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Over the past decades, advances in paediatric intensive care have considerably 

improved the outcome of critically ill children. This is largely attributable to the de-

velopment and widespread use of mechanical ventilation as this potentially offers a 

so-called ‘bridge to recovery’. Numerous conditions resulting in respiratory failure 

that were previously fatal are now treatable, with mechanical ventilation ‘buying’ 

time for the treatment to have an effect. Although lifesaving, mechanical ventilation 

may induce or aggravate lung injury. Abundant studies on optimal and non-

injurious ventilator strategies exist. Nowadays, childhood respiratory insufficiency is 

predominantly caused by viral lower respiratory tract infections. Unfortunately, very 

little is known about the (immunological) effects of mechanical ventilation during 

viral respiratory infections. Subsequently, ventilator strategies and outcome for this 

group of patients may leave room for improvement. This thesis aims to not only 

expand current knowledge on ventilator induced lung injury but also to provide the 

first insights on the effects of mechanical ventilation during viral respiratory infec-

tions 

 

 

MECHANICAL VENTILATION 
 

Interest in (artificial) respiration is not new. Writings by the ancient Egyptians and 

Greeks already contain theories of respiration and in the Old Testament there is a 

mention of the prophet Elisha inducing pressure breathing from his mouth into the 

mouth of a dead child (Kings 4:34-35). Hippocrates (460-375 BC) was the first to 

describe an endotracheal intubation in his book ‘Treatise on air’ and Paracelsus 

(1493-1541) was credited with the first form of mechanical ventilation by using ‘fire 

bellows’ connected to a tube inserted into the patient’s mouth. Eventually Vesalius 

(1543) was the first person to describe mechanical ventilation via a tracheotomy, all 

be it in a pig.  

While the exchange of oxygen and carbon dioxide between the bloodstream and 

the pulmonary airspace works by diffusion without external work, air must be 

moved into and out of the lungs to make it available to the gas exchange process. 

An artificial ventilator is essentially a device that replaces or augments the function 

of the inspiratory muscles, providing the necessary energy to ensure a gas flow 

into the alveoli during inspiration. Exhalation is a passive process: gas is expelled 

as the lung and chest wall recoil to their original volume. The lungs can be artificial-

ly ventilated either by reducing the ambient pressure around the thorax (negative 

pressure ventilation) or by increasing the pressure within the airways (positive 

pressure ventilation). The early history of mechanical ventilation begins in the mid 

1800 to 1900’s, when large numbers of devices were invented that applied nega-

tive pressure around the body or thoracic cavity; the so called negative pressure 

ventilators or ‘iron lungs’. The general principal is the same with a vacuum device, 
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which lowers the pressure surrounding the thorax, creating sub atmospheric pres-

sure and thereby passively expanding the chest wall with diaphragmatic descent, 

all leading to lung inflation. Exhalation occurs with passive recoil of the chest wall. 

The design of the modern positive pressure ventilators was mainly based on tech-

nical developments by the military during World War II to supply oxygen to fighter 

pilots in high altitude. Such ventilators replaced the bulky and unwieldy iron lungs 

as safe endotracheal tubes were developed. A further boost to the development of 

automatic artificial ventilators occurred in the 1950’s, when a catastrophic poliomy-

elitis epidemic struck Denmark and the Unites States. By using tracheotomy and 

manual positive pressure ventilation the Danish physicians reduced the mortality 

from poliomyelitis from 80% at the beginning of the epidemic to 23% at the end. 

The artificial ventilation was done entirely by hand: a total of 1400 university stu-

dents worked in shifts to keep the patients ventilated. The fear that another epi-

demic might afflict Europe expedited research into powered mechanical ventilators.  

The introduction of Positive End Expiratory Pressure (PEEP) was another mechan-

ical change of substantial importance in the late 1960’s and early 1970’s that 

shaped the present era. Two modes of ventilation assisted ventilation and con-

trolled mechanical ventilation came together in a single piece of equipment and the 

modern era of multiple choice respiratory support was born. 

Mechanical ventilation is indicated when the patient's spontaneous ventilation is 

inadequate to maintain oxygenation or eliminate carbon dioxide. It may also be 

indicated for airway protection in an unresponsive or incoherent patient or as 

prophylaxis for imminent collapse of other physiologic functions (e.g. cardiac fail-

ure).  

 

 

VENTILATOR INDUCED LUNG INJURY 
 

Despite its life-saving potential, mechanical ventilation itself may result in damage 

to healthy (one-hit model) and diseased lung tissue (second-hit model), so called 

ventilator-induced lung injury (VILI)
1;2

. VILI is characterized by production of in-

flammatory mediators, enhanced alveolar-capillary membrane permeability, accu-

mulation of protein-rich pulmonary edema, and ultra-structural damage eventually 

leading to impaired gas exchange
3
. Since VILI is usually indistinguishable morpho-

logically, physiologically, and radiological from the diffuse alveolar damage of acute 

lung injury (ALI) and it’s more severe form acute respiratory distress syndrome 

(ARDS), it can only be discerned definitively in animal models
4
. The mechanisms 

underlying VILI are yet to be completely understood and are most likely inter-

related and overlapping. The different components of VILI however can be divided 

into two main categories: 1. direct physical damage or disruption of the tissues and 

cells and 2. activation of cytotoxic or proinflammatory responses.   
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Direct physical damage 

Barotrauma 

Historically, VILI has been synonymous with clinical barotrauma: the leakage of air 

due to disruption of the airspace wall by high pressure ventilation
5;6

. The extra-

alveolar accumulation of air causes (tension-) pneumothorax, pneumomediastinum 

and subcutaneous emphysema. However, high airway pressures without high tidal 

volumes do not necessarily produce lung injury
7;8

, indicating that volume distension 

rather than high pressures per se, may play a key role in the development of 

VILI
7;9

. Nowadays, macro-barotrauma is uncommon with contemporary ventilator 

approaches. 

Volutrauma 

Volutrauma, also called high volume or high end-inspiratory volume injury, is 

caused by over distension of alveoli hereby directly producing gross physical dis-

ruption of lung tissue. Evidence exists though, that lung damage can also occur at 

low lung volumes
9
. 

Atelectotrauma 

Lung injury associated with repeated recruitment and collapse is called atelecto-

trauma. Adjacent alveoli and terminal bronchioles share walls and the forces acting 

on one lung unit are transmitted to those around it, with the size of the alveoli re-

maining constant
10

. When the lung expands uniformly, all lung units have a similar 

transalveolar pressure, but if the lung is unevenly expanded (e.g. in an inhomoge-

neous, “sick” lung) such forces can vary greatly. When an alveolus collapses, the 

traction forces exerted on its walls by adjacent expanded lung units increase and 

these forces are applied to a smaller region. The forces will promote re-expansion 

at the expense of greatly increased and potentially harmful stress at the interface 

between collapsed and expanded lung units. The high pressures needed to reopen 

the collapsed alveoli can cause physical damage, especially if the cycle of recruit-

ment and derecruitment is repeated with each breath. The pressure needed to 

reopen an occluded airway is inversely proportional to its diameter
11

, which is con-

sistent with the observation that damage to the small airway in isolated lungs venti-

lated at zero positive end-expiratory pressure occurs more distally as such pres-

sure is applied
12

.  

Cytotoxic or pro-inflammatory response 

Four principal mechanisms are responsible for the ventilation-induced release of 

mediators: stress failure of the plasma membrane (necrosis); stress failure of endo-

thelial and epithelial barriers (decompartmentalization); overdistension without 

tissue destruction (mechanotransduction); effects on vasculature, independently of 

stretch and rupture
13

.  

Ventilator-induced disruption of the integrity of epithelial and endothelial cell mono-

layers leads to decompartmentalization
14

. One of the crucial systems regulating 

vascular cell integrity is the angiopoietin (Ang)-Tie2 system
15

. The (Ang)-TIE sys-
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tem regulates vascular integrity by controlling the responsiveness of the endotheli-

um to inflammatory, hyperpermeability, apoptosis and vasoactive stimuli via multi-

ple signal transduction pathways. The two most frequently studied Tie2 ligands 

Ang-1 and Ang-2 have opposing roles. Ang-2 interferes with Ang-1-Tie2 signalling 

by preventing Ang-1 from binding to the receptor, thereby acting as a natural an-

tagonist for Ang-1. Indeed, administration of Ang-2 provokes inflammation and 

vascular leakage in the lung and in other organs. Ang-1 protects against inflamma-

tion and vascular leakage induced by a variety of stimuli and improved survival
16

. 

The biotrauma hypothesis revolves around mechanotransduction, whereby physi-

cal forces are detected by cells and converted into biochemical signals
17

. In re-

sponse to stretch, bronchial, bronchiolar and alveolar epithelial cells
18

 but also 

alveolar macrophages and neutrophils
19

, produce a whole set of cytokines and 

chemokines. This process starts within minutes after initiating mechanical ventila-

tion
20

 and increased production of inflammatory mediators is thought to induce or 

aggravate pulmonary injury: biotrauma
21;22

. As with other lung injury models, deple-

tion of leucocytes before the insult (e.g. before mechanical ventilation), confers 

protection
23

. Not only can ventilator induced inflammation serve as a “first-hit” mak-

ing the patient more vulnerable to a “second hit”
24

 (e.g. infection, aspiration, blood 

transfusion), more importantly mechanical ventilation may serve as a “second hit” 

in patients with underlying inflammatory insults e.g. pulmonary or systemic infection 

and trauma. 

Interleukin (IL)-1β and tumor necrosis factor (TNF)-α are among the pro-

inflammatory cytokines secreted upon mechanical stretch
19

. They are capable of 

stimulating endothelial activation which induces a phenotypic shift towards inflam-

matory cell adhesion and migration, coagulation, increased endothelial permeabil-

ity, apoptosis and altered vasomotor tone
25

. In turn, cytokine-activated endothelial 

cells secrete chemokines and express adhesion molecules on their surface result-

ing in enhanced leukocyte adhesiveness and transmigration of activated immune 

cells across the endothelium of inflamed tissue
25-27

. Vascular adhesion molecules 

that belong to the selectin family (P-selectin and E-selectin) mediate leukocyte 

margination and rolling along the blood vessel wall, whereas members of the im-

munoglobulin (Ig) superfamily (vascular cell adhesion molecule (VCAM)-1, intercel-

lular adhesion molecule (ICAM)-1 and platelet-endothelial cell adhesion molecule 

(PECAM)-1) participate in leukocyte adhesion and transmigration into underlying 

tissue. Levels of these soluble adhesion molecules are increased in patients with 

serious lung diseases such as ALI and ARDS
28

. Furthermore, adhesion molecules 

may play a crucial role in the pathogenesis of VILI given the fact that P-selectin, 

VCAM-1 and ICAM-1 expression were enhanced in pulmonary tissue after me-

chanical ventilation
29

. Their role in the development of ventilator induced multi-

organ failure remains to be elucidated. 
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Given the inflammatory pathogenesis of severe ALI and ARDS, anti-inflammatory 

agents like glucocorticoids are been investigated as a potential treatment for ALI 

and ARDS because of their anti-inflammatory properties. Glucocorticoids are a 

class of steroid hormones that exert their anti-inflammatory and immunosuppres-

sive effects by binding to intracellular glucocorticoid receptors. After binding, the 

glucocorticoid receptor complex migrates from the cytosol to the nucleus where it 

inhibits a host of gene activity such as nuclear factor kappa B (NF-κB) and activa-

tor protein (AP)-1 driven expression of inflammatory genes
30

. In addition, it has 

been described that glucocorticoids suppress granulocyte recruitment and activa-

tion, preserve endothelial cell integrity and control vascular permeability
31;32

. The 

efficacy of using synthetic glucocorticoids to treat ALI/ARDS in critically ill patients 

is still under debate
33-35

. In experimental models of VILI, however, glucocorticoid 

pre-treatment has shown promising results on reducing lung injury
36;37

. 

 

 

ARDS 
 

Acute respiratory distress syndrome (ARDS), and its milder form acute lung injury 

(ALI), are a syndromic clinical entity characterized by a severe inflammatory pro-

cess causing diffuse alveolar damage and resulting in a variable degree of ventila-

tion perfusion mismatch, severe hypoxemia, and poor lung compliance
38

. The first 

description of ARDS appeared in 1967 when Ashbaugh et al. described 12 adult 

patients with acute respiratory distress caused by an unrelated critical illness (e.g. 

trauma or sepsis) and characterized by cyanosis refractory to oxygen therapy, 

decreased lung compliance and diffuse infiltrates on chest X-ray
39

. In 1993 new 

definitions of ALI and its most severe form ARDS were provided and because chil-

dren also may be affected the “A” was changed to from “adult” to “acute”. The four 

main criteria for ARDS were: acute onset, bilateral diffuse infiltrates of the lungs on 

chest radiograph, pulmonary artery wedge pressure < 18 mmHg when measured 

or no clinical evidence of left atrial hypertension and PaO2/FiO2 ratio ≤ than 200 

mmHg. The criteria for diagnosis of ALI were similar except that PaO2/FiO2 ratio is 

≤300. From 1993 on however, issues regarding reliability and validity of this defini-

tion have emerged and in 2011 the Berlin Definition was formed focusing on feasi-

bility, reliability, validity, and objective evaluation of its performance (table 1)
40

. 

Independent of age, lungs of ventilated patients with ARDS have physiological, 

radiological and histopathological features that resemble VILI in experimental mod-

els. These features include interstitial and alveolar edema, haemorrhage, hyaline 

membranes, neutrophilic alveolitis and diffuse alveolar damage
41

. Furthermore ALI, 

like VILI, is characterized by an initial insult triggering cell-mediated mechanisms to 

release a cascade of inflammatory mediators
38;42

. 
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ARDS can affect an extremely heterogeneous population and results from a wide 

variety of risk factors and conditions that can injure the lung either directly (e.g. 

pulmonary infection or contusion, aspiration of gastric content, inhalation injury) or 

indirectly (e.g. non-pulmonary sepsis, pancreatitis, multiple transfusions or transfu-

sion-associated acute lung injury)
38;43;44

. ARDS is not a rare condition. Recent stud-

ies reveal a high incidence, affecting as many of 16% of mechanically ventilated 

patients in an adult intensive care setting
45-47

. The mortality from ARDS in adults 

ranges from 30% to 60%. Most deaths however result from multiple organ failure 

(MOF) and sepsis rather than respiratory failure
45-47

. In relation to all PICU admis-

sions, the incidence of ARDS was calculated to be only 3% to 4% with an overall 

mortality in children suffering from ALI (including ALI-non ARDS and ARDS) rang-

ing from 18-27%
48

.  

 
Table 1. The Berlin Definition of Acute Respiratory Distress Syndrome 
 

Criteria Description 

Timing < 1 week of a known clinical insult or new or worsening respiratory symptoms 

 

Chest Imaging
a
 Bilateral opacities – not fully explained by effusions, lobar/lung collapse, or 

nodules 

 

Origin edema Respiratory failure not fully explained by cardiac failure or fluid overload. 

Need objective assessment (e.g. echocardiography) to exclude hydrostatic 

edema if no risk factor present 

 

Oxygenation
b
  

Mild 200 mmHg < PaO2/FiO2 ≤ 300 mmHg with PEEP or CPAP ≥ 5 cm H2O
c
 

Moderate 100 mmHg < PaO2/FiO2 ≤ 200 mmHg with PEEP ≥ 5 cm H2O 

Severe PaO2/FiO2 ≤ 100 mmHg with PEEP ≥ 5 cm H2O 
 

Abbreviations: PaO2 partial pressure of arterial oxygen, FiO2 fraction of inspired oxygen, PEEP positive 

end-expiratory pressure, CPAP continuous positive airway pressure. a Chest X-ray or CT scan, b If 

altitude higher than 1000 m, correction factor should be made, c This may be delivered non-invasively in 

the mild ARDS group. 

 

Despite extensive clinical research, most clinical trials have failed to demonstrate a 

survival benefit of new therapies
38

. Although mortality may have decreased for 

some subtypes of ARDS, not much progress has been made in the past decade to 

decrease the high burden of mortality in other populations
49

. It is reasonable to say 

that the only measure that has been convincingly shown to affect mortality is opti-

mization of mechanical ventilation, particularly by means of limiting tidal over-

distension and reducing tidal volume
50-52

.  
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LUNG PROTECTIVE VENTILATION 
 

Better understanding of the pathophysiology of VILI and of ARDS, along with stud-

ies based on animal models, have led to so-called “lung protective strategies” that 

seek to minimize ventilator induced lung injury by avoiding or ameliorating the 

damaging effects of these components. Lung protective ventilation strategies in-

clude: 

Low tidal volume ventilation 

Overdistension of alveolar units, directly inducing mechanical damage with the risk 

of barotrauma can be avoided by limiting airway pressures and tidal volumes. Both 

experimental studies and clinical trials have shown that ventilatory strategies aimed 

at attenuating VILI, by limiting tidal volumes and inflation pressures, not only re-

duce pulmonary cytokine levels but also decrease lung injury and mortality
21;51

. 

PEEP application 

Application of positive end expiratory pressure (PEEP) during VILI development is 

associated with a preservation of the integrity of the alveolar epithelium
7
 and atten-

uates atelectotrauma hereby outweighing the concomitant increase in inspiratory 

pressure
53;54

. For patients with relatively mild acute lung injury, however, potential 

adverse consequences of higher PEEP levels, including circulatory depression
 
or 

lung overdistension,
 
may outweigh the benefits. A recent meta-analysis showed 

that treatment with higher vs. lower levels of PEEP was not associated with im-

proved hospital survival. However, higher levels were associated with improved 

survival among the subgroup of patients with ARDS
55

. 

Recruitment manoeuvres 

While low tidal volume ventilation is lung protective, it may exacerbate lung atelec-

tasis and worsen hypoxia. Various alveolar recruitment manoeuvres have been 

used to open or recruit collapsed alveoli. These involve either a steady or rapid 

increase in PEEP or inspiratory holds to increase transpulmonary pressures. In 

clinical setting recruitment manoeuvres do open up the lung when applied early in 

the course of ARDS, applying appropriate PEEP afterwards sustains improvement 

in PaO2/FiO2 ratio and they are safe to perform when carefully monitored in the 

hemodynamically stable patient
56

.  

 

 

SYSTEMIC EFFECTS OF MECHANICAL VENTILATION 
 

Improvements in ventilator strategies notwithstanding, a large number of ARDS 

patients however still die, albeit not from acute respiratory failure but due to multi-

ple organ dysfunction syndrome (MODS)
57

. MODS, previously known as multiple 

organ failure (MOF) or multisystem organ failure (MSOF) is defined by altered or-
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gan function in an acutely ill patient requiring medical intervention to achieve ho-

meostasis and usually involves two or more organ systems.  

Bone proposed 5 consecutive stages in the pathogenesis of MODS
58

. Stage 1 

(local response) represents the local release of proinflammatory mediators in re-

sponse to local injury or infection. Subsequently, anti-inflammatory mediators are 

released to attenuate this process and homeostasis will be quickly restored in 

healthy patients and/or when the original insult is small. In a more severe insult, 

proinflammatory mediators are released into the systemic circulation (stage 2: ini-

tial systemic response), quickly followed a systemic release of anti-inflammatory 

mediators amending the proinflammatory reaction and restoring homeostasis. In 

stage 3 (massive systemic inflammation), homeostasis cannot be restored due to a 

massive release of proinflammatory mediators or insufficient anti-inflammatory 

reaction. At this stage patients present with symptoms of the systemic inflammatory 

response syndrome (SIRS), as well as multiple organ dysfunction syndrome 

(MODS). Stage 4 (excessive immunosuppression) is represented by excessive 

systemic levels of anti-inflammatory mediators that develop as a response to a 

massive proinflammatory response; however. The resulting marked immunosup-

pression puts patients at increased risk for infection. Stage 5 (immunologic disso-

nance) is the final stage of MODS where the balance between pro- and anti-

inflammatory mediators has been lost.  

The possible crucial role for mechanical ventilation, biotrauma in particular, in the 

development of MSOF is based on the suggestion that the inflammatory reaction 

resulting from mechanical ventilation is not limited to the lungs. Spillover of media-

tors into the circulation may also initiate and spread a systemic inflammatory re-

sponse
59-61

. However a confirmed relationship with the development of MSOF is 

still lacking
62

 and the development of MSOF secondary to mechanical ventilation is 

likely not due solely to biotrauma but  a multifactorial process
63

.  

 

 

HUMAN RESPIRATORY SYNCYTIAL VIRUS 
 

Virology 

Respiratory syncytial virus (RSV) is the most common cause of seasonal acute 

respiratory tract illness in persons of all ages
64

. RSV is a single-stranded, envel-

oped RNA virus belonging to the family of Paramyxoviridae. Two subtypes (A and 

B) are simultaneously present in most outbreaks, with A subtypes typically causing 

more severe disease
65-67

. Within these subtypes, several genotypes predominate 

within a community. The frequent reinfections might be explained by yearly shifting 

of the dominant strains
65-67

.   
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Epidemiology 

In the Northern hemisphere, RSV outbreaks usually occur from November to April. 

Transmission of RSV is primarily by inoculation of naso-pharyngeal or ocular mu-

cous membranes after contact with virus-containing secretions or contaminated 

objects
66

. Direct contact is the most common route of transmission, but large aero-

sol droplets have also been implicated
68

. More than 50% of all infant are infected 

with RSV during the first year of life and at age 2 more than 90% of infants have 

been infected
69-71

. In children younger than 1 year, RSV is the most common cause 

of lower respiratory tract infection and associated with approximately 1000 hospital-

izations in the Netherlands per year.   

Clinical spectrum 

The clinical manifestations vary with age, health status and whether the infection is 

primary or secondary. Adults and older children typically have upper respiratory 

tract symptoms (cough, coryza, rhinorrhoea and conjunctivitis) whereas infants, the 

elderly and immunocompromized patients suffer from (more severe) lower respira-

tory tract infections like bronchiolitis, pneumonia and rarely ARDS.  

Histopathology 

After replicating in the nasopharynx, RSV infects the small bronchiolar epithelium 

and extends to the type 1 and 2 alveolar pneumocytes in the lung; lower respirato-

ry tract infection (LRTI) occurs 1 to 3 days afterwards
72;73

. Pathology findings of 

RSV LRTI include dense plugs of mucus, fibrin, and cellular debris from leukocytes 

and dead bronchial epithelial cells leading to airway obstruction, airtrapping and 

increased airway resistance
74;75

. In addition, submucosal edema and peribronchio-

lar infiltrates further contribute to the small-airway narrowing and occlusion
73;76

.  

Immunology 

As with other acute respiratory viruses, RSV infection usually resolves completely. 

RSV infection or uptake by respiratory epithelial cells and resident macrophages 

results in expression or up-regulation of so-called pattern recognition receptors. 

Subsequently, binding of virus particles to these pattern recognition receptors (in-

cluding Toll-like receptor (TLR)-3, TLR-4, TLR-7 and TLR-9) will lead to receptor 

mediated signalling. This results in distinct cytokine and chemokine release with 

subsequent recruitment of inflammatory cells. Type I interferons have direct antivi-

ral properties, other cytokines stimulate the influx and activation of natural killer 

cells, granulocytes, monocytes, macrophages, dendritic cells, and T lymphocytes 

that provide both direct antiviral activities as well as initiate an effective immune 

response. The innate immune response triggered by RSV greatly depends on 

where and which cell types come in contact with virus particles.  

Treatment and prevention 

RSV infection is usually self-limiting and treatment for RSV LRTI is primarily sup-

portive (e.g. supplemental oxygen). Bronchodilator therapy in infants with bronchio-

litis is not advised 
77

. Individual patients however with clinically apparent lower air-
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way obstruction (i.e. wheezing) may respond, warranting a trial of beta-agonist 

therapy. Although corticosteroids do have the potential to decrease bronchiolar 

swelling and airway obstruction through their anti-inflammatory effects, evidence of 

their beneficial effects is lacking
78;79

. Anti-viral medication is available, but their use 

is not recommended in most patients. More aggressive therapy, including immuno-

therapy, or combination therapy (antiviral- and immunotherapy) with or without 

corticosteroids may be warranted for immunocompromized patients
78;79

. Infants at 

high risk for serious disease can receive passive immunoprophylaxis during the 

epidemic season by a monthly injection of a commercial RSV-neutralizing mono-

clonal antibody, palivizumab (Synagis), which provides a 55% reduction in RSV-

associated hospitalization
80

. No long-term pulmonary sequelae occur although a 

correlation with recurrent wheeze in early childhood has been described
81

.  

Life threatening RSV disease 

Risk factors for severe course of disease (e.g. respiratory failure) are prematurity, 

chronic lung disease
82;83

, cyanotic congenital heart disease
82;84

 and Down’s syn-

drome
85

. About 0.1% of all children require mechanical ventilation for RSV LRTI 

during the first year of life. That makes RSV LRTI the most frequent cause of pae-

diatric intensive care unit (PICU) admission for mechanical ventilatory support in 

infants during the winter season
86

. Most infants require 10 to 14 days of mechani-

cal ventilation. Incidentally a longer period of ventilatory support is needed, increas-

ing the risk of complications like pneumothorax and bacterial superinfections. On 

rare occasions neither conventional mechanical ventilation nor high frequency oxy-

genation-ventilation (HFOV) is sufficient in maintaining adequate oxygenation 

and/or ventilation and in these instances extra corporal membrane oxygenation 

(ECMO) is indicated. Fortunately, overall mortality from RSV infections is very low. 

 

 

OPIOID RECEPTORS AND VIRAL INFLAMMATION 
 

Patients requiring mechanical ventilation are often treated with exogenous opioids, 

such as morphine, not only to alleviate pain but also for sedative purposes. Exoge-

nous (e.g. morphine) and endogenous (e.g. β-endorphin) opioids interact with their 

corresponding receptors: µ (MOR), κ (KOR) and δ (DOR). These receptors are 

encoded by respectively the OPRM1, OPRK1 and OPRD1 genes, initially identified 

in the central nervous system
87

, but now also detected in many tissues such as 

airway mucosa
88

 and the immune system
89

. Tracheal mucus secretion has been 

shown to be inhibited by activation of µ or δ opioid receptors whereas naloxone, an 

opioid receptor antagonist, reverses this inhibitory effect
90

. In addition, there is a 

close interaction between opioid receptor signalling and the functions of the respir-

atory tract. Opioids have major effects on the immune system
91

, including antiviral 

immunity. Opioids may alter antibody generation
92

, lymphocyte proliferation
93

, 
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modulation of cytokine production
94

, natural killer cell
95

 and phagocytic activity and 

chemotaxis
96

.  Although often used in clinical practice, opioids and their role in the 

outcome of respiratory viral disease have not been studied yet.  

 

 

OUTLINE OF THIS THESIS 
 

The first part, summarized as ‘ventilator induced lung injury’, focuses on interac-

tions between mechanical ventilation and local and/or systemic inflammatory 

mechanisms (chapter 2). Furthermore, the effects of dexamethasone, a potent 

anti-inflammatory drug, on VILI as reflected by vascular leakage and impaired gas 

exchange were investigated (chapter 3). Finally, we investigated whether treat-

ment with Ang-1 (a Tie2 receptor agonist involved in regulating vascular cell integri-

ty) prevented ventilator induced damage to alveolar-capillary barriers and subse-

quent increase in vascular leakage (chapter 4). This work was done in close col-

laboration with Dr. Jessica (M.A.) Hegeman and presented as part of her PhD the-

sis ‘Ventilator-induced lung injury: pathogenesis and therapeutic interventions’, 

(Utrecht 2010). 

The second part of this thesis, ‘virus induced inflammation’, uses experimental 

as well as clinical studies to improve our understanding of ventilator induced lung 

inflammation during RSV infection. Chapter 5 discusses the factors associated 

with a life-threatening course of RSV infection in children, as well as available ther-

apeutic options and mortality rates. In an experimental setting, we studied whether 

mechanical ventilation modulated the host innate immune response to RSV (chap-

ter 6) and what the effect was of low tidal volumes on ventilator-induced enhance-

ment of pulmonary inflammation during RSV infection (chapter 7). In chapter 8 the 

role of virus induced pulmonary inflammation on disease severity as well as the 

effect of mechanical ventilation on overall pulmonary inflammation in human RSV-

infection was investigated. Finally, we studied the role of opioid receptors on viral 

replication in the respiratory tract during an acute viral illness (chapter 9). 

 

This thesis concentrated on the following questions: 

Part I: Ventilator induced inflammation 

1. Does ventilator-associated alveolar stretch provoke endothelial activation and 

inflammation in the lungs as well as distal organs (chapter 2)? 

2. Does dexamethasone, a commonly used synthetic anti-inflammatory glucocor-

ticoid, protect against ventilator induced vascular leakage and impaired gas 

exchange (chapter 3)? 

3. Does Ang-1, a Tie2 receptor agonist, protect against ventilator induced vascu-

lar leakage and impaired gas exchange (chapter 4)?  
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Part II: Virus induced inflammation 

4. What are the factors associated with a life-threatening course of RSV respira-

tory tract infection (chapter 5)?  

5. What is the host response to mechanical ventilation and what are the effects of 

induced hypercapnic acidosis, known to attenuate VILI in non-infectious mod-

els, during viral respiratory tract infection (chapter 6)?  

6. Does the use of low tidal volumes partially prevent ventilation-induced en-

hancement of pulmonary inflammation during RSV lower respiratory tract infec-

tion (chapter 7)? 

7. Does respiratory failure result from RSV induced pulmonary inflammation and 

what are the effects of mechanical ventilation on virus induced pulmonary in-

flammation (chapter 8)?   

8. What is the role of opioid receptors in disease severity, viral replication and 

pathology during RSV infection (chapter 9)? 
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ABSTRACT 
 

Introduction: Results from clinical studies have provided evidence for the im-

portance of leukocyte-endothelial interactions in the pathogenesis of pulmonary 

diseases such as acute lung injury (ALI) and acute respiratory distress syndrome 

(ARDS), as well as in systemic events like sepsis and multiple organ failure (MOF). 

The present study was designed to investigate whether alveolar stretch due to 

mechanical ventilation (MV) may evoke endothelial activation and inflammation in 

healthy mice, not only in the lung but also in organs distal to the lung.  

Methods: Healthy male C3H/HeN mice were anesthetized, tracheotomized and 

mechanically ventilated for either 1, 2 or 4 hours. To study the effects of alveolar 

stretch in vivo, we applied a MV strategy that causes overstretch of pulmonary 

tissue i.e. 20 cmH2O peak inspiratory pressure (PIP) and 0 cmH20 positive end 

expiratory pressure (PEEP). Non-ventilated, sham-operated animals served as a 

reference group (non-ventilated controls, NVC). 

Results: Alveolar stretch imposed by MV did not only induce de novo synthesis of 

adhesion molecules in the lung but also in organs distal to the lung, like liver and 

kidney. No activation was observed in the brain. In addition, we demonstrated ele-

vated cytokine and chemokine expression in pulmonary, hepatic and renal tissue 

after MV which was accompanied by enhanced recruitment of granulocytes to 

these organs.  

Conclusions: Our data implicate that MV causes endothelial activation and in-

flammation in mice without pre-existing pulmonary injury, both in the lung and distal 

organs.  
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INTRODUCTION 
 

Critically ill patients in the intensive care unit often require mechanical ventilation 

(MV) to adequately oxygenate vital organs. Although artificial ventilation is lifesav-

ing, the procedure itself may lead to serious damage in both healthy and diseased 

lungs
1
. Studies have revealed that the cyclic opening and collapse of alveoli during 

MV may provoke alveolar stretch and subsequently result in ventilator-induced lung 

injury (VILI)
2;3

. Important features of VILI are increased cytokine or chemokine pro-

duction, alveolar-capillary permeability, protein-rich edema formation and, ultimate-

ly, impaired gas exchange
4-6

. 

Pro-inflammatory cytokines such as IL-1β and TNF-α are secreted by alveolar 

macrophages upon mechanical stretch
7
 and are capable of stimulating endothelial 

activation
8
. In turn, cytokine-activated endothelial cells secrete chemokines and 

express adhesion molecules on their surface resulting in enhanced leukocyte ad-

hesiveness and transmigration of activated immune cells across the endothelium of 

inflamed tissue
9-11

. Vascular adhesion molecules that belong to the selectin family 

(P-selectin and E-selectin) mediate leukocyte margination and rolling along the 

blood vessel wall, whereas members of the immunoglobulin (Ig) superfamily (vas-

cular cell adhesion molecule (VCAM)-1, intercellular adhesion molecule (ICAM)-1 

and platelet-endothelial cell adhesion molecule (PECAM)-1) participate in leuko-

cyte adhesion and transmigration into underlying tissue
12

. Previously, it has been 

shown that soluble adhesion molecule levels are elevated in patients with serious 

lung diseases such as acute lung injury (ALI) and acute respiratory distress syn-

drome (ARDS)
13;14

. Moreover, augmented P-selectin, VCAM-1 and ICAM-1 ex-

pression was found in pulmonary tissue after MV
15

 suggesting that adhesion mole-

cules may play a crucial role in the pathogenesis of VILI.  

Most critically ill patients do not succumb to lung deterioration associated with MV 

but to multiple-organ failure (MOF) caused by a systemic inflammatory response 

syndrome
16;17

. As a mechanism of MOF, it has been hypothesized that ventilator-

induced lung inflammation may elicit release of inflammatory mediators into the 

circulation, thereby amplifying a pro-inflammatory systemic environment and even-

tually leading to detrimental effects in distal organs
18-20

. As high levels of inflamma-

tory mediators in the periphery are believed to be important in the pathogenesis of 

MOF
21;22

, systemic effects of MV have been proposed to be responsible
23;24

. Simi-

lar to sepsis-induced MOF
25;26

 activation of endothelial cells in distal organs might 

be essential in the development of ventilator-induced MOF. 

We designed this study to investigate whether ventilator-induced alveolar stretch 

may cause endothelial activation in healthy mice, not only in the lung but also in 

organs distal to the lung. To determine endothelial activation in these organs we 

assessed de novo synthesis of adhesion molecules. Moreover, we examined venti-
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lator-induced effects on the inflammatory state of pulmonary, hepatic, renal and 

cerebral tissue. 

 

 

MATERIALS AND METHODS 
 

Animals 

The experiments were performed in accordance with international guidelines and 

approved by the experimental animal committee of the Erasmus Medical Center 

Rotterdam. A total of 42 adult male C3H/HeN mice (Harlan CPB, Zeist, the Nether-

lands), weighing 25 to 30 g, were randomly assigned to different experimental 

groups. 

