver and spleen tissue were investigated. In addition, lung wet/dry 
ratio, total protein levels in bronchoalveolar lavage fluid (BALF), cell influx and levels of 
pro-inflammatory mediators in BALF and blood were analyzed. Furthermore, 4 damage-
associated molecular patterns (DAMPs) (uric acid, S100A8/A9 proteins, ATP, and high 
mobility group box 1) together with pulmonary gene expression of Toll-like receptor 
(TLR)2, TLR4, Myeloid differentiation factor 88 (MyD88), receptor for advanced glycation 
end products (RAGE), Nucleotide-binding domain and leucine-rich repeat protein 3 
(NLRP3), and apoptosis-associated speck-like protein (ASC) were measured.
Results: Ventilation did not affect bacterial loads in lung, liver or spleen tissue, but dis-
semination to blood was increased. Alveolar barrier dysfunction was not significantly 
altered by ventilation. Ventilation enhanced pulmonary and systemic cytokine and che-
mokine levels. Increased inflammation was associated with elevated gene expression 
levels of TLR2, TLR4, MyD88 and ASC and DAMPs like HMGB1 and uric acid.
Conclusion: Lung–protective ventilation with lower tidal volumes and PEEP for pneu-
monia aggravates pulmonary and systemic inflammation in mice and is associated with 
increased levels of DAMPs and upregulated innate immune pathways.
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INTRODUCTION

Mechanical ventilation is potentially harmful as it may exaggerate or even initiate 
pulmonary injury and inflammation [1-3]. Overstretching of open lung parts and re-
petitive opening and closing of collapsed lung tissue are considered to play a causative 
role in the process of ventilator–associated lung injury (VALI) and its corresponding 
pro-inflammatory state [3]. The exact molecular mechanisms underlying VALI are only 
incompletely understood.

Pattern recognition receptors (PRRs) are crucial during infection by virtue of recogniz-
ing pathogen–associated molecular patterns (PAMPs) [4]. Activation triggers an inflam-
matory response necessary to combat pathogens. In addition, injured tissue releases 
damage-associated molecular patterns (DAMPs) triggering inflammation via the same 
PRRs. It is thought that uncontrolled release of these DAMPs contributes to dysregulated 
inflammatory processes [5].

It is currently unclear if ventilation also modulates host innate immune signaling 
during bacterial pneumonia, a frequent reason for admission to the intensive care unit. 
We hypothesized that DAMPs are released and that PRR pathways are affected during 
ventilation for pneumonia. For this we challenged mice with Streptococcus pneumoniae. 
Mice were ventilated using a protective ventilation strategy recommended for the man-
agement of the critically ill [6].

MATERIALS AND METHODS

Animals and experimental design

The Animal Care and Use Committee of the Academic Medical Center, Amsterdam, the 
Netherlands, approved the experiments. Pathogen-free 10-14 week-old male BALB/c 
mice, weighing 24-30 grams (Charles River, Someren, the Netherlands) were challenged 
with S. pneumoniae to induce pneumonia. Twenty-four hours after inoculation, mice 
received an intraperitoneal (i.p.) bolus of 20mg/kg ceftriaxone (Pharmachemie, Haarlem, 
the Netherlands) in 1 ml normal saline. Forty hours after inoculation mice were random-
ized to spontaneous breathing for 4 hours or to mechanical ventilation (n=8-9 mice per 
group). All experiments were performed twice; in the first set of experiments the left 
lung was harvested for histopathology and determination of bacterial outgrowth, and 
the right lung was harvested to obtain bronchoalveolar lavage fluid (BALF). Left kidney 
and one liver lob were used for bacterial outgrowth. In the second set of experiments 
the left lung was used for wet to dry ratio, the right lung for mRNA analysis.
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Induction of pneumonia

Pneumonia was induced with S. pneumoniae serotype 3 (American Type Culture Collec-
tion 6303, Rockville, MD). Mice were anesthetized with inhalation isoflurane (2%) and 
inoculated intranasally with 50 μl of an inoculum containing 2 x 107 colony forming units 
(CFUs)/ml.

Study groups

Methods used in this model were published in detail previously describing ventilator-
induced lung injury (VILI) in non-infectious mice [7]. In short, after receiving 1 ml normal 
saline i.p. mice were randomly assigned to spontaneous breathing or mechanical venti-
lation. Mice assigned to ventilation were anesthetized, tracheotomized and connected 
to a ventilator (Babylog 800 plus, Dräger Medizintechnik, Lubeck, Germany). Six mice 
were simultaneously and pressure controlled ventilated for 4 hours. The tracheal tube 
of a reference animal was connected to a HSE pneumotachometer PTM type (Harvard 
apparatus, March–Hugstetten, Germany) to measure tidal volumes on each inspiration-
expiration cycle. Peak pressures were adjusted accordingly to maintain tidal volume. 
Mice were ventilated with a tidal volume (VT) of 7.5 ml/kg body weight and a positive 
end-expiratory pressure (PEEP) of 3 cmH2O. Respiratory rate was set 160 breaths/minute. 
The fraction of inspired oxygen was kept at 0.5 and inspiration:expiration was set at 1: 
2.8. A recruitment maneuver was performed hourly applying an inspiratory hold for 5 
seconds with increased inspiratory pressure. Systolic blood pressure and heart rate were 
measured as described previously [7] at start of ventilation, after 2 hours, and after 4 
hours. Mice were euthanized after 4 hours of MV by withdrawing blood from the carotid 
artery, which was used for blood gas analysis. Non-ventilated control mice were sponta-
neously breathing throughout the experiment and sacrificed after 4 hours.

Measurements

Tissue harvesting and processing to obtain BALF, lung wet-to-dry ratio, mRNA and his-
topathology were done as described previously [7;8]. Primer sequences to analyze gene 
expression are reported in supplemental data S1. Lung histopathology was analyzed by 
a pathologist blinded for group identity and was scored for the following parameters: 
interstitial inflammation, endothelialitis, bronchitis, edema, pleuritis, and thrombus 
formation and graded on a scale 0 to 4 (0, absent, 1 mild, 2 moderate, 3 severe, 4 very 
severe). The histopathology score is expressed as the sum of all scores.

