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General introduction and thesis outline

Respiratory syncytial virus

Respiratory syncytial virus (RSV) is an enveloped, nonsegmented, negative-sense, single-stranded 
RNA virus of the family Paramyxoviridae, subfamily Pneumovirinae and genus Pneumovirus. 
Other closely related species-limited pneumovirus members include bovine RSV (bRSV), ovine 
RSV (oRSV) and pneumonia virus of mice (PVM). The genome of these pneumoviruses encodes 
eight structural proteins (L, G, F, N, P, M, M2-1, and SH) and two unique nonstructural proteins 
(NS1 and NS2).1 In addition, pneumovirus virions have a similar structure of a nucleocapsid 
within a lipid envelope and have three transmembrane surface glycoproteins: the attachment 
(G), fusion (F), and small hydrophobic (SH) proteins.2-4 

History

In retrospect, the first descriptions of young children with respiratory tract symptoms resembling 
the later clinical observations of RSV disease date from well before 1900.5 The virus was first 
isolated, however, in the winter of 1955-1956 at the Walter Reed Army Institute of Research in 
Washington DC from laboratory chimpanzees, which had signs of a respiratory tract infection 
including coughing, sneezing and mucopurulent nasal discharge.6  The virus was aptly named 
“Chimpanzee Coryza Agent” (CCA). Healthy chimpanzees developed upper respiratory 
tract disease after experimental intranasal inoculation with cultures of the CCA, unlike mice, 
hamsters, rabbits or guinea pigs. 

The first evidence of human infection with CCA was found in a laboratory worker, who was 
in close contact with the infected apes. He developed coryza-like symptoms and although virus 
isolation attempts were unsuccessful, complement-fixing antibodies to CCA were found in his 
blood.6 One year after the first evidence of human infection with CCA, Chanock and colleagues 
isolated a CCA-like virus from throats of children with lower respiratory disease at the Johns 
Hopkins University Hospital in Baltimore Maryland.7 Because of the tendency of this CCA-
like virus to form multinucleated giant cell syncytia in tissue cultures, the virus was renamed 
respiratory syncytial virus (RSV). Subsequent discovery of RSV in nasopharyngeal cultures from 
41 young children with mild to severe respiratory disease by Beem et al. marked the beginning of 
the recognition of RSV as an important respiratory pathogen in young children.8 

Epidemiology

Today, RSV is among the most important respiratory pathogens in young children worldwide. 
Human RSV infection and transmission result in community outbreaks with high activity during 
the winter months in areas with temperate climates, or more continuously throughout the year 
in tropical regions.9 RSV is highly contagious and almost all children have been infected with 
RSV by the age of two years.10 The spectrum of RSV disease ranges from mild upper respiratory 
tract disease to severe lower respiratory tract disease, including bronchiolitis and (broncho)
pneumonia. Many children with severe RSV disease fulfill the clinical criteria of acute respiratory 
distress syndrome (ARDS),11, 12 a life-threatening pulmonary condition that is characterized by 
hypoxic respiratory failure with bilateral lung infiltrates in the setting of a normal cardiac preload 
(ARDS Berlin definition). The development of ARDS is associated with extensive neutrophilic 
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inflammation and widespread alveolar epithelial injury with formation of protein-rich edema.13 
Risk factors for severe RSV infection include prematurity, chronic lung disease, congenital heart 
disease and immunodeficiencies. The majority of infants with severe RSV disease or RSV-induced 
ARDS, however, were full term and previously healthy.14-16 Reinfection with RSV in later life is 
common, providing evidence for an incomplete or dysfunctional adaptive immune response.17, 18 

The global burden of RSV in terms of morbidity, mortality and health care costs is very high. 
It has been estimated that every year more than 3 million children are hospitalized worldwide 
because of an RSV infection, leading to almost 200.000 deaths in developing countries.19 As such, 
RSV is among the top three pathogens responsible for death in children under 5 years in poor 
resource areas.20, 21 In addition, in elderly or adults with underlying chronic illness, RSV is also 
increasingly recognized as an important pathogen leading to high morbidity and mortality.22-25 
Studies on annual health care costs associated with RSV in the USA estimate a tremendous 
economic burden of over $600 million.26

Importantly, in addition to causing acute symptoms, RSV is also associated with long 
term morbidity. Infants hospitalised for RSV have an increased risk of developing recurrent 
wheezing.27-33 This wheezing can persist for many years, with an identifiable decrease in lung 
function (e.g. FEV1%). However, the duration of these sequaela and likelihood of transition 
into asthma appears variable among several follow up studies.27-31, 34, 35 Likewise, it remains 
controversial whether RSV leads to long term pulmonary dysfunction or whether poor lung 
function at birth predisposes for a more severe course of RSV infection,36 with subsequent 
compromise in later life.37 

Prevention and treatment

Given the high burden of RSV it is evident that effective prevention and treatment for this important 
pathogen is highly needed. However, the search and development of vaccines and specific pharma-
cological interventions has been highly challenging and unsatisfactory. Up to date, treat ment of 
patients hospitalized for RSV is mainly supportive, with nasogastric feeding, supple mental oxygen 
and mechanical ventilation in case of respiratory failure being the mainstay of therapy.

There is currently no licensed RSV vaccine available. This is in part due to the major 
drawback of a large NIH sponsored vaccine trial using the first formalin-inactivated vaccine 
against RSV, which consisted of four field efficacy studies in 1966-1967 in the USA.38-40 This 
trial had a disastrous outcome: children that were immunized with the vaccine showed 
exacerbated pulmonary disease at the time of encountering a natural RSV challenge as compared 
to unvaccinated children, an observation at least in part related to enhanced Th2 induced 
eosinophilic inflammation.41 In fact, two children died as a consequence of severe RSV disease 
in one of the studies.38 However, even without this marked past, several important obstacles 
need to be overcome before licensure of an effective RSV vaccine is in sight. The most important 
challenge is the young age at which RSV vaccination needs to be administrated: peak age of 
severe RSV disease is 2-3 months, thus vaccination needs to take place very early in life in infants 
with an immature immune system. Over the last several decades, new vaccine strategies have 
been designed including live attenuated vaccines for intranasal application,42-44 subunit RSV 
vaccines intended for intramuscular administration,45-49 epitope-based approaches,50, 51 and live 
vaccine virus candidates attenuated by deletion of genes.50, 52-54 At the time of this writing a few 
vaccine formulations are tested in Phase 1-2 trials, however, none is yet market approved.
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Alongside vaccine technology, passive immunoprohylaxis by neutralizing antibodies (IVIG and 
monoclonals) has been explored after recognition of the usefulness of the cotton rat RSV model in 
the 1970s55, 56 for this purpose. The most important milestone was the licensure of Palivizumab, a 
humanized monoclonal antibody against the RSV-F protein, in 1998. Palivizumab, administrated 
in a monthly regimen during the RSV season, reduces the risk of RSV-related hospitalization and 
intensive care admission in high risk infants by approximately 50%.57 However, partly due to the 
high costs, Palivizumab is only licensed for high risk children, and therefore presently does not 
address the burden of RSV in healthy children. 

While prevention of RSV clearly is difficult, extensive research to find specific or non-specific 
treatments have also been largely unsuccessful so far. The only antiviral agent licensed for the 
therapy of severe RSV infections is ribavirin, a synthetic nucleoside analog. Unfortunately, 
several factors make its use highly controversial: evidence for its efficiency is controversial, it is 
expensive, difficult to administer, and possibly a teratogen.58-65 Recently, GS-5806, a novel small 
oral molecule, that inhibits RSV entry by blocking viral-envelope fusion with the cell membrane, 
has shown promising results in a study with experimental RSV infection in healthy adults.66 
However, further studies are needed to assess the clinical efficacy of this compound in the late 
phase of disease upon natural RSV infection. Finally, there is no evidence for the routine use of 
non-specific treatments, such as corticosteroids and bronchodilators.67, 68 

Conclusion

In summary, RSV is responsible for a very high global health and economic burden. There is 
no licensed vaccine, no effective treatment and immunoprophylaxis reduces this burden in 
high risk patients only at high costs. As such, there is a clear rationale for studying RSV disease 
pathogenesis in order to find anchor points for better protection against this important pathogen. 
This thesis aims to contribute to this research field. 

Focus of this thesis: epithelial injury

The respiratory tract can be divided into a conducting zone and a respiratory zone. Air passes 
through the conducting zone (airways), consisting of the trachea, bronchi and terminal 
bronchioli, to the respiratory zone. In the respiratory zone the actual gas exchange of oxygen and 
carbon dioxide takes place between the alveoli and the pulmonary capillaries over an extremely 
thin air-blood barrier.

Epithelial cells play a crucial role in the respiratory system. In the conducting zone they 
warm, moisten, filter and clean the inspired air. The conducting zone epithelium consists of 
ciliated cells, secretory goblet, Clara cells and cells with microvilli. Type I and II alveolar epithelial 
cells make up the epithelium of the respiratory zone. Up to 97% are type I cells that form a 
very tight and thin layer with the capillary endothelial cells over which the gas exchange takes 
place. Normally this alveolar-capillary barrier is largely impermeable to proteins and solutes. 
The alveolar type II cells produce surfactant and are able to reabsorb sodium and water thereby 
preventing fluid accumulation in the alveolar compartment. Finally, epithelial cells in the entire 
respiratory system form a physical barrier against viral, fungal and bacterial pathogens and have 
a major role in the host innate and adaptive immune response.69
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Ciliated respiratory epithelial cells are the primary site of pneumovirus replication in humans70-72 
and in animal models.73, 74 Upon RSV attachment and entry, epithelial cells secrete a number of 
cytokines and chemokines, such as IL-6, IL-8, CCL3 (MIP-1a) and CCL5 (RANTES)75-77 and 
mucus, thereby contributing to the pro-inflammatory response. Although this response, mainly 
consisting of a neutrophilic influx, can help the host to get rid of the virus, it can also contribute 
to damage to the epithelial layer by cell death.78  

Histopathological studies of children with fatal RSV disease show marked injury of the 
epithelium in both the conducting zone as well as the respiratory zone.71, 79-81 In line with this, 
increased local concentrations of KL-6, a biomarker of epithelial injury in the lungs, have been 
found in children with severe RSV disease.82 In addition, in several animal models of RSV 
disease, including RSV infection in baboons and calves, and pneumovirus infection in mice, 
extensive lung epithelial injury and pulmonary edema was found.83-85 

Injury of epithelial cells of the airways leads to sloughing of dead cells, which contributes to 
mucus plugging with subsequent atelectasis and hyperinflation, a characteristic clinical feature of 
RSV disease. Injury of the alveolar epithelium compromises the gas exchange and leads to severe 
hypoxemia. This may be further aggravated by damage to the type II alveolar epithelial cells 
resulting in decreased surfactant production and formation of alveolar edema by impaired fluid 
clearance, as is observed in ARDS.86-89 The widespread alveolar epithelial injury compared to the 
location and extent of RSV infected cells in predominantly the ciliated respiratory epithelium 
suggests that RSV is not just a passive target of the anti-viral immunological response, but 
also triggers a more extended immunological reaction with ‘bystander’ cellular damage. One 
hypothesis is that unbalanced apoptosis leads to extensive lung injury. In addition, neutrophils, 
with their strong antimicrobial properties, can potentially damage tissues upon prolonged or 
enhanced activation.90 Furthermore, there is much evidence that mechanical ventilation, which 
needs to be applied in cases of RSV-induced respiratory failure, can contribute to strong pro-
inflammatory responses and injury in the lungs,91, 92 as a secondary hit (‘ventilator induced lung 
injury’) on top of direct viral disease. As such, it can be hypothesized that epithelial injury plays 
an important role in the pathogenesis of severe RSV disease. Further insight into its mechanisms 
should lead to treatments that protect the epithelial cells and decrease detrimental consequences, 
such as the formation of pulmonary edema.

This thesis focuses on epithelial injury in severe RSV disease. In part I: Mechanisms of lung 
epithelial injury in severe RSV disease, we explore apoptosis, or regulated cell death, as a 
potential important mechanism of epithelial injury. First, in chapter 2, we provide an overview of 
apoptosis and review various pro-apoptotic stimuli in the context of RSV infection. Importantly, 
potential therapeutic interventions targeting apoptosis in the lungs are discussed. Thereafter, 
in chapter 3, we study the relevance of a major apoptosis pathway, the Fas/FasL system, in the 
pathogenesis of epithelial injury in an animal model for severe RSV disease. In this study, we 
additionally focus on the effects of mechanical ventilation, as a potential secondary hit to the 
lungs (‘ventilator induced lung injury’). Finally, in chapter 4, the effects of a pharmacological 
inhibitor of apoptosis in an animal model for severe RSV disease are presented.  

In part II: Consequences of lung epithelial injury in severe RSV disease we focus on 
the potential impact of epithelial injury: formation of pulmonary edema with subsequent 
oxygenation failure. In chapter 5 we investigate markers of oxygenation in relation to disease 
severity in a clinical study among mechanically ventilated children with severe RSV disease. 
In addition, in chapter 6, we study the formation of pulmonary edema in an animal model of 
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severe RSV disease, and test whether pharmacological stimulation of alveolar fluid clearance is 
beneficial in this model.