To investigate the effects of alveolar stretch in vivo, we applied a MV strategy that 

has been described to cause overstretch of pulmonary tissue
27;28

. The method of 

MV was based on the first experiments performed in mice
29

. Thirty mice were tra-

cheotomized under inhalation anesthesia (65% nitrous oxide, 33% oxygen, 2% 

isoflurane; Pharmachemie, Haarlem, the Netherlands). Subsequently, anesthesia 

was continued with 24 mg/kg/h intraperitoneal sodium pentobarbital (Algin, Maas-

sluis, the Netherlands). Additional anesthesia was given when necessary. The 

intraperitoneal administered anesthesia fluid was sufficient to correct for hypovole-

mia. Muscle relaxation was attained with 0.4 mg/kg/h intramuscular pancuronium 

bromide (Organon Technika, Boxtel, the Netherlands). The animals were connect-

ed to a Servo Ventilator 300 (Siemens-Elema, Solna, Sweden) and ventilated for 

one, two or four hours in a pressure-controlled time-cycled mode (n = 9 to 10 per 

group), at a fractional inspired oxygen concentration (FiO2) of 1.0, inspiration to 

expiration ratio of 1:2 and frequency of 20 to 30 breaths/min to maintain 

normocapnia. Peak inspiratory pressure (PIP) was set at 20 cmH2O and positive 

end-expiratory pressure (PEEP) at 0 cmH2O. A polyethylene catheter was inserted 

into the carotid artery and blood gas determinations were performed using a 

pH/blood gas analyzer (ABL 505; Radiometer, Copenhagen, Denmark). Body tem-

perature was maintained between 36 and 38°C with a heating device (UNO 

Roestvaststaal, Zevenaar, the Netherlands). Eight healthy non-ventilated, sham-

operated mice served as a reference group (non-ventilated controls (NVC)). To 

investigate whether the high partial pressure of arterial oxygen (PaO2) levels asso-

ciated with our MV strategy may contribute to changes in the immune response, 

spontaneously breathing animals (n = 6) were placed in an oxygen saturated box 

for four hours (FiO2 of 1.0, hyperoxia). This exposure time was chosen, because it 

resembles the longest period of time that mice were subjected to MV. All animals 

were sacrificed with an overdose of intraperitoneal sodium pentobarbital (Organon, 

Oss, the Netherlands). 
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Histology 

Two mice per group were perfused with PBS. Pulmonary tissue was directly re-

moved, frozen in liquid nitrogen and stored at -80ºC to evaluate lung architecture 

and presence of granulocytes. Before being snap frozen, lungs were filled with 

Tissue-Tek (Sakura Finetek, Zoeterwoude, the Netherlands).  

Cryosections (5 µm) were cut on a cryostat microtome (Leica Microsystems, 

Nussloch, Germany) and fixed with acetone for 10 minutes. To assess pulmonary 

histopathology, longitudinal sections were stained with H&E (Klinipath, Duiven, the 

Netherlands).  

Tissue homogenates 

Pulmonary, hepatic, renal and cerebral tissue (from four to eight mice per group) 

was directly removed and frozen in liquid nitrogen to evaluate endothelial activation 

and inflammation. Tissues were pulverized using a liquid nitrogen-cooled mortar 

and pestle, divided in several fractions and stored at -80ºC allowing us to use the 

lung, liver, kidney and brain from one animal for multiple analyses. All analyses 

were performed in a blinded-setup. 

Myeloperoxidase assay 

For lung and brain, myeloperoxidase (MPO) activity was determined as described 

previously
30

. In short, pulverized tissues were homogenized in 50 mM HEPES 

buffer (pH 8.0), centrifuged and pellets were homogenized again in water and 0.5% 

cetyltrimethylammonium chloride (Merck, Darmstadt, Germany). After centrifuga-

tion, supernatants were diluted in 10 mM citrate buffer (pH 5.0) and 0.22% cetyltri-

methylammonium chloride. A substrate solution containing 3 mM 3’,5,5’-

tetramethylbenzidine dihydrochloride (Sigma-Aldrich, Steinheim, Germany), 120 

µM resorcinol (Merck, Darmstadt, Germany) and 2.2 mM hydrogen peroxide (H2O2) 

in distilled water was added. Reaction mixtures were incubated for 20 minutes at 

room temperature and stopped by addition of 4M sulfuric acid (H2SO4) followed by 

determination of optical density at 450 nm. MPO activity of a known amount of 

MPO units (Sigma-Aldrich, Steinheim, Germany) was used as reference. For liver 

and kidney, pulverized tissues were homogenized in lysis buffer with protease in-

hibitors. In supernatants MPO activity was analyzed by ELISA according to the 

manufacturer’s instructions (Hycult Biotechnology, Uden, the Netherlands). To 

correct for homogenization procedures, total protein concentration of samples was 

determined with a BCA protein-assay (Pierce Biotechnology, Rockford, IL, USA) 

using BSA as standard. 

Quantitative real-time RT-PCR analysis  

Total RNA was isolated from pulverized tissues with TRIzol® reagent (Invitrogen, 

Paisley, UK). cDNA was synthesized from total RNA with SuperScript Reverse 

Transcriptase kit (Invitrogen, Paisley, UK). Quantitative real-time RT-PCR reaction 

was performed with iQ5 Real-Time PCR Detection System (Biorad, Hercules, CA, 

USA) using primers for E-selectin, VCAM-1, ICAM-1, PECAM-1, IL-1β, TNF-α and 



Chapter 2 

 
36 

keratinocyte-derived chemokine (KC; murine homologue of IL-8; Table 1). To con-

firm appropriate amplification, size of PCR products was verified by agarose gel 

separation. Data were normalized for expression of internal controls β-actin and 

glyceraldehyde 3-phosphate dehydrogenase. 

Statistical analysis  

Data are expressed as mean ± standard error of the mean. All parameters were 

analyzed by one-way analysis of variance (ANOVA) with Least Significant Differ-

ence (LSD) post-test. P-values less than 0.05 were considered statistically signifi-

cant. 

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

 Forward Reverse 

E-selectin CAACgTCTAggTTCAAAACAATCAg TTAAgCAggCAAgAggAACCA 

VCAM-1 TgAAgTTggCTCACAATTAAgAAgTT TgCgCAgTAgAgTgCAAggA 

ICAM-1 ggAgACgCAgAggACCTTAACAg CgACgCCgCTCAgAAgAACC 

PECAM-1 ACgATgCgATggTgTATAAC ACCTTgggCTTggATACg 

IL-1β CAACCAACAAgTgATATTCTCCATg gATCCACACTCTCCAgCTgCA 

TNF-α gCggTgCCTATgTCTCAg gCCATTTgggAACTTCTCATC 

KC AAAAggTgTCCCCAAgTAACg gTCAgAAgCCAgCgTTCAC 

β-actin AgAgggAAATCgTgCgTgAC CAATAgTgATgACCTggCCgT 

GAPDH TgAAgCAggCATCTgAggg CgAAggTggAAgAgTgggAg 

 

GAPDH = glyceraldehyde 3-phosphate dehydrogenase; ICAM = intercellular adhesion molecule; IL = 

interleukin; KC = keratinocyte-derived chemokine; PECAM = platelet-endothelial cell adhesion mole-

cule; TNF = tumor necrosis factor; VCAM = vascular cell adhesion molecule. 

 

 

RESULTS 
 

Stability of the model  

MV was applied to healthy mice to induce alveolar stretch. All mice survived the 

ventilatory protocol and produced urine throughout the experiment. Arterial blood 

gas analysis of ventilated mice showed a stable oxygen tension (PaO2) with carbon 

dioxide tension (PaCO2), pH and base excess (BE) within the physiological range 

(Table 2). In addition, pulmonary architecture was preserved during the experiment 

(Figure 1). 

Effects of MV on inflammatory state of pulmonary tissue  

Endothelial activation  

We studied the effect of MV on endothelial activation in pulmonary tissue by meas-

uring de novo synthesis of adhesion molecules. Compared with NVC, enhanced 

mRNA expression of E-selectin and VCAM-1 was noticed after two and four hours 
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of MV (Figures 2a and b). No ventilator-induced change in ICAM-1 and PECAM-1 

mRNA were found in the lung (Figures 2c and d).  

Cytokine and chemokine expression  

After two and four hours of MV, significantly higher mRNA expression of the pro-

inflammatory cytokines IL-1β and TNF-α were observed (Figures 2e and f). In addi-

tion, MV induced an increase in mRNA expression of the chemokine KC (Figure 

2g). 

Granulocyte recruitment  

To investigate whether the ventilator-induced endothelial activation and chemokine 

expression was accompanied by recruitment of granulocytes to inflamed pulmo-

nary tissue, MPO activity was determined in total lung homogenates (Figure 2h). 

Elevated MPO activity was found after one, two and four hours of MV, which corre-

lated with the presence of granulocytes observed in frozen pulmonary sections 

stained for H&E (Figure 1). Furthermore, histology of ventilated lungs showed mar-

gination of granulocytes to the blood vessel wall. Exudation of granulocytes into the 

alveolar space was not observed. 

Contribution of hyperoxia 

To examine whether the high PaO2 levels associated with our MV strategy contrib-

uted to changes in the pulmonary immune response, we exposed spontaneously 

breathing mice to 100% oxygen levels for four hours (FiO2 of 1.0, hyperoxia). As 

depicted in Figures 1 and 2, hyperoxia-exposed mice (O2 group) showed a similar 

adhesion molecule, cytokine and chemokine expression, MPO activity and lung 

histopathology compared with NVC. 

Effects of MV on inflammatory state of hepatic, renal and cerebral tissue  

Endothelial activation 

The effect of MV on endothelial activation in hepatic, renal and cerebral tissue was 

investigated by analyzing de novo synthesis of adhesion molecules. In the liver, 

higher mRNA expression of E-selectin and ICAM-1 was observed after four hours 

of MV in comparison with NVC (Figures 3a and c). VCAM-1 mRNA was already 

elevated in hepatic tissue after two hours of MV and further increased after four 

hours (Figure 3b). No differences were found in PECAM-1 mRNA (Figure 3d). Also 

in the kidney, we noticed increased mRNA expression of E-selectin, VCAM-1 and 

ICAM-1 after two and four hours of MV (Figures 4a to c). Minimal changes in 

PECAM-1 mRNA were found in renal tissue of ventilated mice (Figure 4d). In the 

brain, MV did not induce a significant change in adhesion molecule mRNA expres-

sion as compared with NVC (data not shown).  

Cytokine and chemokine expression 

In the liver, IL-1β and TNF-α mRNA expression was enhanced after four hours of 

MV (Figures 3e and f) although the difference in TNF-α mRNA between four hours 

of MV and NVC did not reach statistical significance (P = 0.09). KC mRNA was 

significantly elevated in hepatic tissue after two hours of MV and further increased 
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after four hours (Figure 3g). In the kidney of ventilated mice, we noticed higher IL-

1β mRNA expression at four hours whereas no changes were found in TNF-α 

mRNA expression (Figures 4e and f). Increased KC mRNA was already present 

after one and two hours of MV (Figure 4g). In the brain, MV did not induce a de-

tectable cytokine or chemokine response (data not shown).  

Granulocyte recruitment  

To determine if enhanced endothelial activation and chemokine expression was 

accompanied by recruitment of granulocytes to inflamed distal organs, we analyzed 

MPO activity in hepatic, renal and cerebral tissue. In the liver of ventilated mice, 

enhanced MPO activity was observed already at one hour and was most pro-

nounced at four hours (Figure 3h). Also in renal tissue, MPO activity was higher 

after 1 hour of MV and increased further at two and four hours (Figure 4h). In the 

brain, MPO activity was below detection level in all experimental groups (data not 

shown).  

 
Table 2. Oxygenation variables after one, two and four hours of mechanical ventilation 
 

Time (hours) PaO2 (mmHg) PaCO2 (mmHg) pH BE 

1 568.6 ± 23.1 31.0 ± 2.8 7.46 ± 0.02 -0.8 ± 1.4 

2 509.7 ± 22.0 35.4 ± 2.3 7.42 ± 0.02 -1.5 ± 0.6 

4 493.4 ± 24.9 45.4 ± 4.3 7.32 ± 0.03 -4.0 ± 0.9 

 

Data are presented as mean ± standard error of the mean. BE = base excess; PaCO2 = partial pressure 

of arterial carbon dioxide; PaO2 = partial pressure of arterial oxygen.  

 
Figure 1. Histopathology of pulmonary tissue.  
 

 
 

Frozen lung sections were stained with H&E to analyze lung architecture and presence of granulocytes 

in pulmonary tissue. (a) Non-ventilated controls, (b) mice exposed to hyperoxia for four hours, and mice 

mechanically ventilated for (c) one, (d) two and (e) four hours. Magnification x500.  
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Figure 2. Ventilator-induced endothelial activation and inflammation in pulmonary tissue.  

 
 

In total lung homogenates, mRNA expression of the adhesion molecules (a) E-selectin, (b) vascular cell 

adhesion molecule (VCAM)-1, (c) intercellular adhesion molecule (ICAM)-1 and (d) platelet-endothelial 

cell adhesion molecule (PECAM)-1 was determined by quantitative real time RT-PCR. In addition, we 

studied ventilator-induced pulmonary inflammation by measuring mRNA expression of the pro-

inflammatory cytokines (e) IL-1β and (f) TNF-α and the chemokine (g) keratinocyte-derived chemokine 

(KC). In total lung homogenates, (h) myeloperoxidase (MPO) activity was determined as a measure of 

granulocyte infiltration. Data are expressed as mean ± standard error of the mean of four to eight mice 

for each group (* P<0.05, ** P<0.01, *** P<0.001 vs. non-ventilated controls (NVC)). 1h = mechanically 

ventilated for one hour; 2h = mechanically ventilated for two hours; 4h = mechanically ventilated for four 

hours; O2 = hyperoxia for four hours; GAPDH = glyceraldehyde 3-phosphate dehydrogenase. 
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Figure 3. Ventilator-induced endothelial activation and inflammation in hepatic tissue 

 
 

In total liver homogenates, mRNA expression of the adhesion molecules (a) E-selectin, (b) vascular cell 

adhesion molecule (VCAM)-1, (c) intercellular adhesion molecule (ICAM)-1 and (d) platelet-endothelial 

cell adhesion molecule (PECAM)-1 was determined by quantitative real time RT-PCR. In addition, we 

studied ventilator-induced hepatic inflammation by measuring mRNA expression of the pro-inflammatory 

cytokines (e) IL-1β and (f) TNF-α and the chemokine (g) keratinocyte-derived chemokine (KC). In total 

liver homogenates, (h) myeloperoxidase (MPO) activity was determined as a measure of granulocyte 

infiltration. Data are expressed as mean ± standard error of the mean of four to eight mice for each 

group (* P<0.05, ** P<0.01, *** P<0.001 vs. non-ventilated controls (NVC)). 1h = mechanically ventilated 

for one hour; 2h = mechanically ventilated for two hours; 4h = mechanically ventilated for four hours; O2 

= hyperoxia for four hours; GAPDH = glyceraldehyde 3-phosphate dehydrogenase. 
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 Figure 4. Ventilator-induced endothelial activation and inflammation in renal tissue. 

 
 

In total kidney homogenates, mRNA expression of the adhesion molecules (a) E-selectin, (b) vascular 

cell adhesion molecule (VCAM)-1, (c) intercellular adhesion molecule (ICAM)-1 and (d) platelet-

endothelial cell adhesion molecule (PECAM)-1 was determined by quantitative real time RT-PCR. In 

addition, we studied ventilator-induced renal inflammation by measuring mRNA expression of the pro-

inflammatory cytokines (e) IL-1β and (f) TNF-α and the chemokine (g) keratinocyte-derived chemokine 

(KC). In total kidney homogenates, (h) myeloperoxidase (MPO) activity was determined as a measure 

of granulocyte infiltration. Data are expressed as mean ± standard error of the mean of four to eight 

mice for each group (* P<0.05, ** P<0.01, *** P<0.001 vs. non-ventilated controls (NVC)). 1h = mechan-

ically ventilated for one hour; 2h = mechanically ventilated for two hours; 4h = mechanically ventilated 

for four hours; O2 = hyperoxia for four hours; GAPDH = glyceraldehyde 3-phosphate dehydrogenase. 



Chapter 2 

 
42 

Contribution of hyperoxia 

We examined whether the high oxygen levels associated with our MV strategy 

might contribute to changes in the response of distal organs by exposing sponta-

neously breathing mice to 100% oxygen levels for four hours. Figures 3 and 4 illus-

trate that de novo synthesis of adhesion molecules, cytokines and chemokines, 

and MPO activity were comparable in hepatic and renal tissue of hyperoxia-

exposed mice and NVC.  

 

 

DISCUSSION 

 

To investigate the effects of alveolar stretch on endothelial activation and inflam-

mation in the lung and organs distal to the lung, healthy mice were exposed to a 

MV strategy that has been described to cause overstretch of pulmonary tissue
31;32

. 

During four hours of MV, blood gas values remained within the physiological range 

and pulmonary architecture was preserved suggesting that the cardio-pulmonary 

integrity was maintained throughout the experiment. Our major finding was that MV 

induced de novo synthesis of various adhesion molecules represented by an ele-

vation of E-selectin and VCAM-1 mRNA in pulmonary tissue and a rise in E-

selectin, VCAM-1 and ICAM-1 mRNA in hepatic and renal tissues but not in cere-

bral tissue. Moreover, we noticed a time-dependent increase in cytokine and 

chemokine mRNA expression after MV which was accompanied by elevated re-

cruitment of granulocytes. Importantly, this enhanced pro-inflammatory state was 

found both in the lung and distal organs.  

There is convincing evidence that leukocyte-endothelial interactions play a crucial 

role in the pathogenesis of serious inflammatory diseases related to VILI, such as 

ALI and ARDS
33;34

. Gando and colleagues observed that soluble levels of P-

selectin, E-selectin, ICAM-1 and VCAM-1 were enhanced within 24 hours after the 

diagnosis of ALI or ARDS
35

. Furthermore, these authors showed a marked in-

crease in these soluble adhesion molecules when subdividing patients into survi-

vors and non-survivors implying that adhesion molecules may have prognostic 

value for the development and clinical outcome of ALI or ARDS. The present study 

demonstrates that alveolar stretch imposed by MV induces activation of pulmonary 

endothelium in healthy mice, as measured by higher mRNA expression of E-

selectin and VCAM-1. Our results are supported by in vitro models of cyclic strain 

and shear stress showing increased endothelial expression of adhesion molecules 

from the selectin family and Ig superfamily
36;37

. Therefore, it appears that ventilator-

induced endothelial activation facilitates migration and adhesiveness of activated 

immune cells to inflamed pulmonary tissue, which in turn may lead to tissue injury. 

Although MV enhanced the number of granulocytes and expression of pro-

inflammatory cytokines or chemokines in the lung, significant changes in pulmo-
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nary architecture and oxygenation variables were not observed. In line with this, 

recent studies demonstrated that MV strategies that do not cause deterioration of 

pulmonary function per se are capable of provoking ventilator-induced lung inflam-

mation
38;39

.  

To our knowledge, only one other study investigated the effect of MV on expres-

sion of cell-bound adhesion molecules. Miyao and colleagues described that venti-

lation with high tidal volumes enhances P-selectin, VCAM-1 and ICAM-1 expres-

sion in pulmonary vasculature of healthy rats
40

. We observed that MV did not only 

cause up-regulation of adhesion molecules in the lung but also evoked de novo 

synthesis of E-selectin, VCAM-1 and ICAM-1 in organs distal to the lung, such as 

liver and kidney. Whether a dose response relation exists between the extent of 

alveolar stretch and effects on distal organs remains to be determined. It has been 

proposed previously that an elevation of adhesion molecule expression might con-

tribute to tissue injury and ultimately to MOF by facilitating leukocyte activation and 

migration
41;42

. In line with this notion, we demonstrated that MV augments KC 

mRNA expression and MPO activity in hepatic and renal tissue. Our data indicate 

that alveolar stretch due to MV promotes endothelial activation, inflammatory me-

diator production and the presence of granulocytes in distal organs. Therefore, we 

propose that MV may play a significant role in the pathogenesis of MOF. Combined 

with other events, such as an endotoxin challenge, ventilator-induced effects on 

the lung and distal organs will be exacerbated
43;44

 and possibly underlie the high 

incidence of MOF in critically ill patients ventilated with high pressures and tidal 

volumes
45

.  

Studies describing the combined effects of high PaO2 levels and MV have revealed 

that hyperoxia may exacerbate VILI
46;47

. Li and colleagues have shown augmented 

lung injury in mice exposed to MV with high tidal volumes and hyperoxia compared 

with animals ventilated with room air
46

. Therefore, we investigated whether the high 

PaO2 levels associated with our MV strategy were contributing to the observed 

changes in expression of adhesion molecules, cytokines and chemokines, and 

recruitment of granulocytes. In our study, hyperoxia as such did not lead to pulmo-

nary endothelial activation and inflammation. Furthermore, we noticed that the high 

PaO2 levels did not induce an augmented immune response in organs distal to the 

lung. Although we cannot exclude that hyperoxia is aggravating the stretch-induced 

inflammatory response in pulmonary tissue, we consider that effects of high PaO2 

levels on the inflammatory state of the liver and kidney will not be the primary 

cause of distal organ activation. As the reference group in our study (NVC) could 

not be sedated for the same period as ventilated animals, we cannot exclude that 

anesthesia affects endothelial activation and inflammation by itself. However, we 

have previously shown that MV with injurious settings (PIP 32/PEEP 6) increased 

pulmonary macrophage inflammatory protein-2 expression and reduced splenocyte 

natural killer cell activity whereas MV with protective settings (PIP 14/PEEP 6) did 
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not have these effects on inflammation
48

. Since the same type of anesthesia was 

applied in the two abovementioned groups, we propose that anesthesia as such 

does not induce the inflammatory response.  

Taken together, we demonstrated that MV induces endothelial activation and in-

flammation in the lung but also in the liver and kidney. It remains to be determined 

which factors lead to the onset of this inflammatory response in distal organs. 

Haitsma and colleagues and Tutor and colleagues have shown that ventilator-

induced permeability of the alveolar-capillary barrier causes release of inflammato-

ry mediators into the systemic circulation
49;50

. In the present study, alveolar stretch 

imposed by MV enhanced mRNA expression of adhesion molecules and cytokines 

or chemokines in hepatic and renal tissue, thus inducing de novo synthesis of 

these mediators in organs distal to the lung. Furthermore, we observed granulocyte 

recruitment to the liver and kidney, and KC mRNA expression in the kidney already 

after one hour of MV. These results indicate that ventilator-induced changes of the 

immune response may occur simultaneously in the lung, liver and kidney, and im-

ply that release of inflammatory mediators into the circulation is probably not the 

only cause of augmented endothelial activation or inflammation in distal organs. 

We cannot exclude, however, that cytokines in the systemic circulation induce de 

novo synthesis of adhesion molecules and cytokines or chemokines in distal or-

gans.  

It has been hypothesized that the physical stress of MV activates the sympathetic 

nervous system
51

. In this regard, Elenkov and colleagues and Straub and col-

leagues have proposed that stimulation of sympathetic nerve terminals evokes an 

inflammatory response in peripheral organs
52;53

. Catecholamines activate transcrip-

tion factors such as nuclear factor kappa B in macrophages thereby promoting IL-

1, TNF and IL-8 production, which in turn might result in an acute phase response 

in the liver, possibly via α-adrenergic activation
52;54;55

. Therefore, the systemic en-

dothelial activation and inflammation caused by ventilator-induced alveolar stretch 

may be explained by activation of sympathetic nerve terminals in organs distal to 

the lung. If so, blockade of adrenergic receptor function will give further insight into 

the mechanism of distal organ inflammation. Future studies should also aim to 

develop intervention strategies to prevent simultaneous endothelial activation or 

inflammation in the lung and distal organs during MV. Such intervention strategies 

may not only improve the efficacy of MV but could also contribute to preventing 

MOF. 

 

 

CONCLUSIONS 
 

We have shown that alveolar stretch imposed by four hours of mechanical ventila-

tion did not only provoke de novo synthesis of adhesion molecules and recruitment 
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of granulocytes in the lung but also in organs distal to the lung such as liver and 

kidney, although not the brain. Our results demonstrate that ventilator-induced 

endothelial activation and inflammation in both the lung and distal organs may be 

crucial factors in the pathogenesis of multi organ failure.  
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ABSTRACT 

 

Background: Ventilator-induced lung injury (VILI) is characterized by vascular 

leakage and inflammatory responses eventually leading to pulmonary dysfunction. 

Vascular endothelial growth factor (VEGF) has been proposed to be involved in the 

pathogenesis of VILI. This study examines the inhibitory effect of dexamethasone 

on VEGF expression, inflammation and alveolar-capillary barrier dysfunction in an 

established murine model of VILI. 

Methods: Healthy male C57Bl/6 mice were anesthetized, tracheotomized and 

mechanically ventilated for 5 hours with an inspiratory pressure of 10 cmH2O 

(“lower” tidal volumes of ∼7.5 ml/kg; LVt) or 18 cmH2O (“higher” tidal volumes of 

∼15 ml/kg; HVt). Dexamethasone was intravenously administered at the initiation of 

HVt-ventilation. Non-ventilated mice served as controls. Study endpoints included 

VEGF and inflammatory mediator expression in lung tissue, neutrophil and protein 

levels in bronchoalveolar lavage fluid, PaO2 to FiO2 ratios and lung wet to dry rati-

os. 

Results: Particularly HVt-ventilation led to alveolar-capillary barrier dysfunction as 

reflected by reduced PaO2 to FiO2 ratios, elevated alveolar protein levels and in-

creased lung wet to dry ratios. Moreover, VILI was associated with enhanced 

VEGF production, inflammatory mediator expression and neutrophil infiltration. 

Dexamethasone treatment inhibited VEGF and pro-inflammatory response in lungs 

of HVt-ventilated mice, without improving alveolar-capillary permeability, gas ex-

change and pulmonary edema formation. 

Conclusions: Dexamethasone treatment completely abolishes ventilator-induced 

VEGF expression and inflammation. However, dexamethasone does not protect 

against alveolar-capillary barrier dysfunction in an established murine model of 

VILI. 
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INTRODUCTION 

 

Mechanical ventilation (MV) has the potential to cause progressive damage to pul-

monary tissue, a phenomenon often referred to as ventilator-induced lung injury 

(VILI)
1;2

. Non-physiologic stretch of lung cells may initiate disruption of alveolar-

capillary barriers, eventually resulting in pulmonary dysfunction
3-5

. Vascular endo-

thelial growth factor (VEGF) is recognized to be involved in the regulation of vascu-

lar permeability
6 

and enhanced expression has been associated with vascular 

leakage in various experimental models of lung injury, including VILI
7-9

. Recently, 

VEGF short interfering (si) RNA was shown to attenuate pulmonary edema sug-

gesting VEGF to critically regulate stretch-induced lung injury
7
. 

MV provokes a pro-inflammatory state of the lung, characterized by infiltration of 

neutrophils and release of inflammatory mediators
10-12

. Activated neutrophils can 

cause oxidative stress and protease activity in the alveoli, subsequently inducing 

severe disruption of pulmonary epithelial-endothelial barriers and leading to im-

paired gas exchange
13

. The awareness that neutrophils and inflammatory media-

tors are involved in the pathogenesis of severe inflammatory disorders, like the 

acute respiratory distress syndrome (ARDS), has led to the application of anti-

inflammatory agents such as synthetic glucocorticoids
14;15

. 

Glucocorticoids are a class of steroid hormones that bind to intracellular glucocorti-

coid receptors (GRs). In turn, the GR complex migrates to the nucleus where it 

inhibits nuclear factor (NF)-κB and activator protein (AP)-1 driven gene expres-

sion
16

. Moreover, glucocorticoids may suppress granulocyte recruitment and acti-

vation, preserve endothelial cell integrity and control vascular permeability
17

. Even 

though glucocorticoid therapy showed promising results on attenuating VILI in pre-

vious experimental models
18-20

, treatment with glucocorticoids for ARDS is still 

under debate
21-23

. 

The present study was designed to examine the inhibitory effect of dexamethasone 

on VEGF expression, inflammation and alveolar-capillary barrier dysfunction in an 

established murine model of VILI. We applied a mild model of VILI using 5 hours of 

MV with clinically relevant ventilator settings, thereby preventing shock, metabolic 

acidosis and substantial damage to pulmonary architecture
24

. We hypothesized 

that down-regulation of VEGF expression by dexamethasone treatment would pro-

tect mice against important hallmarks of VILI, including inflammation, alveolar-

capillary permeability, impaired gas exchange and pulmonary edema. 
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MATERIALS AND METHODS 

 

Animals 

The animal care and use committees of the University Medical Center Utrecht and 

Academic Medical Center Amsterdam, the Netherlands, approved all experiments 

(permit number: DAA 100952). Animal handling was in accordance with institution-

al standards for care and use of laboratory animals. Eighty-eight healthy, male 

C57Bl/6 mice (20-24 grams; Charles River, Maastricht, the Netherlands) were ran-

domly assigned to different experimental groups. Sixty-eight mice were randomized 

to MV, twenty mice to non–ventilated controls (NVC). 

Animal handling 

Animals were handled as described previously
25

. Mice received an intraperitoneal 

bolus of 1 ml sterile 0.9% saline. After 1 hour, mice were randomized to MV or 

NVC. Mice that were randomized to MV received an induction of anesthesia via 

intraperitoneal injection of a mix containing 126 mg/kg ketamine (Eurovet Animal 

Health BV, Bladel, the Netherlands), 0.1 mg/kg dexmedetomidine (Pfizer Animal 

Health BV, Capelle a/d IJssel, the Netherlands) and 0.5 mg/kg atropine (Pharma-

chemie, Haarlem, the Netherlands). Maintenance anesthesia was administered via 

an intraperitoneal catheter every hour and consisted of 36 mg/kg ketamine, 0.02 

mg/kg dexmedetomidine and 0.075 mg/kg atropine. Sodium bicarbonate (200 

mmol/l NaHCO3) was administered via the catheter every 30 minutes to compen-

sate for metabolic acidosis. Body temperature was kept between 36.5 and 37.5°C. 

Mechanical ventilation 

After insertion of a Y-tube connector (1.0 mm outer diameter and 0.6 mm inner 

diameter; VBM Medizintechnik GmbH, Sulz am Neckar, Germany), mice were con-

nected to a Servo Ventilator 900C (Siemens-Elema, Solna, Sweden) and mechani-

cally ventilated for 5 hours in a pressure-controlled mode, at a fractional inspired 

oxygen concentration (FiO2) of 0.5, inspiration to expiration ratio of 1:1 and positive 

end–expiratory pressure of 2 cmH2O. MV was initiated with an inspiratory pressure 

of 10 cmH2O (“lower” tidal volumes of ∼7.5 ml/kg; LVt) or 18 cmH2O (“higher” tidal 

volumes of ∼15 ml/kg; HVt). Respiratory rate was set at 100 and 50 breaths/minute, 

respectively, aiming at normocapnia (PaCO2 35-45 mmHg). Dexamethasone 

treatment 

Dexamethasone (20 µg per animal; Bufa, Hilversum, the Netherlands) was intrave-

nously administered at initiation of HVt-ventilation. Control mice received the same 

volume of sterile saline (vehicle) intravenously. 

Monitoring 

Systolic blood pressure and heart rate were non-invasively monitored using a tail-

cuff system for mice (ADInstruments, Spenbach, Germany). After 5 hours of MV, 

arterial blood was taken from the carotid artery for blood gas analysis (Rapidlab 

865; Bayer, Mijdrecht, the Netherlands). 
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Wet to dry ratio 

The left lung was weighed, dried for three days in a 65°C stove and weighed again. 

Bronchoalveolar lavage 

The right lung was lavaged by instilling 3x 0.5 ml sterile saline into the trachea. 

Differential counts were done on bronchoalveolar lavage fluid (BALF) cytospin 

preparations stained with Giemsa (Diff-Quick; Dade Behring AG, Düdingen, Swit-

zerland). Cell-free supernatant was used to measure total protein (BCA protein 

assay; Pierce Biotechnology, Rockford, IL). 

Histopathology 

The left lung of a second subset of animals was filled with Tissue-Tek (Sakura 

Finetek, Zoeterwoude, the Netherlands), snap frozen and cut to 5 µm cryosections. 

Longitudinal sections were stained with hematoxylin-eosin (H&E; Klinipath, Duiven, 

the Netherlands).  

Homogenates 

The right lung of a second subset of animals was pulverized using a liquid nitrogen-

cooled mortar/pestle and divided in several fractions allowing us to perform multiple 

analyses.  

Real-time RT-PCR 

Total RNA was isolated with TRIzol® (Invitrogen, Paisley, UK). cDNA was synthe-

sized with SuperScript Reverse Transcriptase (Invitrogen). PCR reaction was per-

formed with iQ5 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercu-

les, CA) using primers for keratinocyte-derived chemokine (KC); for primer se-

quences see
26

. PCR product size was verified on gel to confirm appropriate ampli-

fication. Data were normalized for expression of internal controls, i.e. the average 

value of β-actin and glyceraldehyde 3-phosphate dehydrogenase (GAPdH).  

Multiplex cytokine analysis 

125 µg protein was analyzed for KC, macrophage inflammatory protein (MIP)-2, 

monocyte chemotactic protein (MCP)-1, interleukin (IL)-1β, IL-6, IL-10 and vascular 

endothelial growth factor (VEGF) by multiplex cytokine assay using a Luminex 

analyzer (Bio-Rad) according to manufacturer’s instructions (R&D systems, Minne-

apolis, MN). 

Statistical analysis 

Data are expressed as median (IQR) or boxplot (min-max). Arterial blood gas vari-

ables were analyzed by Mann Whitney tests (vehicle versus dexamethasone). As 

group characteristics did not follow a normal distribution, all other parameters were 

analyzed by Kruskal Wallis tests with post-hoc Mann Whitney tests and Bonferroni 

correction. First, we compared HVt with LVt, HVt with NVC and LVt with NVC (p-

value for significance was set at 0.0167). Next, we compared HVt vehicle with HVt 

dexamethasone and HVt vehicle with NVC (p-value for significance was set at 

0.025). Outliers, defined as > 2SD, were excluded from analysis. 
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RESULTS 
 

Ventilator-induced lung injury 

All mice survived the experimental procedures and were sacrificed thereafter. 

Healthy mice developed signs of VILI when exposed to MV for 5 hours using clini-

cally relevant ventilator settings. PaO2 to FiO2 ratios were lower whereas BALF 

protein levels and BALF neutrophil counts were higher in HVt-ventilated mice, but 

not in LVt-ventilated mice (figure 1a,c,d). Pulmonary wet to dry ratios, KC mRNA 

and protein expression were increased in both LVt and HVt-ventilated mice (figure 

1b,e,f). Compared with LVt-ventilation, HVt-ventilation was associated with lower 

PaO2 to FiO2 ratios, higher BALF total protein levels, higher BALF neutrophil 

counts and more pulmonary KC mRNA expression (figure 1a,c-e).  

Dexamethasone does not affect hemodynamic and arterial blood gas varia-

bles 

Since VILI was most pronounced after HVt-ventilation, we continued the investiga-

tions by focusing on this specific group. Heart rates and systolic blood pressures 

remained stable for the complete duration of HVt-ventilation (table 1a). Carbon 

dioxide tension (PaCO2), pH and base excess (BE) maintained within the normal to 

near-normal range (table 1b). Mice were intravenously treated with sterile saline 

(vehicle) or dexamethasone at the initiation of HVt ventilation and subsequently 

ventilated for 5 hours. No significant changes on hemodynamic conditions and 

blood gas variables were observed after dexamethasone treatment (table 1). 
 

Table 1. Hemodynamic (A) and arterial blood gas (B) variables. 
 