To analyze bacterial outgrowth, lung, kidney, and a liver lobe were weighed and 
homogenized in 4 volumes of sterile isotonic saline. Serial 10-fold dilutions of organ 
homogenates and blood were plated on blood agar plates which were incubated at 
37°C for 16 h before the number of colonies were counted.
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Assays

Total protein levels in BALF were determined using a Bradford Protein Assay Kit (OZ 
Biosciences, Marseille, France) according to manufacturers’ instructions. Interleukin 
(IL)–6, IL-1β, tumor necrosis factor-α (TNF-α), keratinocyte–derived chemokine (KC), 
macrophage inflammatory protein-2 (MIP-2), and lipopolysaccharide induced chemo-
kine (LIX)) levels were measured by enzyme–linked immunosorbent assay (ELISA) (R&D 
Systems Inc., Minneapolis, MN, USA). Detection limits were 50 pg/ml for albumine, 50.8 
pg/ml for IL-6 and TNF-α, 99.8 pg/ml for IL-1β, 253.8 pg/ml for KC, 152.3 pg/ml for MIP-2, 
and 126.9 pg/ml for LIX. Uric acid concentrations were measured in BALF samples using 
Amplex Red Uric Acid Assay Kit (Molecular probes, Eugene, OR) with a detection limit 
of 5.08 μM. ATP levels were analyzed in BALF using ATP-lite luminescence assay (Perkin 
Elmer) according to instructions.

HMGB1 western blot

HMGB1 presence was analyzed in BALF. For this, 16 μl BALF was separated by polyacryl-
amide gel electrophoresis (Criterion Bis-Tris Precast Gel, Carlsbad, CA, USA). Proteins 
were transferred to polyvinylidene membranes, blocked in blocking buffer containing 
5% non-fat dry milk proteins with Tween 20 in 50 mM Tris, 150 mM NaCl (pH 7.4, TBS), 
washed, and incubated overnight with rabbit polyclonal HMGB1 antibodies (Abcam 
Biochemicals, Cambridge, UK) at 4˚C. After washing, membranes were probed with 
peroxidase-labelled Rabbit-IgG1-HRP (Cell Signaling Technology, Danvers, MA) for 1 
hour at room temperature in TBS. Again after washing, blots were imaged with Lumi-
LightPlus Western Blotting Substrate (Roche, Mijdrecht, the Netherlands).

Statistical analysis

Data are expressed as mean ± standard error of the mean [SEM]. Differences were 
analyzed using student t-test or Mann-Whitney U test, depending on data distribution. 
Systolic blood pressure and heart rate were analyzed using one-way analysis of variance 
with Bonferroni’s multiple comparison test or the Kruskal-Wallis test with Mann-Whitney 
U, again depending on data distribution. A p-value of ≤ 0.05 was considered statistically 
significant. Statistical analysis was performed using Prism (Graphpad Prism 5, CA, USA).

RESULTS

Stability and characteristics of the model

All mice survived the 40 hours of pneumonia. At randomization, no differences in weight 
loss were observed between the groups. During 4 hours of ventilation, systolic blood 
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pressure and heart rate remained stable (fig. 1), and blood gas values were within the 
physiological range (supplemental data S2).

We observed similar bacterial loads in lung tissue of ventilated and spontaneous 
breathing mice (fig. 2). Mechanical ventilation however, was associated with an increased 
dissemination of pneumococci in blood. Numbers of animals with positive blood cultures 
as well as bacterial loads in whole blood were higher in ventilated mice. No bacteria were 
recovered from liver and spleen with the exception of 1 mouse; this spontaneously breath-
ing mouse displayed a positive spleen and liver culture (data not shown).

Alveolar barrier dysfunction was analyzed by measuring total protein and IgM levels in 
BALF and pulmonary wet to dry ratio (table 1). Four hours of ventilation did not affect these 
parameters in mice suffering from pneumonia. Furthermore, ventilation did not significant-
ly influence cell influx into the alveolar space. Differential cell counts revealed comparable 
composition of cellular influx in the pulmonary compartment consisting primarily of poly-
morphonuclear cells. Histopathological examination showed that pneumonia resulted in 
acute inflammatory infiltrates and edema. Nevertheless, higher overall pathological scores 
were noted in ventilated mice when compared to control animals (table 1).

Table 1. Alveolar barrier dysfunction, cell influx and histology

C MV

Wet/dry ratio 5.02 ± 0.05 4.88 ± 0.08

Total protein (μg/ml) 441 ± 56 526 ± 66

IgM (ng/ml) 147.9 ± 16 152.0 ± 10

Cells/ml (x104) 73.1 ± 16 93.1 ± 8.8

Histology score 6.88 ± 0.9 9.25 ± 0.6*

C: non-vented contro
Mice were spontaneously breathing (C) or ventilated for 4 hours (MV). Total protein, immunoglobulin M (IgM) 
levels, and cells were analyzed in bronchoalveolar lavage fluid. n= 7-9/group. *P<0.05
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Figure 1. Blood pressure and heart rate
Hemodynamic parameters during 4 hours of mechanical ventilation. Systolic blood pressure and heart rate were 
measured at start and after 2 and 4 hours of MV.
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Effects of ventilation on the inflammatory state

Next, to analyze if ventilation altered the inflammatory response we measured cytokine 
and chemokine levels in BALF and plasma (fig. 3). Ventilation significantly increased IL-6 
and LIX concentrations in both BALF and plasma as compared to spontaneously breath-
ing mice. KC concentrations were also increased in ventilated mice, reaching significance 
for the levels measured in BALF. MIP-2 and IL-1β levels were not significantly affected, 
whereas TNF-α levels were below (or just above) the detection limit of the assay in both 
groups (data not shown).
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Figure 2. Bacterial outgrowth
Bacterial outgrowth of S pneumoniae in lung and plasma of ventilated (MV) and spontaneously breathing (C) S. 
pneumoniae infected mice. The number of positive cultures is presented per total number of animals per group. 
** P< 0.01.
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Figure 3. Cytokines and chemokines in BALF and plasma
Bronchoalveolar lavage fluid (BALF) (A-D) and systemic levels (E-H) of interleukin (IL)-6, IL-1β, keratinocyte-de-
rived chemokine (KC), and LPS-induced chemokine (LIX) (E,J) after 4 hours of mechanical ventilation (MV, white 
bars) or spontaneously breathing (C, black bars) (n=7-9/group). **p < 0.01, ***p <0.001
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DAMPs in BALF and the expression of PRRs

We next analyzed if the increased production of inflammatory mediators induced by 
ventilation was associated with higher levels of DAMPs and gene expression of PRRs. 
Uric acid and ATP are DAMPs that may trigger NLRP3 inflammasome formation [9]. We 
observed that ventilation increased uric acid levels (fig. 4). In contrast, ATP levels were 
reduced in ventilated animals. S100A8/A9 proteins are abundantly expressed by neu-
trophils and monocytes [10]. Extracellularly, these proteins can activate TLR4 and RAGE 
[5]. S100A8/A9 levels in BALF of ventilated mice were higher compared tot controls, 
albeit not significant (p=0.07). Furthermore we analyzed HMGB1 levels in BALF. HMGB1 
is thought to activate TLR2, TLR4, and RAGE [5]. Presence of HMGB1 was also enhanced 
in ventilated mice compared to controls (fig. 5).