Finally, chapter 7 summarizes and discusses the results of the preceding chapters in a broader 
context.
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Abstract

Pneumovirus infections cause a wide spectrum of respiratory disease in humans and animals. The 
airway epithelium is the major site of pneumovirus replication. Apoptosis, or regulated cell death, 
may contribute to the host anti-viral response by limiting viral replication. However, apoptosis of 
lung epithelial cells may also exacerbate lung injury, depending on the extent, the timing and specific 
location in the lungs. Differential apoptotic responses of epithelial cells versus innate immune cells 
(e.g., neutrophils, macrophages) during pneumovirus infection can further contribute to the complex 
and delicate balance between host defense and disease pathogenesis. The purpose of this manuscript 
is to give an overview of the role of apoptosis in pneumovirus infection. We will examine clinical and 
experimental data concerning the various pro-apoptotic stimuli and the roles of apoptotic epithelial 
and innate immune cells during pneumovirus disease. Finally, we will discuss potential therapeutic 
interventions targeting apoptosis in the lungs.
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Introduction

Pneumoviruses are single-stranded, negative-sense, enveloped RNA viruses belonging to the 
family Paramyxoviridae, subfamily Pneumovirinae, and include several closely related, but 
species-limited members (reviewed by Easton et al.1). The human pneumovirus respiratory 
syncytial virus (hRSV) is a leading respiratory pathogen in young children and the elderly 
worldwide and is associated with considerable morbidity and mortality and high health care 
costs.2,3 Likewise, bovine RSV (bRSV) causes outbreaks of respiratory disease in young beef 
and dairy cattle. Both bRSV infection in cattle and infection of mice by the rodent-specific 
pneumovirus pneumonia virus of mice (PVM) have been studied extensively as a model for 
hRSV disease in humans.4 Pneumovirus infections in humans and animals cause a wide spectrum 
of respiratory disease symptoms, ranging from mild upper airway illness, such as coryza and 
cough, to lower respiratory tract disease (e.g., bronchiolitis and bronchopneumonia), which may 
eventually lead to impaired gas-exchange and life threatening respiratory failure. Human infants 
with hRSV infection are prone to develop acute respiratory distress syndrome (ARDS), an acute-
onset life threatening inflammatory lung condition associated with widespread lung injury.5,6 
Currently, as no specific treatment options for severe hRSV disease in humans exist, there is an 
ongoing research effort focusing on pneumovirus biology and host-interaction, ultimately to 
find novel therapies.

Apoptosis, a highly regulated energy-dependent type of cell death with distinct mor-
phological and biochemical characteristics,7 is a basic biological response of cells to virus 
entry and replication.8 While apoptosis of virus-infected cells may be an important first line 
host defense mechanism to limit pathogen replication and spread, many viruses have evolved 
strategies to evade and modulate intracellular pro-apoptotic signaling in the early replication 
phase.9,10 Conversely, it has become clear that viruses may also exploit the cellular pro-apoptotic 
machinery in the formation and spread of infectious progeny virions in the late phase or in the 
elimination of immune cells, thereby evading host defense.10,11 At the same time, from the host’s 
perspective, extensive pro-apoptotic signaling may be beneficial in attacking a virus, but may 
become devastating upon the occurrence of an overshoot in apoptosis, leading to widespread 
loss of infected and/or uninfected bystander structural cells. Such an unbalanced extensive 
apoptotic response is implicated in the pathogenesis of a wide variety of diseases, including the 
development of diffuse lung epithelial injury in ARDS.12 Taken together, the outcome of apoptosis 
during viral infection for the host may depend on its extent, timing and cell-specificity. 

The occurrence and potential role of apoptosis in pneumovirus infections have been 
investigated in both in vivo (human and animal) and in vitro studies. The main goal of this 
manuscript is to provide an overview of the existing literature on pro- and anti-apoptotic 
signaling in pneumovirus infections with a focus on lung (airway and alveolar) epithelial cells, 
neutrophils and macrophages, as first line cellular responders to acute pneumovirus infection. 
Furthermore, we will speculate on future apoptosis-based pharmacological therapies in hRSV 
disease. 
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Figure 1. 
Schematic overview of three pathways of caspase-dependent apoptosis. First, the death receptor 
(extrinsic) pathway is activated upon tumor necrosis factor (TNF) death receptor family ligation by 
membrane-bound or soluble ligands such as Fas ligand (FasL) and TNF-related apoptosis-inducing 
ligand (TRAIL), presented or secreted by local immune cells, including effector lymphocytes, 
neutrophils (PMN) and/or macrophages. Intracellular adaptor protein interactions through death 
domain modules follow the death receptor ligation and subsequently lead to activation of initiator 
caspase-8 and the downstream caspase cascade resulting in apoptosis. The inhibitor of apoptosis 
proteins (IAPs) can block several caspases, thereby inhibiting cell death. Second, granzymes 
delivered into the cytosol by effector lymphocytes can interact with several caspases and Bid to 
induce apoptosis. Third, members of the Bcl-2 family including Bcl-2, Bax, and Bcl-XL, and p53 
regulate cytochrome c release from the mitochondria (intrinsic pathway) in response to stimuli 
such as DNA damage, infection, and formation of reactive oxygen species (ROS). Cytochrome c 
in the cytosol assembles with apoptotic peptidase activating factor 1 (Apaf 1) to activate initiator 
caspase-9 with subsequent activation of the caspase-cascade and apoptosis. The mitochondrial and 
death receptor pathway can interact through BH3-interacting domain death agonist (Bid).
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Figure 2. 
A, Positive immunohistochemical staining for the apoptosis marker caspase-3 (brown) in 
bronchiolar epithelial cells in lung tissue from a child with fatal humsn respiratory syncytial 
virus (hRSV) disease. From Welliver et al.,24 by permission of Oxford University Press. B, Positive 
immunohistochemical staining for caspase-3 (brown, arrows) in alveolar epithelial cells in lung 
tissue from a mouse (C57Bl/6 background) with severe PVM disease. From Bem et al.,25 Copyright 
2010, The American Association of Immunologists, Inc.

 

Figure 3. 
Three theoretical scenarios regarding lung epithelial cell apoptosis during pneumovirus infection, 
which may co-exist. First A, viral infection triggers the mitochondrial (intrinsic) apoptotic pathway 
via interaction with Bcl-2 family proteins. Second B, death receptor ligands (either membrane-
bound or soluble) presented or secreted by local immune cells activate the death receptor 
(extrinsic) apoptotic pathway in viral-infected cells. Similarly, granzymes released from effector 
lymphocytes into the cytosol of target cells induce apoptosis. Viral infection may modulate the 
susceptibility to death receptor ligands or granzymes by altering the expression of and interaction 
with the protein machinery, such as surface death receptors, involved in these pathways. Third 
C, bystander (uninfected) epithelial cells undergo apoptosis as a result of extensive, non-specific 
signalling via the death receptor (extrinsic) and/or granzyme apoptotic pathway.
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Apoptotic signaling pathways

Cell death in multicellular organisms occurs either by necrosis or apoptosis, however their strict 
distinction is somewhat artificial because overlap of their characteristics and cellular pathways 
may occur.13-15 Apoptosis is associated with membrane blebbing, cell breakdown into apoptotic 
bodies, and fragmentation of DNA. ‘Classical’ apoptosis refers to the activation of the caspase 
cascade, a family of intracellular substrate specific proteases of which the final executioner, 
caspase-3, is a commonly used marker for apoptosis. Non-classical apoptosis occurs independent 
of caspase activation and involves release of the flavoprotein apoptosis-inducing factor (AIF) 
from mitochondria. Galluzzi el al. have provided an extensive and detailed review on the use and 
interpretation of caspase-(in)dependent apoptosis assays in laboratory research.16 

Figure 1 shows the conceptual framework of the major (caspase-dependent) apoptotic 
pathways, which are relevant to discuss in the context of pneumovirus infection. The intrinsic 
or mitochondrial pathway involves the release of cytochrome c from mitochondria into the 
cytoplasma, and is regulated by Bcl-2 protein family members. The extrinsic or death receptor 
pathway is triggered by ligation of transmembrane death receptors that belong to the tumor 
necrosis factor (TNF) death receptor family, which include TNF receptor (TNFR), Fas (CD95) 
and TNF-related apoptosis-inducing ligand (TRAIL) death receptors (TRAIL-R1 and -R2). 
Expression and activation of proteins in both these pathways can be modulated by p53, a major 
cell stress sensor protein. Finally, the granule-mediated cytotoxic pathway is exploited by effector 
lymphocytes which can release serine proteases, known as granzymes, into the cytosol of target 
cells, which subsequently results in caspase-(in)dependent apoptosis. Activation and modulation 
of these three apoptotic pathways is associated with pneumovirus infection in humans and 
animals, as will be discussed below.

Lung (airway and alveolar) epithelial cell apoptosis 

In the lower airways the bronchiolar epithelium is the primary site of human and animal 
pneumovirus infection.17-20 In addition, viral antigen can be detected in alveolar epithelial 
cells in severe hRSV-, bRSV and PVM-induced bronchopneumonia.18-21 An interesting and 
consistently reported feature of severe pneumovirus disease is the sloughing of dead airway 
epithelial cells, which form dense plugs with mucus, fibrin and leukocytes, resulting in air 
trapping and ventilatory failure.18,20-23 The loss of these epithelial cells has always been thought 
to occur primarily through necrosis, however Welliver et al. observed marked active caspase-3 
immunostaining in bronchiolar epithelium of children with fatal hRSV disease, suggesting 
that apoptosis is an important mechanism of cell death as well (Figure 2A).20-24  Likewise, lung 
epithelial cells show enhanced DNA fragmentation as detected by terminal dUTP nick-end 
labeling (TUNEL) in bRSV infected calves and increased caspase-3 activation in PVM infected 
mice (Figure 2B).19,25 The relative importance of apoptosis in cell decay in pneumovirus infected 
lungs is further supported by the finding of a strong correlation between caspase-3 and -7 activity 
and LDH concentration in the airways in children with hRSV-induced bronchiolitis, however 
from this study the exact cellular source of these markers is not clear.26

The occurrence of apoptosis in the lung epithelium during the course of pneumovirus 
infection may serve to limit viral replication. However, the widespread and extensive scale on 
which this takes place, involving the whole pulmonary system including the alveoli, may also 
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suggests an overshoot and/or inefficiency of pro-apoptotic signaling during the late and severe 
phase of pneumovirus infection. This may lead to enhanced respiratory disease, e.g., diffuse 
alveolar epithelial injury as seen in human ARDS,12 and influenza virus animal models.27 We 
believe three scenarios regarding lung epithelial cell apoptosis during pneumovirus infection 
may co-exist as described below (Figure 3), and the balance between them is likely to be critical 
for the development and outcome of host disease.

Pneumovirus infected cells may undergo apoptosis as a result of direct activation  
of intrinsic pathways 
Based on the results of a number of in vitro studies in cultured primary airway epithelial cells and 
A549 cells (an adenocarcinomic human alveolar basal epithelial cell line) it appears that although 
in the early phase of hRSV infection apoptosis does not occur, this type of cell death becomes 
an important response in the later phase of viral replication.28-39 It should be noted however that 
several of these studies show some conflicting results with regard to the time point at which 
apoptosis is detected, possibly related to the use of different cell lines/cultures, multiplicity of 
infection, hRSV strains, early versus late apoptosis markers and assays used.

The relative paucity of apoptosis during the early phase of hRSV infection may be explained 
by viral-induced anti-apoptotic intrinsic pathway signaling, which ensures more time for viral 
replication and assembly of virions. Mechanisms of early hRSV-induced alteration of the intrinsic 
pathway towards an anti-apoptotic balance in Bcl-2 family proteins include post-transcriptional 
regulation of p53,32 microRNA modulation,40 and three important basic cell survival/proliferation 
pathways involving nerve growth factor/tyrosine kinase receptor (NGF/Trk),36 epidermal growth 
factor receptor (EGFR),35 and phosphoinositide 3-kinase(PI3K)/Akt signaling.38 Interestingly, by 
using recombinant and RNA silencing techniques it was shown that both the hRSV-encoded 
small hydrophobic (SH) protein and nonstructural (NS) proteins are critical regulators of the 
early anti-apoptotic effects.29,31 The NS proteins have been found to interfere with interferon 
(IFN) signaling,41 which may affect apoptotic pathways in hRSV infected cells. However, Bitko 
et al.29 suggested that the early NS protein associated anti-apoptotic effect was mediated through 
NF-κB and PI3K/Akt signaling, independent of the IFN pathway.

Pro-apoptotic signaling appears to predominate at a later phase of hRSV infection.29,30,34,39  
The hRSV-encoded fusion (F) protein, which is expressed at a later time point as compared to 
the NS proteins,29 has been found to be critical in the activation of apoptosis by p53-mediated 
activation of pro-apoptotic Bcl-2 family proteins.30 Apoptosis markers in hRSV-infected A549 
and human primary airway epithelial cells further include caspase activation, detection of 
phosphatidylserine exposition by Annexin V and TUNEL staining. However, the susceptibility 
of epithelial cells to pneumovirus-associated apoptosis may vary depending on the specific 
localization (proximal versus distal) in the lungs.34 Importantly, in the recent study by Villenave 
et al. well-differentiated primary bronchial epithelial cells of children cultured in air-liquid 
interface showed TUNEL-positive staining in detached cells six days after hRSV infection.39 This 
supports the hypothesis that apoptosis contributes to the characteristic sloughing of epithelial 
cells in the airways of children during the late phase of pneumovirus infection.  

Pneumovirus infected cells may undergo apoptosis by activation of extrinsic  
and granule-mediated pathways 
First, death receptor ligands may trigger apoptosis of virus infected epithelial cells. Several 
studies have shown enhanced local production of TNFα, FasL and TRAIL by recruited immune 
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cells or neighbor epithelial cells upon pneumovirus infection.4,28,34,39,42,43 Interestingly, in vitro 
studies have shown that whereas hRSV infection results in decreased susceptibility to TNFα-
induced apoptosis,44 it sensitizes lung epithelial cells to the pro-apoptotic effects of TRAIL,34 
which likely occurs as a result of increased expression of death receptors TRAIL-R1 and -R2.34,42 
Similarly, enhanced epithelial surface expression of Fas in hRSV infection has been found in both 
in vitro and human histopathology studies.20,28,45  Interestingly, mice with a non-functional FasL 
(gld strain) have been reported to have delayed hRSV clearance,46 but van den Berg et al. 47  did 
not detect differences in lung viral loads in PVM-infected mice with a defective Fas (lpr strain) 
as compared to wild type mice. This differential effect of a dysfunctional Fas/FasL system on viral 
clearance in these different pneumovirus models may be explained by specific pneumovirus-
host interactions, although may potentially also be related to a leaky, incomplete, Fas defect in 
lpr mice.