A Parameter Time Veh Dex 

 HR t = 0h 392.5 [315.0-408.8] 397.5 [381.3-410.0] 

  t = 2.5h 352.5 [287.5-377.5] 360.0 [295.0-378.8] 

  t = 5h 365.0 [350.0-385.0] 342.5 [292.5-392.5] 

 BP t = 0h 97.5 [81.3-108.8] 112.5 [88.8-137.5] 

  t = 2.5h 70.0 [61.3-83.8] 75.0 [60.0-90.0] 

  t = 5h 72.5 [61.3-82.5] 80.0 [61.3-93.8] 

B Parameter Time Veh Dex 

 PaO2 t = 5h 152.7 [129.5-191.7] 164.1 [133.0-206.1] 

 PaCO2 t = 5h 36.0 [28.3-39.3] 38.6 [32.7-41.8] 

 pH t = 5h 7.51 [7.45-7.57] 7.46 [7.42-7.56] 

 BE t = 5h 4.15 [2.50-7.05] 3.10 [1.50-6.25] 

 

Veh, Dex = mechanically ventilated and treated with vehicle or dexamethasone; HR = heart rate in beats 

per minute; BP = systolic blood pressure in mmHg; PaO2 = partial pressure of arterial oxygen in mmHg; 

PaCO2 = partial pressure of arterial carbon dioxide in mmHg; BE = base excess in mmol/l. Data are 

presented as median (IQR) of 6-8 (A) or 10-16 (B) mice per group. 
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Dexamethasone inhibits ventilator-induced VEGF expression 

We examined the inhibitory effect of dexamethasone on VEGF expression by 

measuring protein levels in total lung homogenates. Dexamethasone treatment 

significantly inhibited ventilator-induced VEGF expression when compared to vehi-

cle treatment, even below basal level (p < 0.01) (figure 2).  

 
Figure 1. Ventilator-induced lung injury. 
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A: Pulmonary function is represented by the ratio of arterial oxygen partial pressure to fractional in-

spired oxygen concentration (PaO2/FiO2). B: Pulmonary edema is represented by wet to dry ratio of 

lung tissue. C: Alveolar-capillary permeability is represented by total protein levels in bronchoalveolar 

lavage fluid (BALF). D: On BALF cytospin preparations, differential cell counts were done to determine 

neutrophil exudation into the alveolar space. E: In total lung homogenates, mRNA expression of the 

chemo–attractant keratinocyte-derived chemokine (KC) was determined by real time RT-PCR. F: In 

total lung homogenates, protein expression of KC was determined by multiplex cytokine analysis. Ex-

pression levels were normalized for internal control concentrations (D), i.e. the average value of β-actin 

and glyceraldehyde 3-phosphate dehydrogenase (GAPdH), or total protein concentrations (F). Data are 

expressed as boxplot (min-max) of 18-22 (A) or 6-16 (B-F) mice per group (* p<0.05, ** p<0.01, *** 

p<0.001). E-F: Data are depicted relative to non-ventilated controls (NVC). REF = assumed PaO2/FiO2 

ratio from mice with non–injured lungs; LVT, HVT = mechanically ventilated with low or high tidal vol-

umes. 
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Dexamethasone inhibits ventilator-induced inflammatory response 

To investigate whether an anti-inflammatory action of dexamethasone was detect-

able in the murine model of VILI, we determined protein expression of inflammatory 

mediators in total lung homogenates. Dexamethasone inhibited ventilator-induced 

protein expression of the chemokines KC, MIP-2 and MCP-1 (figure 3a-c) and the 

pro-inflammatory cytokines IL-1β and IL-6 (figure 3d-e). The anti-inflammatory cy-

tokine IL-10 was below detection level in all experimental groups. In addition, venti-

lator-induced granulocyte infiltration was significantly attenuated after dexame-

thasone treatment as shown by diminished neutrophil numbers on BALF cytospin 

preparations (figure 3f). We stained lung sections for H&E to visualize the effects of 

dexamethasone on histology. Figure 3g shows 5 hours of HVt-ventilation to cause 

thickening of alveolar walls and granulocyte margination to blood vessel walls. 

Confirming the quantitative measure for granulocyte infiltration, dexamethasone 

treatment diminished ventilator-induced granulocyte margination compared to vehi-

cle treatment (figure 3g).  

 
Figure 2. Vascular endothelial growth factor (VEGF).  
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In total lung homogenates, protein expression of VEGF was determined by multiplex cytokine analysis. 

Levels were normalized for total protein concentrations. Data are expressed as boxplot (min-max) of 6-

10 mice per group (* p<0.05, *** p<0.001). Data are depicted relative to non-ventilated controls (NVC). 

Veh, Dex = intravenously treated with either vehicle (sterile saline) or dexamethasone; HVT = mechani-

cally ventilated with high tidal volumes. 
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Figure 3. Pro-inflammatory response.  
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A–E: In total lung homogenates, protein expression of the chemo-attractants keratinocyte-derived 

chemokine (KC), macrophage inflammatory protein (MIP)-2, monocyte chemotactic protein (MCP)-1 

and pro-inflammatory cytokines interleukin (IL)-1β, IL-6 was determined by multiplex cytokine analysis. 

Levels were normalized for total protein concentrations. F: On bronchoalveolar lavage fluid (BALF) 

cytospin preparations, differential cell counts were done to determine neutrophil exudation into the 

alveolar space. Data are expressed as boxplot (min-max) of 5-10 (A-E) or 8-16 (F) animals per group (* 

p<0.05, ** p<0.01, *** p<0.001). A-E: Data are depicted relative to non-ventilated controls (NVC). G: 

Pulmonary sections were stained with hematoxylin-eosin (H&E) to analyse lung histology and presence 

of granulocytes in lung tissue. Magnification ×500. Veh, Dex = intravenously treated with either vehicle 

(sterile saline) or dexamethasone; HVT = ventilated with high tidal volumes. 
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Dexamethasone fails to improve alveolar-capillary barrier dysfunction 

Since enhanced VEGF expression and pro-inflammation may initiate alveolar-

capillary barrier dysfunction, we evaluated whether dexamethasone administration 

at the initiation of HVt-ventilation would protect against alveolar-capillary barrier 

dysfunction. Dexamethasone treatment failed to restore impaired gas exchange 

induced by 5 hours of HVt-ventilation, as represented by comparable PaO2 to FiO2 

ratios of mice treated with dexamethasone and those treated with vehicle (figure 

4a). In addition, no protective effects of dexamethasone were observed on BALF 

protein levels and wet to dry ratios (figure 4b,c). Dexamethasone even seemed to 

worsen ventilator-induced effects on these measures of vascular leakage, although 

differences did not reach statistical significance. 

 
Figure 4. Alveolar-capillary barrier dysfunction.  
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A: Pulmonary function is represented by the ratio of arterial oxygen partial pressure to fractional in-

spired oxygen concentration (PaO2/FiO2). B: Pulmonary edema is represented by wet to dry ratio of 

lung tissue. C: Alveolar–capillary permeability is represented by total protein levels in bronchoalveolar 

lavage fluid (BALF). Data are expressed as boxplot (min-max) of 11-18 (A) or 9-12 (B-C) mice per group 

(*** p<0.001). REF = assumed PaO2/FiO2 ratio from mice with non-injured lungs; NVC = non-ventilated 

controls (NVC); Veh, Dex = intravenously treated with either vehicle (sterile saline) or dexamethasone; 

HVT = ventilated with high tidal volumes. 

 

 

DISCUSSION 
 

The present study shows that dexamethasone treatment prevents VEGF expres-

sion in lungs of 5 hour HVt-ventilated mice. Moreover, dexamethasone markedly 

inhibits neutrophil influx and inflammatory mediator expression. However, dexame-

thasone fails to protect against alveolar-capillary barrier dysfunction in this model, 

since BALF protein levels, lung wet to dry ratios and PaO2 to FiO2 ratios were not 

affected by dexamethasone treatment. 
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MV has the potential to cause alveolar-capillary barrier dysfunction. Experimental 

studies demonstrated that non-physiologic stretch of lung tissue disrupts alveolar-

capillary barriers, eventually leading to impaired pulmonary function
3-5

. It has been 

recognized that VEGF plays a crucial role in the structural maintenance of mature 

lung tissue
27

. Although both deleterious and protective effects of VEGF have been 

proposed in pathologic lung conditions
28

, elevated VEGF levels have been related 

to vascular leakage in experimental models of VILI
7;8

. Moreover, recently a critical 

involvement of VEGF was proposed in the regulation of stretch-induced lung inju-

ry
7
. The clinically relevant ventilator settings used in current VILI model stimulated 

VEGF production in lungs of healthy mice, which was accompanied by microvascu-

lar permeability, pulmonary edema formation and impaired gas exchange. These 

data strongly suggest VEGF to be associated with alveolar-capillary barrier dys-

function in the pathogenesis of VILI. Since the inhibitory effect of glucocorticoids on 

VEGF-induced vascular leakage was shown in other experimental models
29-31

, we 

evaluated whether dexamethasone also prevented VEGF expression induced by 5 

hours of HVt-ventilation. Dexamethasone treatment at the initiation of ventilation 

caused a significant down-regulation of VEGF expression in lungs of ventilated 

mice, even below basal level, which may positively affect the development of VILI.  

Besides enhanced VEGF expression, activated granulocytes may also damage 

alveolar-capillary barriers thereby impairing pulmonary function
13

. The importance 

of granulocyte-mediated tissue injury in VILI has been described previously
10

. In-

deed, depletion of granulocytes showed to improve gas exchange, vascular leak-

age and hyaline membrane formation in rabbits exposed to repetitive lung lavage 

and high-frequency oscillatory ventilation
10

. Present investigation reveals that dex-

amethasone treatment at the initiation of ventilation prevents neutrophil infiltration 

into lungs of ventilated mice, consistent with previous findings
19;32

. In addition, dex-

amethasone completely abolished inflammatory mediator expression confirming 

that this synthetic glucocorticoid is capable of preventing lung inflammation induced 

by MV. It may well be that down-regulation of VEGF expression contributes to the 

anti-inflammatory effect of dexamethasone. Evidence for this suggestion has been 

provided by a recent observation that knock-down of VEGF by siRNA diminishes 

ventilator-induced neutrophil sequestration
7
. 

Even though dexamethasone treatment significantly inhibited VEGF expression 

and pro-inflammation, it failed to restore alveolar-capillary barrier dysfunction in a 

VILI model using clinically relevant ventilator settings. The finding that dexame-

thasone did not have an impact on lung function supports recent experimental da-

ta
33

. However, these results are in apparent contrast with earlier research describ-

ing the protective effects of glucocorticoid treatment on lung injury
18-20

. In this re-

gard, methylprednisolone therapy in rats caused a leftward shifting of the pressure-

volume (P-V) curve in rats ventilated for 40 minutes
19

. Yet, deterioration of the P-V 

curve was still clear despite reduced granulocyte numbers. As mechanical stretch 
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may contribute to lung injury to a great extent, investigators proposed that it may 

be difficult to completely inhibit the stretch-induced effects on lung injury merely by 

anti-inflammatory therapy (19). As mice in the present study were mechanically 

ventilated for 5 hours, it may well be that alveolar-capillary barrier dysfunction in-

duced by longer periods of mechanical stretch are not be affected by anti-

inflammatory actions of dexamethasone.  

While the use of glucocorticoids has shown promising results on attenuating lung 

injury in previous experimental models of VILI
18-20

, the efficacy of glucocorticoids in 

treating ARDS in critically ill patients is still under debate
21-23

. Clinically, there is 

some support for our current experimental data. Indeed, a randomized controlled 

trial described that more ventilated patients developed ARDS after methylpredniso-

lone treatment when compared to placebo
34

. Enhanced incidence of ARDS was 

also described in another clinical trial where glucocorticoid therapy was started 

within 2 hours after the onset of sepsis
35

. Furthermore, these authors demonstrated 

that the 14-day mortality rate was significantly higher in patients treated with 

methylprednisolone
35

. So, these previous randomized controlled trials failed to 

show protective effects of early, high dose corticosteroid treatment in patients at 

risk for ARDS. In line with these clinical observations, we observed that dexame-

thasone treatment in mice without pre-existing lung injury did not restore alveolar-

capillary barrier dysfunction induced by MV. We cannot exclude, however, that 

multiple injections of dexamethasone would show some protective effects on lung 

injury as more recent clinical trials revealed that prolonged treatment with moderate 

doses of corticosteroids may improve clinical outcome of ARDS patients
36;37

. 

Intriguingly, alveolar-capillary permeability and pulmonary edema (i.e. vascular 

leakage) tended to deteriorate in HVt-ventilated mice treated with dexamethasone. 

One explanation for these findings may be that dexamethasone reduces VEGF 

expression even below basal level, as shown in our present study. Although in-

creasing evidence suggests a harmful role for exaggerated VEGF expression in the 

pathogenesis of VILI
7
, protective effects of VEGF are proposed in pathologic lung 

conditions as well
28

. For instance, VEGF has been shown to function as a survival 

factor for epithelial and endothelial cells
7;38;39

. Significant inhibition of VEGF ex-

pression may therefore withhold recovery of lung injury. In line with this notion, the 

anti-inflammatory action of dexamethasone may attenuate the growth-promoting 

effects of inflammatory mediators thereby suppressing potential repair mecha-

nisms
40

. Another explanation may be that mice were exposed to MV with relatively 

high oxygen levels (FiO2 of 0.5, moderate hyperoxia). It has been reported that 

dexamethasone increased extravascular lung water in hyperoxia-exposed rats 

causing a shift in the onset of hyperoxic lung injury to an earlier time point
41

. The 

moderate hyperoxia used in our MV strategy may therefore counterbalance the 

positive effects of dexamethasone on pulmonary injury so that the overall effect is 

neutral or even deleterious. 
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Taken together, the present study clearly demonstrated that dexamethasone 

treatment is capable of attenuating important aspects of VILI. However, inhibition of 

VEGF expression and pro-inflammation by dexamethasone does not necessarily 

improve alveolar-capillary barrier function as well. In line, we previously described 

that the vessel protective factor angiopoietin (Ang)-1 only protects against ventila-

tor-induced VEGF expression and pro-inflammation, not against alveolar-capillary 

barrier dysfunction
25

. The other way around, pharmacological agents that attenuate 

alveolar-capillary barrier dysfunction due to MV may not influence inflammation
42;43

. 

The assumption that lung inflammation and injury are occurring sequentially in the 

pathogenesis of VILI may therefore be questioned. Indeed, dissociation of inflam-

matory mediators and physiologic function has been described recently in experi-

mental models of lung injury
33

.  

It should be noted that healthy mice were used in present study. So, it may well be 

that anti-inflammatory agents are still beneficial in subjects with pre-existing lung 

inflammation. The fact that glucocorticoid therapy showed protective effects when 

started in patients with established ARDS
44;45

, supports this hypothesis. Additional 

evidence was provided by a retrospective analysis of a clinical trial studying the 

effects of methylprednisolone treatment in view of the precipitating cause of ARDS 

(for instance infectious or non-infectious)
46

. The findings of this study suggest that 

the underlying mechanisms and thus the response to anti-inflammatory treatment 

may differ with the cause of lung injury
46

. 

 

 

CONCLUSIONS 
 

Dexamethasone treatment completely abolishes the VEGF expression and pro-

inflammation induced by 5 hours of HVt-ventilation. However, it fails to protect 

against alveolar-capillary barrier dysfunction. On the basis of our current findings, 

we propose that lung injury induced by longer periods of mechanical stretch may 

not be responsive to dexamethasone treatment.  
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ABSTRACT 
 

Background: Loss of integrity of the epithelial and endothelial barriers is thought 

to be a prominent feature of ventilator-induced lung injury (VILI). Based on its func-

tion in vascular integrity, we hypothesize that the angiopoietin (Ang)-Tie2 system 

plays a role in the development of VILI. The present study was designed to exam-

ine the effects of mechanical ventilation on the Ang-Tie2 system in lung tissue. 

Moreover, we evaluated whether treatment with Ang-1, a Tie2 receptor agonist, 

protects against inflammation, vascular leakage and impaired gas exchange in-

duced by mechanical ventilation. 

Methods: Mice were anesthetized, tracheotomized and mechanically ventilated for 

5 hours with either an inspiratory pressure of 10 cmH2O (‘low’ tidal volume ∼7.5 

ml/kg; LVt) or 18 cmH2O (‘high’ tidal volume ∼15 ml/kg; HVt). At initiation of HVt-

ventilation, recombinant human Ang-1 was intravenously administered (1 or 4 µg 

per animal). Non-ventilated mice served as controls. 

Results: HVT-ventilation influenced the Ang-Tie2 system in lungs of healthy mice 

since Ang-1, Ang-2 and Tie2 mRNA were decreased. Treatment with Ang-1 in-

creased Akt-phosphorylation indicating Tie2 signaling. Ang-1 treatment reduced 

infiltration of granulocytes and expression of keratinocyte-derived chemokine (KC), 

macrophage inflammatory protein (MIP)-2, monocyte chemotactic protein (MCP)-1 

and interleukin (IL)-1β caused by HVt-ventilation. Importantly, Ang-1 treatment did 

not prevent vascular leakage and impaired gas exchange in HVt-ventilated mice 

despite inhibition of inflammation, vascular endothelial growth factor (VEGF) and 

Ang-2 expression. 

Conclusions: Ang-1 treatment down regulates pulmonary inflammation, VEGF 

and Ang-2 expression but does not protect against vascular leakage and impaired 

gas exchange induced by HVt-ventilation. 
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INTRODUCTION 
 

Mechanical ventilation is an important life-saving procedure. However, the proce-

dure itself may induce or aggravate damage to lung tissue, so-called ventilator-

induced lung injury (VILI)
1;2

. VILI is characterized by inflammation, enhanced alveo-

lar-capillary membrane permeability, accumulation of protein-rich pulmonary ede-

ma and ultimately impaired gas exchange
3
. Various animal models have been 

used to obtain further insight into the mechanisms underlying VILI. Already in the 

1980s, investigators showed that mechanical ventilation and the subsequent me-

chanical (over)stretch of lung tissue induces damage to the epithelial-endothelial 

barrier leading to impaired oxygenation
4-6

. In addition, it has been described that 

the mechanical forces associated with mechanical ventilation provoke an inflamma-

tory response in the lung (biotrauma)
7;8

.  

Loss of integrity of epithelial and endothelial cell monolayers has been suggested 

to play an important role in the ventilator-induced disruption of the alveolar-capillary 

barrier
9
. One of the crucial systems regulating vascular cell integrity is the angio-

poietin (Ang)-Tie2 system
10

. Clarifying the role of the Ang-Tie2 system in the de-

velopment of lung injury has therefore become a topic of great interest
11

. However, 

to date little is known about the interaction of mechanical (over)stretch with the 

Ang-Tie2 system. It has been recognized that Ang-1 serves as a Tie2 receptor 

agonist by phosphorylating Tie2 on tyrosine residues. Ang-1−mediated Tie2 signal-

ing is required to maintain cellular integrity and quiescence of the endothelial barri-

er
12

. The antagonist Ang-2 is known to down regulate Tie2 signaling, thereby pre-

paring vascular endothelial cells for enhanced responsiveness to factors that cause 

destabilization of the endothelial barrier
13

. However, there is also conflicting evi-

dence that Ang-2 may cause Tie2 activation in stressed endothelial cells
14

.  

In a murine model of endotoxin-induced acute lung injury (ALI), Karmpaliotis et al. 

described that vascular permeability and pulmonary edema were accompanied by 

enhanced vascular endothelial growth factor (VEGF) and reduced Ang-1 levels in 

lung tissue
15

. The same authors proposed that changes in the balance between 

VEGF (pro-leakage) and Ang-1 (anti-leakage) might contribute to the pathophysiol-

ogy of ALI. Protective effects of Ang-1 treatment have been shown before in exper-

imental models of endotoxin-induced ALI
16-19

. Mei et al. demonstrated that treat-

ment with Ang-1 attenuated vascular leakage, granulocyte infiltration and pro-

inflammatory cytokine expression in lungs of endotoxin-exposed mice
20

. Conse-

quently, the Ang-Tie2 system has been proposed as a possible therapeutic target 

in pulmonary diseases like ALI and its most severe form, the acute respiratory dis-

tress syndrome (ARDS)
21;22

. 

Vascular leakage and pulmonary inflammation are important features of VILI. 

Therefore, we hypothesized that Ang-1−Tie2 signaling plays a (protective) role in 

the development of VILI. In an attempt to better reflect the human setting, we ap-
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plied a relatively mild model of VILI using clinically relevant ventilator settings 

thereby preventing shock, metabolic acidosis and substantial damage to lung archi-

tecture
23

. The aim of present study was to investigate the influence of mechanical 

ventilation on the Ang-Tie2 system in lungs of healthy adult mice. Furthermore, we 

examined whether treatment with Ang-1, a Tie2 receptor agonist, would protect 

ventilated mice against important hallmarks of VILI such as inflammation, vascular 

leakage and impaired gas exchange.  

 

 

METHODS 
 

Animals 

Experiments were performed in accordance with international guide lines and ap-

proved by the animal care and use committees of the University Medical Center 

Utrecht and the Academic Medical Center Amsterdam (approval IDs: 

2007.II.02.066 and DAA101607). Adult male C57Bl6 mice (n=145; Charles River, 

Maastricht, the Netherlands), weighing 20 to 24 grams, were randomly assigned to 

different experimental groups.  

Mice (n=114) were ventilated for 5 hours as described previously
24

; pressure-

controlled, fractional inspired oxygen concentration (FiO2) of 0.5, inspiration-to-

expiration ratio of 1:1 and positive end-expiratory pressure of 2 cmH2O. Six mice 

were ventilated simultaneously with either an inspiratory pressure of 10 cmH2O 

(resulting in ‘low’ tidal volume (Vt) ∼7.5 ml/kg; LVt) or 18 cmH2O (resulting in ‘high’ 

Vt∼15 ml/kg; HVt). Respiratory rate was set at 100 and 50 breaths/min, respective-

ly. Body temperature was kept constant between 36.5 and 37.5 °C. Non-ventilated 

mice (n=31) served as controls (non-ventilated controls, NVC). 

Ang-1 treatment 

At initiation of HVt-ventilation, recombinant human Ang-1 (carrier free; R&D sys-

tems, Minneapolis, MN) was intravenously administered (either 1 or 4 µg per ani-

mal). The dose of 1 µg has been shown to be efficient in attenuating lung inflam-

mation and injury
25

. Control HVt-ventilated mice received the same volume of ster-

ile saline (vehicle) intravenously. 

Hemodynamics and blood gas analysis  

After 0, 2.5 and 5 hours, systolic blood pressure and heart rate were non-invasively 

monitored using a tail-cuff system (ADInstruments, Spenbach, Germany). After 5 

hours, arterial blood was taken from the carotid artery for blood gas analysis (Rap-

idlab 865; Bayer, Mijdrecht, the Netherlands).  

Bronchoalveolar lavage 

The right lung was lavaged by instilling 3x 0.5 ml sterile saline. Differential counts 

were done on cytospin preparations stained with Giemsa (Diff-Quick; Dade Behring 

AG, Düdingen, Switzerland). Cell-free supernatant was used to measure total pro-
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tein (BCA protein-assay; Pierce Biotechnology, Rockford, IL) with BSA as stand-

ard. 

Wet-to-dry ratio  

The left lung was weighed, dried for 3 days (65°C) and weighed again. 

Histology and immunohistochemistry 

The left lung was filled with Tissue-Tek® (Sakura Finetek, Zoeterwoude, the Neth-

erlands), snap frozen and cut to 5 µm cryosections using a cryostat. To assess 

pulmonary histopathology, sections were stained with hematoxylin-eosin (H&E; 

Klinipath, Duiven, the Netherlands). To assess Tie2 localization, sections were 

stained with fluorescent antibody recognizing Tie2 (Tek4; eBioscience, San Diego, 

CA) or isotype control antibody (IgG1-biotin). 

Tissue homogenate preparation 

Lung tissue of separate animals was pulverized using a liquid nitrogen-cooled mor-

tar and pestle, and divided in several fractions allowing us to perform multiple anal-

yses (as described below).  

Real-time RT-PCR analysis 

PCR was performed as described previously
26

. Primer sequences: Ang-1, forward 

CTACCAACAACAACAgCATCC, reverse CTCCCTTTAgCAAAACACCTTC, Ang-2, 

forward CTgTgCggAAATCTTCAAgTC, reverse TgCCATCTTCTCggTgTT; Tie2, 

forward gTgTAgTggACCAgAAgg, reverse CTTgAgAgCAgAggCATC. Data were 

normalized for expression of internal controls, i.e. the average value of β-actin and 

glyceraldehyde 3-phosphate dehydrogenase (GAPdH).  

Western blotting 

Western blotting was performed as described previously
27

. Antibodies recognized 

phospho (p)-Akt (Ser473; Cell Signaling, Danvers, MA), Ang-1 or Ang-2 (both Al-

pha Diagnostic, San Antonio, TX). To control for equal loading, membranes were 

stripped when necessary and reprobed with an antibody recognizing total Akt 

(Akt1/PKBα; Sigma-Aldrich, Steinheim, Germany). Total Akt was chosen as a load-

ing control since mechanical ventilation influenced expression levels of β-actin in 

our experimental model of VILI. 

ELISA 

Tie2 protein was measured by ELISA according to manufacturer’s instructions 

(R&D).  

Myeloperoxidase (MPO) activity 

MPO activity was determined as described previously
28

.  

Multiplex cytokine assay 

125 µg protein was analyzed for keratinocyte-derived chemokine (KC), macro-

phage inflammatory protein (MIP)-2, monocyte chemotactic protein (MCP)-1, inter-

leukin (IL)-1β, IL-6, IL-10 and VEGF by multiplex cytokine assay using a Luminex 

analyzer (Bio-Rad Laboratories, Hercules, CA) according to manufacturer’s instruc-

tions (multiplex mouse cytokine, R&D). 
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Statistical analysis 

Data are expressed as mean ± SEM. Oxygenation variables (LVt versus HVt) and 

Ang-1, Ang-2, Tie2 protein (NVC versus HVt) were analyzed by independent t-test. 

Other parameters were analyzed by one-way ANOVA with least significant differ-

ence (LSD) post-hoc test. P-values less than 0.05 were considered statistically 

significant. 

 

 

RESULTS 
 

Stability of the murine model of VILI 

All mice survived 5 hours of LVt and HVt-ventilation after which they were sacri-

ficed. Analysis of systolic blood pressure and heart rate revealed stable conditions 

of ventilated mice throughout the experiment (table 1).  

Table 2 illustrates that arterial oxygen tension (PaO2) was reduced in HVt-

ventilated mice when compared to LVt-ventilated mice. Carbon dioxide tension 

(PaCO2), pH and base excess (BE) remained within the physiological range during 

both LVt and HVt-ventilation. 
 

Table 1. Hemodynamic characteristics over 5 hours of mechanical ventilation. 
 

 LVT HVT 

HR t=0 hr 370 ± 11 387 ± 17 

HR t=2,5 hr 382 ± 11 336 ± 13 

HR t=5 hr 403 ± 12 351 ± 9 

BP t=0 hr 104 ± 4 97 ± 6 

BP t=2,5 hr 76 ± 6 72 ± 4 

BP t=5 hr 73 ± 5 74 ± 5 

 

LVT, HVT = mice ventilated with low or high tidal volumes; HR = heart rate in beats per minute, BP = 

systolic blood pressure in mmHg. Data are presented as mean ± SEM of 11 to 12 animals per group. 

 
Table 2. Arterial blood gas analysis after 5 hours of mechanical ventilation. 
 

 LVT HVT 

PaO2 231.6 ± 15.8 165.8 ± 12.8* 

PaCO2 32.4 ± 3.4 35.1 ± 2.5 

pH 7.51 ± 0.03 7.50 ± 0.02 

BE 2.08 ± 0.78 3.54± 0.91 
 

LVT, HVT = mice ventilated with low or high tidal volumes; PaO2 = partial pressure of arterial oxygen in 

mmHg; PaCO2 = partial pressure of arterial carbon dioxide in mmHg; BE = base excess in mmol/l. Data 

are presented as mean ± SEM of 16 to 18 animals per group (* p<0.01 versus LVT). 



Angiopoitin-1 treatment reduces inflammation but does not prevent VILI 

 

 
73 

Effect of mechanical ventilation on alveolar-capillary permeability, pulmonary 

edema formation and gas exchange 

First, we examined whether LVt and HVt-ventilation caused lung injury in mice 

without pre-existing lung injury. Total protein levels in bronchoalveolar lavage fluid 

(BALF), wet-to-dry ratios of pulmonary tissue and PaO2/FiO2 ratio in blood samples 

were analyzed to evaluate the effects of mechanical ventilation on alveolar-

capillary permeability, pulmonary edema formation and gas exchange respectively. 

We found that both ventilation strategies markedly enhanced BALF protein levels 

and pulmonary wet-to-dry ratios in comparison with NVC (figures 1a and b). Fur-

thermore, PaO2/FiO2 ratios were significantly decreased when comparing HVt-

ventilated mice with LVt-ventilated mice (figure 1c). 

 

Figure 1. Mechanical ventilation affects alveolar-capillary permeability, pulmonary edema formation and 

gas exchange.  
 

 
 

A: Alveolar-capillary permeability is represented by total protein levels in bronchoalveolar lavage fluid 

(BALF). B: Pulmonary edema is represented by wet-to-dry ratios of lung tissue. C: Oxygenation is rep-

resented by the ratio of partial pressure arterial oxygen and fraction inspired oxygen (PaO2/FiO2). Data 

are expressed as mean ± SEM of 9-12 (A-B) or 18-21 (C) animals for each group (* p<0.05, *** 

p<0.001). Ref = reference bar (PaO2/FiO2 ratio for mice with non-injured lungs); NVC = non-ventilated 

controls; LVT, HVT = mice ventilated with low or high tidal volumes.  

 

Effect of mechanical ventilation on the Ang-Tie2 system 

To assess whether 5 hours of mechanical ventilation influenced the Ang-Tie2 sys-

tem, we determined Ang-1, Ang-2 and Tie2 expression in total lung homogenates. 

We found that only HVt-ventilation caused a decrease in Ang-1 and Ang-2 mRNA 

compared to NVC (figures 2a and b). Both ventilation strategies reduced Tie2 

mRNA (figure 2c). Since ventilator-induced effects on the Ang-Tie2 system, vascu-

lar leakage and oxygenation were most pronounced after HVt-ventilation, we con-

tinued our investigations by focusing on this specific group.  

To determine if ventilator-induced reduction of Ang-1, Ang-2 and Tie2 mRNA also 

resulted in a reduction of Ang-1, Ang-2 and Tie2 protein, we measured protein 
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expression of these mediators in total lung homogenates. Decreased Ang-1 and 

Ang-2 protein levels were observed after 5 hours of HVt-ventilation, although these 

differences did not reach statistical significance (p=0.084 and p=0.058 respectively, 

figures 2d and e). In addition, HVt-ventilation did not lead to down regulation of 

Tie2 protein expression (figure 2f). To evaluate the localization of Tie2 in pulmo-

nary tissue, Tie2 protein was visualized by immunofluorescent staining on lung 

sections of NVC. As illustrated in figure 2g, Tie2 was primarily detected in larger 

arterioles and alveolar-capillary membranes (isotype control was negative). 

 
Figure 2. Mechanical ventilation affects the angiopoietin (Ang)-Tie2 system.  

 

 
 

A-C: In total lung homogenates, mRNA expression of Ang-1, Ang-2 and Tie2 was determined by real 

time RT-PCR. Levels were normalized for expression of internal controls, i.e. the average value of β-

actin and glyceraldehyde 3-phosphate dehydrogenase (GAPdH). No group differences in expression 

levels of β-actin and GAPdH were observed. D-E: In total lung homogenates, protein expression of Ang-

1 and Ang-2 was determined by Western blotting. Membranes were reprobed with antibody recognizing 

total Akt (Akt1/PKBα) to control for equal loading. No group differences in total Akt were observed. 

Inset: representative Western Blot depicting immunodetectable Ang-1 and Ang-2. F: In total lung ho-

mogenates, protein expression of Tie2 was determined by ELISA. Levels were normalized for total 

protein concentrations. Data are depicted relative to NVC and expressed as mean ± SEM of 6-16 ani-

mals for each group (** p<0.01, *** p<0.001). G: Lung sections of non-ventilated controls were stained 

with fluorescent antibody recognizing Tie2 to visualize the presence of Tie2 on pulmonary cells (isotype 

control was negative). Magnification ×200. NVC = non-ventilated controls; LVT, HVT = mice ventilated 

with low or high tidal volumes. 
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Effect of Ang-1 treatment on phospho-Akt (p-Akt), Ang-2 and VEGF expres-

sion 

Mice were treated with sterile saline (vehicle), 1 µg Ang-1 or 4 µg Ang-1 per animal 

at initiation of HVt-ventilation and subsequently ventilated for 5 hours. No changes 

in hemodynamic and blood gas variables were observed after Ang-1 treatment 

(data not shown). We determined the level of p-Akt protein. Akt phosphorylation is 

known to be induced by Ang-1–mediated Tie2 signaling, and thus, increased levels 

of p-Akt may serve as indirect evidence of Tie2 receptor activation. HVt-ventilation 

induced phosphorylation of Akt compared to NVC and Ang-1 treatment enhanced 

the level of p-Akt even further (figure 3). This increase was most distinct when us-

ing a dose of 4 µg Ang-1 per animal. 

We also studied if Ang-1 treatment altered the expression of factors promoting 

vascular leakage like Ang-2 and VEGF. On mRNA level, Ang-2 expression was 

down regulated in lungs of HVt-ventilated mice treated with 1 or 4 µg Ang-1 (figure 

4a). At this time point, no effect of Ang-1 treatment was observed on Ang-2 protein 

 
Figure 3. Angiopoietin (Ang)-1 treatment induces Tie2 signaling.  

 
 

In total lung homogenates, protein expression of p-Akt was determined by Western blotting as an indi-

rect measure of Tie2 signaling. Membranes were stripped and reprobed with antibody recognizing total 

Akt (Akt1/PKBα) to control for equal loading. No group differences in total Akt were observed. Inset: 

representative Western blot depicting immunodetectable p-Akt. Data are depicted relative to NVC and 

expressed as mean ± SEM of 8-10 animals per group (* p<0.05, ** p<0.01). NVC = non-ventilated 

controls; HVT = mice ventilated with high tidal volumes; Veh, 1µg, 4µg = mice intravenously treated with 

either vehicle (sterile saline), Ang-1 (1µg per animal), or Ang-1 (4µg per animal).  
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expression (figure 4b). Compared to NVC, VEGF protein expression was increased 

in the vehicle-treated HVt-group (figure 5). Both doses of Ang-1 completely abol-

ished the increase in VEGF protein in response to HVt-ventilation.  

 
Figure 4. Angiopoietin (Ang)-1 treatment reduces Ang-2 mRNA expression.  
 

 
A: In total lung homogenates, mRNA expression of Ang-2 was determined by real time RT-PCR. Levels 

were normalized for expression of internal controls, i.e. the average value of β-actin and glyceraldehyde 

3-phosphate dehydrogenase (GAPdH). No group differences in β-actin and GAPdH were observed. B: 

In total lung homogenates, protein expression of Ang-2 was determined by Western blotting. Mem-

branes were reprobed with antibody recognizing total Akt (Akt1/PKBα) to control for equal loading. No 

group differences in total Akt were observed. Inset: representative Western blot depicting immunode-

tectable Ang-2. Data are depicted relative to NVC and expressed as mean ± SEM of 7-16 animals per 

group (** p<0.01, *** p<0.001). NVC = non-ventilated controls; HVT = mice ventilated with high tidal 

volumes; Veh, 1µg, 4µg = mice intravenously treated with either vehicle (sterile saline), Ang-1 (1µg per 

animal), or Ang-1 (4µg per animal). 