To obtain further insight in the innate immune response we studied pulmonary gene 
expression of important PRRs: Nucleotide-binding domain and leucine-rich repeat 
protein 3 (NLRP3) and apoptosis-associated speck-like protein (ASC) (both components 
of the NLRP3 inflammasome multiprotein complex), RAGE, TLR2, and TLR4 (fig. 6). Since 
all TLRs, except TLR3, signal via the myeloid differentiation protein 88 (MyD88) we also 
studied MyD88 expression. We found that levels of the TLR pathway were increased in 
lung tissue of pneumonic ventilated animals: Pulmonary gene expression levels of TLR2, 
TLR4, and MyD88 were elevated as compared to spontaneously breathing mice. MV 
also increased gene expression of components of the NLRP3 inflammasome: ASC was 
significantly higher, NLRP3 demonstrated a similar trend. In contrast, MV did not affect 
lung tissue RAGE mRNA levels.
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Figure 4. DAMPs in BALF
Uric acid (A), ATP (B) and S100A8/A9 protein (C) levels in bronchoalveolar lavage fluid of 4 hour mechanically 
ventilated (MV, white bars) or spontaneously breathing (C, black bars) mice (n=8/group). *p<0.05, **p < 0.01.
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Western blot and densitometry values demonstrating levels of high mobility group box 1 (HMGB1) in bronchoal-
veolar lavage fluid of 4 hour mechanically ventilated (MV, white bars) or spontaneously breathing mice (C, black 
bars). *p<0.05.
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Figure 6. Gene expression of pattern recognition receptors
In lung tissue homogenate, relative mRNA expression of Toll-like receptor (TLR)2 (A), TLR4 (B), Myeloid differen-
tiation factor (MyD) 88 (C), receptor for advanced glycation end products (RAGE) (D), Nucleotide-binding do-
main and leucine-rich repeat protein 3 (NLRP3) (E) and apoptosis-associated speck-like protein (ASC) (F) was 
determined by real-time PCR in mice after 4 hours of mechanical ventilation (MV, white bars) or spontaneously 
breathing (C, black bars). Levels were normalized for expression of the housekeeping gene 18S. (n=8-9/group) 
*p<0.05, **p < 0.01.
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DISCUSSION

This study demonstrates that 4 hours of lung protective ventilation in mice with pneu-
monia aggravates bacterial dissemination as well as pulmonary and systemic inflam-
mation. Ventilation-augmented inflammation of pneumonic lungs was associated with 
upregulation of TLR2, TLR4, MyD88, and ASC gene expression and enhanced levels of 
DAMPs.

Pathogens, aspiration, shock, transfusion etc., all trigger an inflammatory response in 
the host. These insults may prime the immune system for an overwhelming inflamma-
tory response to a second insult. The likelihood of ARDS development indeed increases 
when two or more hits are simultaneously present [6]. Mechanical ventilation itself 
can be the second hit when ventilating critically ill patients. Two hit animal models are 
important to examine the immunomodulating effects of ventilation.

We studied the effect of MV on the expression of PRR and DAMPs in a model that 
closely reflects the clinical setting of community acquired pneumonia. To our knowl-
edge, one study investigated the influence of ventilation on innate immune signaling 
during bacterial infection [11]. In this cecal ligation and puncture-induced sepsis model, 
it was demonstrated that ventilation modulated the pulmonary TLR signaling pathway 
in septic animals.

Other experimental studies have combined MV with lung injury induced by bacterial 
products [12;13]. This approach however, provides an incomplete picture of the effects 
of a bacterial infection in the lung. We therefore chose for a two-hit model were lungs 
were first affected for 40 hours by pneumonia and than by supportive care; mechani-
cal ventilation. Since the most common cause of death from infection in the western 
world is community-acquired pneumonia, and given that the pneumococcus is the 
most frequent cause of community-acquired pneumonia, we used this pathogen [14]. 
Furthermore, in the absence of antibiotics the host response to combat infection might 
be different. To mimic the clinical situation in which antibiotic treatment usually has 
been initiated before start of ventilation, we gave mice ceftriaxone after the first day 
of infection. In addition, mice were ventilated with protective settings (that is, VT 6-8 
ml/kg and PEEP) as currently recommended for the management of the critically ill [6]. 
However, respiratory mechanics differ between humans and mice and exact translation 
of tidal volumes is therefore not possible [15].

Increased permeability of alveolar barriers and intense pulmonary inflammation 
characterize ARDS [6]. In our model, MV did not significantly affect membrane perme-
ability of infected mice. These results are in line with the thought that lung protective 
ventilation minimizes VILI. However, short-term ventilation with these settings did alter 
the inflammatory response; both BALF and systemic cytokine and chemokine levels as 
well as histopathological scores were enhanced. Previous studies using healthy animals 
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have also reported VILI development with lower VT ventilation [16;17]. In addition, it was 
shown that despite the use of protective ventilator settings ARDS lungs are still at risk for 
developing VALI [18]. ARDS patients who have a larger area of collapsed lung subjected 
to tidal hyperinflation have higher pulmonary cytokine levels and a lower number of 
ventilator free days compared to ARDS patients with less tidal hyperinflation [18]. This 
indicates that lung protective MV may not be sufficient to attenuate lung injury in all 
patients.