Second, granzymes released from the granules of natural killer cells and cytotoxic 
T-lymphocytes into virus infected target cells may induce apoptosis. In children with severe 
hRSV disease we have found strong release of granzymes in the lungs.48  Similarly, PVM infected 
mice show enhanced granzyme expression, however this appears not to affect local viral titers,25 
suggesting that the granule-mediated apoptotic pathway does not have an important role in 
clearance of pneumovirus infected epithelial cells.

Uninfected bystander epithelial cells may undergo apoptosis as a result of extensive 
and non-specific activation of extrinsic and granule-mediated pathways
Although pneumovirus antigen can be detected in alveolar epithelium in the late and severe 
phase of human and animal pneumovirus disease, the primary site of replication are (small) 
airway epithelial cells.17-21 Interestingly, histopathology studies in humans with fatal hRSV 
disease and animal models show epithelial cell apoptosis may occur in the entire pulmonary 
system, including the alveolar compartment.4,19,24,25 In fact, we have previously detected active 
caspase-3 immunostaining primarily in alveolar epithelial cells in mice with severe PVM disease, 
while this apoptosis marker was scarce in bronchial epithelium.25 Such a potential disparity in the 
localization between pneumovirus presence and apoptosis may suggest that uninfected bystander 
cells in the lungs are victim of an overshoot and/or inefficiency in pro-apoptotic signaling, and 
this may lead to enhanced pneumovirus disease.

The bystander injury hypothesis is supported by two in vivo studies in mice: Rutigliano et 
al.46 showed that while a dysfunctional FasL results in delayed hRSV clearance, at the same time 
it significantly diminishes clinical illness; and our own group showed that while a deficiency in 
granzymes did not affect PVM clearance, it resulted in delayed clinical disease in association with 
a marked decrease in lung caspase-3 activity.25 In addition, we have previously shown that soluble 
TRAIL is present in increased levels in bronchoalveolar lavage fluid of children with severe hRSV 
disease, and this death receptor ligand induced cell death in uninfected primary pediatric airway 
epithelial cells in vitro.42 Interestingly, similar findings for soluble FasL were found in relation to 
epithelial injury in human ARDS.49 When considering the bystander epithelial injury hypothesis 
soluble death receptor ligands present in the lung microenvironment during pneumovirus disease 
are of particular interest due to the potential increased likelihood of non-specific signaling. They 
may be released into the extracellular space from recruited immune cells such as macrophages42 
and neutrophils,50 or from (infected) neighbor epithelial cells (paracrine pathway),51 although in 
vitro studies by Bitko et al. 28  suggested a minor role for the latter mechanism. 
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Neutrophil apoptosis

Neutrophils, recruited by local production of chemoattractants, are the predominant inflammatory 
cells in the pulmonary compartment during acute pneumovirus infection.4,52-54 They possess a 
wide arsenal of defensive strategies against invading microorganisms, including phagocytosis, 
production of toxic reactive oxygen species and release of immune defense proteins. Although 
the role of neutrophils in anti-viral immunity remains relatively unclarified, several studies have 
shown a protective effect of neutrophils against influenza virus.55,56 Both animal and human studies 
demonstrated that during pneumovirus infection, recruited neutrophils contain virus, suggesting 
a contributive role to viral clearance.19,57 This is further supported by in vitro studies that showed 
neutrophil-mediated injury and detachment of hRSV infected lung epithelial cells.58 On the other 
hand, it is well recognized that uncontrolled or prolonged neutrophil activity may cause collateral 
tissue injury,59 such as diffuse alveolar damage in human ARDS.60-62 Although direct evidence of 
neutrophil-mediated respiratory disease in pneumovirus infection is lacking, the acute and strong 
neutrophil influx in the lungs coincides with peak disease severity in animal models.19,25 

To prevent their potential inadvertent harmful effect the life span of neutrophils is limited 
by apoptosis. Interestingly, incubation of human neutrophils with hRSV in vitro results in 
activation of anti-apoptotic signaling through the Bcl-2 family proteins.63 Although this 
inhibition of neutrophil cell death by hRSV does not require live virus, it does require cellular 
uptake. Lindemans et al.63 further suggested this effect depends on auto- or paracrine signaling 
via the release of IL-6. Others, however, have suggested that the anti-apoptotic effect of hRSV on 
human neutrophils is primarily mediated by soluble factors via monocyte interaction and, thus, 
is a secondary response.64 Regardless of the precise mechanism involved, these in vitro studies 
suggest prolonged neutrophil survival in the setting of hRSV infection and, as such, this may be 
an important event in the development of lung injury during pneumovirus disease. In contrast, 
Wang et al. 65 reported an increased number of Annexin V positive neutrophils in nasopharyngeal 
aspirates and the peripheral blood of infants with hRSV disease, as compared to peripheral blood 
neutrophils of healthy children. This would imply that despite the pro-survival effect of hRSV 
on neutrophils as observed in vitro, pro-apoptotic signaling by mediators (e.g., cytokines) in 
the lung microenvironment during hRSV disease prevails. Whether this truly would protect 
against harmful prolonged neutrophil survival remains speculative. In particular, it is possible 
that different neutrophil apoptotic responses in functionally heterogeneous neutrophil subsets 
co-exist and change over time.66,67 As such, it is clear that further research on the precise role of 
neutrophil apoptosis during pneumovirus infections is highly needed.

Macrophage apoptosis

Macrophages are observed in high numbers in the airways and lungs of humans and animals with 
pneumovirus disease.4,18-20,22,23,52,54 Macrophages are key innate immune cells acting in pathogen 
surveillance and initiation and resolution of inflammation through mechanisms involving 
antigen processing/presentation, phagocytosis and cytokine production. Macrophage depletion 
in wild-type mice infected by hRSV or PVM results in increased lung viral titers and greatly 
affects the local cytokine production.23,68,69 However, paradoxically in PVM-infected mice, this 
results in prolonged survival, whereas in hRSV challenged mice, this is associated with enhanced 
airway occlusion on histopathological examination, 23,69  suggesting that the role of macrophages 
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may depend on specific host-pneumovirus interactions. Nevertheless, these findings underline 
the importance of macrophage biology in pneumovirus infection. As such, dysregulation of 
(apoptotic) cell death pathways in resident and migrated macrophages in the lungs may have 
profound consequences for the outcome of pneumovirus infection. 

Unfortunately, very few studies have focused on macrophage apoptosis in pneumovirus 
disease. In the histopathological studies from Welliver et al. fatal hRSV disease in children was 
associated with relatively low numbers of caspase-3 immunoreactive inflammatory cells in the 
lungs, as compared to children with fatal influenza virus disease.24 In mice challenged with 
PVM we observed cleaved caspase-3 positive macrophages in the alveolar spaces (unpublished 
observations,70), however the exact magnitude and role of apoptosis of these cells in this model 
is not yet clear.

Ex vivo and autopsy studies have shown that virus antigen is detected in macrophages in 
the airways and lungs of hRSV infected patients.18,71 In addition, isolated peripheral and cord 
blood monocytes as well as alveolar macrophages, are susceptible to hRSV infection in vitro,72,73 
and PVM was recently shown to replicate in primary mouse macrophage culture.69 Interestingly, 
hRSV presence in human monocytes and mouse macrophages results in decreased (susceptibility 
of) apoptosis, associated with decreased caspase-3 activity and enhanced expression of anti-
apoptotic members of the Bcl-2 protein family and inhibitor of apoptosis protein (IAP) 
family.74,75 These observations suggest pneumoviruses exploit strategies to escape apoptosis in 
macrophages, and could explain the apparent paucity of evidence for macrophage apoptosis in 
the aforementioned histopathology studies. 

Apoptosis-based pharmacological intervention

During the last decades much progress has been made in the development of apoptosis-based 
therapeutic agents, including antisense oligodeoxynucleotides, small interfering (si)RNA, 
peptides/proteins and antibodies (reviewed by Fischer et al.76). Much attention in this field 
has been directed towards cancer treatment, however inflammatory and infectious diseases 
are of emerging focus. The increasing knowledge in the regulation and molecular machinery 
of apoptotic cell death pathways involving many different target genes and proteins has set the 
stage for highly promising research in pharmacological intervention. Death receptors, caspases 
and IAP and Bcl-2 protein family members all belong to prominent targets in current drug 
development.76 However, despite the ongoing success of pre-clinical and even clinical studies 
exploiting the use of apoptosis-based drugs in a wide variety of diseases, many obstacles still have 
to be overcome, including cell-specificity and permeability, timing of intervention and potential 
toxicity or interference with other biological processes such as inflammation.   

To our knowledge, up to date no published studies have directly examined the effects of 
apoptosis-based pharmacological treatments in pneumovirus disease in vivo. Although 
originally designed to study macrophage depletion rather than directly focusing on apoptosis 
intervention, Rigaux et al. found that intratracheal treatment with clodronate-liposomes, which 
induces apoptosis upon specific uptake by macrophages,77 prolongs the survival of PVM-infected 
mice.69 This suggests that enhancing macrophage apoptosis in pneumovirus disease is of clinical 
interest. Currently, our own group is studying the use of the irreversible pan-caspase inhibitor, 
z-VAD-fmk, administrated by a systemic route in mice challenged with PVM (study in progress). 
In addition, we have shown that treatment with DR5-Fc fusion protein, which inhibits TRAIL 
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death receptor signaling, partly attenuates cell death of primary pediatric bronchial airway cells 
exposed to bronchoalveolar lavage fluid from hRSV-infected children in vitro.42 However the 
effects of this compound in vivo are yet unclear. Given the strong evidence of activation of pro- 
and anti-apoptotic pathways during pneumovirus infection as described in the above paragraphs, 
more attention towards this field is highly needed.

Several critical points need to be considered in potential apoptosis-based interventions in 
pneumovirus disease. First is the cell-specificity. From the present overview it becomes clear that 
different cell types in the lungs may show differential apoptotic responses during pneumovirus 
disease. Interestingly, even within a lung cell population (e.g., epithelial cells), differential 
responses to a single apoptotic mediator may exist,78,79  including in the setting of pneumovirus 
infection,34 which further increases the complexity of intervention. This stresses the need for 
insight in cell-specific pro- and anti-apoptotic targets and for development of small molecule 
compounds and vehicles for specific local intervention. On the other hand, even without specific 
target cell delivery systems, animal studies modeling ARDS have shown promising beneficial 
effects on survival and histopathological changes by using a number of systemic or intratracheal 
apoptosis-based treatments, including blockade of FasL by decoy receptor-3,80 Fas:Ig fusion 
protein,81 or Fas-siRNA,82 and pan-caspase inhibition by z-VAD-fmk.83 These studies successfully 
aimed to inhibit lung epithelial cell apoptosis during the process of lung injury. However, it 
remains to be elucidated whether such strategies also effectively reduce lung epithelial cell death 
in pneumovirus disease and, subsequently to what extent this affects viral replication and, most 
importantly, clinical outcome. Second, given the dynamic course of anti- and pro-apoptotic 
signaling in lung epithelial cells, timing of apoptotic interventions may be critical, as, for example 
inhibitory strategies may be beneficial in the late severe phase of disease, but detrimental in 
the early stages of viral replication. Third, concurrent iatrogenic treatments with pro-apoptotic 
effects, such as mechanical ventilation and/or oxygen therapy,70,84 may interact with apoptosis-
based interventions in the lungs. Fourth and finally, the effect of modulating apoptosis in the 
lungs needs to be considered with special focus on age, as apoptosis is an important event in lung 
development and maturation.85 

Conclusion

Pneumovirus infection is associated with both pro- and anti-apoptotic signaling in the lungs, 
depending on the cell-type, involvement of specific cell death pathway and timing during the 
course of infection. The balance between these events is likely to be critical for the development 
and outcome of pneumovirus disease. However, more research is needed to fully understand 
the dynamic character of apoptosis during this important respiratory illness. In particular, we 
need to address which factors favor the viral propagation versus host defense. Here, we have 
reviewed the existing literature on this topic and have speculated on future apoptosis-based 
pharmacological treatments.
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Abstract

Infection with respiratory syncytial virus (RSV) in children can progress to respiratory distress 
and acute lung injury necessitating mechanical ventilation (MV). MV enhances apoptosis and 
inflammation in mice infected with pneumonia virus of mice (PVM), a mouse pneumovirus that has 
been used as a model for severe RSV infection in mice. We hypothesized that the Fas/Fas ligand (FasL) 
system, a dual pro-apoptotic/pro-inflammatory system involved in other forms of lung injury, is 
required for enhanced lung injury in mechanically-ventilated mice infected with PVM. C57BL/6 mice 
and Fas-deficient (“lpr”) mice were inoculated intratracheally with PVM. Seven or eight days after 
PVM inoculation, the mice were subjected to 4 h of MV (tidal volume 10 mL/kg, fraction of inspired 
O2 = 0.21, and positive end-expiratory pressure = 3 cm H2O). Seven days after PVM inoculation, 
exposure to MV resulted in less severe injury in lpr mice than in C57BL/6 mice, as evidenced by 
decreased numbers of polymorphonuclear neutrophils in the bronchoalveolar lavage (BAL), and 
lower concentrations of the pro-inflammatory chemokines KC, macrophage inflammatory protein 
(MIP)-1α and MIP-2 in the lungs. However, when PVM infection was allowed to progress one 
additional day, all of the lpr mice (7/7) died unexpectedly between 0.5 and 3.5 hours after the onset of 
ventilation, as compared with three of the seven ventilated C57BL/6 mice. Parameters of lung injury 
were similar in nonventilated mice, as was the viral content in the lungs and other organs. Thus, the 
Fas/FasL system was partly required for the lung inflammatory response in ventilated mice infected 
with PVM, but attenuation of lung inflammation did not prevent subsequent mortality.
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Introduction

Respiratory syncytial virus (RSV) is the leading cause of acute lower respiratory tract infections 
(LRTI) worldwide. Each year, over three million young children develop RSV-associated severe 
LRTI and require hospital admission.1 Severe RSV LRTI can progress to acute lung injury 
(ALI) or its more severe form, the acute respiratory distress syndrome (ARDS), and frequently 
necessitates mechanical ventilation (MV).2, 3 A growing body of evidence suggests that MV can 
contribute to the development of lung injury in patients and in experimental models4-6, but 
the cellular mechanisms linking MV with enhancement of lung injury in patients with RSV 
respiratory infections are incompletely understood.