 

Effect of Ang-1 treatment on ventilator-induced granulocyte infiltration in 

pulmonary tissue and granulocyte exudation into the alveolar space  

To determine the effect of Ang-1 treatment on inflammatory activity in the lung, we 

first quantified granulocyte infiltration by measuring MPO activity in total lung ho-

mogenates and by counting neutrophils on BALF cytospin preparations. Compared 

to NVC, MPO activity and neutrophil numbers were markedly higher in lungs of 

HVt-ventilated mice (figures 6a and b). Administration of either 1 or 4 µg Ang-1 

reduced granulocyte influx after HVt-ventilation (figure 6a). Supporting the MPO 

data, neutrophil numbers on BALF cytospin preparations were diminished in HVt-

ventilated mice treated with 1µg Ang-1 as compared to HVt-ventilated mice treated 

with vehicle (figure 6b). In addition, we stained lung sections for H&E to visualize 
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granulocytes in pulmonary tissue. Figure 6c illustrates that both doses of Ang-1 

prevented the appearance of granulocytes in lungs of HVt-ventilated mice, confirm-

ing the quantitative measures for infiltrating granulocytes. 
 

Figure 5. Angiopoietin (Ang)-1 treatment reduces vascular endothelial growth factor (VEGF) 

protein expression.  

 
In total lung homogenates, protein expression of VEGF was determined by multiplex cytokine analysis. 

Levels were normalized for total protein concentrations. No group differences in tissue total protein were 

observed. Data are depicted relative to NVC and expressed as mean ± SEM of 8-10 animals (* p<0.05, 

*** p<0.001). NVC = non-ventilated controls; HVT = mice ventilated with high tidal volumes; Veh, 1µg, 

4µg = mice intravenously treated with either vehicle (sterile saline), Ang-1 (1µg per animal), or Ang-1 

(4µg per animal).  

 

Effect of Ang-1 treatment on ventilator-induced chemokine and cytokine ex-

pression 

The effect of Ang-1 treatment on the levels of inflammatory mediators expressed 

by pulmonary tissue during HVt-ventilation was determined as an additional meas-

ure of inflammatory activity in the lung. HVt-ventilation induced protein expression 

of the chemokines KC, MIP-2 and MCP-1 in comparison with NVC (figures 7a to c). 

Consistent with the diminished granulocyte influx, treatment with either 1 or 4 µg 

Ang-1 reduced the up regulation of these chemokines after 5 hours of HVt-

ventilation. Moreover, higher levels of the pro-inflammatory cytokine IL-1β were 

found in pulmonary tissue of HVt-ventilated mice (figure 7d). The elevated protein 

expression of IL-6 did not reach statistical significance (p=0.064, figure 7e). Alt-

hough Ang-1 treatment decreased the expression of IL-1β protein compared to the 

HVt-vehicle group, it did not influence the expression of IL-6 (figures 7d and e). The 

anti-inflammatory cytokine IL-10 was below detection level in all experimental 

groups. 
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Figure 6. Angiopoietin (Ang)-1 treatment reduces granulocyte infiltration. 

  
 

 A: In total lung homogenates, myeloperoxidase (MPO) activity was determined as a measure of granu-

locyte infiltration. Levels were normalized for total protein concentrations. No group differences in tissue 

total protein were observed. B: On cytospin preparations, differential cell counts were done to determine 

neutrophil exudation in the alveolar space. Data are depicted relative to NVC and expressed as mean ± 

SEM of 5-16 animals per group (* p<0.05, *** p<0.001). C: Lung sections were stained with hematoxy-

lin-eosin (H&E) to analyse the presence of granulocytes in pulmonary tissue. Magnification ×500. NVC 

= non-ventilated controls; HVT = mice ventilated with high tidal volumes; Veh, 1µg, 4µg = mice intrave-

nously treated with either vehicle (sterile saline), Ang-1 (1µg per animal), or Ang-1 (4µg per animal). 

 
Effect of Ang-1 treatment on ventilator-induced lung injury 

Ang-1 treatment suppressed the inflammatory activity in the lung. To determine the 

consequences for lung injury, we evaluated whether the increase in vascular leak-

age and decrease in oxygenation during HVt-ventilation could be restored by Ang-1 

administration. As depicted in figures 8a and b, the increased BALF protein levels 

and pulmonary wet-to-dry ratios of HVt-ventilated mice were not affected by treat-

ment with either 1 or 4 µg Ang-1. Furthermore, both doses of Ang-1 did not prevent 

the reduction in PaO2/FiO2 ratio caused by HVt-ventilation (figure 8c). 
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Figure 7. Angiopoietin (Ang)-1 treatment reduces chemokine and interleukin (IL)-1ββββ protein ex-

pression.  

 
 

A-E: In total lung homogenates, protein expression of the chemo-attractants keratinocyte-derived 

chemokine (KC), macrophage inflammatory protein (MIP)-2, monocyte chemotactic protein (MCP)-1 

and the pro-inflammatory cytokines IL-1β, IL-6 was determined by multiplex cytokine analysis. Data are 

depicted relative to NVC and expressed as mean ± SEM of 8-10 animals per group (* p<0.05, ** p<0.01, 

*** p<0.001). NVC = non-ventilated controls; HVT = mice ventilated with high tidal volumes; Veh, 1µg, 

4µg = mice intravenously treated with either vehicle (sterile saline), Ang-1 (1µg per animal), or  Ang-1 

(4µg per animal). 

 

 

DISCUSSION 
 

At the best of our knowledge this is the first report demonstrating that mechanical 

ventilation affects the Ang-Tie2 system in pulmonary tissue of healthy adult mice. 

Particularly in lungs of HVt-ventilated mice, we observed marked changes in the 

Ang-Tie2 system. Compared to NVC, 5 hours of HVt-ventilation resulted in down 

regulation of Ang-1, Ang-2 and Tie2 mRNA expression. In addition, Ang-1 and 

Ang-2 protein expression tended to decrease in HVT-ventilated mice at this time 
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point. The major finding of the present study is that treatment with Ang-1 affected 

only specific aspects of VILI. Ang-1 administration at initiation of ventilation dimin-

ished granulocyte infiltration, as well as chemokine (KC, MIP-2, MCP-1), cytokine 

(IL-1β), VEGF and Ang-2 expression in lungs of HVt-ventilated mice. However, 

Ang-1 treatment did not prevent the increase in BALF protein level, the increase in 

pulmonary wet-to-dry ratio and the reduction in PaO2/FiO2 ratio induced by HVt-

ventilation. This result was not only observed after administration of 1 µg of Ang-1 

but also after administration of 4 µg of Ang-1. In preliminary experiments we also 

investigated whether a higher dose of Ang-1 (i.e. 8 µg per animal) would influence 

alveolar-capillary permeability and pulmonary edema formation induced by me-

chanical ventilation. However, 8 µg of Ang-1 appeared to have no effect on ventila-

tor-induced vascular leakage as well. In view of these data, we would like to sug-

gest that Ang-1 treatment does not prevent the aspects of VILI driven by mechano-

sensitive alterations in barrier properties
29

 but will only regulate the pulmonary in-

flammation.  

 
Figure 8. Angiopoietin (Ang)-1 treatment does not prevent alveolar-capillary permeability, pul-

monary edema formation and impaired gas exchange. 
 

 
 

A: Alveolar-capillary permeability is represented by total protein levels in bronchoalveolar lavage fluid 

(BALF). B: Pulmonary edema is represented by wet-to-dry ratios of lung tissue. C: Oxygenation is rep-

resented by the ratio of arterial oxygen partial pressure to fractional inspired oxygen concentration 

(PaO2/FiO2). Data are expressed as mean ± SEM of 5-15 (A-B) or 14-18 (C) animals per group (*** 

p<0.001). Ref = reference bar (PaO2/FiO2 ratio for mice with non-injured lungs); NVC = non-ventilated 

controls; HVT = mice ventilated with high tidal volumes; Veh, 1µg, 4µg = mice intravenously treated with 

either vehicle (sterile saline), Ang-1 (1µg per animal), or Ang-1 (4µg per animal). 

 

In experimental studies, mechanical ventilation has been described to induce de-

stabilization of the alveolar-capillary barrier thereby leading to enhanced pulmonary 

permeability and edema formation
30-32

. Most models of VILI, however, applied very 

high inspiratory pressures or tidal volumes when compared to those used in the 

human setting
33-37

. To prevent shock and metabolic acidosis due to very high in-
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spiratory pressures or tidal volumes, we used ventilation strategies with more clini-

cally relevant ventilator settings
38

. Even in this relatively mild model of VILI, we 

observed that mechanical ventilation caused a modest, but significant increase in 

BALF protein level and pulmonary wet-to-dry ratio.  

The importance of the Ang-Tie2 system has been appreciated in the development 

of vascular leakage and inflammation in pulmonary diseases like ALI/ARDS
39

. In 

this respect, Karmpaliotis et al. proposed that changes in the balance between 

VEGF (pro-leakage) and Ang-1 (anti-leakage) might contribute to vascular leakage 

in their murine model of lipopolysaccharide (LPS)-induced ALI
40

. Here we demon-

strate that HVt-ventilation as such enhanced expression of VEGF protein, de-

creased expression of Ang-1, Ang-2 and Tie2 mRNA and tended to reduce expres-

sion of Ang-1 and Ang-2 protein compared to NVC. Since the mice were sacrificed 

after 5 hours of HVt-ventilation, we could not evaluate whether the down regulation 

in mRNA expression was followed by a significant decrease in protein expression 

at a later time point. Even so, the present study suggests that alterations in the 

Ang-Tie2 system are involved in the pathogenesis of VILI.  

Kim et al. and Papapetropoulos et al. have demonstrated that Ang-1−mediated 

Tie2 signaling causes Akt phosphorylation thereby protecting the endothelial cells 

from apoptotic cell death
41;42

. In our study, HVt-ventilation itself caused increased 

p-Akt levels compared to NVC which is in agreement with previous reports
43;44

. 

Moreover, treatment with Ang-1 augmented p-Akt expression in lungs of HVt-

ventilated mice. (Ang-1-mediated) Akt phosphorylation has been shown to inacti-

vate the forkhead transcription factor FKHR1 subsequently preventing Ang-2 ex-

pression and destabilization of the endothelial barrier
45

. This observation supports 

our finding that HVt-ventilation as such reduced Ang-2 mRNA and that Ang-1 

treatment down regulated the transcription of Ang-2 even further. The Ang-1-

induced shift towards less Ang-2 production, thus reduced Tie2 antagonism, may 

protect against lung inflammation and injury during HVt-ventilation.  

In agreement with previous reports
46-48

, we observed that ventilator-induced lung 

injury was accompanied by enhanced pro-inflammation. In LPS-challenged ani-

mals, treatment with Ang-1 has already been shown to decrease leukocyte traffick-

ing by reducing chemotactic, adhesive and pro-inflammatory mediators
49

. Our 

study is the first to show that Ang-1 administration down regulated infiltration of 

granulocytes and expression of the chemokines KC, MIP-2 and MCP-1 in an ex-

perimental model of VILI. Furthermore, we observed that administration of Ang-1 

prevented the increase in the pro-inflammatory cytokine IL-1β in lungs of HVt-

ventilated mice. Our data may suggest that the role of IL-1β might be less im-

portant in the development of vascular leakage during HVt-ventilation. Interestingly, 

IL-6 protein levels remained high in lungs of HVt-ventilated mice despite Ang-1 

treatment. In pulmonary inflammation, IL-1β is primarily produced by activated 

alveolar macrophages whereas IL-6 may be derived from a wide variety of pulmo-
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nary cell types
50

. Since Tie2 is expressed on endothelial cells, neutrophils and 

macrophages
51;52

, our observations may imply that IL-6 is also derived from cells 

that do not express the Tie2 receptor and consequently do not respond to Ang-1. 

With respect to the clinical situation, it would be of interest to evaluate whether 

Ang-1 treatment would also be effective in attenuating lung inflammation in venti-

lated animals with pre-existing lung inflammation. 

The angiogenic growth factor VEGF has been shown to increase capillary permea-

bility and edema formation in various experimental models of pulmonary injury, 

including VILI
53-55

. Thurston et al. described that vascular leakage induced by 

VEGF may be counteracted by Ang-1
56;57

. In line with this notion, we observed that 

Ang-1 treatment completely abolished the increase in VEGF protein in lungs of 

HVt-ventilated mice. Nonetheless, it should be noted that Ang-1 treatment did not 

prevent alveolar-capillary permeability, pulmonary edema (i.e. vascular leakage) 

and impaired gas exchange induced by HVt-ventilation. These data are in apparent 

contrast with previously described protective effects of Ang-1 on vascular leakage 

in endotoxin-challenged animals
58-61

 underlining that the pathways involved in en-

dotoxin- and ventilator-induced lung injury are different. An explanation for this 

discrepancy might be that the enhanced inflammation is not the primary inducer of 

vascular leakage and impaired gas exchange during HVt-ventilation, as is the case 

in the induction of lung injury by LPS. It has been demonstrated that ventilator-

induced mechanical stretch may also lead to the destabilization of alveolar-

epithelial and capillary-endothelial barriers thereby resulting in increased vascular 

permeability and pulmonary edema
62-64

. Ang-1 administration will probably influ-

ence the capillary-endothelial but not the alveolar-epithelial barrier since the Tie2 

receptor is mainly expressed on endothelial cells. Thus, the possibility remains that 

Ang-1 treatment is not capable of restoring lung injury induced by HVt-ventilation 

as it only modulates endothelial inflammation. The fact that Ang-1 prevents pulmo-

nary vascular leakage in animals exposed to LPS, which induces a generalized 

inflammation primarily in the endothelial cells of the lung
65

, supports this hypothe-

sis. 

 

 

CONCLUSIONS 
 

Taken together, our data indicate that treatment with Ang-1 inhibits various aspects 

of VILI such as granulocyte infiltration, chemokine/cytokine and VEGF expression. 

However, Ang-1 treatment did not protect HVt-ventilated mice against the more 

crude parameters of VILI (i.e. vascular leakage and impaired gas exchange). In this 

respect, it is of interest that the TNF-α inhibitor Etanercept diminished inflammation 

and coagulation in the lungs of ventilated mice without influencing alveolar-capillary 

permeability and pulmonary edema, which is in line with our present results
66

. We 
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propose that Ang-1 should not be applied to combat the mechanosensitive aspects 

of ventilator-induced lung injury in critically ill patients. Nonetheless, treatment with 

Ang-1 may well be considered as an anti-inflammatory therapy when inflammation 

is the primary inducer of lung injury, like in non-ventilated patients diagnosed with 

ALI/ARDS.  
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ABSTRACT 
 

Respiratory syncytial virus (RSV) is the most common viral cause of seasonal 

acute respiratory tract illness in very young children worldwide. In addition, life-

threatening RSV disease accounts for the most frequent cause of non-elective 

pediatric intensive care unit admission for mechanical ventilatory support in infants 

during the winter season. 

This review article discusses factors associated with a life-threatening course of 

RSV disease as well as available therapeutic options and mortality rates.  

Pre-existing medical conditions, direct virus-induced cytopathology and host im-

munopathology, as well as co-factors such as bacterial and/or viral co-infection, 

apnea and the syndrome of inappropriate antidiuretic hormone are important fea-

tures associated with turning a trivial community acquired upper respiratory tract 

illness into life-threatening disease. Although numerous medical therapies for life-

threatening RSV have been suggested, the mainstay of therapy is still primarily 

supportive. Mortality rates of previously healthy children requiring mechanical venti-

lation for RSV-associated disease are almost zero, whereas mortality rates in in-

fants with a pre-existent medical condition are up to 10%. 



Life-threatening respiratory syncytial virus disease in children 

 

 
93 

INTRODUCTION 

 
Respiratory syncytial virus (RSV) is the most common viral cause of seasonal 

acute respiratory tract illness in very young children worldwide. The clinical mani-

festations range from mild upper respiratory tract symptoms (cough, coryza, rhinor-

rhea and conjunctivitis), to (severe) lower respiratory tract infection (LRTI) and 

even life-threatening respiratory insufficiency requiring mechanical ventilation. 

More than 50% of all infants are infected with RSV during the first year of life and at 

age 2 almost all children have been infected
1-3

. About 1% to 2% of these children 

will need hospitalization and about 10% of these hospitalized children, approxi-

mately 0.1% of all children, will require mechanical ventilation for a severe RSV 

LRTI during the first year of life
4
. Accordingly, RSV LRTI is the most frequent cause 

of non-elective pediatric intensive care unit (PICU) admission for mechanical venti-

latory support in infants during the winter season
5
. Of all patients admitted to a 

PICU, 3 to 22% will develop acute lung injury (ALI) or acute respiratory distress 

syndrome (ARDS). ARDS is a form of acute lung inflammation characterized by 

pulmonary edema, atelectasis and ventilation-perfusion mismatch resulting in fail-

ure of gas exchange
6-8

. In 2,2 to 27,6% of these patients with ALI/ARDS, RSV LRTI 

is the underlying etiology
6-8

. 

In this review we will focus primarily on RSV-associated life threatening disease in 

children: which factors are involved in turning a trivial community-acquired acute 

respiratory tract illness into a life-threatening disease? Against this background the 

pathophysiology of severe RSV disease, known risk groups, and the role of bacte-

rial and/or viral co-infections, apnea and the syndrome of inappropriate antidiuretic 

hormone (SIADH) will be discussed. Although to date clearly effective interventions 

to improve the outcome of critically ill infants with bronchiolitis are lacking, the dif-

ferent treatment options for life threatening RSV-disease are discussed as well 

RSV-related mortality.  

 

 

PATHOPHYSIOLOGY 
 

In trying to understand the pathophysiology of life-threatening RSV infection three 

central questions need to be answered:  

1.  What are the respiratory tract alterations that cause ventilation and oxy-

genation failure in RSV-life threatening disease?  

In most patients with acute RSV-induced bronchiolitis a characteristic feature is air 

trapping by dense plugs composed of mucus, fibrin and cellular debris from leuko-

cytes and dead bronchial epithelial cells in the small airways
9-12

. Peribronchiolar 

cellular infiltrates and submucosal edema further contribute to airway narrowing 

and occlusion. In infants, who have a relative small airway diameter by itself, these 
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changes may cause hypoventilation already at an early stage. In RSV-induced 

pneumonia, ventilation-perfusion mismatch and diffusion abnormalities occur with 

the disease progressing more distally, involving the alveolar spaces and interstitial 

tissues. At this point increased cell death of alveolar epithelial cells and the for-

mation of interstitial and intra-alveolar inflammatory cellular infiltrates and edema 

further compromises the gas-exchange potentially leading to life-threatening RSV 

LRTI
9-12

. These alterations form the most severe expression of the RSV disease 

spectrum and may present clinically as Acute Lung Injury (ALI) or Acute Respirato-

ry Distress Syndrome (ARDS) (figure 1).  

Interestingly RSV-induced pneumonia is not necessarily preceded by bronchiolitis 

and the great majority of infants admitted to the PICU have heterogeneous dis-

ease.  

2. What is the cellular and molecular biology underlying this severe RSV his-

topathology? 

 In this context two major pathogenic mechanisms have been extensively studied.     

a. Direct virus-induced cytopathology. One of the deleterious consequences of 

RSV entry and replication in lung cells may be direct virus-induced cytopathology.  

For example, RSV induces oxidative cellular injury in lung epithelial cells in vitro by 

distorting the balance between production of reactive oxygen species and anti-

oxidant defense
13

.  

Furthermore, although cell death by apoptosis may be an important host defense 

mechanism of viral clearance
14

, exaggerated and widespread cell death may lead 

to severe lung epithelial injury. Children with fatal RSV disease show marked ex-

pression of pro-apoptotic markers in airway and alveolar epithelial cells
10;11

. Inter-

estingly, RSV infection of airway epithelial cells in vitro does not cause an immedi-

ate and prominent cytotoxic response
15

, suggesting an immunopathogenic mecha-

nism other than direct virus-cytopathology.  

Thirdly, even in the absence of direct virus-induced cell death, RSV infection may 

lead to dysfunction of lung epithelial cells. For instance, RSV-mediated inhibition of 

Na+channels
16;17

 and cytoskeletal changes
18

, have been shown to impair epithelial 

barrier function, and thus may be involved in lung fluid extravasation in vivo. Final-

ly, it has been argued that in severe RSV disease impaired innate or adaptive im-

munity either through virus-mediated inhibition
19

 or host factors, underlies de-

creased viral clearance. Severe RSV disease in children is associated with low 

numbers of effector lymphocytes in the lungs
11;20;21

, higher viral loads
22;23

 and lower 

levels of the major anti-viral lymphocyte-mediated cytokine IFN-γ in nasopharynge-

al aspirate, as compared to non-ventilated RSV patients
24

. One argument against 

this important role for direct virus-induced cytopathology is the lack of success of 

antiviral treatments.  

b. Immunopathology. The activation of pro-inflammatory pathways in macrophages 

and epithelial cells constitutes a major first line anti-viral host defense mechanism 
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Figure 1. Respiratory tract alterations leading to ventilation and oxygenation failure in RSV-life threaten-

ing disease. 
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in the lungs. In response to RSV infection numerous cytokines and chemokines are 

secreted and their coordinated actions stimulate immune cell proliferation, migra-

tion and activation
19;25

. Following the pro-inflammatory cytokine response several 

different types of leukocytes invade the lungs. In bronchoalveolar lavage fluid of 

mechanically ventilated children with severe RSV disease, neutrophils are by far 

the most abundant
20;26

. Lung dysfunction in severe RSV disease may be the result 
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of either an exaggeration or dysregulation at any level in the abovementioned im-

mune response.  

First, imbalanced pro-inflammatory cytokine activity leading to marked cellular infil-

trates, mucus overproduction and edema may interfere with normal lung ventilation 

and oxygenation.  

Second, the influx of leukocytes in response to RSV infection may contribute to the 

development of lung injury, including cell death of bystander (uninfected) lung 

cells
27

. Prolonged accumulation of neutrophils may cause enhanced release of 

harmful reactive oxygen- and nitrogen species, and proteolytic enzymes
28;29

. Direct 

adhesion of neutrophils to RSV-infected epithelial cells may further augment tissue 

damage
30

. In addition, neutrophils among several other myeloid cells, can release 

a soluble form of the death receptor ligands FasL and TRAIL
31;32

 which causes cell 

death of primary lung epithelial cells in vitro
33;34

. However, there are no studies yet 

that have elucidated the definite role of neutrophils and their products in life threat-

ening RSV-disease. 

In contrast to the abundance of neutrophils, effector lymphocytes and eosinophils 

are found only in small numbers in the lungs of RSV-infected ventilated children
20

. 

Some of the granule-associated cytotoxic contents of these cells though, such as 

granzymes and eosinophil cationic protein, are detected in high concentrations and 

biological active form in the bronchoalveolar fluid of these patients
20;35

. This ap-

pears not to reflect a highly efficient and localized cytotoxic response to eliminate 

viral-infected cells specifically, but rather suggests excessive degranulation poten-

tially resulting in lung injury. Several mouse studies for (fatal) RSV disease indeed 

suggest a detrimental role for effector lymphocytes
36;38

. 

The above mentioned studies suggest that in addition to direct virus-induced cyto-

pathology, immunopathology may play an important role in RSV-life threatening 

disease in children. It remains to be elucidated under what precise conditions an 

appropriate anti-viral immune response is outbalanced by its destructive properties.   

3. Why does RSV infection lead to acute respiratory failure in a small sub-

group of previously healthy children, while the vast majority of cases suffer 

from mild upper respiratory tract symptoms only?  

It is tempting to think that the degree of initial exposure to RSV in the upper res-

piratory tract affects the severity of subsequent respiratory symptoms. Although 

animal models for RSV disease show a clear dose response in terms of lung pa-

thology
9
, in experimental challenge with RSV in adult humans there is a limited 

relationship between the size of the inoculum and degree of viral shedding or signs 

of (mild) illness
40

. The actual range and variability of the number of virus particles 

transmitted to children during natural infection is unknown, and as such we are yet 

unable to relate disease severity to the degree virus exposure. This is further com-

plicated by variation in the level of circulating neutralizing (maternal) antibodies
41

. It 

has been reported that infection with RSV-A strain is associated with more severe 



Life-threatening respiratory syncytial virus disease in children 

 

 
97 

clinical scores
42

, but other studies did not confirm this
40

. Likely, host factors play a 

major role in the diversity of clinical responses to RSV infection. In this light recent 

studies investigating genetic predisposition for RSV-life threatening disease are of 

particular interest. Several studies have shown associations between RSV disease 

severity and polymorphisms in genes encoding for TLR4, surfactant proteins, 

chemokine receptors and interleukins, all of which may modulate the extend of the 

pro-inflammatory response
43;44

. Clearly, more research in this field is necessary.       

 

 

RISK GROUPS  
 

Although the majority of children admitted to a PICU with a life-threatening RSV-

infection are without a pre-existing medical condition
4;45

, numerous risk groups for 

a severe course of disease, e.g. needing hospitalization, are described. Data on 

incidence of PICU admission in these specific risk groups however are limited.   

The risk populations can be allocated to underlying mechanism. Incomplete devel-

opment of the airway, damage to the airway and/or airway hyper-reactivity ac-

counts for the increased morbidity of RSV infection in premature infants
46

, children 

with chronic lung disease
47;48

 and patients with cystic fibrosis
49

. Pulmonary hyper-

tension and cyanosis with subsequent hypoxemia are associated with worse out-

comes in infants with congenital heart disease
50

. Prolonged viral replication due to 

abnormal innate and adaptive immune responses underlies more severe illness in 

children with primary immune deficiencies
51;52

, whereas maturation-related defi-

cient cellular immunity is an important mechanism in premature infants
46;53;54

. All of 

the aforementioned factors are likely to play a role in children with Down’s syn-

drome
55

. 

Factors predisposing to a more severe course of RSV disease in neuromuscular 

diseases include the impaired ability to clear secretions from the airways because 

of ineffective cough and respiratory muscle weakness as well as high occurrence 

of gastro-esophageal reflux and swallowing dysfunction with subsequent risk of 

aspiration and further pulmonary deterioration
56;57

.  

 

 

BACTERIAL CO-INFECTION 
 

The presence of bacterial co-infection in ventilated infants with RSV is difficult to 

demonstrate. No clear, uniformly-established criteria for bacterial pneumonia exist 

on the basis of radiologic, clinical or microbiological data. Infiltrates or consolida-

tions on chest radiography can be attributable to both bacterial and viral agents
58

. 

In addition, the presence or height of fever, white blood cell count nor CRP levels
59

 

adequately discriminates between bacterial or viral LRTI. Microbiological investiga-
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tions to identify pulmonary bacterial co-infection are also difficult. Serology is an 

insensitive method, and endotracheal aspirates are usually critized for reflecting 

upper airway flora. Notwithstanding these difficulties, bacterial co-infection are 

thought to be present in 20-40% of the RSV-infected patients admitted to the PICU 

and may be associated with prolonged need for mechanical ventilation
60-62

. The 

isolated organisms from lower airway secretions include generally normal commu-

nity organisms including Hemophilus Influenza, Staphylococcus Aureus and 

Moraxella Catarrhalis
60-62

.   

 

 

VIRAL CO-INFECTION 
 

With the availability of (real-time) PCR, viral co-infections are found in up to 20% to 

30% of infants ventilated for a RSV-LRTI, changing the epidemiology of viral res-

piratory tract infections
63;64

. During RSV infection, viruses such as rhinovirus (RV) 

and human metapneumovirus (hMPV) and at lesser frequency enterovirus, coro-

navirus or bocavirus
65

 are found, questioning the role of these viruses in disease 

severity. Although studies have shown that dual RSV/hMPV or RSV/RV worsens 

clinical severity and increases the duration of hospitalization
66;67

 several studies 

contradict the aggravating effect of these dual infections
68;69

. Recently it has been 

shown that infants with viral co-infections are more at risk for PICU admission than 

those with a single infection
63

. A cumulative pathogenic effect in viral co-infections 

is thought to result in more severe disease, but other possibilities such as succes-

sive infections or healthy carriage might be also supported.  

 

 

SIADH 
 

Hyponatraemia with the subsequent risk of seizures, is frequently seen in infants 

admitted to intensive care with RSV bronchiolitis
70;71

. Antidiuretic hormone (ADH) 

levels are found to be significantly higher in patients with bronchiolitis than in pa-

tients with apneas or upper respiratory tract infections, with the highest levels found 

in mechanically ventilated infants
72

. An association between ADH levels and serum 

sodium levels was not found. In these patients restricted fluid intake and careful 

monitoring of fluid balance and plasma electrolyte concentrations are mandatory to 

avoid the development of hyponatraemia and associated seizures
70

.  
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APNEA 
 

Up to 20% of the children hospitalized for RSV infection experience apnea, and 

this is associated with increased PICU admission for mechanical ventilation and 

supplemental oxygen therapy [73]. A major risk factor for RSV-associated apnea is 

young age, suggesting this complication of RSV infection is of central origin
73;74

. 

Other frequent findings in patients with RSV-associated apnea include atelectasis 

and higher pCO2
73

. The precise cause of apnea during RSV infection is unclear, 

but studies have suggested the involvement of laryngeal chemoreceptor feed-

back
75

, substance P expression in the lungs and RSV-G glycoprotein-CX3CR1 

interaction
76

. The prognosis is uncertain, but in most infants apnea does not recur, 

even with subsequent respiratory infections
74;77-79

. 

 

 

TREATMENT  
 

Currently, therapy for severe life-threatening RSV disease is primarily supportive 

and numerous medical therapies have been described including:   

Bronchodilator therapy 

As described above, small airway obstruction caused by inflammation and con-

striction of the smaller airways may be a key factor in the development severe RSV 

disease. Bronchodilators or β2-mimetics may help to reduce lower airway obstruc-

tion by dilating the bronchi and bronchioles via the β2 receptors in bronchial smooth 

muscle and bronchial mucous membranes. Data on effectiveness of this approach 

in non-ventilated children are conflicting and routine use is not recommended
80;81

. 

In patients with RSV-induced respiratory failure, approximately 50% will respond to 

inhaled β-agonists
82

, but bronchodilators should not be continued in patients who 

fail to demonstrate rapid improvement
83;84

. 

Steroids 

Although the anti-inflammatory effects of corticosteroids have the potential to de-

crease bronchiolar swelling and thereby decrease airway obstruction, no beneficial 

effect of steroids was found during (mild) bronchiolitis
85-87

. Data on the use of corti-

costeroids in ventilated patients with bronchiolitis are scarce. Systemic administra-

tion of dexamethasone did not alter clinical outcome
88;89

 of ventilated infants with 

severe RSV bronchiolitis. This may be partly explained by the inconsistent effect of 

dexamethasone on pro-inflammatory cytokine concentrations of tracheal aspi-

rates
90

. Consequently, the use of steroids for severe life-threatening RSV LRTI is 

not recommended. 

Antiviral therapy 

Human RSV is a single-stranded, enveloped RNA virus belonging to the family of 

Paramyxoviridae. Ribavirin is an antiviral drug active in vitro against a number of 
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DNA and RNA viruses. Its mechanisms of action are thought to include hypermuta-

tion and inhibition of RNA polymerases, but the exact mechanism of action is un-

known. A systematic review of randomized trials comparing ribavirin to placebo in 

infants and children with RSV infection and LRTI showed that trials of ribavirin 

lacked sufficient power to provide reliable estimates of the effects
91

. As a result, 

ribavirin has no place in the treatment of life-threatening RSV LRTI. 

Immunoglobulins 

In the treatment of RSV in hospitalized infants and young children (rather than as 

prophylaxis) intravenous immunoglobulin with a high neutralizing activity against 

RSV (RSVIG) and monoclonal antibody (Palivizumab) have not been shown to be 

beneficial and should not be used
92

.  

Nitric oxide 

In the majority of critically ill infants, there is no additional bronchodilator effect of 

inhaled nitric oxide (iNO) as compared to salbutamol
93

. The clinical benefit of iNO 

for improving hypoxemia in severe RSV bronchiolitis e.g. better oxygenation with 

lower (less toxic) oxygen levels remains to be studied
94

. Pulmonary hypertension 

resulting from hypoxemia in combination with a highly reactive pulmonary vascula-

ture and warranting iNO appears to be rare in previously well term infants ventilat-

ed for a RSV LRTI
95

.   

Surfactant 

Several factors have the potential to reduce endogenous surfactant activity during 

RSV disease. First, the virus-induced damage of pneumocytes results in a reduc-

tion of surfactant synthesis
96

 and the presence of protein-rich edema leads to inac-

tivation of surfactant
97

. Thirdly, damage of the alveolo-capillary membrane may 

cause loss of surfactant into interstitium and blood
98

 and mechanical ventilation has 

the potential to further deplete or damage alveolar and bronchial surfactant [99]. 

Finally, deficient or inactivity of surfactant leads to bronchiolar and alveolar col-

lapse and lung permeability
100

. Surfactant therefore is a potentially promising ther-

apy but data on the effects of exogenous surfactant in mechanically ventilated in-

fants and children with bronchiolitis are limited and do not provide a reliable esti-

mate of its effects
101;102

.  

Heliox 

Heliox, a gas mixture containing 21% O2 and 79% helium, has a lower density 

compared to air-oxygen mixtures, with the potential to decreases resistance to gas 

flow in turbulent conditions and consequently decreases the respiratory muscle 

work of breathing. Although mechanical ventilation with heliox of infants with a RSV 

LRTI significantly decreased respiratory system resistance
103

, this was not accom-

panied by a significant improvement of either ventilation or oxygenation
103;104

. Fur-

ther studies are required to determine the effects of heliox during mechanical venti-

lation in severe RSV LRTI.  
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A small study showed that heliox combined with non-invasive nasal Continuous 

Positive Airway Pressure (CPAP) was more efficient in improving clinical score and 

eliminating CO2 than CPAP alone
105

. For further information on CPAP see below. 

Respiratory support 

A significant proportion of infants with severe RSV LRTI will require ventilatory 

support due to recurrent apnea, hypercapnia, increased work of breathing, and 

exhaustion
106

. However, consensus regarding the mode of ventilatory support is 

lacking
107;108

. Several forms of respiratory support are discussed below. 

CPAP 

Continuous positive airway pressure (CPAP) in bronchiolitis might be beneficial for 

several reasons. It has the ability to keep the airway open, improve clearance of 

secretions, reduce the work of breathing and improve gas exchange
109-111

. It may 

however, induce or increase pulmonary over-inflation with risk of impaired cardiac 

performance especially in preterm and young infants
112

. No studies yet, could de-

finitively demonstrate that the use of CPAP reduced the need for conventional me-

chanical ventilation.  

Non-invasive ventilatory support  

Non-invasive ventilation refers to various methods of respiratory assistance without 

an invasive interface between the ventilator device and the patient. Recently, non-

invasive ventilation has been suggested as an effective and safe alternative to 

invasive mechanical ventilation for infants with bronchiolitis
113

. Prospective ran-

domized trials are required to determine the role of non-invasive ventilation in pa-

tients with life-threatening RSV disease. 

Conventional mechanical ventilation 

The percentage of infants requiring conventional mechanical ventilation is variable 

and there is no consensus on ventilation techniques to be used. Both assisted and 

controlled ventilation with pressure or volume mode are extensively discussed 

[106-108]. Given the low mortality rate in mechanically ventilated RSV infected 

infants, it is difficult to demonstrate the advantage of one particular mode over an-

other. 