MV enhanced bacteraemia in our model. In line, previous studies demonstrated that 
underlying lung injury and ventilator settings like high positive inspiratory pressure 
and I:E time promote bacterial translocation [19;20]. Systemic presence of bacteria or 
microbial components can trigger the systemic inflammatory response syndrome pos-
sibly paving the way towards shock and multiple organ failure. Translocation of bacteria 
(or bacterial products; PAMPs) may therefore have contributed to increased systemic 
inflammation.

Previous research in animals without pre-existing lung injury reported ventilation 
with injurious settings to release HMGB1, uric acid, S100A8/A9 proteins, and ATP [21-24]. 
We observed in mice with pneumonia that already 4 hours of ventilation resulted in 
higher BALF levels of S100A8/A9, HMGB1, and uric acid, reaching statistical significance 
for HMGB1 and uric acid. Furthermore, our gene expression data add to an accumulating 
body of evidence implicating PRRs in the development of VILI [8;25-29]. Upregulation 
of pulmonary TLR2, TLR4, and NLRP3 inflammasome components has been demon-
strated in ventilated non-infectious animals [8;26;27;29]. Our study indicates that also 
in pneumonia-affected lungs 4 hours of ventilation can modulate PRR expression. Over-
expression of these PRRs increases sensitivity towards PAMPS and/or DAMPs and this 
may have contributed to the enhanced inflammatory response seen in ventilated mice.

Upregulation of the DAMP/PRR-axis is a possible mechanism underlying dysregulated 
inflammation in VILI/ARDS and it therefore represents an interesting target for future 
therapies. However, modulation of PRRs may be counterproductive as blockage may 
increase the susceptibility for infection. Targeting DAMPs would therefore be a safer 
approach. Which DAMP contributes most to ventilator-induced aggravation of inflam-
mation is currently not known.

This current study has limitations. First, although our study demonstrates modulated 
expression of PRRs and DAMP levels by ventilation of infected mice additional experi-
ments are needed, using genetic deficient mice or drugs disrupting these pathways, 
to demonstrate the functional contribution of these pathways. Moreover, the exact 
mechanism of the enhanced bacterial dissemination that will have contributed to the 
more pro-inflammatory state waits to be elucidated. Second, mice were ventilated for 
only 4 hours. It is technically challenging to ventilate rodents for longer periods and thus 
most experimental VILI models are limited in duration [21-28]. Nevertheless, short-term 
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MV models have revealed relevant information for clinical practice [3]. Third, ventilated 
mice were tracheotomized and received more anesthesia compared to non-ventilated 
controls. Ideally our control group would exist of sham operated, anesthetized spon-
taneously breathing mice. However, due to severe hypoventilation and respiratory 
acidosis induced by anesthesia mice would not survive.

In conclusion, in this model we demonstrated that MV aggravated lung and systemic 
inflammation in S. pneumoniae infected mice. MV induced modulation of innate immune 
signaling pathways and DAMP levels. Further studies are needed to address what innate 
immune pathway is a potential target for VILI prevention and treatment.
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DATA SUPPLEMENT S1

Table S1. Primers used for real-time RT-PCR

Forward Reverse

NLRP3 5’-ccacagtgtaacttgcagaagc-3’ 5’-ggtgtgtgaagttctggttgg-3’

ASC 5’-aaagaagagtctggagctgtgg-3 5’-gcaatgagtgcttgcctgt-3’

TLR2 5’-ggggcttcacttctctgctt-3’ 5’-agcatcctctgagatttgacg-3’

TLR4 5’-ggactctgatcatggcactg-3’ 5’-ctgatccatgcattggtaggt-3’

MyD88 5’gaggagatgggcttcgagta-3’ 5’- ggcagtagcagataaaggcat-3’

RAGE 5’-aacccatcctaccttctcctg-3’ 5’-cccaccaggagcgactatt-3’

18S 5’-aggggagagcgggtaagaga-3’ 5’-ggacaggactaggcggaaca -3’

NLRP3 = Nucleotide-binding domain and leucine-rich repeat protein 3, ASC= Apoptosis-associated speck-like 
protein, TLR = Toll-like receptor, MyD88 = Myeloid differentiation factor, RAGE = Receptor for advanced glycation 
end products, 18S is a housekeeping gene
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DATA SUPPLEMENT S2

Table S2. Blood gas analyses

pH 7.46±0.0

pCO2 (mmHg) 35.5±3.3

PO2 (mmHg) 106.4±9

HCO3 (mmol/l) 23.4±1.28

BE 0.1±1.1

Arterial blood gas analysis after 4 hours of mechanical ventilation. Data are presented as mean [± SEM]
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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.



196 Chapter 11

REFERENCES

 1. Acute Respiratory Distress Syndrome Network. Ventilation with lower tidal volumes as compared 
with traditional tidal volumes for acute lung injury and the acute respiratory distress syndrome. 
N Engl J Med 2000; 342: 1301-1308.

 2. Determann RM, Royakkers A, Wolthuis EK et al. Ventilation with lower tidal volumes as compared 
with conventional tidal volumes for patients without acute lung injury: a preventive randomized 
controlled trial. Crit Care 2010; 14: R1.

 3. Gajic O, Dara SI, Mendez JL, et al. Ventilator-associated lung injury in patients without acute lung 
injury at the onset of mechanical ventilation. Crit Care Med 2004; 32: 1817-1824.

 4. Dos Santos CC, Slutsky AS. The contribution of biophysical lung injury to the development of 
biotrauma. Ann Rev Physiol 2006; 68: 585-618.

 5. Opitz B, van Laak V, Eitel J, Suttorp N. Innate immune recognition in infectious and noninfectious 
diseases of the lung. Am J Respir Crit Care Med 2010; 181: 1294-1309.

 6. Lamkanfi M, Mueller JL, Vitari AC et al. Glyburide inhibits the Cryopyrin/Nalp3 inflammasome. J 
Cell Biol 2009; 187: 61-70.

 7. Vogl T, Tenbrock K, Ludwig S et al. Mrp8 and Mrp14 are endogenous activators of Toll-like recep-
tor 4, promoting lethal, endotoxin-induced shock. Nat Med 2007; 13: 1042-1049.

 8. Li H, Su X, Yan X et al. Toll-like receptor 4-myeloid differentiation factor 88 signaling contributes 
to ventilator-induced lung injury in mice. Anesthesiology 2010; 113: 619-629.