Research on the cytopathogenic mechanisms of severe RSV infection has been hampered by 
the fact that mice are relatively resistant to RSV,7, 8 and even following large viral inocula, of up 
to 10 million plaque-forming units, mice develop only minimal infection with few respiratory 
symptoms.7, 9  An alternative model of RSV infection is provided by the murine pneumovirus 
PVM (pneumonia virus of mice), which is capable of producing a form of respiratory disease 
in mice that is similar to severe RSV LRTI.7, 9 PVM is a natural mouse pathogen that belongs 
to the same virus family, subfamily and genus as RSV.9 In mice, infection with PVM results in 
inflammatory bronchiolitis and subsequent lung injury associated with the production of specific 
pro-inflammatory chemokines such as macrophage inflammatory protein (MIP)-1α (CCL3), 
MIP-2 (CXCL2) and monocyte chemotactic protein-1 (CCL2), increased lung permeability, 
increased apoptosis, and robust viral replication. As a result, PVM is increasingly used as a model 
of severe RSV infection in mice.8, 10 

Using the PVM model of RSV infection, we recently investigated whether mechanical 
ventilation with noninjurious tidal volumes enhances the inflammatory and apoptotic responses 
of the lung to PVM.11 We selected a PVM inoculum low enough to cause only minimal lung injury 
and demonstrated that, in the presence of a minimally injurious ventilatory strategy, the lung’s 
inflammatory and apoptotic responses were enhanced, with increases in the lung concentrations 
of the pro-inflammatory mediators MIP-1α, MIP-2, and IL-6, and also in lung activity of the pro-
apoptotic protease caspase-3.11 These findings were particularly remarkable in that the changes in 
the severity of injury occurred only after 4 h of MV, suggesting that mechanical stretch can have 
an important deleterious effect in lungs infected with pneumovirus.

The mechanism whereby MV alters the host inflammatory response is unclear, but one 
possibility is activation of the Fas/FasL system.11, 12 The Fas/FasL system is traditionally considered 
a prototypical pro-apoptotic system. Binding of FasL (CD178) to Fas (CD95) on target cells 
triggers apoptosis by aggregation of Fas-associated death domain-containing protein, leading to 
the activation of the cysteine protease caspase-8/FLICE and activation of the caspase cascade.13 
In addition to its pro-apoptotic function, the Fas/FasL system can also activate pro-inflammatory 
pathways that result in neutrophilic inflammation; these pro-inflammatory pathways appear to be 
independent of caspase-8.14-18 The Fas/FasL system appears to be relevant for human lung injury, 
because the concentrations of bioactive soluble FasL (sFasL) are increased in the bronchoalveolar 
lavage (BAL) and plasma of patients with ARDS, and the plasma sFasL concentrations are highest 
in patients who are ventilated with higher tidal volumes.12, 19, 20 Thus, mechanical ventilation 
upregulates the Fas /FasL system in the lungs, and, in turn, activation of the Fas/FasL system leads 
to apoptosis and inflammation, two key processes in the pathogenesis of ventilation-induced lung 
injury. This study tests the hypothesis that mechanical ventilation worsens lung injury in mice 
infected with PVM by a mechanism involving activation of the Fas/FasL system.
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Material and Methods

Viral Stock Preparation
PVM strain J3666 originally was a gift from Dr. A. J. Easton and was kept virulent by continuous 
passage in mice.21 Clarified lung supernatants containing PVM were prepared by pooling the 
lungs of eight C57BL/6 mice infected with PVM. The pooled lungs were homogenized in 5 mL 
of PBS at 4°C and spun at 13,000 g for 5 min at 4°C.  The supernatant was stored in individual 
aliquots in liquid nitrogen. The virus titer in the aliquots was 3.03 x 104 copies of PVM per 
microliter. On the day of each experiment, one aliquot was thawed and diluted 50-fold in PBS for 
subsequent inoculation in the mice as described below.

Animal Protocol
The animal protocols were approved by the Animal Care Committee of the University of 
Washington. Two strains of mice were used: C57BL/6 mice, which express Fas; and B6.MRL-
Faslpr/J (lpr) mice, which are natural mutants deficient in Fas on a C57BL/6 background (Jackson 
Laboratory, Bar Harbor, ME). Briefly, male mice aged 7 to 13 wk old were anesthetized with 
inhaled isoflurane and intubated endotracheally with a 20-gauge Vialon angiocath (BD, Franklin 
Lakes, NJ).  Placement of the catheter in the trachea was verified by visualizing the movement 
of a 100-μl bubble of water in an open syringe in response to respiratory efforts. The mice then 
received one 50-µL instillation of viral stock diluted 1:50 in sterile PBS, prepared as described 
above. The viral stock dilution was determined in pilot dose-response experiments. Following 
the instillations, the mice were returned to their cages with free access to water and food and 
monitored daily for clinical distress using a specific score system as previously described (Table 
1);22 a score of four or higher was a criterion for euthanasia. Seven or eight days after virus 
instillation, some of the mice were anesthetized with isoflurane (induction 5%, maintenance 
1.5%), intubated orally as described above, and subjected to MV with a rodent ventilator Type 
845 (Mini-Vent, Hugo Sachs Elektronik Harvard Apparatus, March-Hugstetten, Germany) with 
the following settings: tidal volume 10 mL/kg; respiratory rate (RR) 150 breaths/minute; fraction 
of inspired oxygen 0.21; and positive end-expiratory pressure of 3 cm H2O.23 The heart rate, 
airway pressure, rectal temperature and end-tidal CO2 (EtCO2) were monitored continuously 
using a computerized monitoring system (Chart 4, AD Instruments, Colorado Springs, CO). 
The RR was adjusted to maintain the EtCO2 between 30 and 40 mmHg. The body temperature 
was maintained between 37°C and 38°C with external heating. The mice were hydrated with a 
continuous intraperitoneal infusion of lactated ringer solution at 500 μL/h. Muscle relaxation was 
attained with pancuronium bromide, 1 μg/g ip followed by 0.5 μg/g ip every hour.  After 1 or 4 h 
of MV, the mice were euthanized with 0.30 mL/kg ip of Beuthanasia-D (Schering-Plough Animal 
Health, Union, NJ). The thorax was opened rapidly and the mouse was exsanguinated by direct 
cardiac puncture. The heart was removed and fixed in 4% neutral buffered paraformaldehyde 
(PFA) for 30 min. The left lung was removed and flash-frozen in liquid nitrogen. The right lung 
was lavaged as described below, fixed in 4% PFA at an inflation pressure of 15 cm H2O, and 
embedded in paraffin for subsequent histological studies. Part of the liver, spleen, and kidney 
were flash-frozen in liquid nitrogen until ready for RNA isolation.

Experimental Design  
We studied C57BL/6 or lpr mice inoculated with PVM and then allowed to breath spontaneously 
or subjected to MV for 4 h. These mice were studied at either 7 (n ≥ 6 mice/group) or 8 (n ≥ 7 



45

3

Role of Fas/FasL in PVM infection

mice/group) days after instillation of PVM. Additional C57BL/6 and lpr mice (n ≥ 5 mice /group) 
were studied following MV for 1 h on day 8 after the instillation of PVM. 

Sample processing  
The right lung was lavaged with PBS containing 0.6 mM EDTA at 37 °C, one 0.6 mL aliquot 
followed by two 0.5 mL aliquots. The bronchoalveolar lavage fluid (BALF) was recovered by gentle 
suction, pooled, and placed on ice. A small portion of the BALF was processed immediately for 
total and differential cell counts. The remainder of the BALF was spun at 150 g for 5 min at 4 °C 
and the supernatants were stored at -80 °C. Part of the left lung was homogenized for cytokine 
and myeloperoxidase (MPO) determinations as previously described.23

Measurements
Viral loads  
The viral sh gene (GenBank no. AY573815) was used as a marker for PVM. RNA was isolated from 
frozen lungs, hearts, livers, kidneys, and spleens with the RNeasy Mini Kit (Qiagen, Valencia, CA) 
and reverse transcribed to cDNA (high-capacity cDNA kit; Applied Biosystems, Foster City, CA). 
The sh gene and the gapdh gene (used as housekeeping gene) were detected by multiplex real-
time PCR reactions containing 1 μL cDNA, SensiMix NoRef (Quantace, Taunton, MA), 100 nM 
sh probe (5’-6FAM-CGCTGATAATGGCCTGCAGCA BHQ1a~6FAM-3’), 200 nM sh primers 
(5’-GCCTGCATCAACACAGTGTGT-3’ and 5’-GCCTGATGTGGCAGTGCTT-3’), 100 nM 
gapdh probe (5’-5HEX-ATGGACTGTGGTCATGACCCCT BHQ1A~5HEX-3’) and 300 nM 
gapdh primers (5’-GACAACTTTGGCATTGTGG-3’ and 5’-AGTGGATGCAGGGATGA-3’). 
Standard concentration of the full-length sh gene and gapdh decatemplate (Ambion, Foster City, 
CA) were used for quantitation. Results are expressed as copies of PVM-sh per 109 copies of 
gapdh.24 All PCR assays were run in triplicates.

Lung inflammatory markers 
Total BALF cell counts were determined by a dye exclusion-based method (Easycount Viasure 
Kit; Immunicon, Huntingdon Valley, PA). Cytospin preparations were stained with the Diff-
quick method (Fisher Scientific, Kalamazoo, MI), and differential cell counts were obtained by 
counting 200 leukocytes using a standard light microscope. Tissue polymorphonuclear cells 
(PMNs) were assessed by MPO activity measured in lung homogenates using the Amplex red 
peroxidase assay kit (Invitrogen, Carlsbad, CA). The concentrations of MIP-1α (CCL3) and 
KC (CXCL1) were measured with immunoassays (R&D Systems, Minneapolis, MN). BALF IL-
2, IL-4, IL-6, IL-10, IL-12, tumor necrosis factor (TNF)-α, IL-1β, MIP-2, interferon (IFN)-γ, 
granulocyte macrophage colony stimulating factor (GM-CSF), and vascular endothelial growth 
factor were measured by multiplex fluorescent bead assay (Luminex, R&D systems).

Lung permeability 
BALF total protein was measured with the bicinchoninic acid method (BCA assay, Pierce, 
Rockford, IL). The high molecular weight protein α-macroglobulin was measured in BALF by 
enzyme-linked immunosorbent assay (Life Diagnostics, West Chester, PA).

Lung apoptotic response 
Caspase-3 activity was measured in lung homogenates with the caspase-3/CCP32 Fluorometric 
Assay Kit according to manufacturer instructions (Biovision, Mountain View, CA). Cleaved 
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poly(ADP-ribose) polymerase (PARP) was measured with an immunoassay (Cell Signaling, 
Boston, MA). Caspase-3 immunohistochemistry was performed on 4-μm-thick formalin-
fixed, paraffin-embedded tissue sections, which were deparaffinized in xylene, hydrated in 
graded alcohol, and penetrated for antigen retrieval in 10 mM citrate buffer for 20 min at 100 
°C. Staining was performed using rabbit anti-cleaved caspase-3 monoclonal antibody (Asp 
175, Cell Signaling, Danvers, MA) and a Leica Bond Polymer Refine Detection System (Leica 
Microsystems, Bannockburn, IL).

Cardiac leukocyte infiltration 
Infiltration of leukocytes in the myocardium was detected by immunohistochemical staining 
with the pan-leukocyte marker CD45. The heart was fixed in 4% neutral buffered PFA for 30 
min, embedded in paraffin, and cut into 5 μm sections. The heart sections were deparaffinized 
in xylene, hydrated in graded alcohol, and penetrated for antigen retrieval with 10 mM citrate 
buffer (Antigen Unmasking Solution, Vector Laboratories, Burlingame, CA) for 20 min at 100 
°C. The samples were labeled overnight in a moist chamber at 4 °C using rat anti-CD45 antibody 
(BD Pharmingen, San Diego, CA) at a 1:100 dilution. Upon completion of primary antibody 
staining, the samples were labeled with the Polink-2 Plus HRP Rat-NM Dab detection kit (Golden 
Bridge International, Mukilteo, WA). The slides were scanned using the Olympus NanoZoomer 
digital pathology virtual microscope and analyzed using Visiomorph Image Analysis software 
(Visiophram, Hoersholm, Denmark). The software was programed to count the number of CD45 
positive pixels (brown) and the total number of heart tissue pixels on random samples covering 
10% of the total tissue area of each slide; data are expressed as the “CD45-to-tissue pixel ratio”. 
The assay was done in heart sections from three mice per group.

Statistical Analysis
The data were analyzed using GraphPad Prism 4.0 software (GraphPad, San Diego, CA).  
Comparisons between multiple groups were performed using a two-way factorial analysis of 
variance (ANOVA), unless otherwise stated. Significance between groups was determined with 
the Bonferroni post hoc test. A p value of < 0.05 was considered statistically significant. Data are 
reported as means ± SE.

Results

Our first step was to compare the clinical response of C57BL/6 and lpr mice to PVM infection 
using a six-point clinical disease score developed specifically for use with PVM-infected mice 
(Table 1).22 

The onset and severity of clinical symptoms was similar in the C57BL/6 and lpr mice, with 
the earliest manifestations of disease occurring on day 4 after instillation and with mice from 
both strains reaching a clinical score of three (piloerection, deep breathing, and decreased 
alertness) by day 8 (Figure 1). As an additional measurement of clinical illness we monitored 
weight loss; the onset of weight loss occurred on day 7, rapidly increased by day 8, and was 
similar in C57BL/6 and lpr mice. We chose days 7 and 8 as the times for performing our studies. 
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Table 1. Scoring system for assessment of disease severity in mice infected with PVM strain J3666

Clinical signs Score

Healthy with no signs of illness 1

Consistently ruffled fur, especially on the neck 2

Piloerection, breathing may be deeper and mice less alert 3

Laboured breathing. Frequently showing tremors and lethargy 4

Abnormal gait and reduced mobility. Laboured breathing. Frequently emaciated.   
May show cyanosis of tail and ears. 5

Death 6

 
Mechanical ventilation enhances the lung inflammatory response to PVM, and this 
enhancement requires a functioning Fas/FasL system
On day 7 after the instillation of PVM, all of the mice survived 4 h of MV. The lung viral loads 
were similar in the C57BL/6 and lpr mice, regardless of whether the mice were allowed to breathe 
spontaneously (8.89 ± 2.84 vs 4.77 ± 0.37 x 108 copies of PVM) or were subjected to mechanical 
ventilation (7.14 ± 1.52 vs 9.07 ± 1.87 x 108 copies of PVM). No copies of the PVM SH gene were 
detected in homogenates of heart, liver, kidney and spleen of PVM-infected mice.