Although often life-saving, mechanical ventilation may be an important co-factor in 

the development of lung injury in patients with ALI/ARDS
114

. Besides injury through 

direct excessive physical force (e.g. pneumothorax), mechanotransduction of 

stretch during mechanical ventilation leads to the activation of pro-inflammatory 

and cell death pathways in lung epithelial cells and resident macrophages
115-118

. 

Interestingly, animal studies have shown that lungs pre-exposed to bacteria or LPS 

are particularly vulnerable to mechanical ventilation-induced inflammation, resulting 

from a specific transcriptional response
119-122

. This interaction between cellular 

pathways of stretch and host defense may not be limited to bacterial products: in a 

mouse model for severe RSV disease the application of mechanical ventilation 

(tidal volume= 10ml/kg) for 4 hours resulted in enhanced release of the cytokines 
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IL-6, MIP-1α and MIP-2, and increased lung permeability and activity of the pro-

apoptotic protease caspase-3
123

. These results suggest mechanical ventilation may 

promote lung injury during severe RSV disease.     

High Frequency Oscillatory-ventilation 

In small airway disease, like RSV bronchiolitis, High Frequency Jet Ventilation 

(HFJV) is considered potentially dangerous because of the risk of air trapping due 

to the passive expiration phase
124;125

. However, several case reports describe the 

successful use of high frequency oscillatory ventilation (HFOV) with active expira-

tion, even in patients with air trapping due to bronchiolitis
126;127

.  

ECMO 

The successful use of extracorporeal membrane oxygenation (ECMO) for children 

with life-threatening RSV bronchiolitis was first described in the 1990’s
128

. Since 

then only 2 studies addressed the use of ECMO for this particular population but 

only as a rescue treatment for refractory or maximal conventional management 

with presumed fatal respiratory failure
129;130

.  

 

 

MORTALITY 
 

The mortality rate for infants and children with bronchiolitis has remained stable 

since the 1970s. The overall mortality rate in children hospitalized with RSV bron-

chiolitis is less than 2 percent
131;132

. For previously healthy infants with a RSV LRTI 

admitted to a PICU for ventilatory support, the mortality rate is estimated to be 

close to zero
131;132

. In infants with a pre-existing medical condition, e.g. cardiac 

disease, pulmonary disorders, prematurity and immunodeficiency’s, mortality rates 

are estimated to be up to 5%
131;132

. 

 

 

CONCLUSIONS 
 

Life-threatening RSV disease accounts for the most frequent cause of pediatric 

intensive care unit admission for mechanical ventilatory support in infants during 

the winter season. Several factors are involved in turning this essentially trivial 

community acquired illness into a life-threatening disease. These include patho-

physiological mechanisms, such as direct virus-induced cytopathology and host 

immunopathology, pre-existing medical conditions, “side-effects” of mechanical 

ventilation, the presence of a bacterial and/or viral co-infection, apnea and the syn-

drome of inappropriate antidiuretic hormone. Although numerous medical therapies 

for life-threatening RSV have been suggested, the mainstay of therapy is still pri-

marily supportive. Mortality rates of previously healthy children requiring mechani-
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cal ventilation for severe RSV-associated disease are almost zero, with mortality 

rates up to 10% in infants with a pre-existent medical condition. 
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ABSTRACT  
 

Respiratory syncytial virus (RSV) bronchiolitis causes severe respiratory tract infec-

tion in infants, frequently necessitating mechanical ventilatory support. Although 

life-saving, mechanical ventilation aggravates lung inflammation. We set up a 

model to dissect the host molecular response to mechanical ventilation in RSV 

infection. Furthermore, the response to induced hypercapnic acidosis, reported to 

dampen the inflammatory response to mechanical ventilation in non-infectious 

models, was assessed.  

BALB/c mice were inoculated with RSV or mock-suspension and ventilated for 5 

hours on day 5 post-inoculation.  

Mechanical ventilation of infected mice resulted in enhanced cellular influx and 

increased concentrations of proinflammatory cytokines in the bronchoalveolar 

space. Microarray analysis showed that enhanced inflammation was associated 

with a molecular signature of a stress response to mechanical ventilation with little 

effect on the virus-induced innate immune response. Hypercapnic acidosis during 

mechanical ventilation of infected mice did not change host transcript profiles. 

We conclude that mechanical ventilation during RSV infection adds a robust but 

distinct molecular stress response to virus-induced innate immunity activation em-

phasizing the importance of lung protective mechanical ventilation strategies. In-

duced hypercapnic acidosis has no major effect on host transcription profiles dur-

ing mechanical ventilation for RSV infection, suggesting that this is a safe approach 

to minimize ventilator-induced lung injury. 
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INTRODUCTION 
 

Respiratory syncytial virus (RSV) is the most common cause of seasonal acute 

respiratory tract illness of all ages
1;2

. More than 50% of all infants are infected with 

RSV during the first year of life and at age 2 almost all children have been infect-

ed
3
. About 1% to 2% of these children will need hospitalization and about 10% of 

these hospitalized children, approximately 0.1% of all children, will require mechan-

ical ventilation for a severe RSV infection during the first year of life
4
 Hence, RSV 

infection is the most frequent cause of non-elective pediatric intensive care unit 

admission for mechanical ventilatory support in infants during the winter season
5
. 

RSV pathogenesis is understood incompletely. In humans, severe RSV infection 

results in a predominantly neutrophil infiltrate in bronchoalveolar lavage fluid
6
 and a 

strong innate proinflammatory response, reflected by exhaustion of the peripheral 

blood neutrophil pool after peak values of viral load and disease severity
7
. In mice, 

the innate immune response is characterized by induction of type I interferon-

regulated genes and chemokine genes, and genes involved in inflammation and 

antigen processing
8
. 

Although life-saving, mechanical ventilation may induce or aggravate pulmonary 

inflammation and lung injury. Ventilator-induced lung injury (VILI) results from rela-

tively high tidal volumes (Vt) causing alveolar and airway overdistension, loss of 

surfactant and/or mechanical tissue damage
9;10

.  

No data exists on the consequences of VILI in RSV bronchiolitis patients and tools 

to study the underlying molecular mechanisms are lacking. Therefore, we designed 

a murine model in which host response to mechanical ventilation in the presence of 

virus-induced pulmonary inflammation can be studied. In addition, we used the 

model to study the effects of hypercapnic acidosis on pulmonary inflammation dur-

ing mechanical ventilation in RSV infection. There is considerable evidence that 

induced hypercapnic acidosis in non-infectious models may protect against VILI
11-

13
. This protective action of hypercapnic acidosis is partly explained by its anti-

inflammatory effects reducing the magnitude of host-induced injury: attenuation of 

neutrophilic oxygen generation and interleukin (IL)-8 production
14

 reduction of free 

radical generation
12

 and oxidant-induced tissue damage 
11;14

 and reduction in key 

cytokines levels such as tumor necrosis factor (TNF)-α and IL-1
15

. The effects of 

hypercapnic acidosis on bacterial injury may vary from benefit to harm depending 

on the stage of injury process, e.g. depending on whether it is an early or estab-

lished infection or whether the infection is prolonged
16

. Nothing is known about the 

effects of hypercapnic acidosis on pulmonary inflammation during mechanical ven-

tilation in viral respiratory tract infection.  

We hypothesized that mechanical ventilation enhances the host innate immune 

response to RSV. Furthermore, we hypothesized that induced hypercapnic acido-

sis attenuates VILI in the presence of RSV-induced pulmonary inflammation. 
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MATERIALS AND METHODS 
 

The study was approved by the animal care and use committee of the University 

Medical Center Utrecht, the Netherlands. All animal procedures were carried out in 

compliance with national and international standards for human care and use of 

laboratory animals.  

Experimental design 

Experiments were performed with male BALB/c mice (n=60) (Harlan, the Nether-

lands), aged 6 to 8 weeks, weighing 21 to 28 grams. On day 0, mice were random-

ly assigned to intranasal inoculation with 50 µl of either RSV (containing 2x10e6 

pfu/50µl) or mock-suspension. Preparation of virus and mock suspension is de-

scribed in detail in the supplementary material. On day 5, mice were randomly 

assigned to spontaneous breathing or 5 hours of either normocapnic or hypercap-

nic mechanical ventilation. This resulted in 6 experimental groups (n=10 per 

group): RSV-inoculation, spontaneous breathing (RS); RSV-inoculation, 

normocapnic ventilation (RV); RSV-inoculation, hypercapnic ventilation (RH); 

Mock-inoculation, spontaneous breathing (MS); Mock-inoculation, normocapnic 

ventilation (MV) and mock-inoculation, hypercapnic ventilation (MH) (supplemen-

tary figure 1). Spontaneously breathing mice were kept in an enclosed environment 

in which ambient FiO2 was maintained at 0.5 for 5 hours with and without 5% CO2. 

Mice assigned to mechanical ventilation (Vt 12 ml·kg
–1

, frequency 40·min
–1

, PEEP 

6 cmH2O and FiO2 0,5), were anesthetized, ventilated and monitored for 5 hours, 

as described in the supplementary material. We used a high tidal volume in order 

to provoke lung injury enabling us to study the effects of hypercapnic acidosis on 

VILI. Hypercapnic acidosis during mechanical ventilation was induced by adding 

5% CO2 to the inspired gas mixture while maintaining the FiO2 at 0.5. The inspired 

gas mixture was monitored continuously during the whole experiment (Datex Car-

diocap Monitor, GE Healthcare, United Kingdom). Systolic blood pressure and 

heart rate of ventilated mice were monitored non-invasively using a murine tail-cuff 

system (ADInstruments, Germany). All mice survived 5 hours of mechanical venti-

lation and remained hemodynamically and respiratory stable throughout the whole 

experiment (Table 1).   

Measurements 

After exsanguination, BALF of 6 mice per experimental group was collected for 

total and differential cell count as described in the supplementary material. TNF-α, 

IL-6 and keratinocyte-derived chemokine (KC) concentrations in BALF supernatant 

were measured by enzyme-linked immunosorbent assay according to manufactur-

er's instructions (R&D Systems, United Kingdom). Pulmonary RSV-A concentra-

tions were analyzed by real-time PCR as described previously
8;17

.  

Lungs of 4 mice per experimental group were used for microarray analysis as de-

scribed in detail in the supplementary material. Gene expression changes were 
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visualized as heatmap as well as Principal Component Analysis. Principal-

component analysis is a mathematical algorithm that describes data on the basis of 

their (dis)similarity, so that greater distance corresponds to greater dissimilarity
18

. 

In this analysis, a principal component is defined as a mathematically derived com-

bination of genes and their expression characteristics that can be used to describe 

part of the process observed.  

Differentially regulated genes were subdivided into 12 functional classes or path-

ways based on their function as described before
17

. Pathway enrichment was used 

to determine which pathways were involved in responses found for pair wise group 

comparisons. 

 
Table 1. Hemodynamic and respiratory characteristics of ventilated mice in mean ± (standard devia-

tion), n=6 per group.  
 

 MV MH RV RV 

HR t=0 hr 403 (±45) 374 (±33) 427 (±40) 420 (±38) 

HR t=2,5 hr 393 (±37) 432 (±66) 452 (±28) 480 ±40) 

HR t=5 hr 362 (±28) 413 (±78) 441 (±27) 478 (±39) 

BP t=0 hr 91 (±16) 88 (±9) 93 (±12) 96 (±15) 

BP t=2,5 hr 91 (±13) 93 (±9) 101 (±19) 100 (±22) 

BP t=5 hr 95 (±15) 98 (±21) 98 (±14) 104 (±15) 

     

pH 7,41 (±0,03) 7,22 (±0,05)* 7,40 (±0,05) 7,18 (±0,08)** 

PaCO2 42,9 (±3) 78,5 (±9)* 37,9 (±5) 71,5 (±4)** 

PaO2 272 (±13) 274 (±14) 254 (±7) 248 (±16) 

BE 3 (±3) 4 (±4) -1 (±2) -1 (±6) 

HCO3- 27,6 (±2) 31,8 (±3) 23,3 (±2) 30,4 (±4) 
 

MV= mock, normocapnic mechanical ventilation, MH= mock, hypercapnic mechanical ventilation, RV= 

respiratory syncytial virus, normocapnic mechanical ventilation, RH= respiratory syncytial virus, hyper-

capnic mechanical ventilation.  

HR= heart rate in beats per minute, BP= systolic blood pressure in mmHg, PC= pressure control in cm 

H2O above positive end expiratory pressure, RSV=respiratory syncytial virus. PaCO2 and PaO2 in kPa, 

BE and HCO3
-
 in mmol/L.   

*Significantly different from mock, normocapnic ventilated controls (p < .05, Student’s t-test). 

**Significantly different from RSV, normocapnic ventilated controls (p < .05, Student’s t- test). 

 
Statistical analysis 

All data in the results are expressed as mean(±SD). A 2-way analysis of variance 

was used to compare means of multiple groups, allowing for interaction between 

virus and mechanical ventilation. For paired data (Table 1), Students’ t-test was 

used. A p-value of less than 0.05 was considered statistically significant. Statistical 

analyses were carried out using GraphPad PRISM 5 (La Jolla, United States of 

America). 
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Microarray analysis was performed in R (www.r-project.org). Regulated genes 

were identified with ANOVA using p<0.001 (FDR < 5%) and fold ratio>2 as signifi-

cance criteria. Data are presented as means for four mice per group. 

 

RESULTS  
 

Mechanical ventilation during RSV infection enhances pulmonary inflamma-

tion 

Compared to spontaneous breathing mock-inoculated mice (MS), mechanical ven-

tilation (MV) induced an influx of BALF total cell count, neutrophils and macro-

phages (Figure 1a) and increased BALF IL-6 and KC concentrations (Figure 1b). 

As compared to mock-inoculation (MS), RSV infection in spontaneous breathing 

mice (RS) induced a mixed cell influx into the bronchoalveolar space (Figure 1a) 

and elevated levels of IL-6 and KC (Figure 1b). Mechanical ventilation of RSV-

inoculated animals (RV) resulted in a robust inflammatory response with enhanced 

influx of BALF cells (Figure 1a). A significant increase in IL-6 and KC was observed 

as compared to spontaneous breathing, RSV-inoculated controls (Figure 1b). No 

differences in viral loads were observed between ventilated and spontaneous 

breathing mice (data not shown). In conclusion mechanical ventilation during RSV 

infection enhanced pulmonary inflammation, reflected by BALF cellular responses 

and pro-inflammatory cytokines, as compared to mechanical ventilation or RSV 

infection alone.  

RSV induced inflammation and VILI are characterized by distinct host tran-

scription profiles  

Microarray analysis showed a total of 793 genes to be differentially regulated in this 

study. When comparing spontaneous breathing mock-inoculated mice (MS) to 

ventilated mock-inoculated mice (MV), 376 genes were differentially regulated 

(Figure 2): 265 up and 111 down (Table 2). Functional enrichment analysis showed 

that the stress response and acute inflammatory response pathways were enriched 

among differentially up-regulated genes (Table 3). A total of 408 genes were differ-

entially regulated when comparing spontaneous breathing mock-inoculated (MS) to 

RSV-inoculated mice (RV) (Figure 2): 382 up and 26 down (Table 2). As we have 

described previously (26), primary RSV infection induced a robust innate immune 

response characterized by differential expression of chemokines, interferon re-

sponses and antigen processing pathways (Table 3).  

Mechanical ventilation of RSV-inoculated animals (RV) induced a gene expression 

profile response distinct from mice profiles in spontaneous breathing RSV-

inoculated mice (RS) or mechanically ventilated mock-inoculated mice (MV) (Fig-

ure 3). This was accented by the principal-component analysis (Figure 4).  
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Figure 1. Bronchoalveolar fluid cellular responses and cytokine concentrations (n=6 for each group) on 

day 5.  

 

 
 

A, Mean and SD of bronchoalveolar fluid pulmonary cellular responses.   

B, Mean and SD of bronchoalveolar fluid cytokines.  

BALB/c mice were inoculated with RSV (2x10e6 pfu) or mock suspension on day 0 and subjected to 5 

hours of mechanical ventilation on day 5.  

MS: mock, spontaneous breathing, MV: mock, mechanical ventilation, RS: respiratory syncytial virus, 

spontaneous breathing, RV: respiratory syncytial virus, mechanical ventilation, TCC: total cell count; N: 

neutrophils; L: leukocytes; M: macrophages; IL-6: interleukin-6; KC: keratinocyte-derived chemokine; 

TNF-a: tumor necrosis factor-α. 

* p < .05, ** p < .01, *** p < .001 (2-way ANOVA).  
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 Table 2. Number of differential regulated genes per pathway per study group (n=4 for each group). 
 

Pathways 
MS/MV 

up 

MS/MV 

down 

MS/RS 

up 

MS/RS 

down 

RS/RV 

up 

RS/RV 

down 

Acute inflammatory resp 10 0 17 0 4 0 

Chemokine 1 1 19 0 1 8 

Antigen processing 0 2 28 0 0 1 

Interferon signaling 4 2 39 0 3 4 

Inflammatory response 8 1 23 0 5 2 

Immune response 9 6 32 0 6 3 

Stress response 29 4 9 2 30 2 

Apoptosis 10 1 12 0 6 0 

Cell cycle 10 1 28 0 7 0 

Metabolism 58 28 45 7 45 19 

Various function 70 51 107 17 63 19 

Unknown 60 14 23 0 57 8 

Diff regulated / group 265 111 382 26 227 66 

Total  376  408  293 
 

Based on their function, genes were subdivided into 12 more specific immunological (and other) path-

ways
17

. The number of genes known was taken from Gene Ontology, in which one gene can be placed 

in multiple pathways. Number of up-regulated and down-regulated genes are distinguished. 

MS: mock, spontaneous breathing, MV: mock, normocapnic mechanical ventilation, RS: respiratory 

syncytial virus, spontaneous breathing, RV: respiratory syncytial virus, normocapnic mechanical ventila-

tion. MS/MV: ventilation effect, MS/RS: RSV-effect, RS/RV: effect mechanical ventilation during respira-

tory syncytial virus infection. 

 

Clusters of spontaneous breathing, ventilated, mock- or RSV-inoculated mice can 

be clearly distinguished. This analysis indicated that the responses to RSV infec-

tion and to mechanical ventilation are strong, but distinct. A total of 293 genes were 

differentially regulated when comparing spontaneous breathing RSV-inoculated 

mice (RS) versus ventilated RSV-inoculated mice (RV) (Figure 2): 227 up and 66 

down (Table 2). The stress response and acute inflammatory response pathway 

were enriched (Table 3). Of all 293 differentially regulated genes in ventilated RSV-

inoculated mice, 218 genes (74%) were also regulated in ventilated mock-

inoculated mice (Figure 2). All 218 genes were concordantly (174 vs. 174 up/up 

and 44 vs. 44 down/down) differentially regulated (data not shown), suggesting a 

robust ventilation effect additive to the RSV-induced response.  

Mechanical ventilation had a modest effect on the expression of genes induced by 

RSV infection. Mechanical ventilation regulated the expression of 33 RSV-induced 

genes, of which 27 were discordant (Figure 2 and Table 4). A partial down-

regulation was observed in the chemokine pathway (Table 3) and in TNF-α and 

interferon gamma (IFN-γ) expression. It is noted that the chemokines TNF-α and 

IFN-γ expression in ventilated RSV-inoculated mice (RV) was still strongly 
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Figure 2. Number of genes differentially regulated in 3 group comparisons  

 
A total of 793 genes were differentially regulated with a change of >2.0-fold (p < 0.001) (n=4 for each 

group) in lungs of RSV or mock inoculated mice on day 5 after either 5 hours of mechanical ventilation 

or spontaneous breathing. The numbers in the cross sections of the circles reflect the number of over-

lapping differentially regulated genes in the 3 group comparisons.  

MS: mock, spontaneous breathing, MV: mock, normocapnic mechanical ventilation, RS: respiratory 

syncytial virus, spontaneous breathing, RV: respiratory syncytial virus, normocapnic mechanical ventila-

tion. MS-MV: ventilation effect, MS-RS: RSV-effect, RS-RV: effect mechanical ventilation during RSV-

infection. 

 

up regulated compared to mock-inoculated spontaneous breathing animals (MS) 

(Table 4).  

Fifty-three genes were only differentially regulated in ventilated RSV-inoculated 

mice (Figure 2); these genes were not regulated by either simple RSV infection or 

mechanical ventilation. Of these genes, none belonged to the innate immune re-

sponse and only 6 to the stress response: RIKEN cDNA 2310016C08 gene 

(2310016C08RIK), adrenergic receptor beta 2 (ADRB2), cathelicidin antimicrobial 

peptide (CAMP), coagulation factor XIII A1 subunit (F13A1), neutrophilic granule 

protein (NGP) and tyrosine aminotransferase (TAT). Fifty-one genes (96%) had 

fold expression levels near cut-off values (2-fold) suggesting minimal effects. Only 

neutrophilic granule protein (NGP) and Prokineticin 2 (PROK2) were >3 fold up 

regulated (supplementary Table 1). In conclusion gene expression analysis 

demonstrates that the enhanced inflammatory response observed in ventilated 

RSV infected mice is predominantly attributable to the molecular stress response to 

mechanical ventilation. 
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Response to induced hypercapnic mechanical ventilation for RSV infection 

In mock-inoculated mice, hypercapnic acidosis during mechanical ventilation (MH) 

did not influence the host response as expressed by BALF cellular responses, 

cytokine concentrations (supplementary Figure 2) or differential expression of any 

gene (Figure 3 and 4). Similarly, hypercapnic ventilation of RSV-inoculated mice 

(RH) did not affect BALF cellular responses, cytokine concentrations (supplemen-

tary Figure 2) and did not result in differential expression of any gene (Figure 3 and 

4). No differences in viral load were observed between mice after 5 hours of 

normocapnic or hypercapnic ventilation (data not shown). 

 
Table 3. Pathway enrichment.  
 

Pathways 

 

MS/MV 

up 

MS/MV 

down 

MS/RS 

up 

MS/RS 

down 

RS/RV 

up 

RS/RV 

down 

Acute inflammatory resp <0,001 1,000 <0,001 1,000 <0,05 1,000 

Chemokine 0,465 0,230 <0,001 1,000 0,415 <0,001 

Antigen processing 1,000 0,069 <0,001 1,000 1,000 0,225 

Interferon signaling 0,953 0,839 <0,001 1,000 0,963 0,128 

Inflammatory response 0,201 0,907 <0,001 1,000 0,525 0,408 

Immune response 0,749 0,294 <0,001 1,000 0,900 0,503 

Stress response <0,001 0,806 0,997 0,372 <0,001 0,845 

Apoptosis 0,999 1,000 1,000 1,000 1,000 1,000 

Cell cycle 0,999 1,000 0,433 1,000 0,997 1,000 

Metabolism 1,000 1,000 1,000 1,000 1,000 1,000 

Various function       

Unknown       
 

Using data from Table 2, a binomial test was applied to determine for which pathways significantly more 

genes were present in the list of up/down regulated genes for the three group comparisons than could 

be expected by chance.  

Dark grey box: p< 0,001. Light grey box: p< 0,05 (Binomial test) 

MS: mock, spontaneous breathing, MV: mock, normocapnic mechanical ventilation, RS: respiratory 

syncytial virus, spontaneous breathing, RV: respiratory syncytial virus, normocapnic mechanical ventila-

tion. MS-MV: ventilation effect, MS-RS: RSV-effect, RS-RV: effect mechanical ventilation during respira-

tory syncytial virus infection.  

 

 

DISCUSSION  
 

We investigated the effects of mechanical ventilation as well as hypercapnic acido-

sis during mechanical ventilation on the host response during RSV-infection. We 

found that mechanical ventilation provoked a robust effect characterized by distinct 

molecular stress- and acute inflammatory responses additive to, but not aggravat-

ing, the innate immune response seen in RSV. Furthermore, hypercapnic ventila-
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tion of RSV-infected mice did not modulate pulmonary inflammation expressed by 

BALF cellular responses, cytokine concentrations or gene expression profiles. 

The results from our experiments in which only mechanical ventilation or RSV-

infection was applied, corroborated with existing literature. Mechanical ventilation 

of mock-inoculated mice significantly enhanced both pulmonary cellular responses 

and cytokine concentrations
9;19

. Gene transcription profiles during mechanical ven-

tilation, known to produce a global transcriptional signature distinct from spontane-

ous breathing, were similar to those reported. Gharib et al demonstrated that 4 

hours of mechanical ventilation (Vt 10 ml/kg) activated a pro-inflammatory tran-

scriptional program in lungs of C57BL/6 mice, reflected by enrichment of 176 

genes in pro-inflammatory pathways
20

. Of these 176 genes, 57 were found in our 

study with 93% concordant effects (up versus down regulation). Papaiahgari and 

colleagues studied gene expression in CD-1/ICR mice ventilated for 2 hours (Vt 12 

ml/kg)
21

. They found 63 differentially regulated genes of which 31 were differentially 

regulated in our study with 97% concordant effects. Altemeier showed modest 

differential gene expression in C57Bl/6 mice after 4 hours of mechanical ventilation 

with a lower Vt (10 ml/kg)
22

. Of 32 differentially regulated genes found in their 

study, 16 were found in our study with 94% concordant effects. Although overlap-

ping genes in these studies predominantly behaved concordantly, we found a larg-

er number of 376 differentially regulated genes. We hypothesized that this was 

caused by differences in duration of mechanical ventilation, ventilator settings and 

mouse species.  

RSV infection of BALB/c mice represents a well-established experimental model 

which successfully has been used to study the immunopathogenesis of RSV
23-25

. 

Lymphocytic response on day 5 post-infection and elevated levels of TNF-α, IL-6, 

KC and viral loads characterized RSV-infection in our study, consist with literature 

findings. Transcription profiles of primary RSV-response in BALB/c mice on day 5 

after infection have been reported
8;17

. We previously found 188 differentially regu-

lated genes of which 137 (=73%) were also differentially regulated in our study with 

100% concordant effects
17

. As the responses of our VILI and RSV models were in 

line with findings published earlier, our model provided a suitable framework for 

studies on mechanical ventilation during RSV infection.  

Little data exist on the effect of mechanical ventilation on pulmonary inflammation 

in the presence of a viral infection. Bem and colleagues showed that infection with 

mechanical ventilation enhanced the response to pneumonia virus of mice (PVM) 

and might serve to exacerbate local inflammatory responses and lung injury
26

. 

However, Zosky and colleagues showed that mechanical ventilation did not further 

exacerbate lung function impairment or lung inflammation following influenza A 

infection, using the same tidal volume and mice species
27

. No data exists on the 

consequences of VILI on RSV-induced pulmonary inflammation despite the fact  
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Table 4. Differentially regulated genes in both MS-RS and RS-RV.  
 

Gen symbole MN/MS RS/MS RN/MS RN/RS Gene name 

ACAA1B 1,80 0,27 0,66 2,46 acetyl-Coenzyme A acyltransferase 1B 

AIF1 0,60 5,30 2,55 0,48 allograft inflammatory factor 1 

ALAS2 0,93 0,35 0,77 2,20 aminolevulinic acid synthase 2, erythroid 

CCL12 0,74 4,88 1,77 0,36 chemokine (C-C motif) ligand 12 

CCL2 0,95 32,51 8,34 0,26 chemokine (C-C motif) ligand 2 

CCL4 0,99 5,50 2,51 0,46 chemokine (C-C motif) ligand 4 

CCL7 0,92 7,68 2,28 0,30 chemokine (C-C motif) ligand 7 

CD52 0,42 2,76 1,31 0,47 CD52 antigen 

CH25H 1,72 3,67 1,75 0,48 cholesterol 25-hydroxylase 

CLEC12A 0,46 2,42 0,98 0,41 C-type lectin domain family 12, member a 

CSRNP1 4,42 2,05 5,50 2,69 cysteine-serine-rich nuclear protein 1 

CXCL10 0,98 36,28 13,59 0,37 chemokine (C-X-C motif) ligand 10 

CXCL11 0,99 6,32 3,01 0,48 chemokine (C-X-C motif) ligand 11 

CXCL12 0,98 3,30 1,56 0,47 chemokine (C-X-C motif) ligand 12 

CXCL2 3,84 2,23 5,54 2,49 chemokine (C-X-C motif) ligand 2 

EOMES 0,50 2,33 1,06 0,46 eomesodermin homolog (Xenopus laevis) 

HBA-A1 0,72 0,20 0,56 2,74 hemoglobin alpha, adult chain 1 

HBB-B1 0,79 0,21 0,65 3,09 hemoglobin, beta adult major chain 

HBB-B2 0,88 0,20 0,63 3,21 hemoglobin, beta adult minor chain 

IFIT2 0,53 4,76 1,97 0,41 interferon-induced protein with tetratricopeptide 

repeats 2 

IFIT3 0,44 3,15 1,54 0,49 interferon-induced protein with tetratricopeptide 

repeats 3 

IFNG 0,97 5,73 2,34 0,41 interferon gamma 

LTB 0,48 2,03 0,94 0,47 lymphotoxin B 

MT2 11,51 2,85 13,07 4,59 metallothionein 2 

MX1 0,78 5,60 2,62 0,47 myxovirus (influenza virus) resistance 1 

PHF11 0,69 4,08 2,01 0,49 PHD finger protein 11 

SCGB1A1 0,35 0,45 0,21 0,47 secretoglobin, family 1A, member 1 (utero-

globin) 

SERPINA3N 6,11 2,27 7,72 3,39 serine (or cysteine) peptidase inhibitor, clade A, 

member 3N 

SNCA 0,90 0,27 0,79 2,95 synuclein, alpha 

THBS1 5,95 2,97 7,14 2,41 thrombospondin 1 

TNF 0,82 2,94 1,27 0,43 tumor necrosis factor 

XCL1 0,80 4,41 1,84 0,42 chemokine (C motif) ligand 1 

ZBTB16 4,18 0,43 2,72 6,38 zinc finger and BTB domain containing 16 

creo
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When comparing spontaneous breathing respiratory syncytial virus inoculated mice (MS/RS) to ventilat-

ed respiratory syncytial virus inoculated mice (RS/RV), 33 genes are differentially regulated in both 

groups, mostly chemokines. The modest down-regulation of chemokine expression in ventilated respira-

tory syncytial virus inoculated mice (RS/RV) was still strongly up regulated compared to spontaneous 

breathing mock-inoculated animals (MS/RV). 

Red box: > 2-fold up-regulated. Green box: > 2-fold down-regulated. MS: mock, spontaneous breathing, 

MV: mock, normocapnic mechanical ventilation, RS: respiratory syncytial virus, spontaneous breathing, 

RV: respiratory syncytial virus, normocapnic mechanical ventilation. MS/MV: ventilation effect, MS/RS: 

RSV-effect, RS/RV: effect mechanical ventilation during respiratory syncytial virus infection. 

 

 
Figure 3. Cluster analysis of regulated genes in lungs of RSV or mock inoculated mice on day 5 after 

either 5 hours of mechanical ventilation or spontaneous breathing (n=4 for each group). 
 

 
All genes with a change of > 2.0-fold (P < 0.001) are depicted (ANOVA). Gene expression changes are 

shown relatively to the median for spontaneous breathing mock-inoculated mice. Each row represents 

lungs of a group of mice; MS: mock, spontaneous breathing, MV: mock, normocapnic mechanical venti-

lation, MH: mock, hypercapnic mechanical ventilation, RS: respiratory syncytial virus, spontaneous 

breathing, RV: respiratory syncytial virus, normocapnic mechanical ventilation, RH: respiratory syncytial 

virus, hypercapnic mechanical ventilation.  
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 that RSV infection is the most frequent cause of non-elective PICU admission for 

mechanical ventilatory support in infants during the winter season.  

We showed that mechanical ventilation during RSV infection added a stress re-

sponse to virus-induced innate immunity activation with only little interaction, re-

flected by modest inhibition of TNF-α and IFN-y chemokine expression pattern. We 

hypothesize that the additional stress response may cause further damage and 

inhibition of innate immune response with subsequent delayed viral clearance. 

Although one should be cautious in translating results from experimental models to 

daily clinical practice, the observed ventilation-specific lung inflammation in addition 

to the response to viral respiratory infections underscores the need for optimal 

modes of lung protective ventilation in patients with severe respiratory infections. 

More specifically, these results support the notion to reconsider invasive mechani-

cal ventilation for RSV bronchiolitis in favour of less invasive mechanical ventilation 

strategies.   
 

Figure 4. Principal-component analysis of the microarray analysis of lungs of BALB/c mice (n=4 

for each group).  

 
PCA identifies the two directions (PC1 and PC2) along which data have the largest spread. The dis-

tance between the groups in the figure corresponds to the combined differences in gene expression in 

the groups. Every letter combination above a circle (e.g. RS or MS) corresponds to 1 of the 6 experi-

mental groups (n = 4 mice/group). Each letter/number combination inside a circle corresponds to a 

single mouse. (e.g. RH11 = respiratory syncytial virus (R), hypercapnic mechanical ventilation (H), 

mouse number 11). MS: mock, spontaneous breathing, MV: mock, normocapnic mechanical ventilation, 

MH: mock, hypercapnic mechanical ventilation, RS: respiratory syncytial virus, spontaneous breathing, 

RV: respiratory syncytial virus, normocapnic mechanical ventilation, RH: respiratory syncytial virus, 

hypercapnic mechanical ventilation. 
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Of the 53 genes only differentially regulated in ventilated RSV-inoculated mice, 

96% had fold expression levels near cut-off values (2-fold) suggesting minimal 

effects. Only neutrophilic NGP and PROK2 were up regulated more than 3 fold. 

NGP was first identified as a myeloid-specific granule protein with homology to 

cystatin superfamily, known to modulate the activity of the immune response but 

has no known human homologue
28

. PROK2 belongs to a family of secreted pep-

tides with diverse regulatory roles, e.g. modulation of immunity
29

. The importance 

of both genes in mechanical ventilation for RSV infection remains to be elucidated. 

Studies have shown that induced hypercapnic acidosis in non-infectious models 

may protect against VILI
11;12

. The effects of hypercapnic acidosis on bacterial injury 

may vary from benefit to harm depending on the stage of injury process
16

. We have 

found that induced hypercapnic acidosis during mechanical ventilation did not in-

fluence pulmonary inflammation expressed by BALF cellular responses and cyto-

kine concentrations in either our non-infectious or infectious model. These findings 

were supported by complete absence of induction or suppression of gene expres-

sion. Because tidal volumes and ventilator settings were maintained constant 

throughout the experiment, results are solely attributable to the effects of hyper-

capnic acidosis. However, we cannot exclude deleterious effects of either higher 

concentrations of CO2 or hypercapnic acidosis during prolonged mechanical venti-

lation for viral infection. The clinically relevant conclusion drawn from our study is 

that hypercapnic acidosis, frequently accepted during the commonly applied low 

tidal volume and limited pressure ventilation strategies in RSV-infected infants 

requiring respiratory support
30

, does not aggravate VILI against the background of 

virus-induced airway inflammation. 