 9. Vaneker M, Joosten LA, Heunks LM et al. Low-tidal-volume mechanical ventilation induces a 
toll-like receptor 4-dependent inflammatory response in healthy mice. Anesthesiology 2008; 109: 
465-472.

 10. Villar J, Cabrera NE, Casula M et al. Mechanical ventilation modulates TLR4 and IRAK-3 in a non-
infectious, ventilator-induced lung injury model. Respir Res 2010; 11: 27.

 11. Vaneker M, Heunks LM, Joosten LA et al. Mechanical ventilation induces a Toll/interleukin-1 re-
ceptor domain-containing adapter-inducing interferon beta-dependent inflammatory response 
in healthy mice. Anesthesiology 2009; 111: 836-843.

 12. Dolinay T, Kim YS, Howrylak et al. Inflammasome-regulated cytokines are critical mediators of 
acute lung injury. Am J Respir Crit Care Med 2012; 185: 1225-1234.

 13. Wolthuis EK, Vlaar AP, Choi G, Roelofs JJ, Juffermans NP, Schultz MJ. Mechanical ventilation using 
non-injurious ventilation settings causes lung injury in the absence of pre-existing lung injury in 
healthy mice. Crit Care 2009; 13: R1.

 14. Martin TR, Rubenfeld GD, Ruzinski JT et al. Relationship between soluble CD14, lipopolysaccha-
ride binding protein, and the alveolar inflammatory response in patients with acute respiratory 
distress syndrome. Am J Respir Crit Care Med 1997; 155: 937-944.

 15. van der Poll T, Opal SM. Pathogenesis, treatment, and prevention of pneumococcal pneumonia. 
Lancet 2009; 374: 1543-1556.

 16. Altemeier WA, Matute-Bello G, Gharib SA, Glenny RW, Martin TR, Liles WC. Modulation of lipopoly-
saccharide-induced gene transcription and promotion of lung injury by mechanical ventilation. J 
Immunol 2005; 175: 3369-3376.

 17. Moriyama K, Ishizaka A, Nakamura M et al. Enhancement of the endotoxin recognition pathway 
by ventilation with a large tidal volume in rabbits. Am J Physiol Lung Cell Mol Physiol 2004; 286: 
L1114-L1121.

 18. Tremblay L, Valenza F, Ribeiro SP, Li J, Slutsky AS. Injurious ventilatory strategies increase cyto-
kines and c-fos m-RNA expression in an isolated rat lung model. J Clin Invest 1997; 99: 944-952.



Chapter 11 197

CH
A

PT
ER

 1
1

 19. Chan JK, Roth J, Oppenheim JJ et al. Alarmins awaiting a clinical response: J Clin Invest 2012; 122: 
2711-2719.





Chapter 12

Nederlandse samenvatting

Authors and affiliations

Acknowledgements

PhD Portfolio





Chapter 12 201

CH
A

PT
ER

 1
2

SAMENVATTING

Kunstmatige beademing is een standaard behandeling op de intensive care afdeling om 
de ademhaling van ernstig zieke patiënten te ondersteunen. Daarnaast is mechanische 
beademing ook onmisbaar tijdens operaties onder algehele anesthesie. Hoewel beade-
ming vaak een levensreddende procedure is kan het ook schadelijk zijn. Kunstmatige 
beademing kan longschade induceren en ook reeds bestaande longschade verergeren 
[1-3]. Deze ongewenste effecten noemen we beademingsgeïnduceerde longschade 
(ventilator-induced lung injury, VILI). Overmatige rek van longweefsel en het herhaal-
delijk openen en dichtgaan van longblaasjes zijn mechanismen die verantwoordelijk 
worden gehouden voor het ontstaan van beademingsgeïnduceerde longschade. De 
ontstekingsreactie is een belangrijk kenmerk van VILI maar het ontstaansmechanisme is 
nog niet volledig opgehelderd [4].

De long bestaat uit miljoenen longblaasjes die zorgen voor de uitwisseling van zuur-
stof en afvalstoffen. Door ademhaling staat de long continue bloot aan de buitenwereld 
en komt het veelvuldig in aanraking met micro-organismen. Receptoren op en in cellen 
van de long fungeren als een soort van voelsprieten en herkennen micro-organismen 
[5]. Activatie van deze groep zogenaamde patroonherkenning receptoren (pattern 
recognition receptors) initieert een ontstekingsreactie waardoor het micro-organisme 
onschadelijk wordt gemaakt en wordt opgeruimd. Naast componenten van pathoge-
nen (exogene moleculen) herkennen deze receptoren ook door cel- of weefselschade 
vrijgekomen lichaamseigen (endogene) moleculen [5]. Deze zogenaamde damage-
associated molecular patterns (DAMPs) waarschuwen het lichaam voor opgetreden 
schade en veroorzaken eenzelfde soort ontstekingsreactie. Dit proefschrift richt zich op 
de rol van patroonherkenning receptoren en DAMPs in het ontstaan van de ontstekings-
reactie door kunstmatige beademing.

We hebben verschillende experimentele beademingsmodellen gebruikt in de studies 
beschreven in dit proefschrift. Om louter het effect van kunstmatige beademing te 
bestuderen hebben we gezonde muizen 5 uur lang beademd met lage teugen of hoge 
teugen beademing. Niet beademde muizen werden gebruikt als controle muizen. Om 
wat meer de beademing van een zieke patiënt op de intensive care afdeling na te boot-
sen hebben we ook muizen met een (steriele) longontsteking beademd. We hebben 
dit geïnduceerd door muizen lipopolysaccharide (LPS) in te laten ademen. LPS is een 
onderdeel van de celwand van de E. Coli bacterie en zorgt voor een steriele ontstekings-
reactie. In het laatste hoofdstuk beschrijven we een model waarin we muizen met een 
pneumokokken pneumonie hebben beademd.

We hebben gebruik gemaakt van muizen die genetisch veranderd zijn waardoor ze 
een bepaald gen missen en bijvoorbeeld een bepaalde receptor of DAMP niet meer kun-
nen maken, de zogenaamde knockout (KO) muizen. Door deze muizen te vergelijken 
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met muizen die wel alles tot expressie kunnen brengen, de zogenaamde wild-type 
(WT) muizen, hebben we getracht de rol van bepaalde receptoren en DAMPs in door 
beademing geïnduceerde ontsteking te ontrafelen.