Figure 1.  
C57BL/6 mice and fas-deficient lpr mice had similar clinical scores and weight loss after infection 
with pneumonia virus of mice (PVM). A, Mean clinical score of C57BL/6 (closed circles) and lpr 
(open circles) mice that were intratracheally infected with 3.03 x 104 copies of PVM and examined 
at daily intervals according to a standardized scoring system (Table 1). B, Change in body weight 
expressed as the percent of the original weight of C57BL/6 (black bars n = 26) and lpr (gray bars, 
n = 29) mice that were treated intratracheally with 3.03 x 104 copies PVM and evaluated 7 or 8 
days later. There was no difference in clinical scores or body weight in the C57BL/6 and lpr mice. 
Means ± SE.

 
In C57BL/6 mice, exposure to MV resulted in a significant increase in the total number of BAL 
neutrophils and in the concentration of pro-inflammatory chemokines such as KC, MIP-2 and 
MIP-1α, as compared to spontaneously breathing mice (Figure 2A-D). In contrast, in the lpr mice 
the addition of MV had minimal or no effect on the lung inflammatory response. The number of 
PMN in the BALF of ventilated C57BL/6 mice was significantly higher than that of the lpr mice 
(1.97 ± 0.61vs 0.62 ± 0.11 x 105 cells, p < 0.05), as were the concentrations of the CXC chemokine 
KC (347.08 ± 102.21 vs 144.39 ± 24.89 pg/mL; p < 0.05), and the CC chemokine MIP-1α (92.92 
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± 42.63 vs 23.47 ± 3.08 pg/mL, p < 0.05). The number of lymphocytes and macrophages in the 
BALF of C57BL/6 and lpr mice were similar in each treatment group (data not shown), and the 
total lung neutrophil content, as determined by lung MPO activity, was similar in C57BL/6 and 
lpr mice treated with PVM and MV (837.19 ± 40.88 vs 755.90 ± 58.84 mU/mL). Thus, select 
cytokine production and PMN migration into the alveolar compartment in response to PVM 
was enhanced by mechanical ventilation in a Fas-dependent manner.

IFN-γ and IL-10, were significantly lower in the lpr mice, as compared with the C57BL/6 
mice; however, in contrast to KC and MIP-2, IFN-γ and IL-10 did not show a ventilation-related 
effect (Figure 2,E and F). Finally, IL-4, a Th2 cytokine, and TNF-α, IL-1β, and GM-CSF were all 
below the limit of detection (data not shown).

Figure 2. 
The enhanced inflammatory response to mechanical ventilation (MV) in the setting of 
PVM infection is Fas dependent. C57BL/6 (black bars) and lpr (gray bars) mice were treated 
intratracheally with 3.04 x 104 copies of PVM. Seven days after PVM instillation the mice were 
allowed to breath spontaneously (PVM + SB) or were exposed to 4 h of MV [PVM + 4h MV; tidal 
volume (Tv) 10 mL/kg, fraction of inspired O2 (FiO2) = 0.21 and positive end-expiratory pressure 
(PEEP) = 3 cm H2O].  Total polymorphonuclear neutrophils (PMN, A), KC (B), macrophage 
inflammatory protein (MIP)-2 (C) MIP-1αγ (D) IFN-γ (E) and IL-10 (F) were measured in the 
bronchoalveolar lavage fluid (BALF). Note that MV resulted in an increase in neutrophils, KC and 
MIP-2 in the C57BL/6 mice and this was attenuated in the lpr mice. Means ± SE of 6-9 mice per 
group. * p < 0.05.
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The lpr mice show attenuated permeability and apoptotic responses to PVM
Lung permeability was assessed by measuring the concentrations of total protein and α2-
macroglobulin in the BALF. The latter is a high-molecular weight protein (720 kDa) normally 
present in the serum only, and thus its appearance in the BALF is a marker of increased permeability 
to proteins across the alveolar-capillary barrier. We found significantly lower concentrations 
of both total protein and α2-macroglobulin in the BALF of spontaneously breathing lpr mice 
compared with C57BL/6 mice (Figure 3, A and B).  However, these differences were ventilation 
independent, suggesting a Fas-related difference irrespective of MV. To determine if the decrease 
in permeability seen in the lpr mice was associated with decreased injury of the alveolar 
epithelium, we measured the BALF concentrations of the receptor for advance glycation end-
products (RAGE), a marker of type I pneumocyte injury.25 The concentrations of RAGE were 
also decreased in the lpr mice, and followed a similar pattern to that of the other permeability 
markers (Figure 3C). Thus, permeability disruption and type I injury were attenuated by Fas 
deficiency, and this was independent of the presence of MV.

Figure 3.  
The lpr mice show attenuated permeability responses to PVM infection independent of MV.  
C57BL/6 (black bars) and lpr (gray bars) mice were treated intratracheally with 3.04 x 104 copies 
of PVM. Seven days after PVM instillation the mice were allowed to breath spontaneously (PVM 
+ SB) or were exposed to MV (PVM + 4 h MV; Tv 10 mL/kg, FiO2 = 0.21, and PEEP = 3 cm 
H2O). Four hours after the onset of MV, all mice were euthanized, and the concentrations of the 
permeability markers total protein (A) and α2-macroglobulin (B) and the epithelial cell injury 
marker receptor for advance glycation end-products (RAGE, C) were measured in the BALF.  None 
of these parameters were enhanced by mechanical ventilation, although the values were lower in 
the lpr mice. Means ± SE of 6-9 mice per group. * p < 0.05.
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It has been hypothesized that an important mechanism of disruption of the alveolar capillary 
barrier is apoptosis of alveolar epithelial cells mediated by the Fas/FasL system. To assess the 
apoptotic response, we measured lung homogenate caspase-3 activity and cleaved PARP. 
Caspase-3 activity (Figure 4A) and cleaved PARP (Figure 4B) showed a trend towards lower 
values in the lpr mice infected with PVM, regardless of ventilation; these differences did not 
reach statistical significance. Immunohistochemistry studies suggested that cells expressing 
active caspase-3 were located in the alveolar spaces (Figure 4C).

Figure 4. 
Apoptotic response.  C57BL/6 (black bars) and lpr (gray bars) mice were treated intratracheally 
with 3.04 x 104 copies of PVM. Seven days after PVM instillation the mice were allowed to breath 
spontaneously (PVM + SB) or were exposed to 4 h of MV (PVM + 4 h MV; Tv 10 mL/kg, FiO2 = 
0.21 and PEEP = 3 cm H2O). There was a trend towards lower caspase-3 in the lpr mice, but this did 
not reach statistical significance (A). A similar non-significant pattern was seen with poly(ADP-
ribose) polymerase (PARP, B). Note that neither caspase-3 or PARP activities were enhanced by 
MV. Means ± SE of 6-9 mice per group. Immunohistochemistry studies (C) suggested that the cells 
staining for caspase 3 (brown reaction product, arrows) were located in the alveolar spaces.
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Histologically, the pattern of lung injury in C57BL/6 mice and lpr mice infected with PVM was 
characterized by variable degrees of intra-alveolar neutrophils and macrophages (Figure 5). MV 
led to an increase in inflammatory cells in the alveolar spaces, thickening of the alveolar septa 
and peribronchial wall thickening in C57BL/6 mice. These changes were less prominent in the 
lpr mice.

 

 

Figure 5. 
The lpr mice infected with PVM had less ventilator-induced lung injury compared with C57BL/6 
mice. Representative hematoxylin and eosin-stained lung tissue sections from C57BL/6 and lpr 
mice that were infected with PVM and allowed to breath spontaneously (PVM + SB, row on 
top) or subjected to 4 h of MV (PVM + MV, row on bottom) 7 days after PVM infection. MV 
led to an increase in inflammatory cells in the alveolar spaces, thickening of the alveolar septa 
and peribronchial wall thickening in C57BL/6 mice. These changes in response to mechanical 
ventilation were less prominent in the lpr mice.
Magnification X400.

More lpr mice died when ventilated after 8 days of PVM infection
Eight days after infection with PVM, the severity of disease had progressed in both C57BL/6 and 
lpr mice, as evidenced by an increase in clinical parameters and biochemical markers of disease 
(Figure 1 and Table 2). 
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Table 2. Lung response of B6 and lpr mice eight days after instillation of PVM.

Parameter C57BL/6 lpr p - value

Cellular response

BAL PMN (total cells) 1.07 ± 0.26 x 105 0.82 ± 0.20 x 105 ns

BAL AM (total cells) 1.79 ± 0.47 x 105 2.02 ± 0.30 x 105 ns

BAL Lym (total cells) 0.39 ± 0.09 x 105 0.30 ± 0.07 x 105 ns

Lung MPO activity 459.07 ± 138.82 355.72 ± 42.38 ns

BAL cytokine response (pg/mL)

KC 96.24 ± 8.45 80.0 ± 17.76 ns

MIP-2 51.63 ± 6.47 45.61 ± 8.05 ns

MIP-1α 44.02 ± 6.94 40.11 ± 13.83 ns

IFN-γ 823.02 ± 221.57 672.35 ± 238.53 ns

IL-2 0.61 ± 0.00 0.74 ± 0.13 ns

IL-4 36.2 ± 1.76 38.13 ± 2.17 ns

IL-6 963.03 ± 279.68 623.61 ± 235.06 ns

IL-10 22.41 ± 4.16 8.36 ± 3.44 p < 0.05

TNF-α 14.00 ± 0.00 14.25 ± 0.25 ns

VEGF 672.05 ± 69.81 396.31 ± 52.25 p < 0.05

Permeability response

BAL Total Protein (μg/mL) 976.90 ± 78.98 603.86 ± 68.54 p < 0.01

BAL α-macroglobulin (ng/mL) 6379.15 ± 511.58 4289.63 ± 657.09 p < 0.05

BAL IgM (ng/mL) 379.88 ± 66.52 473.55 ± 84.94 ns

BAL RAGE (ng/mL) 31.30 ± 5.91 24.84 ± 2.01 ns

Lung apoptotic response 

Lung Caspase-3 activity* 9265.67 ± 2536.47 9065.02 ± 3321.78 ns

Lung Cleaved PARP* 0.02 ± 0.00 0.01 ± 0.00 ns

Viral load

Lung 8.14 ± 1.55 x 108 6.01 ± 2.12 x 108 ns

Heart, liver, spleen and kidney undetectable undetectable

BAL, bronchoalveolar lavage; PMN, polymorphonuclear neutrophils; AM, alveolar macrophages; Lym, 
lymphocytes; MIP, macrophage inflammatory protein; IFN, interferon; TNF, tumor necrosis factor; 
VEGF, vascular endothelial growth factor; RAGE, receptor for advanced glycation end-products; PARP,  
poly(ADP-ribose) polymerase; ns, not significant. *Results are expressed as mean fluorescence/absorbance 
units/mg lung tissue.

 
Surprisingly, the addition of MV resulted in more deaths in the lpr mice compared with the 
C57BL/6 mice (Figure 6A). All of the lpr mice (7/7) died before the end of 4 h of MV compared 
with three of the seven ventilated C57BL/6 mice (p < 0.019). The median survival time in C57BL/6 
mice exposed to mechanical ventilation was 4 hours (range 45 min - 4h), but only 1 h and 30 min 
(range 25 min - 3 h and 35 min) in the lpr mice. A comparison in physiologic parameters between 
lpr and C57BL/6 mice was possible because the mice were continuously monitored; the EtCO2 and 
peak airway pressures were similar but there was a trend towards decreased heart rate in the lpr 
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mice (Figure 6, B-D). The decrease in heart rate raised the possibility of myocardial involvement; 
however microscopic examination of the heart did not disclose myocardial infarction or right 
ventricular enlargement. Immunohistochemical measurements of leukocyte infiltration in the 
myocardium in mice that were not ventilated failed to reveal significant differences in myocardial 
leukocytes (Figure 6E).

 
Figure 6. 
Physiologic response to MV in the setting of PVM infection. A, Kaplan-Meier curve and analysis of 
survival of C57BL/6 (closed circles) and lpr mice (open circles) during MV on day 8 after infection 
with PVM. There was a significant decrease in survival in the lpr mice, all of which died between 1 
and 3.5 h after the onset of ventilation. This decrease in survival, however, was not associated with 
changes in the heart rate (B), end - tidal CO2 (EtCO2, C) or peak airway pressures (D). Means ± SE 
of 7 mice/group. To determine if the difference in survival was because of differences in cardiac 
inflammation, we measured leukocyte infiltration into the heart by staining the heart tissue with 
the leukocyte antigen CD45 and then calculating a “leukocyte ratio” as the total number of CD45-
positive pixels divided by total no. of pixels of heart tissue (E).  There was no difference in the 
leukocyte ratio of C57BL/6 and lpr mice. Means ± SE of 3 mice/group.
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Because a direct comparison in lung injury parameters was precluded by the earlier time of death 
of the lpr mice, we studied additional mice 1 h after the onset of MV. No significant differences 
were found between C57BL/6 and lpr mice in the total numbers of BAL neutrophils (0.75 ± 
0.25 vs 1.38 ± 0.32 x 105 cells), the concentrations of KC (137.29 ± 24.07 vs 176.71 ± 42.34 pg/
mL) , MIP-2 (75.22 ± 14.14 vs 84.03 ± 17.54 pg/mL), MIP-1α (78.80 ± 15.58 vs 47.52 ± 9.26 pg/
mL), IFN-γ (147.03 ± 31.38 vs 151.97 ± 49.51 pg/mL) and IL-10 (16.08 ± 4.83 vs 4.24 ± 2.49 
pg/mL), total protein content (672.41 ± 107.32 vs 739.33 ± 79.08 μg/mL), the concentrations of 
a-macroglobulin (4579.40 ± 543.90 vs 4791.26 ± 566.72 ng/mL), and the concentrations of RAGE 
(35.29 ± 6.31 vs 42.91 ± 3.64 ng/mL). Thus, the lpr mice had increased mortality compared to 
C57BL/6 mice when they were exposed to PVM and ventilated eight days later, which was not 
preceded by a difference in lung inflammatory responses and injury parameters.