This study has several strengths. Firstly, we provide a novel animal model in which 

the molecular effects of stable mechanical ventilation on RSV lower respiratory 

tract infection can be studied. In addition, this model enables studying the molecu-

lar effects of several interventions aimed at reducing pulmonary inflammation such 

as ventilator strategies, immunosuppression and relative hypoxia. Finally, 

knowledge of the effects of hypercapnic acidosis during mechanical ventilation 

during RSV infection is of clinical importance. We provided evidence that hyper-

capnic acidosis, often the resultant of lung protective ventilator strategies, did not 

alter viral replication or host response during mechanical ventilation for RSV infec-

tion in a mouse model. On the other hand, we have also considered the following 

limitations. Firstly, RSV is not a natural murine pathogen. Nonetheless, the mouse 

model shows similarity to the pathogenesis of RSV-induced lower airway disease 

in humans
25

. An alternative mouse model used to mimic human RSV infection, is 

pneumonia virus of mice, a natural rodent pathogen, belonging to the same virus 

family, subfamily and genus as RSV
31;32

. Pneumonia virus of mice however, does 

not elicit the characteristic lymphocytic response as seen in both human and mu-

rine RSV infection on day 4-6 after infection
33

 with T-cells having an important role 
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in both viral clearance and disease enhancement in mice
24

. Secondly, the time 

course of mechanical ventilation in this study is short whereas children with a res-

piratory insufficiency due to a RSV infection usually require days to even weeks of 

mechanical ventilation. Our conclusion that VILI does not affect the innate re-

sponse to viral infection needs to be tested further in a model exposing the mice to 

longer ventilation. Thirdly, in our experimental setting it was not possible to meas-

ure heart rate and blood pressure in non-sedated mice. In addition, we hypothesize 

that non-sedated mice may have had less severe induced hypercapnic acidosis 

due to increased rate of breathing in response to 5% CO2 air. Finally, we used 

transcription profiling of whole lungs to obtain expression values and therefore 

have not determined the cell-specific source of differentially expressed genes. 

 
 

CONCLUSIONS 

 

In summary, we have developed a model to study the molecular mechanisms of 

mechanical ventilation during viral infection. This study advances our knowledge of 

to what extent mechanical ventilation affects pulmonary inflammation in RSV infec-

tion. We demonstrate that mechanical ventilation adds a stress response to virus-

induced innate immunity activation. Furthermore, our model suggests that hyper-

capnic acidosis, frequently accepted during mechanical ventilation of RSV-infected 

infants, does not aggravate VILI or affect the local immune response against the 

background of virus-induced airway inflammation. 
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ABSTRACT 
 

Objective: Respiratory syncytial virus (RSV) lower respiratory tract infection (LRTI) 

is the most frequent cause of respiratory insufficiency necessitating mechanical 

ventilation in infants during the winter season. Recently, we presented a new ani-

mal model to show that mechanical ventilation aggravates RSV-induced pulmonary 

inflammation by distinct mechanisms. We now use this model to study whether low 

tidal volume mechanical ventilation attenuates VILI in the presence of RSV LRTI. 

Design and Setting: Randomized controlled experimental study in a University 

Medical Center animal laboratory. 

Subjects: Male BALB/c mice, aged 6 to 8 weeks and weighing 20 to 28 grams. 

Interventions: Mice were inoculated with RSV or mock-virus on day 0 and venti-

lated on day 5 with high (12 ml/kg) or low (6 ml/kg) tidal volume (Vt) for 5 hours.  

Measurements and Main Results: Total and differential cell counts as well as 

cytokine concentrations were determined in bronchoalveolar lavage fluid (BALF). 

Compared to non-ventilated RSV-infected mice, high Vt ventilation of RSV-infected 

mice enhanced BALF total cell count (0,93 vs. 0,38 x10e6/ml; p<0,01), neutrophils 

(0,20 vs. 0,03 x 10e6/ml; p<0,01), IL-6 (266 vs. 66 pg/ml; p<0,01) and KC (335 vs. 

115 pg/ml; p<0,01). In low Vt ventilation of RSV-infected mice, no significant differ-

ence in cell counts and cytokine concentrations was observed compared to spon-

taneous breathing RSV-infected controls.  

Conclusion: Low tidal volume mechanical ventilation partially prevents ventilation-

induced cellular and cytokine influx into the bronchoalveolar space during RSV 

lower respiratory tract infection. 
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INTRODUCTION 
 

Respiratory syncytial virus lower respiratory tract infection (RSV LRTI) is the most 

frequent cause of Pediatric Intensive Care Unit admission for mechanical ventilato-

ry support in infants during the winter season
1
. During the first year of life more 

than 50% of all infants are infected with RSV
2
 with 0.1% of all children requiring 

mechanical ventilation for a RSV LRTI. Although life-saving, mechanical ventilation 

may induce or aggravate pulmonary inflammation and lung injury. The mechanisms 

underlying ventilator-induced lung injury (VILI) are incompletely understood and 

most likely inter-related and overlapping. The different components of VILI however 

can be divided into two main categories: direct physical damage or disruption of the 

tissues and cells, and activation of cytotoxic or proinflammatory responses
3
. High 

levels of cytokines, especially interleukin (IL)-6, IL-8, and tumor necrosis factor 

(TNF), are thought to be key mediators in the pathogenesis of VILI
3
. In a diseased 

lung VILI and its consequences may be more severe. Because the affected lung is 

no longer homogeneous, ventilatory volume and therefore tissue overstretch is not 

equally distributed over the lung. When pulmonary inflammation is already present 

and mechanical ventilation is applied, inflammation may be enhanced
4;5

.   

Both experimental studies and clinical trials have shown that ventilator strategies 

aimed at attenuating VILI, by limiting tidal volumes and inflation pressures, not only 

reduce pulmonary cytokine levels but also decrease lung injury and mortality
3;6

. To 

date little is known about the immunological effects of mechanical ventilation in 

RSV infected subjects. We hypothesized that lung protective low tidal volume me-

chanical ventilation attenuates VILI in the presence of RSV LRTI. 

 

 

MATERIALS AND METHODS 
 

The study was approved by the animal care and use committee of the University 

Medical Center Utrecht, the Netherlands. All animal procedures were carried out in 

compliance with national and international standards for human care and use of 

laboratory animals. 

Experimental design 

This study builds on a recently published model
5
. For the current study, new exper-

iments were performed with male BALB/c mice (n=36) (Harlan, the Netherlands), 

aged 6 to 8 weeks, weighing 20 to 28 grams. On day 0, mice were randomly as-

signed to intranasal inoculation with 50 µl of either RSV (containing 2x10e6 

pfu/50µl) or mock-suspension. Virus and mock suspension were prepared as pre-

viously described
5
. On day 5, mice were randomly assigned to spontaneous 

breathing or 5 hours of mechanical ventilation with either high (12 ml/kg) or low (6 

ml/kg) tidal volumes. This resulted in 6 experimental groups of 6 mice each. Spon-
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taneously breathing mice were kept in an enclosed environment in which ambient 

FiO2 was maintained at 0.5 for 5 hours. Mice assigned to mechanical ventilation (Vt 

12 ml/kg, frequency 40/min, PEEP 6 cmH2O and FiO2 0.5 or Vt 6 ml/kg, frequency 

110/min, PEEP 6 cmH2O and FiO2 0.5), were anesthetized, ventilated and moni-

tored for 5 hours as described previously
5
. Systolic blood pressure and heart rate 

of ventilated mice were monitored non-invasively using a murine tail-cuff system 

(ADInstruments, Germany). All mice survived 5 hours of mechanical ventilation and 

remained hemodynamically and respiratory stable throughout the whole experi-

ment (table 1).  

 
Table 1. Hemodynamic and respiratory characteristics of ventilated mice  
 

 

Mock 

Vt 12 ml/kg 

Mock 

Vt 6 ml/kg 

RSV 

Vt 12 ml/kg 

RSV 

Vt 6 ml/kg 

HR t=0 hr 417 (±29) 407 (±24) 420 (±29) 402 (±40) 

HR t=2,5 hr 421 (±35) 418 (±37) 427 (±39) 393 (±31) 

HR t=5 hr 377 (±38) 390 (±45) 377 (±36) 402 (±36) 

     

BP t=0 hr 103 (±24) 96 (±14) 93 (±12) 93 (±10) 

BP t=2,5 hr 87 (± 7) 91 (±10) 91 (±14) 86 (± 6) 

BP t=5 hr 98 (±10) 100 (±18) 96 (±13) 95 (±11) 

     

pH 7,41 (±0,02) 7,40 (±0,05) 7,42 (±0,04) 7,41 (±0,04) 

PaCO2 287 (±30) 318 (±38) 309 (±30) 306 (±38) 

PaO2 1807 (±293) 1365 (±255) 1980 (±150) 1875 (±128) 

BE -1 (±3) 1 (±2) 3 (±3) 1 (±3) 

HCO3- 24 (±3) 25 (±3) 27 (±3) 26 (±3) 
 

BALB/c mice were inoculated with mock suspension or RSV (2x10e6 pfu) on day 0 and subjected to 5 

hours of high (12 ml/kg) or low (6 ml/kg) tidal volume mechanical ventilation on day 5. Arterial blood gas 

sampling (at t=5 hours) was performed by dissecting the carotid while the mice were still ventilated. 

HR= heart rate in beats per minute, BP= systolic blood pressure in mmHg, PaCO2 and PaO2 in torr, BE 

and HCO3- in mmol/L.   

Data are depicted as mean (± standard deviation). 

 

Measurements 

After exsanguination, BALF of 6 mice per experimental group was collected for 

total and differential cell count. TNF-α, IL-6 and keratinocyte-derived chemokine 

(KC) concentrations in BALF supernatant were measured by enzyme-linked im-

munosorbent assay according to manufacturer's instructions (R&D Systems, Unit-

ed Kingdom).  
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Statistical analysis 

All data are expressed as mean ± standard deviation. To detect differences be-

tween groups a Kruskal Wallis with a Dunn’s post hoc test was performed. A p-

value of less than 0.05 was considered statistically significant. All statistical anal-

yses were carried out using GraphPad PRISM 5 (La Jolla, CA, USA). 

 

 

RESULTS 
 

In mock-inoculated mice low tidal volume mechanical ventilation attenuates 

ventilator induced inflammation  

Compared to spontaneous breathing mock-inoculated mice, high Vt (12 ml/kg) 

mechanical ventilation induced an enhanced influx of cells in BALF, predominantly 

macrophages (figure 1a). BALF IL-6 concentrations were increased and KC con-

centrations, although not significantly, were elevated compared to spontaneous 

breathing controls (figure 1b). On the contrary, when applying low Vt (6 ml/kg) me-

chanical ventilation BALF cellular responses and cytokines concentrations did not 

differ from spontaneous breathing mock-inoculated mice (figure 1a,b).  

In RSV-infected mice low tidal volume mechanical ventilation partially pre-

vents ventilator induced inflammation  

As compared to mock-inoculation, simple RSV infection in spontaneous breathing 

mice induced higher BALF cellular responses (total cell influx 0,17 vs. 0,38 

x10e6/ml, p<0,05) with a predominant lymphocytic response (0,00 vs. 0,14 x 

10e6/ml; p<0,05) and elevated cytokine concentrations (IL-6: 19 vs. 116 pg/ml, p< 

0,05; KC: 0 vs. 66 pg/ml; p<0,05). 

High Vt mechanical ventilation of RSV-infected mice induced an enhanced influx of 

BALF cells, predominantly neutrophilic granulocytes (figure 1c). In addition, a sig-

nificant increase in IL-6 and KC was observed in ventilated animals as compared to 

spontaneous breathing mice (figure 1d). Mechanical ventilation with low tidal vol-

ume partially prevented cellular influx into the bronchoalveolar space, especially 

influx of neutrophils (figure 1c). No differences were observed in BALF cytokine 

levels (figure 1d) between RSV-infected spontaneous breathing and low Vt venti-

lated mice. 
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Figure 1. Bronchoalveolar fluid cellular responses and cytokine concentrations (n=6 for each group)  

 

 
 

A. Mean and SD of bronchoalveolar fluid pulmonary cellular responses of mock-inoculated mice. 

B. Mean and SD of bronchoalveolar fluid cytokines of mock-inoculated mice 

C. Mean and SD of bronchoalveolar fluid pulmonary cellular responses of RSV-infected mice. 

D. Mean and SD of bronchoalveolar fluid cytokines of RSV-infected mice 

BALB/c mice were inoculated with mock suspension or RSV (2x10e6 pfu/50ul) on day 0 and subjected 

to 5 hours of high (12 ml/kg) or low (6 ml/kg) tidal volume mechanical ventilation on day 5.  

Open column: spontaneous breathing, gray column: ventilated, Vt 12 ml/kg, black column: ventilated, Vt 

6 ml/kg; TCC: total cell count; N: neutrophils; L: leukocytes; M: macrophages; IL-6: interleukin-6; KC: 

keratinocyte-derived chemokine; TNF-a: tumor necrosis factor-α. 

* p < .05, ** p < .01, *** p < .001 (Kruskal Wallis with a Dunns post hoc test).   

 

 

DISCUSSION 
 

Intuitively, large forced inspiratory volumes or high peak pressures during mechan-

ical ventilation for viral respiratory infection damage airways by exuberant stretch-

ing of non-compliant inflamed airways. Surprisingly, no data exist to support this 

idea. This study showed for the first time that mechanical ventilation of RSV-

infected mice with high Vt (12 ml/kg) led to more pronounced pulmonary cellular 

influx and cytokine production than ventilation with low Vt (6 ml/kg).  
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RSV infection of BALB/c mice represents a well-established experimental model 

which successfully has been used to study the immunopathogenesis of RSV
7;8

. We 

recently presented our current model of mechanical ventilation of RSV infected 

mice, demonstrating that mechanical ventilation adds a distinct molecular stress 

response to virus-induced airway inflammation. High Vt ventilation of mock-

inoculated mice significantly enhanced pulmonary cellular responses and cytokines 

whereas a low Vt attenuated inflammatory responses. As these responses were in 

accordance with published findings on ventilator induced lung injury so far
3
, our 

model provided a suitable framework for studies on mechanical ventilation during 

RSV infection. Two other experimental studies investigated the effects of mechani-

cal ventilation on pulmonary inflammation during viral lower respiratory tract infec-

tion in mice. Bem and colleagues showed that infection with pneumonia virus of 

mice (PVM) enhanced the response to mechanical ventilation (Vt 10 ml/kg) and 

might exacerbate local inflammatory responses and lung injury
4
. Interestingly, us-

ing the same tidal volume, Zosky et al. on the other hand showed that mechanical 

ventilation did not further exacerbate lung function impairment or lung inflammation 

following influenza A infection
9
. This discrepancy in outcome might be attributable 

to either the differences in viruses and/or differences in experimental design. Using 

only one relatively high Vt, these studies did not explore the effects of a lower, 

more lung protective Vt.  

The present study shows that a lung protective low tidal volume ventilatory strategy 

attenuates pulmonary inflammation during mechanical ventilation in RSV LRTI. 

This is of particular clinical relevance as tidal volumes higher than 6 ml/kg are often 

applied, either intentionally to prevent excessive hypercapnia or unintentionally 

during pressure controlled ventilation without close monitoring of tidal volumes. At 

our institution lung protective mechanical ventilation with low tidal volumes has 

been standard care for several years. However, review of actually applied tidal 

volumes in infants with RSV LRTI during the winter seasons 2008-2011, showed 

that of the 45 ventilated patients, 11 (24%) intentionally had been ventilated with a 

Vt of > 10 ml/kg for several days (range 1-4 days) to prevent excessive hypercap-

nic acidosis (unpublished data).  

This study has several strengths. First, knowledge of the inflammatory effects of 

mechanical ventilation during viral respiratory tract infection is of direct clinical in-

terest as stated above. The profound enhanced inflammatory response during high 

Vt ventilation emphasizes the importance of applying lung protective ventilation in 

the presence of RSV LRTI. Furthermore, this model enables studying the effects of 

several interventions aimed at reducing pulmonary inflammation such as ventilator 

strategies, immunosuppression, and relative hypoxia. The present study has the 

following limitations. First, RSV is not a natural murine pathogen. Nonetheless, the 

mouse model shows close similarity to the pathogenesis of RSV-induced lower 

airway disease in humans
10

. Secondly, the time course of mechanical ventilation in 
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this study is short whereas children with a respiratory insufficiency due to a RSV 

LRTI usually require days to even weeks of mechanical ventilation. The immune 

response to RSV infection is time dependent. It is therefore conceivable that the 

inflammatory response of mechanical ventilation will be affected by the disease 

state. Subsequently, the relevance of this model for studying the immunological 

effects of mechanical ventilation in human RSV LRTI is limited and results must be 

extrapolated to human disease with caution. However, as human studies analyzing 

the immunological responses to mechanical ventilation are difficult to perform, the 

use of this suitable animal model provides an acceptable alternative. 

 

 

CONCLUSIONS 
 

In conclusion, our study demonstrates that mechanical ventilation aggravates pul-

monary inflammation during experimental RSV infection, which is partially prevent-

ed by the use of low tidal volumes.  
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ABSTRACT  
 

Respiratory insufficiency due to severe respiratory syncytial virus (RSV) infection is 

the most frequent cause of pediatric intensive care unit admission in infants during 

the winter season. Previous studies showed increased levels of inflammatory me-

diators in airways of ventilated children with respiratory failure caused by viral 

bronchiolitis. In this prospective observational multi-center study we aimed to in-

vestigate whether this difference was related to disease severity or caused by me-

chanical ventilation.  

Nasopharyngeal aspirates were collected <1 hour before intubation and 24 hours 

later in RSV bronchiolitis patients with respiratory failure (n=18) and non-ventilated 

RSV bronchiolitis controls (n=18). Concentrations of the following cytokines were 

measured: interleukin (IL)-1α, IL-1β, IL-6, monocyte chemotactic protein (MCP)-1 

and macrophage inflammatory protein (MIP)-1α.  

Baseline cytokine levels were comparable between ventilated and non-ventilated 

infants. After 24 hours of mechanical ventilation mean cytokine levels, except for 

MIP-1α, were elevated compared to non-ventilated infected controls: IL-1α (159 

versus 4 pg/ml, p<0.01), IL-1β (1068 versus 99 pg/ml, p<0.01), IL-6 (2343 versus 

958 pg/ml, p<0.05) and MCP-1 (174 versus 26 pg/ml, p<0.05).  

Using pre- and post-intubation observations, this study demonstrates that endotra-

cheal intubation and subsequent mechanical ventilation cause a robust pulmonary 

inflammation in infants with RSV bronchiolitis and respiratory failure.  
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INTRODUCTION 
 

Respiratory syncytial virus (RSV) is the most common viral cause of seasonal 

acute respiratory tract illness in infants worldwide. The clinical manifestations range 

from mild upper respiratory tract symptoms (cough, coryza, rhinorrhoea and con-

junctivitis), to (severe) lower respiratory tract infection (LRTI) and even life-

threatening respiratory insufficiency requiring mechanical ventilation. Treatment for 

RSV LRTI is largely supportive and no effective vaccine is currently available
1
. 

More than 50% of all infants are infected with RSV during the first year of life and at 

age 2 almost all children have been infected
2
. About 1% to 2% of these children 

will need hospitalization and about 10% of these hospitalized children, approxi-

mately 0.1% of all children, will require mechanical ventilation for a severe RSV 

LRTI during the first year of life
3
. Accordingly, RSV LRTI is the most frequent cause 

of non-elective pediatric intensive care unit (PICU) admission for mechanical venti-

latory support in infants during the winter season
4
.   

RSV infection provokes a predominantly neutrophilic infiltrate in bronchoalveolar 

lavage fluid
5
 associated with the production and release of large amounts of proin-

flammatory cytokines and chemokines
5;6

. Several studies have demonstrated a 

correlation between disease severity with both local immune response [7-10] and 

viral load
11-14

. When comparing ventilated with non-ventilated infected infants, an 

association between the inflammatory response and disease severity was also 

found
11;15-17

. In these studies however, all samples from ventilated infected infants 

were collected after initiation of mechanical ventilation. Subsequently, observed 

cytokine concentrations might not only reflect virus-induced pulmonary inflamma-

tion but also the immunological response to mechanical ventilation known as venti-

lator induced lung injury
18

.  

We sought to investigate to what extent increased local inflammation in mechani-

cally ventilated children with RSV bronchiolitis resulted from disease severity or 

endotracheal intubation and initial mechanical ventilation. We hypothesized that 

differences in cytokine levels between mechanically ventilated and non-ventilated 

RSV infected infants were absent at time of intubation but developed during the 

early phase of mechanical ventilation. To test this hypothesis we studied local cy-

tokine levels prior to endotracheal intubation and, again, 24 hours later. 

 

 

MATERIALS AND METHODS 
 

The study was approved by the regional Medical Ethical Committee South West 

Holland and the Ethics Review Committee of the University Medical Center 

Utrecht. All parents provided written, informed consent. 
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Selection of patients 

Infants less than 13 months old with a proven RSV infection and respiratory insuffi-

ciency requiring mechanical ventilation were enrolled in the Wilhelmina’s Children’s 

Hospital, Utrecht, the Netherlands during 2 winter epidemics (2009-2011). During 

the same period, hospitalized children less than 13 months with proven RSV LRTI 

without the need for mechanical ventilation were enrolled as non-ventilated controls 

in two hospitals in the Netherlands (Wilhelmina’s Children’s Hospital, Utrecht and 

Juliana Children's Hospital/Haga Teaching Hospital, The Hague). Infants with un-

derlying chronic lung disease, cyanotic congenital heart disease, Down’s syndrome 

and/or prematurity (gestational age < 37 weeks) were excluded.  

Collection of materials 

For this study we measured cytokine levels in nasopharyngeal aspirates (NPA). A 

strong correlation exists between cytokine concentrations determined in upper and 

lower airways
9;15;17;19

. In order to collect material before the onset of mechanical 

ventilation as well as to optimize the overall sample collection rate, undiluted NPAs 

were collected shortly (< 1 hour) before intubation. A second NPA was collected 24 

hours after intubation. In non-ventilated patients, a NPA sample was taken on ad-

mission and 24 hours later. Aspirates were placed on ice immediately and stored at 

-80°C for later cytokine analysis. 

Measurements 

Interleukin (IL)-1α, IL-1β, IL-6, monocyte chemotactic protein (MCP)-1 and macro-

phage inflammatory protein (MIP)-1α were measured in NPAs by enzyme-linked 

immunosorbent assay according to manufacturer's instructions (R&D Systems, 

United Kingdom). The lower detection limit for IL-1α was 8 pg/ml; for IL-1β 70 

pg/ml, for IL-6 32 pg/ml, for MCP-1 32 pg/ml and for MIP-1α 80 pg/ml. When cyto-

kines were not detectable, the minimum detectable level divided by 2 was used in 

the calculations. RSV infection was diagnosed by PCR as described previously
11

. 

RSV concentrations were analysed using real-time PCR. Low cycle time (CT) val-

ues indicate high RSV concentrations, while high CT values (with a maximum of 40 

cycles) represent low viral loads. 

Statistical analysis 

All data are expressed as mean (±SD). To detect differences between groups a 

paired t-Test was used and a p-value of less than 0.05 was considered statistically 

significant. Correlation between viral load and cytokine concentration was analysed 

with Spearman's rank correlation coefficient. Statistical analyses were carried out 

using GraphPad PRISM 5 (La Jolla, United States of America).  
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RESULTS  
 

Patient Characteristics 

Characteristics of patients and controls are shown in table 1. During the study peri-

od 37 RSV-infected patients were referred to our PICU for ventilatory support re-

sulting in inclusion of 18 patients (figure 1). At time of sampling, six patients in this 

study group had positive bacterial cultures from tracheal aspirates (Moraxella Ca-

tarrhalis n=2, Hemophilus Influenza n=4, Streptococcus Pneumoniae n=2, Staphy-

lococcus Aureus n=3, Streptococcus Pyogenes n=1) whereas 3 others had a viral 

co-infection (Rhinovirus n=3, Adenovirus n=1). None of the patients received ribavi-

rin or systemic steroids. All patients survived.  

 
Table 1. Patient characteristics of spontaneous breathing (SB) and mechanically ventilated (MV) RSV- 

infected infants.  

 

Nr: number of patients; T=0 for ventilated patients is < 1 hour before intubation, for non-ventilated pa-

tients on admission; T=24 is 24 hours after the first sample in both groups; NS: not significant; Vt: Tidal 

volume. 

 

  SB MV p-value 

Nr patients included 18 18 NS 

Male patients, nr (%) 11 (61) 11 (61) NS 

Age in days, mean (SD) 95 (57) 72 (90) 0,04 

Weight in kg, mean (SD) 6,1 (5) 4,7 (1,4) 0,02 

Days ill at t=0, mean (SD) 2,8 (3) 3,7 (2) 0,11 

Viral co-infections, nr (%) - 3 (17)  

Bacterial pneumonia, nr (%) - 6 (33)  

T = 0 hours    

Blood gas analysis, nr (%) 5 (28) 12 (67)  

pH/PaCO2/ 
BE/Bic, mean (SD) 

7,39(0,04)/53,7(12)/ 
3(4)/28,6(3) 

7,19(0,08)/72,4(22)/ 
1,8(2)/25,9(8) 

 

T = 24 hours    

Vt  in ml/ kg, mean (SD) - 7,6 (2)  

Peak ventilator pressure in cm 
H2O, mean (SD) 

- 27,5 (5)  

Ventilator FiO2, mean (SD) - 0,37 (0,05)  

Transcutaneous saturation, 
mean (SD) 

98 (1) 98 (2)  

Blood gas analysis, nr (%) 1 (6) 18 (100)  

pH/PaCO2/ 
BE/Bic, mean (SD) 

7,32(0)/ 65,0(0)/ 
8,0(0)/33,8(0) 

7,38(0,05)/45,3(7)/ 
2,2(3)/27,2(3) 
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Figure 1. Flow chart of RSV-infected patients referred to our PICU for ventilatory support and inclusion.  

 

 
PICU: pediatric intensive care unit, GA: gestational age. 

 

 

The control subjects were included in the Wilhelmina Children’s Hospital (n=16) 

and in the Juliana Children's Hospital/Haga Teaching Hospital (n=2). As expected, 

mechanically ventilated infants were significantly younger and weighted less than 

their spontaneous breathing controls (table 1). 

Cytokine levels at baseline are comparable for ventilated and non-ventilated 

infected infants 

RSV-induced pulmonary inflammation at baseline, reflected by NPA IL-1α, IL-1β, 

IL-6, MCP-1 and MIP-1α concentrations, did not differ between ventilated and non-

ventilated patients (figure 2).  
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Figure 2. Nasopharyngeal aspirate cytokine levels at baseline 

 

 
An undiluted nasopharyngeal aspirate was taken from respiratory insufficient RSV-infected infants (age 

< 13 months) <1 hour before intubation. Aspirates of RSV-infected children (age < 13 months) without 

the need of mechanical ventilation were collected on admission. The graph shows cytokines levels for 

spontaneous breathing infants (white bars) and for respiratory insufficient infants just before mechanical 

ventilation (grey bars).   

IL-1α: interleukin-1α; IL-1β: interleukin-1β; IL-6: interleukin-6; MCP-1: monocyte chemotactic protein; 

MIP-1α:  macrophage inflammatory protein-1α. 

Bars represent mean ± sd (n= 11 infants for IL1a MV only; all other groups n=18 infants). No differences 

were found between the two groups using a paired t-test.  

 

 

Mechanical ventilation enhances pulmonary inflammation 

After 24 hours all pro-inflammatory cytokine concentrations, except for MIP-1α, 

were significantly enhanced in the mechanically ventilated group as compared to 

the non-ventilated controls (figure 3). In the spontaneous breathing group, all mean 

cytokine concentrations at t=24 hours showed a decreasing trend compared to 

baseline values (IL-1β 430 vs. 382 pg/ml, for IL-6 1571 vs. 1037 pg/ml, for MCP-1 

184 vs. 153 pg/ml and for MIP-1α 177 vs. 90 pg/ml), except for IL-1α (59 vs. 80 

pg/ml). For the ventilated patients, all mean cytokine concentrations clearly in-

creased during 24 hours of mechanical ventilation (IL-1α 87 vs. 159 pg/ml; for IL-1β 

160 vs. 1068 pg/ml, for IL-6 322 vs. 2342 pg/ml and for MCP-1 158 vs. 174 pg/ml), 

except for MIP-1α (40 vs. 40 pg/ml). In conclusion mechanical ventilation during 

RSV infection clearly enhanced pulmonary inflammation as compared to RSV in-

fection alone reflected by NPA pro-inflammatory cytokines.  

Viral loads  

Although nasopharyngeal viral loads taken on t=0 in ventilated infants were higher 

than loads measured in the spontaneous breathing group (CT 20.6 vs. 22.9), this 

difference did not reach statistical significance (p=0.06). There was no correlation 

found between viral loads and cytokine levels.  
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Figure 3. Nasopharyngeal aspirate cytokine levels after 24 hours 

 

 
 

An undiluted nasopharyngeal aspirate was taken 24 hours after the baseline sample from mechanically 

ventilated and spontaneous breathing hospitalized RSV-infected infants (age < 13 months). The graph 

shows cytokines levels for both spontaneous breathing (white bars) and mechanically ventilated infants 

(grey bars).  

IL-1α: interleukin-1α; IL-1β: interleukin-1β; IL-6: interleukin-6; MCP-1: monocyte chemotactic protein; 

MIP-1α:  macrophage inflammatory protein-1α. 

Bars represent mean ± sd (n= 11 infants for IL1a MV only; all other groups n=18 infants). A paired t-test 

was used to compare differences between the two groups (*= P<0.05, **= P<0.01, ***= P<0.001).  

 

 

DISCUSSION 
 

This is the first study investigating cytokine levels before and after endotracheal 

intubation for RSV bronchiolitis. We studied to what extent intubation and subse-

quent mechanical ventilation in infants with RSV bronchiolitis could have impacted 

on pulmonary inflammation in comparison with infants with RSV bronchiolitis who 

were not mechanically ventilated. We found that the need for mechanical ventila-

tion in RSV-infected infants was not associated with enhanced virus-induced pul-

monary inflammation at baseline. Endotracheal intubation and subsequent me-

chanical ventilation induced additional inflammation expressed by increased levels 

of NPA cytokine concentrations after 24 hours.  

The association between immunological response and disease severity in sponta-

neous breathing versus mechanically ventilated RSV infected children has been 

previously studied by our group and others
11;15;16

. In these studies however cyto-

kine analysis was performed on samples collected while patients were already 

ventilated. Therefore, observed cytokine concentrations might not only reflect viral 

induced pulmonary inflammation but also the immunological response to intubation 

and mechanical ventilation which complicates interpretation of these results. We 

are the first to show that virus induced pulmonary inflammation in infants with mild 

RSV disease (spontaneous breathing group) was similar to what was observed in 
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infants with severe RSV disease (ventilated group) at time of intubation. Hence, the 

need for mechanical ventilation in previously healthy infants was not explained by 

enhanced viral induced pulmonary inflammation or viral load. Most likely, other 

patient-related factors, such as age and/or weight
20

 and genetic susceptibility
16

 

played an important role in the development of life-threatening RSV bronchiolitis.  

The increase in cytokine levels in infants with respiratory failure due to RSV bron-

chiolitis was attributable to intubation and mechanical ventilation, despite the use of 

mean tidal volumes of 7.6 ml/kg, reflecting a so-called lung protective ventilatory 

strategy
21-24

. Furthermore, disease duration at presentation did not differ between 

the 2 groups and virus induced inflammation did not increase during the first 24 

hours in spontaneous breathing controls. This provides further support that the 

observed enhanced inflammation is indeed attributable to ventilator induced in-

flammation. These findings corroborate with experimental studies demonstrating 

that mechanical ventilation augments pulmonary inflammation during viral infec-

tion
25;26

. As we have previously shown, the current study provides further support 

that inflammation in ventilated children is attributable to a ventilator induced molec-

ular stress response superimposed on virus-induced innate immunity activation 

with little interaction
26

.  

The current study adds to our knowledge of the inflammatory consequences of 

endotracheal intubation and initial ventilation: a robust inflammatory response is 

superimposed on top of existent viral induced inflammation. Furthermore it under-

scores the need to adhere to lung protective ventilation strategies in patients with 

severe respiratory infections. More importantly, one could argue that given the 

observed additional inflammatory hit resulting from invasive mechanical ventilation, 

non-invasive ventilatory strategies may be considered for infants with life-

threatening RSV bronchiolitis to prevent further airway inflammation.  

This study has several strengths. Firstly, even in healthy children mechanical venti-

lation elicits an inflammatory response within hours
27

. Therefore, a baseline sample 

just prior to intubation, as was collected in our study, was essential. Secondly, the 

observed enhanced inflammatory response during mechanical ventilation was ob-

served while using a lung protective mode of mechanical ventilation. On the other 

hand, we have to consider the following limitations. Firstly, a healthy age-matched 

control group ventilated for at least 24 hours was lacking for practical reasons, 

even though it would expand knowledge on the immunological effects of mechani-

cal ventilation in normal lungs. Secondly, we did not distinguish viral co-infection 

because these were uncommon (n=3). Bacterial pulmonary co-infections are com-

mon in severe RSV-infections requiring PICU admission
28

 and might also influence 

pulmonary inflammation. Six of our ventilated patients (33%) were pragmatically 

diagnosed with concurrent bacterial pneumonia. Cytokine concentrations of these 

6 patients however did not differ from ventilated patients without concurrent bacte-

rial pneumonia (data not shown).  
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CONCLUSIONS 
 

In summary, we provide the first evidence that the need for mechanical ventilation 

in RSV-infected infants is not preceded by enhanced viral induced pulmonary in-

flammation. We showed that mechanical ventilation aggravated pulmonary inflam-

mation, warranting further development of lung-protective non-invasive ventilatory 

support for this group of patients.  
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ABSTRACT  
 

Objective, Design, Setting: Opioids are frequently used during mechanical venti-

lation for severe viral infection in infancy. Opioid receptors have immunomodulatory 

properties, but nothing is known about their antiviral effects. We therefore aimed to 

investigate the role of opioid receptors in virus-induced airway inflammation.  

Patients, Subjects and Interventions: Two single-nucleotide polymorphisms 

(SNP) in OPRM1 and OPRD1 were genotyped in 465 infants with severe respirato-

ry syncytial virus (RSV) infection and 930 controls. Subsequently, the mechanism 

by which opioid receptors affect clinical outcome in RSV bronchiolitis was studied 

in BALB/c mice. Animals were injected daily with nalmefene, a non-selective opioid 

receptor antagonist, and infected by intranasal inoculation of RSV 24h after the first 

dose of nalmefene.  The potential therapeutic effect of pharmaceutical opioids 

were studied using µ (DAMGO), κ (U50488) and δ (DPDPE) opioid receptor ago-

nists 48 hours after infection.   

Measurements and Main Results: In our human study, the A118G SNP 

rs1799971 was associated with RSV disease severity (p = 0.015). In mice, 

nalmefene treatment increased viral titers and was associated with more pro-

nounced weight loss. Increased viral replication was associated with increased 

levels of cytokines and chemokines in the bronchoalveolar lavage fluid, enhanced 

bronchoalveolar cellular influx and exaggerated lung pathology. Pharmaceutical 

opioids, in particular PDPE,  did not affect viral replication,  but induced a de-

creased influx of neutrophils, but an increased influx of lymphocytes and mono-

cytes into the bronchoalveolar lumen during RSV infection.  

Conclusions: Using a human study and an experimental model we show that 

opioid receptor signaling has a potential beneficial role in the outcome of respirato-

ry viral disease. We show that opioid receptor signaling is required to control RSV 

replication as and thereby to control disease severity. However, we also show that 

caution is required before using pharmaceutical opioids as antiviral treatment of 

patients with viral respiratory infection.  
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INTRODUCTION 
 

Respiratory syncytial virus (RSV) infection is the most common disease during 

infancy with a wide spectrum of respiratory manifestations, ranging from common 

cold-like symptoms to serious lower respiratory tract illnesses (LRTI) such as 

pneumonia and bronchiolitis
1;2

. Severely ill children requiring mechanical ventilation 

are often treated with exogenous opioids, such as morphine, for sedative purposes 

as well as to alleviate pain
3
.  