In hoofdstuk 2 wordt de bestaande literatuur, experimenteel en klinisch onderzoek, 
aangaande de rol van het aangeboren immuunsysteem in beademingsgeïnduceerde 
longontsteking besproken. Het werkingsmechanisme van verschillende immuun re-
ceptoren en DAMPs in longontsteking wordt weergegeven. Verschillende DAMPs lijken 
vrij te komen door beademing. De Toll-like receptor (TLR)4 signaleringscascade lijkt 
belangrijk in VILI, de rol van andere patroonherkenning receptoren is nog onduidelijk.

In het onderzoek beschreven in hoofdstuk 3 laten we zien dat het NLRP3 inflam-
masome een rol heeft in het ontstaan van beademingsgeïnduceerde longschade en 
inflammatie. Het NLRP3 inflammasome is een in de cel gelegen receptor die DAMPs, 
zoals bijvoorbeeld urinezuurkristallen, kan herkennen en vervolgens zorgt voor de pro-
ductie van interleukine-1beta, een belangrijk ontstekingseiwit. Uit onze resultaten blijkt 
dat 5 uur beademing van muizen resulteert in hogere concentraties van urinezuur en 
interleukine-1beta in bronchoalveolair lavage (BAL) vloeistof. In ons beademingsmodel 
waarin we NLRP3 inflammasome KO muizen vergeleken met WT muizen zagen we dat 
muizen met een deficiëntie van het NLRP3 inflammasome minder beademingsgeïndu-
ceerde longschade en inflammatie hadden door hoge teugen beademing in vergelijking 
met WT muizen. Tevens vonden we in het longweefsel van hoge teugen beademde WT 
muizen aanwijzingen voor NLRP3 inflammasome activatie. Vervolgens onderzochten we 
het effect van geneesmiddelen met een mogelijke invloed op de NLRP3 inflammasome 
signalering cascade [6]. Interleukin-1 receptor antagonist en glibenclamide zorgden al-
lebei voor minder longontsteking door hoge teugen beademing in vergelijking met niet 
behandelde muizen. Deze resultaten suggereren dat remming van het NLRP3 inflam-
masome kan leiden tot minder beademingsgeïnduceerde longschade.

In hoofdstuk 4 wordt het onderzoek beschreven waarin we de rol van RAGE (receptor 
for advanced glycation end products) in beademingsgeïnduceerde longschade hebben 
bestudeerd. RAGE is een belangrijke immuunreceptor die helpt bij de migratie van 
ontstekingscellen naar de aangedane plek, activatie van RAGE door binding van DAMPs 
zoals HMGB1 (high mobility group box-1) induceert pro-inflammatoire processen. 
Tevens bestaat er oplosbaar RAGE. Deze afgesplitste vorm van RAGE kan ook liganden 
aan zich kan binden en hiermee voorkomen dat deze liganden membraangebonden 
RAGE activeren. Wij observeerden een opregulatie van RAGE in longweefsel door be-
ademing. Deficiënte van RAGE beïnvloedde echter alleen het aantal ontstekingscellen 
in de long en niet andere VILI parameters. In het 2-hit model waarin we muizen met 
LPS-geïnduceerde longschade beademden observeerden we hoge concentraties van 
oplosbaar RAGE in long lavaat van hoge teugen beademde WT muizen en ook HMGB1 
was meetbaar in BAL vloeistof van deze muizen. Hoge teugen beademde RAGE KO 
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muizen toonden een toename van ontstekingseiwitten in BAL vloeistof in vergelijking 
met WT muizen. Het toedienen (“teruggeven”) van oplosbaar RAGE in de longen van 
hoge teugen beademde RAGE KO muizen resulteerde in lagere concentraties ontste-
kingsmediatoren (cytokinen en chemokinen) in BAL vloeistof in vergelijking met RAGE 
KO muizen die geen oplosbaar RAGE ontvingen. Concluderend vonden we een beperkte 
rol van RAGE in beademingsgeïnduceerde longschade en inflammatie in gezonde mui-
zen. Het hebben van RAGE was echter voordelig in het 2-hit beademingsmodel.

In hoofdstuk 5 beschrijven we de rol van TLR2, een ander membraan gebonden im-
muun receptor. We analyseerden TLR2 mRNA expressie in humane BAL cellen en long-
weefsel van muizen. In een eerdere studie waarin patiënten met vooraf gezonde longen 
vanwege electieve chirurgie werden beademd werd bij start van beademing en na 5 uur 
een bronchoscopie met een bronchoalveolaire long lavage uitgevoerd. Uit BAL vloeistof 
werden cellen geëxtraheerd. Deze patiënten werden gerandomiseerd tussen 2 beade-
mingstrategieën (lage teugen en hoge teugen) om het effect van deze strategieën op 
ontsteking en stolling in de long te onderzoeken. Vijf uur beademing met hoge teugen 
was geassocieerd met een toename van TLR2 gen expressie in humane BAL cellen. In 
ons muizen beademingsmodel vonden we ook een toename van TLR2 expressie in de 
long na 5 uur hoge teugen beademing. TLR2 deficiëntie leidde niet tot vermindering 
van beademingsgeïnduceerde schade en inflammatie. Integendeel, er was juist sprake 
van meer ontsteking.