Discussion

The main goal of this study was to determine whether MV enhances the host response to PVM 
infection by a mechanism involving the Fas/FasL system. C57BL/6 mice or Fas-deficient (“lpr”) 
mice received intratracheal instillations of PVM and 7 or 8 days later were subjected to MV. 
Seven days after PVM instillation, the ventilated lpr mice showed significantly less inflammation 
than the C57BL/6 mice. However, when the mice were ventilated 8 days after PVM instillation, 
there were more deaths among the lpr mice compared with the C57BL/6 mice.

Recent studies suggest an association between activation of the Fas/FasL system and RSV 
infection. The expression of Fas is markedly upregulated in respiratory epithelial cells infected 
with RSV in vitro,26 and also in the lung epithelium of children who died with severe RSV 
disease.27 This increased expression of Fas may be associated with the severity of disease because 
mice lacking FasL (gld mice) show decreased weight loss after primary infection with RSV.28 
Thus, the Fas/FasL system appears to be associated with ALI and with RSV infection, and this is 
true in humans and in experimental models.

The Fas/FasL system was initially described as a pro-apoptotic system, but a number of studies 
have demonstrated that Fas/FasL also plays an important role in the innate immune response. 
Previous studies have also linked activation of the Fas/FasL system with mechanical ventilation. 
Plasma sFasL was increased in patients with ARDS who underwent MV with a conventional 
strategy compared with a lung protective strategy,29 and Imai et al. found that MV activates Fas/
FasL in rabbits exposed to acid aspiration.12

The first finding in our study was that mechanical ventilation for the relatively short period 
of 4 h was sufficient to enhance the inflammatory response to PVM infection in the lungs, as 
evidenced by increases in the total number of BAL neutrophils and the concentrations of the pro-
inflammatory cytokines KC, MIP-2  and MIP-1α. Additionally, we and others have previously 
reported that a similar enhancement occurs when stretch is added to the administration of 
LPS, intratracheal bacteria, intraperitoneal bacteria, and PVM.11, 23, 30-33 In the case of LPS, the 
enhancing effect of ventilation was associated with the activation of specific patterns of genes 
that were not activated with ventilation alone or with LPS alone. In the present study, the 
enhancement of inflammatory markers induced by MV was abrogated in the Fas-deficient mice, 
indicating that the Fas/FasL system has an important role in amplifying inflammatory responses 
in lungs subjected to mechanical ventilation. Thus, MV enhanced the inflammatory response to 
PVM in a Fas-dependent manner.
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It is well known that Fas ligation can activate a number of pro-inflammatory pathways that lead 
to cytokine release.34, 35 The pro-inflammatory function of Fas is sufficient to cause significant 
neutrophilic alveolitis in vivo, and the primary target of Fas in the lungs appears to be nonmyeloid 
cells, probably alveolar epithelial cells, because mice lacking Fas in myeloid cells, and mice 
depleted of macrophages, are still able to develop a robust inflammatory responses following 
Fas activation with Jo2 mAb.16, 36 In the specific case of alveolar epithelial cells, Fas ligation 
activates a pathway that involves the mitogen-activated protein kinases (MAPKs) ERK1/2 and 
JNK and activation of the transcription factor activator protein-1, with eventual release of KC.14 
ERK1/2 and JNK are also involved in mechanotransduction pathways that are activated in lung 
epithelial cells in response to cyclic stretch.37-39 These pathways eventually lead to release of 
reactive oxygen species, activation of pro-inflammatory transcriptional programs, and release 
of pro-inflammatory mediators.40-42 Thus, it is possible that the Fas/FasL system amplifies pro-
inflammatory mechanotransduction pathways by enhancing MAPK signaling.

Contrary to our expectations, the lack of functional Fas resulted in increased deaths in mice 
infected with PVM and ventilated 8 days later. However, the cause for the increased deaths 
remains unclear. Before the onset of ventilation, the C57BL/6 and lpr mice were similar in terms 
of clinical evidence of disease, markers of lung injury, and viral load in the lungs. Furthermore, 
there was no evidence of viral involvement of the heart or other distal organs. Thus, the increased 
mortality appeared to result directly from an added effect of MV. However, during ventilation 
there was no difference in peak airway pressure in the C57BL/6 and lpr mice, suggesting that 
lung compliance values were similar. It is possible that the earlier death resulted from worsened 
lung injury in the lpr mice, but a direct comparison of markers of injury following the onset of 
ventilation was precluded by fact that the lpr mice died earlier than the C57BL/6 mice. Another 
possibility was that the lpr mice died because of cardiovascular failure, although microscopic 
examinations of the heart did not disclose myocardial infarction or right ventricular enlargement. 
The findings of this study suggest that the Fas/FasL system enhances lung injury by MV; however, 
this enhanced lung injury is not necessarily associated with worsened outcome.

This study highlights the enhancement of lung injury by MV. Some of the changes induced by 
cyclic stretch in the lungs are of a physical nature. Overdistention of diseased alveoli by positive 
pressure promotes inflammation and further disruption of the alveolar-capillary barrier. This 
occurs by cellular stress failure, plasma membrane microrupture, and lung epithelial cell death.6, 

43 In addition, stretch can elicit biochemical signaling events trough activation of mechanical 
sensors present in lung cells, including stretch-activated ion channels, the cytoskeleton and 
integrins.44 The MAPK enzyme familiy transduces many of these signals and mediates the 
cellular response to stretch. Farnand et al. recently found that the relevant pathway linking Fas 
with inflammation involves myeloid differentiation factor 88 (MyD88) and MAPK activation14 
and subsequent KC release. These findings are relevant in the context of data by Chun et al.45 
who found that MV with moderate tidal volumes generates an endogenous ligand recognized 
by MyD88-dependent receptors other than Toll-like receptor 4 and that this mechanism can 
contribute to the development of ventilator-associated lung inflammation and injury. Together 
this data suggest that stretch leads to Fas activation and subsequent release of pro-inflammatory 
cytokines via a MyD88 dependent mechanism. Interestingly, in this study MV did not enhance 
the permeability and apoptotic responses to PVM. This stands in contrast to our recent study 
using the PVM model in which the addition of mechanical ventilation resulted in an increase in 
BAL α-macroglobulin, BAL IgM, and lung caspase-3.11 One possible explanation is that different 
mouse strains were used in these two studies: the present study tested C57BL/6 mice, whereas the 
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previous study tested BALB/c mice.  BALB/c mice tend to be more susceptible to PVM infection 
than C57BL/6 mice.

This study has some limitations.  Although PVM and RSV are both pneumoviruses, there is 
no animal model that displays all features of human RSV disease.8 The PVM infection resulted 
in patchy areas of inflammation, which may have caused heterogeneous distribution of the tidal 
volume. This is, however, comparable to the human situation with patchy rather than diffuse 
signs of infection and tissue damage during RSV infection.  Another limitation of this study 
is that the duration of mechanical ventilation was only 4 h. This is in contrast to the clinical 
scenario in which patients are ventilated for long periods of time. Thus, this study applies only to 
the initial events that occur following the initiation of MV. In addition, it is important to consider 
that this study was not a mortality study, since mortality is not a permissible outcome of animal 
experimentation at our institution.

In summary, activation of the inflammatory response of the lungs to PVM and MV was 
mediated by the Fas/FasL system. While inactivation of Fas attenuated the inflammatory 
response, this was not followed by an improvement in outcome in Fas-deficient mice with more 
advanced PVM disease.
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Abstract

Severe respiratory syncytial virus (RSV) disease is a frequent cause of acute respiratory distress 
syndrome (ARDS) in young children, and is associated with marked lung epithelial injury and 
neutrophilic inflammation. Experimental studies on ARDS have shown that inhibition of apoptosis in 
the lungs reduces lung epithelial injury. However, the blockade of apoptosis in the lungs may also have 
deleterious effects by hampering viral clearance, and importantly, by enhancing or prolonging local 
pro-inflammatory responses. The aim of this study was to determine the effect of the broad caspase-
inhibitor Z-VAD(OMe)-FMK (zVAD) on inflammation and lung injury in a mouse pneumovirus 
model for severe RSV disease. Eight- to 11 week-old female C57BL/6OlaHsd mice were inoculated 
with the rodent-specific pneumovirus pneumonia virus of mice (PVM) strain J3666 and received 
multiple injections of zVAD or vehicle (control) during the course of disease, after which they were 
studied for markers of apoptosis, inflammation, and lung injury on day seven after infection. PVM-
infected mice that received zVAD had a strong increase in neutrophil numbers in the lungs, which 
was associated with decreased neutrophil apoptosis. Furthermore, zVAD treatment led to higher 
concentrations of several pro-inflammatory cytokines in the lungs and more weight loss in PVM-
infected mice. In contrast, zVAD did not reduce apoptosis of lung epithelial cells and did not affect 
the degree of lung injury, permeability and viral titers in PVM disease. We conclude that zVAD has 
an adverse effect in severe pneumovirus disease in mice by enhancing the lung pro-inflammatory 
response.
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Introduction

The human pneumovirus, respiratory syncytial virus (RSV) is the most common pathogen 
causing lower respiratory tract disease (LRTD) in infants and young children.1 The burden of 
RSV disease is high; recently it was estimated that annually over 3.0 million young children 
with RSV-LRTD need to be hospitalized worldwide.2 In severe cases RSV-induced LRTD can 
lead to respiratory failure and the need for mechanical ventilation. Many of these children fulfill 
the criteria for acute respiratory distress syndrome (ARDS),3, 4 a life-threatening pulmonary 
condition that is characterized by hypoxic respiratory failure caused by massive neutrophilic 
inflammation and alveolar epithelial injury.5, 6

Several studies in both humans and animals have shown that severe pneumovirus disease is 
associated with increased apoptosis, or regulated cell death, of lung airway and alveolar epithelial 
cells [reviewed by Van den Berg et al.7]. Welliver and coworkers found extensive expression of 
cleaved (active) caspase-3, a marker of classical (caspase-dependent) apoptosis, in epithelial cells 
in the lungs of children with fatal RSV-LRTD.8, 9 Likewise, apoptotic features such as increased 
DNA fragmentation, an apoptotic morphological feature, and caspase-3 activation are detected 
in the lung epithelium of calves infected with bovine RSV10 and in mice infected with the rodent-
specific pneumovirus pneumonia virus of mice (PVM).11, 12 Extrinsic pro-apoptotic mediators 
may be involved in caspase-dependent cell death in pneumovirus infection, including the death 
receptor ligands TNF-related apoptosis-inducing ligand (TRAIL)13, 14 and Fas ligand (FasL)9, 15, 
and the serine proteases granzymes.12, 16

As the airway epithelium is the main site of pneumovirus replication, apoptosis leading 
to enhanced viral clearance may be an important host defense mechanism.7 An overshoot, 
however, and/or inefficiency of pro-apoptotic signaling may contribute to disease. For example, 
extensive sloughing of dead bronchial epithelial cells, forming dense plugs together with fibrin 
and mucus, can lead to small airway obstruction,17 a clinical characteristic of RSV-LRTD. In 
addition, although viral replication mainly occurs in the airways, in the late and severe phase 
of pneumovirus disease apoptosis is also observed on a wide scale in the alveolar epithelium, 
suggesting the occurrence of bystander lung epithelial injury,7 similar to findings in human 
ARDS and animal models of lung injury.18 As such, apoptosis of lung epithelial cells may be an 
important pathogenic event in severe hypoxic RSV-LRTD.

From the above, one can hypothesize that treatment strategies to block apoptosis in the lung 
may protect the lung epithelium and thus improve the outcome of severe RSV-LRTD. Indeed, 
experimental studies in animals modeling human ARDS have shown that inhibition of apoptosis 
in the lungs can be beneficial in terms of survival, lung permeability and histopathological 
alterations.19-22 The various treatment strategies to inhibit apoptosis used in these studies include 
silencing of caspases and death receptor signaling by small interfering RNA,22, 23 as well as 
blockade by decoy receptors and fusion proteins instilled in the lungs.21 Interestingly, systemic 
administration of the synthetic peptide Z-VAD(OMe)-FMK (zVAD), a widely used irreversible 
pan-caspase inhibitor, reduced lung epithelial cell apoptosis,19, 24, 25 lung permeability,20, 24, 25 and 
mortality19 in several animal models of lung injury. 

On the other hand, it is important to consider that the use of apoptosis inhibitors in the lungs 
during RSV-LRTD may also have deleterious effect for the host. First by compromising viral 
clearance, and second by promoting local inflammatory responses through prolonging the life 
span of potentially harmful leukocytes. This may be in particularly relevant to neutrophils, which 
are the most abundant cells in the lungs during RSV-LRTD.26 Apoptosis inhibitors, like zVAD 
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can decrease neutrophil apoptosis in vitro and in vivo.27-30 Prolonged or increased neutrophil 
activation has been implicated as a key pathogenic event in ARDS.31-33 In addition, apoptosis 
inhibitors such as zVAD were shown to enhance lung pro-inflammatory cytokine release in vivo, 
independent of its anti-apoptotic effects.24 As such, apoptosis inhibitors may have strong adverse 
effects by contributing to lung inflammation.