Exogenous (e.g. morphine) and endogenous (e.g. β-endorphin) opioids interact 

with their corresponding receptors named by µ (MOR), κ (KOR), δ (DOR) which 

are respectively encoded by the OPRM1, OPRK1 and OPRD1 genes, initially iden-

tified in the central nervous system (CNS)
4
, but now also detected in many tissues 

such as airway mucosa
5
 and the immune system

6
. 

It has been shown that tracheal mucus secretion is inhibited by activation of µ or δ 

opioid receptors whereas naloxone, an opioid receptor antagonist, reverses this 

inhibitory effect
7
. There is a close interaction between opioid receptor signaling and 

the functions of the respiratory tract. It has been well documented that opioids can 

have major effects on the immune system
8
. Among the immunomodulatory effects 

of opioids are alteration of antibody generation
9
, lymphocyte proliferation

10
, modu-

lation of cytokine production
11

, natural killer cell
12

 and phagocytic activity and 

chemotaxis
13

.  Although often used in clinical practice, opioids and their role in the 

outcome of respiratory viral disease have not been studied yet.  

Genetic single nucleotide polymorphism (SNP) studies may be used to clarify dis-

ease pathogenesis. Analyses of disease with functional SNPs further contribute to 

characterizing disease pathogenesis
14

. Previous studies identified that the SNP at 

position 118 (A118G) in the coding region of the OPRM1 affect immune functions 

and inhibited the secretion of proinflammatory cytokines such as IL6, IL8 and TNF-

α from peripheral immune cells in human
15

. 

The aim of the current study was to investigate the role of opioids in RSV infection. 

First, we performed a genetic association study with 2 widely studied single-

nucleotide polymorphisms (SNP) within the OPRM1 and OPRD1 genes. Subse-

quently, to study how opioid receptor signaling affects clinical outcome in RSV 

bronchiolitis, we expanded this observation to an in vivo system in which opioid 

receptors were blocked during RSV infection. We used nalmefene to determine the 

role of opioids in a well-established animal model of RSV bronchiolitis. Nalmefene 

is a universal and non-selective opioid antagonist similar in both structure and ac-

tivity to the opiate antagonist naltrexone. Nalmefene antagonizes the effects of 

opioids by competing for the opioid receptors. Advantages of nalmefene relative to 

naltrexone and naloxone include longer half-life, no observed dose-dependent liver 

toxicity and high affinity for all three opioid receptors
16

. Simultaneous blocking of 

opioid receptors allowed us to do this proof-of-principle study during RSV infection.  
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We demonstrate that opioid receptor blockade results in increased viral replication, 

more robust immune activation and increased disease severity.  

 

 

MATERIALS AND METHODS 
 

SNP analysis 

1395 Undiluted nasopharyngeal aspirates (NPAs) including 465 Dutch infants with 

severe RSV infection and 930 population controls were investigated in our study. 

All specimens were collected in the same region of the Netherlands as described 

before
17

. Genotyping opioid receptors were not part of our previous studies. Stored 

DNA samples were genotyped to test the specific hypothesis that opioid receptors 

are involved in the pathogenesis of RSV bronchiolitis. DNA was isolated and sin-

gle-nucleotide polymorphisms (SNPs) rs1799971 in OPRM1, and rs569356 in 

OPRD1 were genotyped by SNP Genotyping Services at KBioscience 

(Hoddesdon, United Kingdom) with the KASPar technology. We only investigated 

functional SNPs with a frequency of the minor allele >10% in population. 

Genotyping failed for (n=19) 1.38 % of the specimens. Genotyping results were 

displayed graphically as a scatter plot with SNPviewer2. Both SNPs were in Hardy-

Weinberg equilibrium (p<.01) and were analyzed for association with severe RSV 

infection.  

Treatment and infection 

7-9 Weeks BALB/c female mice were purchased from Charles River (Maastricht, 

The Netherlands) and cared in accordance with the guidelines for the care
 
and use 

of laboratory animals, as described previously
18

. All animal experiments were ap-

proved by the animal ethics committee of the University Medical Centre (UMC) 

Utrecht. Nalmefene (Sigma, Netherlands) was dissolved in normal saline 0.9% and 

injected intraperitoneally (i.p.) daily at a dose of 1mg/kg. One day after the first 

nalmefene treatment mice were lightly anesthetized using isoflurane inhalation and 

challenged intranasally with either low or high dose of strain RSV-A2 (3 × 10
6
 and 1 

× 10
7
 PFU/50 ul/mice, respectively). For anaesthesia and infection of mice as well 

as performing BAL we used identical techniques as recently described
19

.  

To study the potential therapeutic effect of opioid stimulation in the course of RSV 

infection, specific opioid receptor agonists µ (DAMGO), κ (U50488) and δ 

(DPDPE)
20

 were dissolved in normal saline 0.9% and injected subcutaneously (s.c) 

48 hours after viral challenge (3 × 10
6
 PFU/50 ul/mice) twice a day at a dose of 

0.5mg/kg, 5 mg/kg and 5 mg/kg, respectively. We alternated the order of mouse 

handling during our experiments to reduce the probability of systematic effects of 

mouse handling. Mice were sacrificed at day 5 after challenge. The challenge stock 

was obtained by strain RSV-A2 propagated on a HEp-2 cell monolayer and purifi-

cation using polyethylene glycol (PEG) precipitation, re-suspended in PBS supple-
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mented with 10% sucrose, and stored in liquid nitrogen. HEp-2 cells were cultured 

in IMDM medium (Gibco, USA), supplemented with 10% heat-inactivated fetal bo-

vine serum, 2
 
mM glutamine, 100 U of penicillin/ml, and 100 µg of streptomycin/ml. 

All HEp-2 cells and purified virus stocks tested negative for mycoplasma contami-

nation routinely verified by a commercially available mycoplasma detection kit.  

Bronchoalveolar lavage cellular analysis 

Mice were euthanized via intraperitoneal injection of pentobarbital sodium (200 

mg/kg) and tracheotomized. Bronchoalveolar lavage fluid (BALF) was collected 

and differential cell counts were performed as previously described
21

. Briefly, lungs 

were lavaged with ice cold PBS, the lavage fluids were centrifuged, and cells were 

re-suspended in 200 µl of PBS and counted using a haemocytometer. An aliquot of 

2× 10
5
 cells/200ul was centrifuged onto glass slides using cytospin (Thermo Elec-

tron) and BAL cells were counted using direct microscopic observation after stain-

ing by May-Grünwald (Merck, Darmstadt, Germany), and Giemsa (J.T. Baker, 

Deventer, Netherlands). Images were obtained using a digital camera attached to 

the light microscope (Nikon, Melville, NY). 

Viral load assessment 

Total RNA was extracted from BALF using TRIzol (Invitrogen, Grand Island, NY), in 

accordance with the manufacturer’s instructions. Isolated RNA was reversely tran-

scribed using a MultiScribe reverse transcriptase kit (Applied Biosystems, Foster 

City, CA) according to the manufacturer’s protocol. A standardized amount of mu-

rine encephalomyocarditis (EMC) virus (a RNA virus) was used as an internal con-

trol. BAL samples were assayed in duplicate and detected by an ABI Prism 7900 

sequence detection system. Known concentrations of RSV A2 were used to gener-

ate a standard curve and results were expressed in copy number/ml
22

. 

Cytokine and chemokine analysis 

BALF concentration of the following factors was analysed: IL6, IL10, MIP1-α 

(CCL3) and MCP-3 (CCL7) from (Peprotech, New Jersey, USA) and IFN-γ and 

MCP-1 (CCL2) from (eBioscience, USA) levels were determined using ELISA kits 

according to manufacturer’s instructions. 

Histopathology 

In our current study the histology slides was prepared from the same lungs used 

for the BAL fluid as described previously
23;24

. The trachea was cannulated without 

opening the thorax and subsequently instilling 10% buffered formalin at a constant 

pressure of 5 to 10 cm H2O in order to avoid atelectasis during the fixation pro-

cess, and thus potentially skewing the interpretation of lung pathology.  Whole lung 

samples were fixed in 10% phosphate-buffered formalin overnight and  

embedded in paraffin. Tissue sections (5 µm) were prepared on silane-coated 

glass slides and stained with hematoxylin and eosin (H&E). Right and left lung 

segments were evaluated. To determine the severity of pathology, peribronchial 

and perivascular infiltrates in the lungs, we scored as described previously
25

. The 
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stained lung sections were evaluated under a light microscope by two investigators 

(MH, VS) blinded for the treatment protocol. There was an excellent correlation 

(correlation coefficient >0.9) between both investigators. In case of differences in 

pathology score between both investigators, the final score was determined by 

discussion.   

Statistics 

The Statistical software package SigmaStat (SPSS 15.0.1) and GraphPad Prism 

(GraphPad, San Diego, CA) software were used for analysis. For SNP analysis, 

differences in genotype distribution and allele frequency between RSV positive 

subjects and controls, as well as the deviation from Hardy-Weinberg equilibrium, 

were examined using a χ
2
 distribution of a 2 x 2 table. No multiple testing correction 

was required because only 2 SNPs were tested. For mouse studies, data were 

analyzed for statistical significance using the two-tailed Students t-test as de-

scribed in the figure legends. Data are expressed as the mean±standard error of 

the mean (SEM). Correlations and differences were considered significant for p 

values less than 0.05. 

 

 

RESULTS 
 

Association between the opioid receptor genes and RSV bronchiolitis 

First, the SNPs in OPRM1 and OPRD1 were genotyped. The functional variant 

OPRM1 A118G (Asn40Asp) SNP rs1799971 in the OPRM1 gene was associated 

with the risk of hospitalization for RSV disease at allelic level, and reached border-

line significance at the genotype level. The minor allele of this SNP in the exon 

region of OPRM1 had a lower frequency in infants with RSV LRTI compared to 

population controls (OR 0.731, 95% CI 0.568-0.942, p=0.015), i.e. the minor allele 

protects infants against severe RSV bronchiolitis (Table 1and 2). This protective 

effect was even more prominent when ventilated children were compared with 

controls (OR 0.492, 95% CI 0.263-0.922, p=0.024). SNPs rs569356 in OPRD1 

(variant A1968G in the promoter region) was not associated with RSV LRTI (Table 

1 and 2). 

Opioid receptor blockade is associated with increased viral replication in 

vivo.  

The minor allele of OPRM1 SNP rs1799971 is proposed to result in stronger bind-

ing of endorphins to the receptor, resulting in more efficient signaling via opioid 

receptor. To further elucidate this, we studied the role of opioid receptors in vivo in 

a well-established animal model of RSV infection.  Although BALB/c mice are 

modestly permissive to RSV they yet offer a useful model for immunological stud-

ies. To evaluate all aspects of primary RSV disease, including disease severity, 

viral load as well as pulmonary inflammation affected by blocking of opioid 
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receptors we used two viral dosages in our study. Viral titers were determined by 

real time PCR in BALF of nalmefene-treated and control mice. Nalmefene treat-

ment significantly increased viral titers at both RSV inoculation regimens (Figure 1). 

These results suggest that blocking opioid receptors with nalmefene directly or 

indirectly enhances viral replication and may impact on clearance of virus from the 

lung.  

 
Figure 1: Opioid receptor blockade enhances viral replication.  

 
Mice were infected intranasally with RSV 3×10

6
 PFU (RSV-low) or 1×10

7
 PFU (RSV-high) (n=6-18 mice 

per group) and injected daily (one day before infection till day 5 after infection) with nalmafene 1 mg/kg 

i.p. RSV N gene copy numbers were determined by quantitative real-time PCR from lung tissue on day 

5 post infection (3 independent experiments, n= 6-18 mice per group). Bars represent mean ± SEM. 

Differences between nalmefene-treated and corresponding PBS groups were tested for significance by t 

-test (**= P <0.005, ***= P <0.001). 

 
Opioid receptor blockade is associated with enhanced airway inflammation. 

To determine whether the increased viral load upon nalmefene treatment was as-

sociated with increased airway inflammation we analyzed BALF of treated mice.  A 

significant increase in the recruitment of inflammatory cells on day 5 after RSV 

infection was found in  the group infected with a high dose of virus  group com-

pared to  the control group (Figure 2a), predominantly monocytes and lymphocytes 

(Figure 2b-c). Despite the absence of a significant increase in the total BAL cellular 

influx, nalmefene treatment resulted in a significant increase in the influx of lym-

phocytes and neutrophils in mice infected with a low dose of virus (Figure 2c- b). 

Large variance in total number of leukocytes in each group may explain the dis-

cordance between results after infection with low and high dose of virus (Figure 2a, 

c-b). We observed a significant nalmefene dependent increase in pro-inflammatory 
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and anti-inflammatory cytokine levels in BALF. IFN-γ, IL6, IL10, CCL2/MCP-1, 

CCL3/MIP-1α and CCL7/MCP-3 in mice inoculated with low viral titer, and IFN-γ, 

IL6, IL10 in mice inoculated with high viral titer were increased compared to un-

treated mice (Figure 3).  

 
Figure 2: Opioid receptor blockade is associated with increased influx of BAL cells during primary RSV 

infection 

 
 

Mice were infected intranasally with RSV 3×10
6
 PFU (RSV-low) or 1×10

7
 PFU (RSV-high) (n=6-18 mice 

per group). Mice were injected daily (one day before infection till day 5 after infection) with nalmefene 1 

mg/kg i.p. Using light microscopy, total cell counts (a), number of monocytes (b), lymphocytes (c) and 

neutrophilic granulocytes (d) of viable BAL fluid cells were determined on day 5 after infection. Bars 

represent mean ± SEM. Differences between nalmefene-treated and corresponding PBS groups were 

tested for significance using the t-test (*= P <0.05, ns=no significant difference). 

 

Opioid receptor blockade is associated with enhanced immunopathology. 

Next, we studied lung pathology 5 days after infection (Figure 4). Examples of lung 

sections stained for histopathology evaluation are presented in Figure 4A. Our 

results show that nalmefene treated mice had a significant accumulation of immune 

cells in the peribronchial and perivascular spaces of the lung. In agreement with 

the influx of BALF immune cells, nalmefene treatment subsequently significantly 

increased lung pathology upon infection with both doses of virus (Figure 4B). 
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Opioid receptor blockade is associated with more severe disease  

Finally, we assessed the clinical implication of the effects of opioid receptor block-

ade. Weight loss is the main marker of disease severity in the RSV mouse model
26

. 

We followed weight loss to determine whether opioid receptors have an impact on 

disease severity. Nalmafene had no effect of weight gain in non-infected animals. 

Interestingly, we demonstrated that nalmefene-mediated opioid receptor blockade 

during RSV infection substantially enhanced weight loss (Figure 5).  

Pharmaceutical opioids have mixed effects on viral replication, disease se-

verity and immune pathogenesis 

Our nalmefene studies showed that opioid receptor signaling is required to control 

viral replication and immune-mediated disease. Subsequently, we used a treatment 

model to study the potential therapeutic benefit of pharmaceutical µ (DAMGO), κ 

(U50488) or δ (DPDPE) opioid receptor agonists starting 48 hours after RSV infec-

tion. None of the opioid agonists treatment affected viral replication after RSV in-

fection (Figure 6a). Weight loss by RSV infection, however, was prevented by 

treatment with pharmaceutical opioids (Figure 6b). However, weight gain was also  

seen in non-infected mice, as described previously
27;28

.  Cellular analysis of BALF 

of mice treated with pharmaceutical opioids 48 hours after RSV infection showed 

mixed results (Figure 6c-f). A significant increase in the recruitment of total leuko-

cytes on day 5 after RSV infection was found in the group of mice treated with 

pharmaceutical opioids, in particular in DPDPE-treated mice. This effect was ex-

plained by increased influx of lymphocytes and monocytes. By contrast, total neu-

trophils counts were decreased by treatment with pharmaceutical opioids.  

 

 

DISCUSSION 
 

Opioids are frequently used for sedations of infants requiring mechanical ventilation 

for severe RSV bronchiolitis. Knowledge of the direct effect of opioids on the res-

piratory tract infection is lacking. We have previously shown that genetic associa-

tion studies may contribute to our understanding of disease pathogenesis (17). 

With a minor allele frequency (MAF) of 20%, the 118A>G SNP(Asn40Asp) is most 

widely studied SNP of the OPRM1 gene
29

. The Asn40Asp substitution results in a 

three-fold stronger binding β-endorphins to the µ receptor
30

. This substitution is 

associated with a greater response to naltrexone. Carriers of the G allele have a 

more sensitive endogenous opioid system resulting in decreased pro-inflammatory 

cytokine production and increased health perception
15

. We found that carriers of 

the G allele are less prone to develop severe RSV infection than those carrying the 

A allele. This protective effect of a more sensitive opioid system was even more  
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Figure 3. Opioid receptor blockade results in increased local chemokine and cytokine production during 

RSV infection.  

 
 

 

Mice were infected intranasally with RSV 3×10
6
 PFU (RSV-low) or 1×10

7
 PFU (RSV-high) (n=6 mice per 

group). Mice were injected daily (one day before infection till day 5 after infection) with nalmefene 1 

mg/kg i.p. Chemokines and cytokines concentrations were determined in murine BAL cell supernatants, 

collected on day 5 after RSV infection, using ELISA. Bars represent mean ± SEM. A t-test was used to 

compare differences between nalmefene-treated and corresponding PBS groups (*= P<0.05,**= 

P<0.005,***= P<0.001, ns=no significant difference).  
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Figure 4: Opioid receptor blockade results in increased local pathology during RSV infection.  
 

 
 

A. Representative slides of H&E stained lungs were analyzed and scored on day 5 post-infection in 

(a) mock-inoculated, PBS-treated mice (PBS mock), (b) low dose RSV-infected, PBS-treated mice 

(PBS RSV-low), (c) high dose RSV-infected, PBS treated mice (PBS RSV-high), (d) mock-

inoculated, nalmefene-treated mice (Nal mock), (e) low dose RSV-infected, nalmefene-treated 

mice (Nal RSV-low) and (f) high dose RSV-infected, nalmefene-treated mice (Nal RSV-high).    

 
 

 
 

B. Pathology scores percentage for each group (n=6) are shown. Bars represent mean ± SEM. A t-

test was used to compare differences between nalmefene-treated and corresponding PBS groups 

(*=  P<0.05, **= P<0.005).  
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prominent when ventilated children were compared with controls. Following this 

initial genetic study in patients, we used the mouse model to demonstrate that opi-

oid receptors determine disease severity by controlling viral replication in the res-

piratory tract.  

In mice we demonstrated that the non-selective opioid receptor antagonist 

nalmefene enhanced viral replication and immunopathogenesis resulting in en-

hanced disease severity. Our study did not distinguish between local and systemic 

mechanisms explaining the effect of nalmafene. Although, no systemic RSV infec-

tion occurs, over 30% of the genes induced in mouse lungs upon RSV infection are 

also regulated in the blood transcriptome
31

, therefore, additional studies are re-

quired to compare the local and systemic immune responses in the mice treated 

with the opioid agonist and antagonist.  

The results of our study are in line with previous reports on the role of opioids in 

other viral infections, such as human immunodeficiency virus (HIV)
32

 and herpes 

simplex virus (HSV) infection
33

. These studies show that opiates may protect the 

host from progression of HIV-1 and HSV infections and their antagonists can  

 
Figure 5: Opioid receptor blockade enhances weight loss during RSV infection.   

 
Mice were infected intranasally with RSV 3×10

6
 PFU (RSV-low) or 1×10

7
 PFU (RSV-high) (3 independ-

ent experiments). Mice were injected daily (one day before infection till day 5 after infection) with 

nalmefene 1 mg/kg i.p. The graph shows changes in body weight 5 days after the primary RSV or mock 

infection. Bars represent mean ± SEM (n=6-18 mice per group, 3 independent experiments). A t-test 

was used to compare differences between nalmefene-treated and corresponding PBS groups (*= 

P<0.05, **= P<0.005, ***= P<0.001).  
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Figure 6: Pharmaceutical opioids have mixed effects on viral replication, immune pathogenesis and 

disease severity. 

 

 

 
 

Mice were infected intranasally with RSV 3×106 PFU (n=6 mice per group) and injected daily (from day 

2 till day 5 after infection) the specific opioid receptor agonists µ (DAMGO) 0.5 mg/kg, κ (U50488) 5 

mg/kg and δ (DPDPE) 0.5 mg/kg subcutaneously (s.c). (a) RSV N gene copy numbers were determined 

by quantitative real-time PCR from lung tissue on day 5 post infection. (b) The graph shows changes in 

body weight 5 days after the primary RSV or mock infection. Using light microscopy, (c) total cell 

counts, (d) number of monocytes, (e) lymphocytes, and (f) neutrophilic granulocytes of viable BAL fluid 

cells were determined on day 5 after infection. Bars represent mean ± SEM. Differences between the 

specific opioid agonists-treated and corresponding PBS groups were tested for significance by t-test. (*= 

P <0.05, **= P <0.005, ***= P <0.001, ns=no significant difference). 
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change the opiate effects. However, data on the role of opioid receptors in viral 

disease is conflicting. Some studies suggest that morphine enhances viral titers in 

HIV
34;35

,Hepatitis C Virus (HCV)
36

 and HSV
37

 infection rather than dampens viral 

replication. It has been also suggested that patients chronically treated with mor-

phine as an analgesic as well as heroin abusers have increased risk for respiratory 

pathogens like S. pneumoniae because of morphine effects in the host innate im-

mune responses
38

. This conflicting literature may be explained by the dose and 

time dependent effects of opioids as well as route of injection, type of pathogen 

and target tissues
39

. Emergence of HIV and HCV in the injection drug users as a 

high risk groups provoke many researchers to study on opioids in these groups.  

Our data suggest that short-term use of opioids and their receptors may have a 

beneficial effect on the clinical course of viral respiratory disease.The mechanism 

by which opioid receptors control viral replication has not been solved. 

 In vitro studies have shown that like several G protein-coupled receptors, opioid 

receptor activation involves a series of conformational changes that trigger signal-

ing
40-42

. It was shown that MOR activation increased STAT3 phosphorylation and 

protected against and enhanced recovery from intestinal injury
43

. Opioid receptor 

signaling may represent a novel means to interfere with viral replication and control 

of infection. We think that there are two non-exclusive mechanisms which could 

explain opioid receptor dependent control of RSV replication. First, opioid receptors 

may control viral replication and disease severity by modulation of the immune 

system, as shown in HIV
44

. Previous studies have shown that activation of MOR, 

KOR and DOR can all result in phosphorylation of JAK/STATs resulting in activa-

tion of interferon regulating factors (IRF)
45-47

. Second, epithelial cells can express 

opioid receptors
48;49

. Therefore, it is possible that RSV replication in the respiratory 

epithelium is under a direct control of opioid receptors expressed by the epithelium. 

Although more insight is required into the molecular and cellular mechanisms un-

derlying opioid receptor-mediated control of viral replication before our findings can 

be clinically applied, we believe that our studies have revealed a previously unrec-

ognized effect of opioids in the pathogenesis of respiratory viral infection. 

The results of this study may bear direct clinical relevance. Many patients with life-

threatening respiratory viral disease are treated at the intensive care unit with opi-

oids as sedatives during mechanical ventilation. Although the relevance of the 

mouse model for human disease has not been established, we have now shown 

that opioids may have a direct beneficial effect on the course of infection. There is 

ongoing debate about the potential benefit of nebulized morphine and perhaps 

other opioids in the treatment of dyspnea
50

. In addition, our study results suggest 

that future research should explore whether patients with a defect in the endoge-

nous opiate system, e.g. a major depressive disorder which is related to defects of 

the µ opioid receptor
51

 are susceptible to respiratory viral illness. There are several 

hereditary syndromes that involve complete or incomplete insensitivity to pain, 
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which are related to abnormalities of opioid receptors
52

. These conditions could 

equally be investigated for susceptibility to RSV infection.  Moreover, other patient 

populations suffering from viral respiratory tract infections, such as patients with 

asthma or chronic obstructive pulmonary disease, may benefit from targeting opioid 

receptors in the respiratory tract. In fact, agonists of  κ opioid receptors have been 

developed to control HIV infection and African trypanosomiasis in humans
53;54

. Our 

study results may not only provide new targets for interventions of severe RSV 

bronchiolitis, but may also have implications for a broader spectrum of infectious 

diseases. 

Finally, treatment of with pharmaceutical opioids 48 hours after RSV infection had 

mixed effects. First, pharmaceutical opioids prevented RSV-induced weight loss 

and neutrophil influx to the lungs while without affecting viral replication. Prevention 

of neutrophil influx during is RSV infection is in line with previous reports showing 

opioids may have anti-inflammatory effects
55

. In particular, it was shown that 

DAMGO and DPDPE inhibit neutrophil chemotaxis in response to MIP1-α or IL-8
56

. 

Second, treatment with pharmaceutical opioids 48 hours after RSV infection en-

hanced influx of monocytes and lymphocytes. It is conceivable that the wide range 

of effects induced by pharmaceutical opioids is dependent timing and dose of 

treatment, but also by activation of other local receptors, including opioid receptor-

like receptor (ORL)-1 or by non-opioid actions of opioids
57;58

. Taken together, our 

results show that pharmaceutical opioids may have positive as well as negative 

effects, which should be taken as a sign of caution translating opioid receptor func-

tion to expected effects of treatment of viral respiratory infection with pharmaceuti-

cal opioids. 

 

 

CONCLUSIONS 
 

This combined human and experimental study expands our knowledge of the anti-

viral activity of opioid receptor signaling. We now show that opioid receptors are 

required to control viral replication in the respiratory tract during an acute viral ill-

ness. The relative contribution of different opioid receptors to disease control re-

quires further study. Pharmaceutical opioids did not have an antiviral effect in vivo 

and should not be used for this purpose. In conclusion, opioid receptors might offer 

powerful novel pharmacologic targets to ameliorate virus-induced airway inflamma-

tion and prevent its long-term consequences although the time and dose-

dependent clinical effects of pharmaceutical agonists should be evaluated with 

care. 
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OBJECTIVES AND MAIN FINDINGS 

 

The objectives of this thesis have been translated into the following research ques-

tions: 

• Does ventilator-induced alveolar stretch provoke endothelial activation and 

inflammation in the lungs and distal organs? 

• Does dexamethasone, a commonly used synthetic anti-inflammatory glucocor-

ticoid, protect against ventilator induced vascular leakage and impaired gas 

exchange? 

• Does Ang-1, a Tie2 receptor agonist, protect against ventilator induced vascu-

lar leakage and impaired gas exchange? 

• What are the factors associated with a life-threatening course of RSV respira-

tory tract infection?  

• What is the host response to mechanical ventilation and what are the effects of 

induced hypercapnic acidosis, known to attenuate VILI in non-infectious mod-

els, during viral respiratory tract infection?  

• Does use of low tidal volume prevent ventilation-induced pulmonary inflamma-

tion during RSV lower respiratory tract infection? 

• Does respiratory failure result from RSV induced pulmonary inflammation and 

what is the contribution of mechanical ventilation to airway inflammation in 

children requiring ventilatory support during RSV bronchiolitis. 

• What is the role of opioid receptors in disease severity, viral replication and 

pathology during RSV infection? 

 

This thesis expands current knowledge on ventilator induced lung injury and pro-

vides insights on the immunological effects of mechanical ventilation during viral 

respiratory infections. The experimental studies in the first part of this thesis (chap-

ters 2 to 4) revolve around ‘ventilator induced inflammation’. These studies im-

prove our understanding of how mechanical ventilation induces lung injury in 

healthy lungs
1-3

. It is shown (chapter 2) that mechanical ventilation causes pulmo-

nary endothelial activation and inflammation as well as inflammation in organs 

distal to the lungs. Although the release of cytokines triggered by lung injury is one 

of the key mechanisms in the development of extra-pulmonary organ dysfunction, 

pathways through which the inflammatory mediators exert their detrimental effects 

have yet to be determined
4
. In chapter 3 and 4 we demonstrate that lung protec-

tive ventilation (aimed at limiting peak pressures and tidal volumes with sufficient 

PEEP), attenuates but not completely abolishes pulmonary inflammation. We in-

vestigated the effects of 2 drugs (dexamethasone, chapter 3 and angiopoietin-1, 

chapter 4) in the treatment and/or prevention of ventilator induced lung injury 

(VILI). Neither drug had a beneficial effect on ventilator induced vascular leakage 
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and lung dysfunction despite a clear down regulation of neutrophil infiltration and 

protein expression of pro-inflammatory mediators. Interestingly, none of the phar-

macological interventions studied by others have been successful in either treating 

or preventing VILI
5
. To date, only lung protective mechanical ventilation has proven 

to be effective in preventing VILI
6-8

.  

In the second section part of this thesis, we focus on ‘virus induced inflammation’ 

and its possible interaction with ventilator induced inflammation. First factors asso-

ciated with turning an essentially trivial community acquired RSV infection into a 

life-threatening disease are reviewed (chapter 5). These include pre-existing med-

ical conditions, direct virus-induced cytopathology, as well as co-factors such as 

bacterial and/or viral co-infection, apnea and the syndrome of inappropriate antidiu-

retic hormone. Respiratory insufficiency is seen in a significant proportion of infants 

with severe RSV lower respiratory tract infection (LRTI) and is the most frequent 

cause of non-elective pediatric intensive care admission for mechanical ventilatory 

support in infants during the winter season
9
. Little is known about the consequenc-

es of mechanical ventilation on RSV-induced pulmonary inflammation. We hypoth-

esized that in a diseased lung, the adverse effects of mechanical ventilation may 

be more severe. Because lungs are not homogeneously affected, ventilatory vol-

ume and therefore pulmonary tissue overstretch is not equally distributed. If pul-

monary inflammation (e.g. RSV infection) is already present when mechanical ven-

tilation is applied, pulmonary inflammation may be enhanced. In chapter 6 we 

show that mechanical ventilation during experimental RSV infection indeed en-

hances pulmonary inflammation, reflected by increased influx of cells and pro-

inflammatory cytokines in the bronchoalveolar space. Gene expression analysis 

demonstrates that this enhanced inflammation is attributable to the ventilator in-

duced distinct molecular stress response additive to, but not aggravating, the in-

nate immune response seen in RSV. Furthermore, hypercapnic acidosis, frequently 

accepted during the commonly applied low tidal volume and limited pressure venti-

lation strategies in RSV-infected infants, does not modulate BALF cellular respons-

es, cytokine concentrations or gene expression profiles suggesting that this is a 

safe approach to minimize VILI against the background of virus-induced airway 

inflammation. Only 2 other (experimental) studies describe the effects of mechani-

cal ventilation during viral respiratory tract infection. Bem et al. showed that me-

chanical ventilation during infection with pneumonia virus of mice enhanced local 

responses and exacerbated local inflammatory responses and lung injury
10

. Inter-

estingly, using the same tidal volume of 10 ml/kg, Zosky et al. showed that me-

chanical ventilation did not further exacerbate lung function impairment or lung 

inflammation following influenza A infection
11

. This discrepancy in outcome might 

be attributable to either the differences in viruses and/or differences in experi-

mental design. Using only one relatively high tidal volume, these studies did not 

explore the effects of a lower, more lung protective tidal volume. In chapter 7, we 
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show that the use of low tidal volumes (6 ml/kg), as compared to high tidal volumes 

(12 ml/kg), partially prevents ventilation-induced cellular and cytokine influx into the 

bronchoalveolar space during experimental RSV LRTI. Previous clinical studies 

showed increased levels of inflammatory mediators in airways of RSV infected 

ventilated children
12-14

. In these studies cytokine analysis was performed on sam-

ples collected while patients were already ventilated. In chapter 8 we demonstrate 

that the need for mechanical ventilation in RSV-infected infants is not associated 

with enhanced virus-induced pulmonary inflammation at baseline. Using pre- and 

post-intubation observations we show that endotracheal intubation and subsequent 

mechanical ventilation induces additional inflammation expressed by increased 

levels of cytokine concentrations in nasopharyngeal aspirates after 24 hours. This 

is in concordance with results from our experimental studies. Using a human ge-

netic study as well as an experimental model we demonstrate in chapter 9 that 

opioid receptor signaling has a potential beneficial role in the outcome of respirato-

ry viral disease. We show that opioid receptor signaling is required to control RSV 

replication and thereby to control disease severity. As opioids are frequently used 

for sedative and analgesic purposes during mechanical ventilation for severe viral 

infection in infancy, opioid receptors might offer powerful novel pharmacologic tar-

gets to ameliorate virus-induced airway inflammation.  

 

 

CLINICAL IMPLICATIONS  
 

The most clinically relevant conclusion drawn from this predominantly experimental 

thesis is the importance of applying lung-protective ventilator strategies when me-

chanical ventilation is required. To date, reducing mechanical stress applied to the 

lungs during mechanical ventilation remains the most effective intervention aimed 

at attenuating ventilator induced pulmonary inflammation. The importance of using 

lung protective ventilator strategies is emphasized even more in situations where 

pulmonary inflammation is already present when mechanical ventilation is applied. 

As was demonstrated in the second part of this thesis, pulmonary inflammation in 

RSV-infected subjects is clearly enhanced when mechanical ventilation is applied. 

This underscores the need for optimal modes of lung protective ventilation in pa-

tients with severe viral respiratory infections. More specifically, these results sup-

port the notion to reconsider invasive mechanical ventilation for RSV bronchiolitis in 

favour of non-invasive mechanical ventilation strategies.  

Non-invasive respiratory support refers to the administration of ventilatory support 

without using an invasive artificial airway. Using various interfaces, several forms of 

non-invasive ventilatory support can be distinguished: low flow nasal cannula ther-

apy; heated, humidified, high-flow nasal cannula (HFNC) therapy; continuous posi-

tive airway pressure (CPAP) and non-invasive ventilation (NIV). The major differ-
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ence with the first 3 forms of non-invasive respiratory support is that with NIV inspi-

ration is actively supported. The application of intermittent positive inspiratory pres-

sure via a mask in the treatment of acute respiratory illness was first studied in the 

1950’s
15

. Long-term support of ventilation via NIV however only became wide-

spread in the 1980s. Nowadays, NIV is not only standard of care in chronic respira-

tory failure in both adults and children, but also well established in adult hypoxemic 

respiratory failure, community-acquired pneumonia, cardiogenic pulmonary edema 

and respiratory insufficiency after solid organ transplantation
16

. Literature on the 

efficacy in children with acute respiratory failure is scarce
17-19

. NIV has been ap-

plied to infants with severe viral bronchiolitis, mainly due to respiratory syncytial 

virus
19-24

. Use of NIV in these patients was associated with improved respiratory 

rate
19;22;23

 and PaCO2
21-24

, decreased work of breathing
20

, and a reduction of endo-

tracheal intubation and invasive ventilation
20;22;25

. More or less parallel to NIV, 

HFNC therapy has been used as a form of non-invasive respiratory support in se-

vere RSV infection with promising results
26-29

.  