In hoofdstuk 6 en 7 beschrijven we onderzoek waarin we de rol van DAMPs in het 
ontstaan van beademingsgeïnduceerde schade en inflammatie hebben bestudeerd. 
Eerder is aangetoond dat het toedienen van urinezuurkristallen in de long van muizen 
acute long ontsteking veroorzaakt via activatie van het NLRP3 inflammasome in samen-
werking met TLR2 en TLR4. In hoofdstuk 3 hebben we laten zien dat urinezuur vrijkomt 
tijdens beademing van gezonde muizen. In hoofdstuk 6 tonen we dat urinezuurcon-
centraties ook verhoogd zijn in BAL vloeistof van patiënten met acute longschade. Het 
verlagen van de urinezuur spiegel met allopurinol (blokkeert urinezuur synthese) of met 
uricase (vangt vrijgekomen urinezuur weg) in ons muizen beademingsmodel resulteerde 
niet in verminderde longinflammatie maar beperkte wel de beademingsgeïnduceerde 
schade aan de alveolaire-capillaire membraan waardoor er minder longoedeem was. In 
de studie beschreven in hoofdstuk 7 hebben we de rol van de intracellulaire eiwitten 
S100A8 en S100A9 onderzocht. Deze eiwitten komen vrij tijdens ontsteking, vormen 
heterodimeren en het is aangetoond dat deze eiwitten een belangrijke rol spelen in 
LPS-geïnduceerde shock [7]. Wij laten zien dat S100A8/A9 concentraties zijn verhoogd 
in BAL vloeistof van patiënten met longschade. Ook in ons 1-hit en 2-hit muizen VILI 
model zagen we een toegenomen S100A8/A9 eiwit spiegel in BAL vloeistof, met de 
hoogste concentraties in hoge teugen beademde muizen met LPS-geïnduceerde 
longschade. Hoge teugen beademde S100A9 KO muizen (daarmee S100A8/A9 defici-
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ent) met LPS-geïnduceerde longschade hadden minder longontsteking en schade aan 
de alveolaire-capillaire membraan in vergelijking met WT muizen. Dit suggereert dat 
S100A8/A9 eiwitten bijdragen aan de 2-hit geïnduceerde inflammatie. Vervolgens heb-
ben we het effect van deze eiwitten in de long verder onderzocht door S100A8/A9 toe 
te dienen in de long. In gezonde, niet beademde muizen veroorzaakte dit een milde 
ontstekingsreactie. Echter, het toedienen van S100A8/A9 eiwitten in beademde muizen 
verergerde de beademingsgeïnduceerde longontsteking sterk. Met behulp van TLR4 
mutante muizen lieten we zien dat S100A8/A9 eiwitten longontsteking veroorzaken in 
beademde muizen via TLR4. In hoofdstuk 8 tonen we onderzoek waarin het effect van 
Eritoran, een TLR4 antagonist, in VILI werd onderzocht. Eerder dieronderzoek en ook de 
resultaten beschreven in hoofdstuk 7 toonden dat TLR4 belangrijk is voor ontsteking 
veroorzaakt door beademing [8-11]. Wij onderzochten in de humane BAL en long brush 
samples (ook verkregen uit het eerdere onderzoek beschreven in hoofdstuk 5) ook TLR4 
gen expressie. We observeerden, in toevoeging op eerder dierexperimenteel onderzoek 
[9;10], dat ook in patiënten kunstmatige beademing geassocieerd is met hogere pul-
monale TLR4 expressie. Eritoran voorbehandeling van muizen verminderde de influx 
van ontstekingscellen in BAL vloeistof van hoge teugen beademde muizen. Andere VILI 
parameters werden niet beïnvloed door Eritoran. In hoofdstuk 9 beschrijven we een 
studie naar de toepassing van r-roscovitine in beademingsgeïnduceerde longontste-
king. Bij de niet georganiseerde celdood van ontstekingscellen kunnen voor het weefsel 
schadelijke stoffen vrijkomen. R-roscovitine is een kinase remmer die apoptose (georga-
niseerde celdood) van ontstekingscellen veroorzaakt. Voorbehandeling van muizen met 
r-roscovitine verminderde het aantal ontstekingscellen (granulocyten) en longschade 
(de concentratie van de longschademarkers RAGE en IgM in longlavaat was geredu-
ceerd) in hoge teugen beademde muizen in vergelijking met niet behandelde muizen. 
Behandeling met r-roscovitine had geen effect op cytokine en chemokine concentraties 
in de long. In hoofdstuk 10 beschrijven we de gevolgen van kunstmatige beademing 
tijdens een bacteriële longontsteking waarbij we zo goed mogelijk de klinische praktijk 
probeerden na te bootsen. We induceerden een bacteriële longontsteking in muizen 
(pneumokokken pneumonie), gebruikten lage teugen beademing en gaven de muizen 
antibiotica. Beademing had geen effect op de functie van de alveolaire-cappillaire 
membraan maar verergerde de hoeveelheid cytokines en chemokines in de long en in 
het bloed van muizen met pneumonie. De verhoogde concentratie aan cytokines en 
chemokines was geassocieerd met een opregulatie van patroonherkenning receptoren 
en DAMPs.
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DISCUSSIE

Kleine teugen beademing beschermt tegen overmatige rek maar ook deze beademings-
strategie kan longschade niet altijd voorkomen. Beademde patiënten lopen daarom 
allemaal een risico op het ontwikkelen van beademingsgerelateerde longschade. 
Hoewel het in de kliniek vaak lastig is om beademingsgerelateerde longschade te on-
derscheiden van de onderliggende longziekte waarvoor beademing geïnitieerd werd 
weten we wel wanneer het kan ontstaan: namelijk op het moment dat we beademing 
starten. Dit geeft de mogelijkheid om ook vroeg (preventieve) therapie te starten. Een 
mogelijkheid is om een vroege mediator van de ontstekingscascade te blokkeren. In 
dit proefschrift hebben we de rol van patroonherkenning receptoren en DAMPs in de 
ontstekingsreactie die door beademing wordt veroorzaakt onderzocht.

De resultaten beschreven in hoofdstuk 3 impliceren dat de NLRP3 inflammasome 
een belangrijke rol speelt in beademingsgeïnduceerde longontsteking. De bijdrage van 
de inflammasome signaleringscascade is later ook door een andere onderzoeksgroep 
bevestigd [12]. Onderzoek heeft tevens aangetoond dat TLR4 een belangrijke rol speelt 
in VILI [8-11]. Het onderzoek beschreven in hoofdstuk 7 bevestigt dit. De resultaten 
beschreven in hoofdstuk 4 en 5 tonen dat TLR2 en RAGE minder aantrekkelijke thera-
peutische targets zijn om te blokkeren; TLR2 en RAGE KO muizen waren niet beschermd 
tegen het ontwikkelen van beademingsgeïnduceerde longschade. Het aanwezig zijn 
van oplosbaar RAGE was juist voordelig, het verminderde de hoeveelheid cytokines en 
chemokines in RAGE KO muizen met 2-hit longschade.