In the present study we investigated the effects of zVAD on lung inflammation and lung 
injury in mice with pneumovirus infection. PVM infection in mice was used to model severe 
RSV-induced LRTD as previously described.11 This cognate host-pneumovirus model has several 
advantages specifically related to the study question, including high viral replication and marked 
caspase-3 activation in the lungs.11, 12 Our hypothesis was that zVAD treatment would reduce 
lung injury in PVM-infected mice, by protecting against lung epithelial apoptosis.

Materials and Methods

Viral stock preparation
The fully pathogenic PVM strain J3666 was originally obtained from Dr. A. J. Easton (University 
of Warwick, Coventry, UK) from virus stocks originating at the Rockefeller University. Virulence 
was maintained by continuous passage in mice.34 The titer of the viral stock used in this work was 
12 x 104 copies of PVM per microliter as determined by quantitative real-time PCR (see below). 
Just prior to experiments, PVM was diluted in Roswell Park Memorial Institute Medium (RPMI) 
1640 medium (Invitrogen, Paisley, UK) in a total volume of 80 μL to be delivered by intranasal 
inoculation.

Reagents
The broad caspase inhibitor zVAD was obtained from Bachem, Basel, Switzerland. A stock 
preparation of 20 mg/mL was prepared in sterile DMSO to solubilize the compound. On the 
day of the experiment the stock was diluted in PBS to a final DMSO concentration of 5%. For 
control experiments, a solution containing 5% DMSO in PBS (vehicle), was used. The endotoxin 
concentration in the dissolved and diluted zVAD was below 0.25 EU/mL (assay lower limit) as 
determined by a ToxinSensor Gel Clot Endotoxin Assay Kit (GenScript, Piscataway, NJ). The 
soluble, human, recombinant SuperFas Ligand (rh-sFasL) was obtained from Enzo Life Sciences 
(Raamsdonksveer, The Netherlands). 

Animal protocol
All animal protocols were approved by the Institutional Animal Care and Use Committee of 
the University of Amsterdam, the Netherlands. The mice were maintained under specific 
pathogen-free conditions according to guidelines of our university. Eight to 11-week-old female 
C57Bl/6OlaHsd (C57BL/6) mice (Harlan, Venray, The Netherlands) were used in all experiments.

On day zero, 9.6 x 103 copies of PVM strain J3666 were delivered via intranasal instillation to 
mice anesthetized with isoflurane. Five-and-a-half days after PVM infection, when first caspase 
activation is observed, the mice received either 10 mg/kg of the broad caspase inhibitor zVAD or 
5% DMSO in PBS (vehicle) subcutaneously in a volume of 10 mL/kg. Administration of zVAD or 
vehicle was repeated every twelve hours for a total of three doses. The mice were studied on day 
7 after PVM infection, 12 h after the last zVAD or vehicle injection. In additional experiments, 
mice were studied with different zVAD doses ranging from 2-10 mg/kg, and with a higher PVM 
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inoculum of 9.6 x 104 copies to obtain more severe PVM disease. In this latter experiment, zVAD 
treatment in a similar dosing regimen was started at four-and-a-half days and mice were studied 
on day 6 after PVM inoculation.

Finally, in separate experiments, caspase-3 inhibition by zVAD administration was 
confirmed in a model of Fas-induced lung injury in mice.24 For this, C57BL/6 mice received 25 
ng/g bodyweight of rh-sFasL by intratracheal instillation. Briefly, the mice were anesthetized 
with inhaled isoflurane and intubated endotracheally with a 22-gauge InsyteTM angiocath (BD, 
Madrid, Spain) as described before.35 Six hours before and 6 h after intratracheal instillation of 
rh-sFasL the mice received either 10 mg/kg zVAD in 5% DMSO or vehicle subcutaneously. The 
mice were euthanized 12 h after rh-sFasL instillation. Mice that received no treatment served as 
controls. 

At the end of these experiments, the mice were euthanized with an ip injection containing 
ketamin, medetomidin, and atropin and exsanguinated by carotid artery ligation. The left 
lung was removed and flash-frozen in liquid nitrogen for homogenization. The right lung was 
lavaged with PBS containing 0.6 mmol/L EDTA, one 0.6-mL aliquot, followed by two 0.5-mL 
aliquots. After the lavage, the lung was fixed in 10% formalin for histological studies. In separate 
experiments we obtained single-cell suspensions of the lungs for flow cytometry analysis. 

Measurements
Clinical response
Total body weight and a clinical scoring system previously described in multiple PVM mouse 
studies were used as previously described:12 1 = healthy, no signs of illness, 2 = subtle ruffled 
fur, 3 = evident ruffled fur with hunched posture, 4 = evident lethargy with abnormal breathing 
pattern, 5 = moribund, 6 = death [modified from Cook et al.36]. The end point for sacrifice used 
in this study was a score of 4 and/or loss of >20% of starting body weight.

Lung histology
The degree of lung injury was graded in a blinded fashion on hematoxylin and eosin- stained lung 
sections, according to the histology scoring system of the American Thoracic Society workshop 
on experimental lung injury in animal models.37 Briefly, 20 random high-power fields (400 x total 
magnification) of every lung tissue section were examined for the presence of neutrophils in the 
alveolar space or in the interstitial space, hyaline membranes, proteinaceous debris filling the 
airspaces and alveolar septal thickening. To generate the lung injury score, the sum of each of the 
five independent variables were weighted according to relevance of each feature and normalized 
to the number of fields that were counted.37 

Lung inflammation
Total cell counts and differentials in broncho-alveolar lavage fluid (BALF) were performed as 
described previously.35 The concentrations of IFN-gamma and KC (CXCL1) were measured with 
immunoassays (eBioscience, Hadfield, UK and R&D systems, Minneapolis, MN). Monocyte 
chemotactic protein-1 (MCP-1), IL-6, IL-12, IL-13, G-CSF, macrophage inflammatory protein-
1beta (MIP-1 beta) and RANTES were measured by multiplex fluorescent bead assay using the 
BioPlex Pro Mouse Cytokine 23-plex immunoassay (Bio-Rad Laboratories, Veenendaal, The 
Netherlands).
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Lung permeability
The high-molecular-weight protein IgM was measured in BALF by enzyme-linked immuno-
sorbent assay (Bethyl Laboratories, Montgomery, TX).37, 38

Lung apoptosis
Quantification of the overall lung caspase-3 activity in lung homogenates and caspase-3 
immunohistochemistry on lung sections was performed as described previously.12 To quantify 
lung epithelial cell apoptosis by immunohistochemistry the number of cleaved caspase-3 positive 
epithelial cells (airway and alveolar) were counted in four random high-power fields per lung 
tissue section.

To obtain single lung cell suspensions for FACS analysis, lungs were perfused with 20 mL 
PBS through the right ventricle, minced using iridectomy scissors and digested with collagenase 
III. Finally, the cells were passed through a 70 μm cell strainer and subjected to RBC lysis, 
and kept on ice until labeling. The isolated cells from the lung and BALF were Fc-blocked 
with antimurine CD16/CD32 and labeled with: Annexin V-APC (A35110, Life-Technologies-
Invitrogen, Bleiswijk, The Netherlands), LIVE/DEAD fixable far red dead cell stain kit (Life-
Technologies-Invitrogen, Bleiswijk and the Netherlands) and the neutrophil marker Ly-G6 (GR1-
PE; eBioscience, Hatfield, UK). Annexin V-positive and LIVE/DEAD far red stain-negative cells 
were considered apoptotic.

Lung virus titers
Detection of copies of the PVM SH gene by qPCR was performed as previously described.12 
The PVM SH gene (GenBank No. AY573815) was used to detect lung viral titers.  RNA was 
isolated from frozen lungs with the RNeasy Mini Kit (Qiagen, Venlo, the Netherlands) and 
treated with DNase I (Qiagen, Venlo, the Netherlands). Two microgram of RNA was reverse 
transcribed to cDNA using random hexamers (high-capacity cDNA reverse transcription kit; 
Applied Biosystems, Foster City, CA).  Copies of the PVM SH gene were detected in qPCR 
reactions containing 1 μL of cDNA, Taqman PCR Master Mix (Applied Biosystems), 77 nmol/L 
TAMRA probe (5’-6FAM-CGCTGATAATGGCCTGCAGCA TAMRA-3’), and 200 nmol/L 
primers (5’-GCCTGCATCAACACAGTGTGT-3’ and 5’-GCCTGATGTGGCAGTGCTT-3’). 
The GAPDH housekeeping gene was detected in cDNA samples using rodent GAPDH primers 
(100 nmol/L) and VIC probe (200 nmol/L) (Ambion, Austin, TX; Applied Biosystems). Standard 
curves with known concentrations of the full-length SH gene and GAPDH decatemplate 
(Applied Biosystems) were used for quantification. Results are expressed as copies of PVM SH 
per 109 copies of GAPDH.

Statistical analysis
The data were analyzed using GraphPad Prism 4.0 software (San Diego, CA). Comparisons 
between two groups were performed with the unpaired t-test or the Mann Whitney U-test 
depending on data distribution. A p value of < 0.05 was considered statistically significant. 
Data are reported as means ± standard error of the mean from three independent replicate 
experiments with a total of nine mice per group (zVAD or vehicle), unless otherwise specified 
in the figure legend. 
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Results

Treatment with zVAD increases the total lung neutrophil count in PVM-infected 
mice, in part by inhibiting neutrophil apoptosis
The administration of zVAD in PVM-infected mice led to a substantial increase in total lung 
neutrophil counts in BALF: 9.66 ± 1.78 x 104 cells in zVAD treated mice as compared to 4.23 
± 1.04 x 104 cells in vehicle treated mice (p < 0.05) (Figure 1A). No statistically significant 
differences were found in the number of lymphocytes (7.41 ± 2.52 vs 4.67 ± 1.64 x 104 cells) and 
macrophages (21.22 ± 3.48 vs 15.98 ± 4.24 x 104 cells) in the BALF in PVM-infected mice that 
received zVAD as compared to mice receiving vehicle alone.
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Figure 1. 
zVAD treatment enhances the neutrophilic response in the lungs during PVM infection. A, Total 
BALF neutrophils of vehicle or zVAD treated mice on day 7 after PVM inoculation. * p< 0.05. Data 
are shown as means ± SE of three independent replicate experiments of 3 mice/group each, for a 
total of 9 mice/group. B, Percentage of apoptotic neutrophils, as analyzed using flow cytometry, in 
lung single cell suspensions (SCS) and BALF of vehicle (black bars) or zVAD (white bars) treated 
mice on day 7 after PVM inoculation. * p < 0.05. Data are shown as means ± SE of one experiment 
with a total of 5 mice/group.

We hypothesized that the increase in neutrophil numbers was a result of decreased apoptosis 
by zVAD. Therefore, we measured apoptosis of recruited neutrophils, using flow cytometry. 
As compared to vehicle, zVAD treatment significantly decreased the percentage of apoptotic 
neutrophils in single-cell suspensions from lung tissue (p < 0.05)(Figure 1B). In BALF, no 
significant difference was found in the percentage of apoptotic neutrophils of the BALF of PVM-
infected mice receiving zVAD or vehicle (Figure 1B).

Treatment with zVAD increases the lung cytokine response in PVM-infected mice
As expected from the increased neutrophil numbers in the lungs, and similar to findings in a Fas-
mediated lung injury model,24 the administration of zVAD was associated with enhanced release 
of several pro-inflammatory cytokines in the lungs of PVM-infected mice (Figure 2). 

The PVM-infected mice that were treated with zVAD had statistically significant higher 
concentrations of MCP-1 and IL-6 in BALF as compared with vehicle-treated mice (p < 0.05) 
(Figure 2). No significant difference was found in the concentrations of KC, IFN-gamma and 
G-CSF in BALF in mice that were treated with zVAD as compared to vehicle. The concentrations 
of IL-12 and IL-13 in BALF were under the detection limit of the assay.
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Figure 2.
Treatment with zVAD augments the lung cytokine response in PVM-infected mice. Concentrations 
of KC, MCP-1, IFN-gamma, IL-6, G-CSF and RANTES in BALF of vehicle or zVAD treated mice 
on day 7 after PVM inoculation. *p < 0.05. Data are shown as means ± SE of three independent 
replicate experiments of 3 mice/group each, for a total of 9 mice/group.

 
Treatment with zVAD does not decrease lung caspase-3 activity in PVM-infected mice
PVM infection in mice is associated with a marked increase in total lung caspase-3 activity 
starting just before and at peak disease severity.12 Both bronchial and alveolar epithelial cells 
become apoptotic in the late and severe phase of PVM disease.35 Unexpectedly, zVAD treatment 
starting at day 5 after inoculation, when early caspase activation is observed, did not affect the 
overall lung caspase-3 activity on day 7 after PVM infection (Figure 3A). 
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Figure 3.
Lung caspase-3 activity in PVM-infected mice is not affected by zVAD treatment. A, Total lung 
caspase-3 activity (arbitrary fluorescence units) in vehicle (black bar) or zVAD (white bar) treated 
mice on day 7 after PVM inoculation as compared to healthy control mice that received no 
treatment (gray bar). Data are shown as means ± SE of three independent replicate experiments of 
3 mice/group each, for a total of 9 mice/group. The data of control mice is based on one experiment 
with 6 mice/group. B, Quantification of cleaved caspase-3 positive epithelial cells (airway and 
alveolar) per lung tissue section of vehicle (black bar) or zVAD (white bar) treated mice on day 
7 after PVM inoculation. Data are shown as means ± SE of 3 mice per group. C, Representative 
images of cleaved (active) caspase-3 immunohistochemistry in lung tissue of vehicle or zVAD 
treated mice on day 7 after PVM inoculation. Closed and open arrows point out cleaved caspase-3 
positive airway and alveolar epithelial cells, respectively.

Similarly, no difference in immunohistochemical staining of caspase-3 positive bronchial and 
alveolar epithelial cells was found between zVAD or vehicle-treated PVM-infected mice (Figure 
3B and 3C). 