One of the main benefits of non-invasive respiratory support is the avoidance of the 

well-known complications associated with invasive mechanical ventilation. These 

complications are directly related to the process of intubation and mechanical venti-

lation (aspiration of gastric content, local airway trauma), caused by the loss of 

airway defense mechanisms (infection and inflammation), or occur after removal of 

the endotracheal tube (hoarseness and tracheal stenosis)
30

. In addition, the need 

for sedative drugs is greatly reduced in patients with non-invasive respiratory sup-

port, which enables patients to communicate and mobilize. Non-invasive respirato-

ry support however has its own risks: facial and nasal pressure injury and sores, 

gastric distension, dry mucous membranes and thick secretions (only when not 

humidified) and aspiration of gastric contents. More importantly, a consistent asso-

ciation between delayed intubation and increased mortality was found in adult pa-

tients treated with NIV for community acquired pneumonia and severe acute res-

piratory failure
31

. Therefore, when NIV is indicated, an appropriate setting and care-

ful monitoring is mandatory in order to detect NIV failure at an early stage and to 

avoid any unnecessary delay in intubation.  

 

 

FUTURES PERSPECTIVES  
 

For me, research certainly doesn’t end with completing this thesis. I rather consider 

it to be a moment of reflection: what did we learn so far and what more is there to 

unravel. I speculate that ‘ventilator’ induced lung injury might be attenuated or even 

avoided during non-invasive respiratory support as applied airway pressures are 

generally lower. For CPAP and/or HFNC these benefits could be even greater as 

inspiration is not actively supported with positive pressure. Subsequently, airway 
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stress and strain might be within physiological ranges hereby preventing ‘ventilator’ 

induced pulmonary inflammation. To the best of my knowledge, no studies exist on 

the effects of non-invasive ventilation on pulmonary inflammation. In order to fill this 

gap of knowledge I propose the following studies:  

• First, the immunological effects of non-invasive ventilatory support (e.g. CPAP) 

as compared to invasive mechanical ventilation should be determined. In an 

experimental study, mice can be infected with RSV and ‘treated’ with CPAP or 

invasive mechanical ventilation for 5 hours on day 5. The inflammatory re-

sponse in the bronchoalveolar lavage fluid and lung parenchyma to these two 

forms of ventilatory support can be compared using techniques described in 

this thesis. 

• Second, the immunological effects of different forms of ventilatory support 

should be compared. In a prospective observational clinical study in infants < 1 

years of age with severe RSV bronchiolitis, ventilatory support consisting of ei-

ther HFNC, CPAP or conventional invasive mechanical ventilation using a lung 

protective ventilatory strategy can be compared. In airway samples collected 

before and after start of ventilatory support, the inflammatory response to dif-

ferent forms of ventilatory support can be assessed using techniques de-

scribed in this thesis. 

• Third, the efficacy and safety of non-invasive ventilatory support requires fur-

ther study. Does non-invasive respiratory support reduce intubation rates in 

children with viral respiratory tract infections? Can length of stay be shortened 

by preventing invasive ventilation in favor of non-invasive respiratory support? 

What are the complications of non-invasive ventilation, such as pneumothorax 

or death due to postponed intubation? Based on these results it can be deter-

mined in what setting (e.g. pediatric intensive care, high care unit, general pe-

diatric ward) non-invasive respiratory support is a safe alternative to invasive 

ventilation.  

 

 

CONCLUSIONS  
 

The studies in this thesis demonstrate that mechanical ventilation provokes pulmo-

nary endothelial activation as well as inflammation in lungs and distal organs in an 

experimental model. Lung protective ventilator strategies, but not pharmacological 

interventions, attenuate VILI in healthy lungs. In experimental RSV infection, me-

chanical ventilation aggravates pulmonary inflammation due to a robust but distinct 

ventilator induced molecular stress response superimposed on the virus-induced 

innate immune response. Low tidal volume mechanical ventilation partially pre-

vents this ventilator-induced inflammation against the background of virus induced 

inflammation. In RSV-infected infants, the need for mechanical ventilation is not 
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associated with enhanced virus-induced pulmonary inflammation at baseline. En-

dotracheal intubation and subsequent mechanical ventilation however induce a 

significant increase in airway inflammatory mediators as compared to non-

ventilated RSV-infected infants. In light of the detrimental side-effects of invasive 

mechanical ventilation in healthy and especially in diseased lungs, non-invasive 

respiratory support for severe viral lower respiratory tract infection holds the future. 
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SUMMARY 

 

PART I: VENTILATOR INDUCED INFLAMMATION 
 

 

CHAPTER 2. 

Ventilator-induced endothelial activation and inflammation in the lung and 

distal organs. 

Results from clinical studies have provided evidence for the importance of leuko-

cyte-endothelial interactions in the pathogenesis of pulmonary diseases such as 

acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), as well as 

in systemic events like sepsis and multiple organ failure (MOF). This study was 

designed to investigate whether alveolar stretch due to mechanical ventilation (MV) 

may evoke endothelial activation and inflammation in healthy mice not only in the 

lung but also in organs distal to the lung.  

Healthy male C3H/HeN mice were anesthetized, tracheotomized and mechanically 

ventilated for either 1, 2 or 4 hours. To study the effects of alveolar stretch in vivo, 

a MV strategy was applied that causes overstretch of pulmonary tissue i.e. 20 

cmH2O peak inspiratory pressure (PIP) and 0 cmH20 positive end expiratory pres-

sure (PEEP). Non-ventilated, sham-operated animals served as a reference group 

(non-ventilated controls, NVC). 

Alveolar stretch imposed by MV did not only induce de novo synthesis of adhesion 

molecules in the lung but also in organs distal to the lung like the liver and kidney. 

No activation was observed in the brain. In addition, we demonstrated elevated 

cytokine and chemokine expression in pulmonary, hepatic and renal tissue after 

MV which was accompanied by enhanced recruitment of granulocytes to these 

organs.  

Our data implicate that MV causes endothelial activation and inflammation in mice 

without pre-existing pulmonary injury, both in the lung and distal organs.  

 

CHAPTER 3. 

Dexamethasone attenuates VEGF expression and inflammation but not barri-

er dysfunction in a murine model of ventilator–induced lung injury 

Ventilator-induced lung injury (VILI) is characterized by vascular leakage and in-

flammatory responses eventually leading to pulmonary dysfunction. Vascular endo-

thelial growth factor (VEGF) has been proposed to be involved in the pathogenesis 

of VILI. This study examines the inhibitory effect of dexamethasone on VEGF ex-

pression, inflammation and alveolar-capillary barrier dysfunction in an established 

murine model of VILI. 
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Healthy male C57Bl/6 mice were anesthetized, tracheotomized and mechanically 

ventilated for 5 hours with an inspiratory pressure of 10 cmH2O (“lower” tidal vol-

umes of ∼7.5 ml/kg; LVt) or 18 cmH2O (“higher” tidal volumes of ∼15 ml/kg; HVt). 

Dexamethasone was intravenously administered at the initiation of HVt-ventilation. 

Non-ventilated mice served as controls. Study endpoints included VEGF and in-

flammatory mediator expression in lung tissue, neutrophil and protein levels in 

bronchoalveolar lavage fluid, PaO2 to FiO2 ratios and lung wet to dry ratios. 

Particularly HVt-ventilation led to alveolar-capillary barrier dysfunction as reflected 

by reduced PaO2 to FiO2 ratios, elevated alveolar protein levels and increased lung 

wet to dry ratios. Moreover, VILI was associated with enhanced VEGF production, 

inflammatory mediator expression and neutrophil infiltration. Dexamethasone 

treatment inhibited VEGF and pro-inflammatory response in lungs of HVt-ventilated 

mice, without improving alveolar-capillary permeability, gas exchange and pulmo-

nary edema formation. 

Dexamethasone treatment completely abolishes ventilator-induced VEGF expres-

sion and inflammation. However, dexamethasone does not protect against alveo-

lar-capillary barrier dysfunction in an established murine model of VILI. 

 

CHAPTER 4. 

Angiopoietin-1 does not prevent ventilator-induced pulmonary dysfunction 

but reduces inflammation. 

Loss of integrity of the epithelial and endothelial barriers has been hypothesized to 

be a prominent feature of ventilator-induced pulmonary dysfunction. Based on its 

function in vascular integrity, we hypothesize that the angiopoietin-Tie2 system 

might play a role in the development of ventilator-induced lung injury.  

This study was designed to examine the effects of mechanical ventilation on the 

angiopoietin-Tie2 system in lung tissue. Moreover, we evaluated whether treatment 

with angiopoietin-1, a Tie2 receptor agonist, protects against pulmonary dysfunc-

tion and inflammation induced by mechanical ventilation. 

Mice were anesthetized, tracheotomized and mechanically ventilated for 5 hours 

with either an inspiratory pressure of 10 cmH2O (‘low’ tidal volume ∼7.5 ml/kg; LVt) 

or 18 cmH2O (‘high’ tidal volume ∼15 ml/kg; HVt). At initiation of HVt-ventilation, 

recombinant human angiopoietin-1 was administered intravenously (1 or 4 µg per 

mouse). Non-ventilated mice served as controls. 

Particularly HVt-ventilation influenced the angiopoietin-Tie2 system in lungs of 

healthy adult mice. Angiopoietin-1 treatment induced Tie2 signaling as measured 

by enhanced Akt phosphorylation. Angiopoietin-1 treatment reduced infiltration of 

granulocytes and expression of keratinocyte-derived chemokine, macrophage in-

flammatory protein-2, monocyte chemotactic protein-1 and interleukin-1β caused 

by HVt-ventilation. Angiopoietin-1 treatment did not prevent pulmonary dysfunction 

in HVt-ventilated mice even though it inhibited expression of vascular endothelial 
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growth factor and angiopoietin-2, which have been described to induce vascular 

leakage. 

Angiopoietin-1 treatment does not protect against pulmonary dysfunction induced 

by HVt-ventilation despite down regulation of pulmonary inflammation, and vascular 

endothelial growth factor and angiopoietin-2 expression. 

 

 

PART II: VIRUS INDUCED INFLAMMATION 
 

CHAPTER 5. 

Life-threatening respiratory syncytial virus disease in children 

Respiratory syncytial virus (RSV) is the most common viral cause of seasonal 

acute respiratory tract illness in very young children worldwide. In addition, life-

threatening RSV disease accounts for the most frequent cause of non-elective 

pediatric intensive care unit admission for mechanical ventilatory support in infants 

during the winter season. 

In a review article factors associated with a life-threatening course of RSV disease 

as well as available therapeutic options and mortality rates are discussed.  

Pre-existing medical conditions, direct virus-induced cytopathology and host im-

munopathology, as well as co-factors such as bacterial and/or viral co-infection, 

apnea and the syndrome of inappropriate antidiuretic hormone are important fea-

tures associated with turning a trivial community acquired upper respiratory tract 

illness into life-threatening disease. Although numerous medical therapies for life-

threatening RSV have been suggested, the mainstay of therapy is still primarily 

supportive. Mortality rates of previously healthy children requiring mechanical venti-

lation for RSV-associated disease are almost zero, whereas mortality rates in in-

fants with a pre-existent medical condition are up to 10%. 

 

CHAPTER 6. 

Host response to mechanical ventilation for viral respiratory tract infection  

Respiratory syncytial virus (RSV) bronchiolitis causes severe respiratory tract infec-

tion in infants, frequently necessitating mechanical ventilatory support. Although 

life-saving, mechanical ventilation aggravates lung inflammation. We set up a 

model to dissect the host molecular response to mechanical ventilation in RSV 

infection. Furthermore, the response to induced hypercapnic acidosis, reported to 

dampen the inflammatory response to mechanical ventilation in non-infectious 

models, was assessed.  

BALB/c mice were inoculated with RSV or mock-suspension and ventilated for 5 

hours on day 5 post-inoculation.  

Mechanical ventilation of infected mice resulted in enhanced cellular influx and 

increased concentrations of proinflammatory cytokines in the bronchoalveolar 
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space. Microarray analysis showed that enhanced inflammation was associated 

with a molecular signature of a stress response to mechanical ventilation with little 

effect on the virus-induced innate immune response. Hypercapnic acidosis during 

mechanical ventilation of infected mice did not change host transcript profiles. 

We conclude that mechanical ventilation during RSV infection adds a robust but 

distinct molecular stress response to virus-induced innate immunity activation em-

phasizing the importance of lung protective mechanical ventilation strategies. In-

duced hypercapnic acidosis has no major effect on host transcription profiles dur-

ing mechanical ventilation for RSV infection, suggesting that this is a safe approach 

to minimize ventilator-induced lung injury. 

 

CHAPTER 7. 

Tidal volume drives inflammation during mechanical ventilation for viral res-

piratory infection.  

Respiratory syncytial virus (RSV) lower respiratory tract infection (LRTI) is the most 

frequent cause of respiratory insufficiency necessitating mechanical ventilation in 

infants during the winter season. Both RSV infection and mechanical ventilation 

induce pulmonary inflammation. Ventilator induced lung injury (VILI) in healthy 

lungs however can be attenuated by lung protective ventilation. Little is known 

about the immunological effects of mechanical ventilation in severe RSV LRTI. We 

hypothesized that low tidal volume mechanical ventilation attenuates VILI in the 

presence of RSV LRTI. 

This was a randomized controlled experimental study performed in the animal la-

boratory of a University Medical Center. 

Male BALB/c mice were inoculated with RSV or mock-virus on day 0 and ventilated 

on day 5 with conventional (12 ml/kg) or low (6 ml/kg) tidal volume (Vt) for 5 hours.  

Total and differential cell counts as well as cytokine concentrations were deter-

mined in bronchoalveolar lavage fluid (BALF). Compared to non-ventilated RSV-

infected mice, conventional Vt ventilation of infected mice enhanced BALF total cell 

count (0,93 vs. 0,38 x10e6/ml; p<0,01), neutrophils (0,20 vs. 0,03 x 10e6/ml; 

p<0,01), IL-6 (266 vs. 66 pg/ml; p<0,01) and KC (335 vs. 115 pg/ml; p<0,01). Low 

Vt ventilation of RSV-infected mice only enhanced BALF IL-6 concentrations (225 

vs. 0 pg/ml; p<0.01) as compared to non-ventilated RSV-infected controls. 

Low tidal volume mechanical ventilation partially prevents ventilation-induced cellu-

lar and cytokine influx into the bronchoalveolar space during RSV lower respiratory 

tract infection. 

 

CHAPTER 8. 

Inflammatory response to mechanical ventilation in severe viral bronchiolitis 

Respiratory insufficiency due to severe respiratory syncytial virus (RSV) infection is 

the most frequent cause of pediatric intensive care unit admission in infants during 
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the winter season. Previous studies showed increased levels of inflammatory me-

diators in airways of ventilated children with respiratory failure caused by viral 

bronchiolitis. In this prospective observational multi-center study we aimed to in-

vestigate whether this difference was related to disease severity or caused by me-

chanical ventilation.  

Nasopharyngeal aspirates were collected <1 hour before intubation and 24 hours 

later in RSV bronchiolitis patients with respiratory failure (n=18) and non-ventilated 

RSV bronchiolitis controls (n=18). Concentrations of the following cytokines were 

measured: interleukin (IL)-1α, IL-1β, IL-6, monocyte chemotactic protein (MCP)-1 

and macrophage inflammatory protein (MIP)-1α.  

Baseline cytokine levels were comparable between ventilated and non-ventilated 

infants. After 24 hours of mechanical ventilation mean cytokine levels, except for 

MIP-1α, were elevated compared to non-ventilated infected controls: IL-1α (159 

versus 4 pg/ml, p<0.01), IL-1β (1068 versus 99 pg/ml, p<0.01), IL-6 (2343 versus 

958 pg/ml, p<0.05) and MCP-1 (174 versus 26 pg/ml, p<0.05).  

Using pre- and post-intubation observations, this study demonstrates that endotra-

cheal intubation and subsequent mechanical ventilation cause a robust pulmonary 

inflammation in infants with RSV bronchiolitis and respiratory failure.  

 

CHAPTER 9. 

Opioid receptors control viral replication in the airways  

Opioids are frequently used during mechanical ventilation for severe viral infection 

in infancy. Opioid receptors have immunomodulatory properties, but nothing is 

known about their antiviral effects. Therefore we aimed to investigate the role of 

opioid receptors in virus-induced airway inflammation. 

Two single-nucleotide polymorphisms (SNP) in OPRM1 and OPRD1 were geno-

typed in 465 infants with severe respiratory syncytial virus (RSV) infection and 930 

controls. Subsequently, the mechanism by which opioid receptors affect clinical 

outcome in RSV bronchiolitis was studied in BALB/c mice. Animals were injected 

daily with nalmefene, a non-selective opioid receptor antagonist, and infected by 

intranasal inoculation of RSV 24h after the first dose of nalmefene. The potential 

therapeutic effect of pharmaceutical opioids were studied using µ (DAMGO), κ 

(U50488) and δ (DPDPE) opioid receptor agonists 48 hours after infection.   

In our human study, the A118G SNP rs1799971 was associated with RSV disease 

severity (p = 0.015). In mice, nalmefene treatment increased viral titers and was 

associated with more pronounced weight loss. Increased viral replication was as-

sociated with increased levels of cytokines and chemokines in the bronchoalveolar 

lavage fluid, enhanced bronchoalveolar cellular influx and exaggerated lung pa-

thology. Pharmaceutical opioids, in particular PDPE,  did not affect viral replication, 

but induced a decreased influx of neutrophils, but an increased influx of lympho-

cytes and monocytes into the bronchoalveolar lumen during RSV infection.  
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Using a human study and an experimental model we show that opioid receptor 

signaling has a potential beneficial role in the outcome of respiratory viral disease. 

We show that opioid receptor signaling is required to control RSV replication as 

and thereby to control disease severity. However, we also show that caution is 

required before using pharmaceutical opioids as antiviral treatment of patients with 

viral respiratory infection. 
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SAMENVATTING VOOR NIET-INGEWIJDEN  
 

 

De afgelopen tientallen jaren hebben ontwikkelingen in de medische zorg op het 

gebied van de kinder intensive care geleid tot een betere overleving. De opkomst 

van kunstmatige beademing heeft hierin een belangrijke rol gespeeld. Beademing 

biedt ernstig zieke kinderen een zogenoemde ‘brug tot herstel’. Diverse aandoe-

ningen die in het verleden fataal waren, zijn nu behandelbaar doordat er met be-

hulp van kunstmatige beademing tijd gekocht kan worden tot de behandeling aan-

slaat. Hoewel kunstmatige beademing vaak levensreddend is, kan het echter ook 

longschade veroorzaken of verergeren. Veel wetenschappelijk onderzoek is er dan 

ook op gericht om de meest optimale en minst schadelijke beademingsstrategie 

voor de diverse patiëntengroepen te vinden. Tegenwoordig zijn op de kinderleeftijd 

virale lagere luchtweginfecties (longontstekingen) de meest voorkomende oorzaak 

van beademingsbehoefte. Helaas is er nog weinig bekend over de effecten van 

kunstmatige beademing ten tijde van een virale lagere luchtweginfectie. Verbete-

ring van de beademingsstrategieën voor deze kinderen niet alleen zeer wenselijk 

maar zeker ook mogelijk.  

 

 

INLEIDING 

 

Hoofdstuk 1 geeft een korte inleiding over kunstmatige beademing, beademings-

gerelateerde longschade en het respiratoir syncytieel virus (RSV) evenals de doe-

len van dit proefschrift. 

Kunstmatige beademing wordt toegepast als de ademhaling en/of zuurstof- en 

koolzuur uitwisseling in de longen niet voldoende is. In dat geval krijgen cellen in 

het lichaam te weinig zuurstof aangeboden en kunnen weefsels afsterven. Met 

behulp van een beademingsapparaat kan lucht gemengd met zuurstof via een 

beademingsbuisje (via neus of mond) direct de luchtwegen ingeblazen worden. Dit 

noemt men invasieve kunstmatige beademing. Hoewel beademing in essentie 

levensreddend is, kan het ook leiden tot beademingsgerelateerde longschade 

(ventilator induced lung injury, VILI). De mechanismen die ten grondslag liggen aan 

beademingsgerelateerde longschade zijn ons niet volledig bekend. Wel is duidelijk 

dat de oorzaken van beademingsgerelateerde longschade in 2 categorieën kunnen 

worden verdeeld, te weten: 1. Directe fysieke beschadiging van cellen en weefsels 

door het gebruik van te hoge beademingsdrukken (barotrauma) of te grote teugen 

(volutrauma) evenals het herhaaldelijk open en dicht gaan van longblaasjes aan 

het einde van de uitademing (atelectotrauma) en 2. Indirecte beschadiging door 

het geactiveerd worden en vrijkomen van biochemische signalen in reactie op me-

chanische rek van cellen en weefsels. In beide gevallen komen ontstekingseiwitten 
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vrij, wordt de membraan tussen longblaasjes (alveoli) en bloedvaten meer door-

laatbaar (‘lek’) en hoopt eiwitrijk vocht (oedeem) zich op tussen en in de longblaas-

jes met als gevolg een minder efficiënte gasuitwisseling in de longen. In gezonde 

longen kan men deze beademingsgerelateerde longschade beperken door ‘long-

beschermend’ te beademen. Hieronder verstaat men beademing met kleine teug-

volumes, niet te hoge beademingsdrukken en voldoende ‘positive end expiratory 

pressure’ (PEEP). PEEP voorkomt namelijk schade door het herhaaldelijk open en 

dicht gaan van longblaasjes aan het einde van de uitademing.  

Het respiratoir syncytieel virus (RSV) is de meest voorkomende oorzaak van sei-

zoensgebonden luchtwegaandoeningen bij zowel kinderen als volwassenen. Voor 

volwassenen blijft het vaak bij een verkoudheid, maar vooral bij zeer jonge kin-

deren (onder de leeftijd van 6 maanden) kan de verkoudheid overslaan op de lage-

re luchtwegen en leiden tot een longontsteking met bijbehorende virusgerelateerde 

ontstekingsreactie. Een RSV-infectie gaat meestal ‘vanzelf’ over doordat onze 

eigen afweer het RS-virus onschadelijk maakt. Een effectief medicijn tegen RSV 

bestaat (nog) niet. Wel kunnen kinderen met een verhoogd risico op een ernstige 

RSV-infectie (zoals veel te vroeg geboren kinderen, kinderen met een aangeboren 

hart- of longaandoening of kinderen met het syndroom van Down) in de winterperi-

ode maandelijks ‘gevaccineerd’ worden. Hiermee worden infecties niet voorkomen 

maar neemt wel de ernst van de infectie af. Desondanks worden in Nederland 

jaarlijks circa 2000 kinderen in een ziekenhuis opgenomen als gevolg van een 

RSV (lagere) luchtweginfectie. Van deze opgenomen kinderen belanden er uitein-

delijk ongeveer 150 tot 200 op een kinder intensive care voor kunstmatige beade-

ming. Hiermee is een RSV lagere luchtweginfectie de meest voorkomende reden 

van opname op een kinder intensive care in de wintermaanden. Over het effect 

van (longbeschermende) beademing ten tijde van een virale lagere luchtweginfec-

tie is nauwelijks iets bekend.  

 

Dit proefschrift beoogt niet alleen onze huidige kennis op het gebied van beade-

mingsgerelateerde longschade te vergroten maar ook de effecten van beademing 

ten tijde van een virale lagere luchtweginfecties te ontrafelen aan de hand van de 

volgende vragen:   

1. Geeft beademing ook een ontstekingsreactie in andere organen dan de longen 

(hoofdstuk 2)? 

2. Voorkomen medicijnen het ‘lek’ worden van de membraan tussen de long-

blaasjes en de bloedvaten door beademing en blijft de gasuitwisseling hierdoor 

beter (hoofdstuk 3 en 4)? 

3. Wat maakt een RSV-infectie tot een levensbedreigende aandoening (hoofd-

stuk 5)? 

4. Wat gebeurt er op genetisch niveau in de longen tijdens beademing, al dan 

niet in de aanwezigheid van een RSV-infectie (hoofdstuk 6)?  
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5. Beschermt het gebruik van kleine teugen ook tijdens een RSV lagere lucht-

weginfectie tegen beademingsgerelateerde longschade (hoofdstuk 7)? 

6. Is de noodzaak tot kunstmatige beademing bij zuigelingen met een RSV-

infectie te verklaren door een heftige virusgerelateerde ontstekingsreactie en 

wat zijn de effecten van beademing op deze virusgerelateerde ontstekingsre-

actie (hoofdstuk 8)? 

7. Wat is de rol van opiaatreceptoren op de mate van ziek zijn tijdens een RSV 

infectie (hoofdstuk 9)? (Opiaatreceptoren zijn eiwitten waaraan opiaten, medi-

cijnen die veel gebruikt worden als slaapmiddel en als pijnbestrijding tijdens 

het beademen van kinderen, binden waarmee de werking van het opiaat in 

gang wordt gezet.) 
 

 

STUDIES 

 

De dierstudies beschreven in de eerste 3 hoofdstukken van dit proefschrift geven 

ons meer inzicht in de effecten van kunstmatige beademing van gezonde longen. 

Hoofdstuk 2 laat zien dat kunstmatige beademing niet alleen in de longen maar 

ook in andere organen een ontstekingsreactie teweegbrengt. Hoewel het vrijkomen 

van ontstekingseiwitten door beademing waarschijnlijk een van de belangrijkste 

oorzaken is voor het ontstaan van schade in andere organen, zijn de exacte onder-

liggende mechanismen nog onbekend.  

In hoofdstuk 3 en 4 wordt beschreven dat een longbeschermende beademings-

strategie (met beperkte beademingsdrukken en teugvolumes maar wel met vol-

doende PEEP) de beademingsgerelateerde ontstekingsreactie in de longen ver-

mindert maar niet voorkomt. Ook onderzochten we in hoofdstukken 3 en 4 het 

effect van 2 verschillende medicijnen op beademingsgerelateerde longschade. 

Hoewel beide medicijnen de productie van ontstekingscellen en -eiwitten duidelijk 

verminderden, bleef de mate van doorlaatbaarheid van het membraan tussen de 

longblaasjes en de bloedvaten onveranderd hoog met nog steeds een onveran-

derd slechte gasuitwisseling. Opvallend genoeg blijkt geen van de geneesmiddelen 

die tot op heden onderzocht zijn succesvol in de behandeling of het voorkomen 

van beademingsgerelateerde longschade. Op dit moment is alleen het toepassen 

van longbeschermende beademingsstrategieën bewezen effectief gebleken in het 

voorkomen van beademingsgerelateerde longschade.  

In het tweede deel van dit proefschrift ligt de nadruk op de virusgerelateerde ont-

stekingsreactie en de mogelijke interactie met de beademingsgerelateerde ontste-

kingsreactie. In hoofdstuk 5 wordt een overzicht gegeven van de verschillende 

(risico-) factoren die van een banale RSV verkoudheid een potentieel levensbe-

dreigende ziekte kunnen maken. Tot deze factoren behoren onder andere onder-

liggende medische aandoeningen (zoals een aangeboren hart- of longafwijking), 
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de virusgerelateerde ontstekingsreactie, gelijktijdige bacteriële of andere virale 

infecties en ontregeling van het hormoon dat de urine uitscheiding regelt.  

In hoofdstuk 6 wordt beschreven dat in een diermodel kunstmatige beademing 

tijdens een RSV lagere luchtweginfectie de ontstekingsreactie in de longen verer-

gert. Dit blijkt uit het toegenomen aantal ontstekingscellen en -eiwitten in de lon-

gen. Genetisch onderzoek laat zien dat deze verergering van de ontstekingsreactie 

in de long het gevolg is van het toevoegen van de beademingsgerelateerde ont-

stekingsreactie aan de virusgerelateerde ontstekingsreactie.  

Zoals beschreven in hoofdstuk 7, geeft in een diermodel een longbeschermende 

beademingsstrategie met kleine teugen ook tijdens een RSV lagere luchtweg infec-

tie inderdaad minder beademingsgerelateerde ontsteking en longschade.  

In hoofdstuk 8 wordt aangetoond dat de noodzaak tot kunstmatige beademing bij 

zuigelingen met een RSV-infectie niet te verklaren valt door een heftige virusgere-

lateerde ontstekingsreactie alleen. De mate van ontstekingsreactie in het ‘snot’ uit 

de neus (vlak voor plaatsing van het beademingsbuisje en het starten van de be-

ademing) is namelijk vergelijkbaar met de ontstekingsreactie in zuigelingen met 

een RSV-infectie die geen kunstmatige beademing nodig hebben. Na 24 uur be-

ademing is er een duidelijke toename van de ontstekingsreactie met verhoogde 

concentraties ontstekingseiwitten in vergelijking met de onbeademde RSV-

geïnfecteerde zuigelingen. Deze zogeheten klinische studie is in overeenstemming 

met de eerder beschreven dierstudies.  

Met behulp van zowel een klinische als een diermodel studie toont hoofdstuk 9 

aan dat opiaatreceptoren een belangrijke rol spelen tijdens virale luchtweginfecties. 

Het signaal dat opiaatreceptoren afgeven, beïnvloedt de vermenigvuldiging van het 

RS-virus en hiermee ook ziekte-ernst. Omdat opiaten veel gebruikt worden als 

slaapmiddel en pijnstiller tijdens de kunstmatige beademing van zuigelingen met 

een ernstige virale infectie, vormen opiaatreceptoren misschien een aantrekkelijk 

doel voor verder onderzoek naar medicamenteuze mogelijkheden om de virusgere-

lateerde ontstekingsreactie te verminderen.  

 

 

KLINISCHE RELEVANTIE 

 

De belangrijkste conclusie die men uit dit proefschrift kan trekken is het belang van 

een longbeschermende beademingsstrategie voor zowel gezonde als ‘zieke’ lon-

gen. In het geval van zieke longen, zoals bij een RSV lagere luchtweginfectie, kan 

men zich zelfs afvragen of een longbeschermende beademingsstrategie wel vol-

doende bescherming biedt tegen de beademingsgerelateerde ontstekingsreactie. 

In het tweede deel van dit proefschrift wordt namelijk duidelijk aangetoond dat in-

vasieve beademing (met een beademingsbuisje direct in de luchtwegen) tijdens 

een RSV lagere luchtweginfectie een verergering van de ontstekingsreactie in de 
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long veroorzaakt. Men voegt hiermee namelijk een beademingsgerelateerde ont-

stekingsreactie toe aan de al aanwezige virusgerelateerde ontstekingsreactie. Mis-

schien moeten we zuigelingen met een ernstige RSV lagere luchtweginfectie wel 

helemaal niet meer invasief beademen. Non-invasieve ademhalingsondersteuning, 

waarbij de patiënt ondersteund of zelfs beademd wordt zonder een invasieve 

luchtweg, is wellicht een beter alternatief. Bij non-invasieve ademhalingsonder-

steuning is het beademingsbuisje vervangen door een masker (bijv. neuskap, 

mondkap, mond-neuskap, gezichtskap). Op deze manier kunnen verschillende 

vormen van ademhalingsondersteuning tot zelfs beademing aangeboden worden. 

Tegenwoordig is non-invasieve beademing heel gebruikelijk in de zorg voor vol-

wassen en kinderen met chronische thuisbeademing. Maar ook op volwassen in-

tensive care afdelingen wordt non-invasieve beademing steeds meer toegepast 

voor acute problemen die beademing noodzakelijk maken (ernstige longontstekin-

gen, hartproblemen met ‘vocht achter de longen’ en na orgaantransplantaties). 

Beetje bij beetje wordt non-invasieve beademing steeds vaker toegepast op de 

kinder intensive care afdelingen. Een van de belangrijkste voordelen van non-

invasieve beademing is het voorkomen van complicaties zoals die optreden bij 

invasieve beademing (verslikken, lokale beschadiging van de luchtpijp, verhoogde 

gevoeligheid voor infecties en natuurlijk beademingsgerelateerde ontstekingsreac-

ties). Maar ook bij non-invasieve beademing kunnen complicaties optreden zoals 

irritatie en huidletsel door het masker, het indikken van het slijm bij gebruik van 

niet-bevochtigde lucht en het opblazen van de maag omdat de lucht niet alleen in 

de longen terecht komt. Het grootste gevaar zit echter in het te lang uitstellen van 

invasieve beademing ten gunste van de non-invasieve beademing. Bij volwassen 

patiënten heeft dit zelfs geleid tot een verhoogde sterfte. Het is dan ook essentieel 

de effecten van non-invasieve beademing goed te monitoren en zo nodig  tijdig in 

te grijpen bij onvoldoende effect.   

 

 

TOEKOMSTPERSPECTIEVEN 

 

Voor mij stopt het doen van onderzoek zeker niet met het voltooien van dit proef-

schrift. Ik zie dit meer als een moment van reflectie: wat hebben we tot dusver 

geleerd en wat valt er nog meer te ontdekken en leren. Ik vermoed namelijk dat de 

beademingsgerelateerde ontstekingsreactie tijdens non-invasieve beademing dui-

delijk minder is: de gebruikte beademingsdrukken bereiken niet direct de longen en 

geven dus minder opgelegde rek. In het geval van non-invasieve ademhalingson-

dersteuning, waarbij de inademing niet met positieve druk ondersteund wordt (dit is 

wel het geval bij zowel invasieve als non-invasieve beademing), is het voordeel 

misschien nog groter. De mate van rek en stretch van de luchtwegen en longen 

valt hierbij waarschijnlijk binnen de normale fysiologische range. Hypothetisch ge-
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zien zou er dus geen beademingsgerelateerde ontstekingsreactie op moeten tre-

den. Voor zover bekend is er tot op heden geen enkele onderzoek verricht naar de 

effecten van non-invasieve beademing op de (ontstekingsreactie in de) longen en 

daar ligt wat mij betreft de toekomst voor verder onderzoek.  

 

 

CONCLUSIES 
 

De dierstudies in het eerste deel van dit proefschrift laten zien dat kunstmatige 

invasieve beademing niet alleen in de longen maar ook in andere organen een 

ontstekingsreactie teweegbrengt. In gezonde longen verminderen longbescher-

mende beademingsstrategieën deze beademingsgerelateerde ontstekingsreactie. 

Medicamenteus ingrijpen is echter (nog) niet effectief gebleken. Tijdens een RSV 

lagere luchtweginfectie verergert invasieve beademing de ontstekingsreactie in de 

longen. Dit is het gevolg van het toevoegen van een beademingsgerelateerde ont-

stekingsreactie aan de al aanwezige virusgerelateerde ontstekingsreactie. Een 

longbeschermende beademingsstrategie vermindert ook tijdens een RSV lagere 

luchtweg infectie de beademingsgerelateerde ontstekingsreactie. Bij zuigelingen 

valt de noodzaak tot beademing niet te verklaren door een heftige virusgerelateer-

de ontstekingsreactie, wel leidt intubatie en beademing (net als in het diermodel) 

tot toename van de ontstekingsreactie in de longen. Gezien de aangetoonde nade-

lige effecten van invasieve beademing in gezonde maar voornamelijk ook zieke 

longen, is non-invasieve ademhalingsondersteuning voor ernstige virale lagere 

luchtweginfecties wellicht een beter alternatief. 
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DANKWOORD 
 

Promoveren doe je niet alleen. Een zeer groot aantal mensen, en in mijn geval ook 

muizen, hebben een belangrijke bijdrage geleverd aan het tot stand komen van dit 

proefschrift. Om te voorkomen dat dit ‘hoofdstuk' naast het meest gelezen (als 

alternatief zou ik u graag ‘de nederlandse samenvatting voor niet-ingewijden’ willen 

aanraden), ook het meest uitgebreide stuk van dit proefschrift wordt, wilde ik mij 

graag houden aan de letterlijke interpretatie van bovenstaande titel. Te weten één 

woord van dank, maar dan wel uit de grond van mijn hart en uitermate welge-

meend voor een ieder die mij op een positieve manier heeft bijgestaan in dit fan-

tastische experiment: 
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