Naast de patroonherkenning receptoren bestudeerden we ook endogene alarm 
moleculen; DAMPs. Een eerdere studie toonde de aanwezigheid van endogene TLR4 
liganden in BAL vloeistof van beademde gezonde muizen [9]. Wij onderzochten 
S100A8/A9 en HMGB1. De afwezigheid van S100A/A9 eiwitten had geen invloed op de 
longontsteking geïnduceerd door beademing in gezonde muizen (hoofdstuk 7). De 
concentratie van HMGB1 in BAL vloeistof van beademde gezonde muizen was onder 
de detectielimiet (hoofdstuk 4). Het is mogelijk dat andere DAMPs zoals hyaluronan, 
biglycan en heat shock eiwitten of andere, nog te ontdekken, DAMPs belangrijker zijn 
als endogene ligand voor TLR4 en deze receptor activeren. een andere verklaring zou 
kunnen zijn dat meerdere TLR4 activerende DAMPs vrijkomen en dat het blokkeren van 
louter 1 DAMP weinig effect heeft op de ontsteking veroorzaakt door beademing. In het 
2-hit VILI model welke een fulminante longontsteking veroorzaakt werd wel een dui-
delijke rol voor S100A8/A9 eiwitten waargenomen. Of het blokkeren van deze eiwitten 
zou kunnen leiden tot een betere uitkomst is een interessante onderzoeksvraag voor 
toekomstige studies. Het nadeel van het blokkeren van deze eiwitten is dat je hiermee 
ook het antimicrobiële effect van deze eiwitten te niet doet.
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In dit onderzoek hebben we verschillende VILI modellen gebruikt. In hoofdstuk 3, 4, 
6, 7 en 9 hebben we gebruik gemaakt van een eerder ontwikkeld VILI model [13]. Tijdens 
het opzetten van dit model werd het teugvolume elk uur gemeten. Dit resulteerde in 2 
drukgestuurde beademingsstrategieën: een lage teugen volume beademingsstrategie 
(7.5ml/kg) en een hoge teugen volume beademingsstrategie (15ml/kg). In hoofdstuk 
5, 8 en 10 konden we gebruik maken van een pneumotachometer, dit apparaat regis-
treerde het teugvolume van elke inspiratie-expiratie cyclus. Deze techniek maakte het 
mogelijk om heel nauwkeurig te beademen.

In het 2-hit model werden muizen met LPS-geïnduceerde longontsteking beademd. 
We hebben voor dit model gekozen omdat onderzoek heeft laten zien dat in veel longen 
van ernstig zieke patiënten delen van bacteriën worden gevonden, ook bij de afwezig-
heid van infectie [14]. Ook is aangetoond dat er synergisme bestaat tussen de aanwezig-
heid van (delen van) van bacteriën en beademing in het ontstaan van acute longschade 
[15-17]. Hoewel LPS een veel gebruikt model is om acute longschade te onderzoeken 
bootst het niet volledig de ernstige effecten van een bacteriële infectie na. In hoofd-
stuk 10 beschrijven we een model waarin we muizen geïnfecteerd met Streptococcus 
pneumoniae beademen, de meest voorkomende veroorzaker van bacteriële longont-
steking in de samenleving [18]. In dit model worden de longen eerst blootgesteld aan 
infectie (40 uur) en vervolgens aan ondersteunende behandeling: beademing. Hoewel 
dit een klinisch meer realistisch model is, is het nog steeds erg simplistisch. De muizen 
die beademd worden zijn jong en hebben geen comorbiditeit, tevens worden ze maar 
kortdurend beademd omdat het technisch nogal een uitdaging is om muizen te beade-
men, ook ontvangen deze muizen behoudens beademing geen extra ondersteunende 
behandeling. Voor al onze gebruikte muismodellen gelden deze tekortkomingen. Het 
immuunsysteem van de muis en de mens toont grote overeenkomsten waardoor de 
muis een interessant model is om de immuunrespons te bestuderen. Toch is voorzich-
tigheid geboden voor het extrapoleren van resultaten van de muis naar de mens. Ook 
is het zo dat genetisch gemanipuleerde muizen de afwezigheid van een onderdeel van 
het immuunsysteem mogelijk compenseren. Ondanks deze limitaties, zijn inzichten 
verkregen uit dierexperimenteel onderzoek in het verleden waardevol gebleken voor 
het verbeteren van patiëntenzorg.

In hoofdstuk 3, 4, 5 en 8 beschrijven we opregulatie van patroonherkenning recepto-
ren in BAL cellen en long brush cellen van patiënten die een longlavage ondergingen bij 
start en na 5 uur beademing tijdens electieve chirurgie. Hoewel deze resultaten sugge-
reren dat ook in de humane setting beademing een effect heeft op de immuunrespons, 
is het niet mogelijk om dit effect alleen aan beademing toe te wijden, de operatie zelf 
zou mogelijk ook een effect kunnen hebben gehad.

De immuunrespons is een belangrijk afweermechanisme van ons lichaam maar 
het mes snijdt aan twee kanten, een ontstekingsreactie kan ook gepaard gaan met 
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schade. Een ongecontroleerde immuunrespons induceert een overmatige productie 
van ontstekingsmediatoren en dit kan leiden tot ernstige weefselschade. Het remmen 
van de immuunrespons in steriele longontsteking lijkt wenselijk maar het blokkeren 
van patroonherkenning receptoren leidt ook tot een vertraagde herkenning van micro-
organismen en een vergrote kans op ernstige infecties. Het blokkeren van DAMPs zou 
daarom meer aantrekkelijk zijn. Dit proefschrift toont dat het inhiberen van S100A8/A9 
eiwitten en het verlagen van urinezuur VILI vermindert. Dit zijn twee DAMPs met een 
mogelijke rol echter tijdens weefselschade komen er veel verschillende DAMPs vrij en 
we weten niet goed welke DAMP de meest nadelige effecten heeft. Sommige DAMPs 
zijn belangrijk voor weefselherstel; het micromilieu en de concentratie lijken te bepalen 
of een DAMP positieve of schadelijke effecten heeft [19]. Het vrijkomen van verschil-
lende DAMPs activeert ook verschillende patroonherkenning receptoren op hetzelfde 
moment. Of deze signaalcascades naast elkaar lopen of elkaar versterken is een interes-
sante vraag voor toekomstig onderzoek.

Samenvattend, meer kennis over de rol van DAMPs en de aangeboren immuunres-
pons kan leiden tot toekomstige behandelingen waarin we in staat zijn een ideaal ont-
stekingsmilieu te creëren waarin schadelijke immuunresponsen worden geblokkeerd 
en beschermende immuunresponsen gestimuleerd om longschade snel te herstellen.
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