The dose (10 mg/kg) and route (subcutaneous) of administration of zVAD used in this 
work was based on recent studies that showed decreased lung epithelial apoptosis and/or lung 
permeability in two separate models of lung injury.20, 24 To exclude potential technical problems 
with zVAD treatment in our hands we performed an experiment in which recombinant human 
soluble Fas ligand (rh-sFasL) was used to induce apoptosis in the lungs. Our zVAD dosing 
regime was sufficient to induce significant inhibition of caspase-3 activity in rh-sFasL-treated 
mice (Figure 4). 
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Figure 4.
Effect of zVAD on rh-sFasL induced caspase-3 activity in the lung. Total lung caspase-3 activity 
(arbitrary fluorescence units) in vehicle (black bar) or zVAD (white bar) treated mice with  
rh-sFasL induced lung caspase-3 activity as compared to control mice that received no treatment 
(gray bar). ** P < 0.01. Data are shown as means ± SE of one experiment with 6 mice/group.

Because of concern that zVAD in the 10 mg/kg dose tested might not be efficient enough to 
inhibit caspases in the context of a relatively high pro-apoptotic stimulus as PVM infection, we 
tested zVAD in a very high dose of 20 mg/kg. 

Similarly, zVAD in this experiment also failed to modify the lung caspase-3 activity in PVM-
infected mice (Figure 5). 
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Figure 5.
Effect of different doses of zVAD on apoptotic response during PVM disease. Total lung caspase-3 
activity (arbitrary fluorescence units) on day six in PVM infected mice (9.6 x 103 copies) that 
were treated with 3 different doses of zVAD (2, 10 of 20 mg/kg) or vehicle starting on day 5.5 after 
infection. Data are shown as means ± SE of one-three independent replicate experiments with a 
total of 3-9 mice/group.

Furthermore, we studied PVM-infected mice at earlier time-points (3 to 6 hours) after the last 
zVAD injection and found no differences between the zVAD and vehicle treated animals (data 
not shown). Finally, we performed experiments during a more severe course of PVM disease, 
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induced by increasing by one order of magnitude the dose of PVM (9.6 x 104 PVM copies). 
Again, we found no difference in lung caspase-3 activity in zVAD-treated mice, as compared to 
mice receiving vehicle alone (Figure 6).
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Figure 6.
Effect of zVAD on total lung caspase activity (arbitrary fluorescence units) during more severe 
PVM disease, using a higher inoculum (9.6 x 104 copies) with zVAD treatment on day 4-6. This 
experiment was performed to confirm the lack of response of zVAD in severe PVM disease. Data 
are shown as means ± SE of two independent replicate experiments with a total of 8-9 mice/group.

Treatment with zVAD is not associated with changes in lung viral load,  
lung permeability or lung histology
In agreement with the observation that zVAD treatment failed to attenuate bronchial or alveolar 
epithelial cell apoptosis, zVAD treatment had no effect on the lung viral load (Figure 7A), or on 
lung permeability, as determined by the leakage of the high-molecular weight protein IgM into 
the alveolar spaces36 (900.6 ± 157.0 ng/ml in zVAD treated mice versus 640.8 ± 129.7 ng/ml in 
vehicle treated mice, p=0.22, Figure 7B). Similar to previous observations,11, 12 all PVM infected 
mice showed marked peri-bronchiolar and alveolar cellular infiltration (Figure 8A). However, no 
difference was found in the histological lung injury score between the zVAD and vehicle-treated 
groups (Figure 8B).



72

Chapter 4

vehicle zVAD  
100

101

102

103

104

105

106

107

co
pi

es
 P

VM
-s

h/
 

10
9  c

op
ie

s 
G

A
PD

H

vehicle zVAD  
0

500

1000

1500

Ig
M

 (n
g/

m
l)

Figure 7.

A B

Figure 7. 
Treatment with zVAD is not associated with changes in viral load or lung permeability in PVM 
infection. A, Lung viral load in PVM-infected mice. Total lung viral titers expressed as number of 
PVM SH copies per 109 GAPDH copies in lung homogenate of vehicle or zVAD treated mice on day 
7 after PVM inoculation. B, Lung permeability response in PVM-infected mice. Concentrations of 
IgM in BALF of vehicle or zVAD treated mice on day 7 after PVM inoculation. Data are shown as 
means SE of three independent replicate experiments of 3 mice/group each, for a total of 9 mice/
group.

Figure 8.
zVAD treatment does not affect lung histopathology during PVM infection. Representative 
hematoxylin and eosin-stained lung tissue sections (magnification 200x) (A) and lung injury 
histology scores (B) from vehicle or zVAD treated mice on day 7 after PVM inoculation. Data are 
shown as means ± SE of three independent replicate experiments of 3 mice/group each, for a total 
of 9 mice/group.
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Treatment with zVAD is associated with mild increase in clinical PVM disease
While no statistical significant difference was observed in the clinical scores between PVM-
infected mice that were treated with zVAD or vehicle, the weight loss, as a purely objective 
measure of disease severity, on day 7 after PVM inoculation was increased in zVAD treated mice 
as compared to the vehicle-treated mice (Figure 9). 
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Figure 9.
zVAD treatment causes a mild increase in PVM disease severity. A, Clinical scores of vehicle or 
zVAD treated mice assessed daily after PVM inoculation. Data are shown as means ± SE of 9 
mice/group. B, Percentage of original body weight of vehicle or zVAD treated mice assessed daily 
after PVM inoculation. * p < 0.05. Data are shown as means SE of three independent replicate 
experiments of 3 mice/group each, for a total of 9 mice/group.

Discussion

The primary goal of this study was to investigate the effect of the caspase inhibitor zVAD on 
lung inflammation and injury in mice with severe pneumovirus infection. We found that the 
administration of zVAD resulted in decreased neutrophil apoptosis in the lungs of PVM-infected 
mice, and this was associated with increased neutrophil counts and release of pro-inflammatory 
cytokines. In contrast, zVAD did not reduce lung epithelial cell apoptosis, and did not affect viral 
load and lung permeability.

Numerous studies in humans with ARDS and animal ARDS models18, 39-44 have implicated 
apoptosis of lung epithelial cells as a major pathogenic event in the development of lung injury. 
Epithelial cell apoptosis contributes to the loss of the alveolar capillary barrier, which increases 
lung permeability, resulting in the formation of lung edema. The interesting findings of extensive 
expression of apoptosis markers in the lung epithelium of children with fatal RSV-LRTD by 
Welliver and coworkers,8, 9, 45 together with similar observations in calves with severe bovine RSV 
disease and mice with PVM-induced lung injury,10, 12 suggest that this type of cell death is also 
important in severe pneumovirus disease.7 Importantly, pharmacological interventions aimed at 
inhibiting pro-apoptotic signaling pathways in the lungs in animal models of ARDS have been 
quite successful in protecting against lung histopathological injury, alveolar permeability, and 
clinical disease.19-25, 46 Our study adds to the body of literature on this topic, however, by showing 
inefficient and even unfavorable responses to treatment with the caspase inhibitor zVAD in 
severe pneumovirus-induced lung injury.
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In our study zVAD treatment did not affect lung epithelial caspase-3 activation (classical 
apoptosis), but instead inhibited apoptosis of recruited neutrophils, leading to increased local 
neutrophil numbers. The finding of decreased neutrophil apoptosis by zVAD in vivo is in 
agreement with two animal studies of pleural inflammation,27, 29 and multiple in vitro studies 
showing that zVAD is able to inhibit apoptosis of neutrophils under various cell culture 
conditions.28, 30, 47 However, our observations are in contrast with three studies investigating the 
effects of zVAD in different animal models of ARDS,19, 24, 25 including our own control experiment, 
in which zVAD effectively reduced caspase-3 activity in an independent mouse model of lung 
injury based on the administration of rh-sFasL. For example, Kawasaki et al. found decreased 
apoptosis of structural lung cells, including epithelial cells, in mice with systemic LPS-induced 
lung injury following exposure to zVAD, and this was associated with better survival.19 In a rat 
model of Pseudomonas aeruginosa pneumonia, Le Berre et al. showed reduced apoptosis of lung 
epithelial cells, and less lung histopathological injury and permeability following treatment with 
zVAD.25 Finally, zVAD led to effective inhibition of lung epithelial cell apoptosis, associated with 
a decrease in lung permeability in Fas-induced lung injury in a recent study by Herrero and 
coworkers.24 The same group previously showed that zVAD also reduces lung permeability in 
a mouse model of intratracheal LPS-induced lung injury, presumably by blocking apoptosis of 
lung epithelial cells.20 Interestingly, in these latter two studies the neutrophil numbers in the 
lungs were unaffected by zVAD treatment.

From the above studies and our own findings it appears that the anti-apoptotic effect of 
zVAD in the lungs is cell specific and depends on the animal model of injury used. This highlights 
the complexity of apoptosis-based pharmacological treatments in lung injury.7 Importantly, we 
used a broad range of doses similar to and higher than the doses used in previous studies,19, 20, 

24, 25 and studied the mice at earlier times after zVAD treatment, suggesting that the cause of 
this differential effect of zVAD in our study was independent of dosing and timing. In addition, 
we used the same route of zVAD administration as previous studies,20, 24 and confirmed the 
inhibitory effect of zVAD in an independent mouse model of lung injury using rh-sFasL. Likely, 
the extent, cellular distribution and dynamics of caspase activation in the lungs differ among the 
various models of lung injury, causing the observed cell-specific effect of zVAD. However, the 
exact underlying mechanisms of the differential effects of zVAD remain to be elucidated.

In our model of severe pneumovirus disease, the treatment with zVAD led to enhanced lung 
neutrophil and cytokine inflammation. This is important as it is well recognized that uncontrolled 
and prolonged lung neutrophil inflammation contributes to ARDS pathophysiology.6, 31 Indeed, 
our findings of moderate exaggeration of weight loss in zVAD treated PVM-infected mice 
may be an early reflection of enhanced disease severity as a result of the increased pulmonary 
inflammation by zVAD. The exaggeration of the release of pro-inflammatory cytokines, 
including IL-6, may be the result of prolonged neutrophil lifespan by zVAD in our model. Auto- 
or paracrine IL-6 signaling of neutrophils may further promote their own survival,48 thereby 
creating a spiral towards extensive neutrophilic inflammation. However, in the study of Herrero 
et al. zVAD increased the release of pro-inflammatory cytokines, including IL-6 and KC, in Fas-
induced lung injury, without causing a change in the lung neutrophil numbers.24 This suggests 
that caspase inhibition by zVAD may also promote inflammation uncoupled from its anti-
apoptotic effect, such as has been found in vitro in Fas stimulated lymphocytes.49

The most important limitation of our study is that we were unable to investigate the role of 
lung epithelial cell apoptosis in the disease pathogenesis of severe pneumovirus disease, as zVAD 
was not effective in inhibiting lung epithelial caspase activity in our model. Therefore other, more 
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lung epithelial cell specific, anti-apoptotic treatment strategies need to be exploited in our model 
in future studies. 

In conclusion, zVAD has a primarily pro-inflammatory effect in PVM-induced lung injury 
in mice, by enhancing the pulmonary neutrophil and cytokine response, at least in part by 
inhibiting neutrophil apoptosis. In contrast, zVAD at the doses and times tested is not effective 
in protecting the lung epithelium from apoptosis in severe PVM disease. We consider zVAD 
treatment to be potentially harmful in severe pneumovirus disease.
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Abstract

Objective: Respiratory syncytial virus (RSV) infection can progress to acute respiratory distress 
syndrome (ARDS) in infants. ARDS is a life-threatening condition that is characterized by severe 
hypoxemia, defined as PaO2 / FiO2 ratio < 300 mmHg. This ratio is used in many trials as the sole 
oxygenation criterion for ARDS. Recently, however, it has been shown in adults with ARDS that 
FiO2, independently of the PaO2 / FiO2 ratio predicts mortality. Because epidemiology and outcome 
of ARDS differ strongly between children and adults, we determined if FiO2 on admission (baseline 
FiO2) independently predicted the duration of mechanical ventilation (MV) and length of stay (LOS) 
in the pediatric intensive care unit (PICU) in infants with RSV-induced ARDS.
Design: Retrospective observational study
Setting: A 14-bed pediatric intensive care unit
Patients: One hundred twenty-nine mechanically ventilated infants with RSV-induced ARDS
Interventions: None
Measurements and main results: Independent predictors for outcome, including baseline FiO2 and 
positive end-expiratory pressure (PEEP), were analyzed using the cox regression model. Endpoints 
were duration of MV and LOS in the PICU. A higher initial FiO2 was independently associated with 
a longer duration of MV (HR 0.12, CI 0.02-0.87, p = 0.036) and increased LOS in the PICU (HR 0.09, 
CI 0.01-0.57, p = 0.023). Neither baseline PEEP nor PaO2/FiO2 ratio correlated with outcome.
Conclusions: FiO2 level independently predicted outcome in infants with RSV-induced ARDS, 
whereas both PEEP and the PaO2/FiO2 did not. This suggests that FiO2  should be taken into account 
in defining disease severity in infants with RSV-induced ARDS. 
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Introduction

Worldwide, every year almost 3.5 million children under 5 years of age are admitted to the hospital 
because of severe lower respiratory tract infection (LRTI) caused by respiratory syncytial virus 
(RSV).1,2 Treatment for RSV-LRTI is primarily supportive, necessitating mechanical ventilation 
(MV) in up to 10% of the admitted children.3 Many of these children fulfill the historical criteria 
for acute respiratory distress syndrome (ARDS) at some point during their stay on the pediatric 
intensive care unit (PICU).4 ARDS is an acute life-threatening pulmonary condition characterized 
by severe oxygenation problems due to extensive pulmonary inflammation and structural lung 
damage and can be caused by many diverse pulmonary and non-pulmonary triggers.5 

According to the American-European Consensus Conference (AECC) of 19946 ARDS is 
based on four criteria of which the partial pressure of oxygen in arterial blood (PaO2) divided by 
the fraction of inspired oxygen (FiO2) is the sole oxygenation criterion. Because several studies 
showed that the level of positive end expiratory pressure (PEEP) can affect the PaO2/FiO2 ratio,7-9 
the level of PEEP (at least 5 cm H2O) was added to the criteria in the revised ARDS definition 
(Berlin definition).10 

Recently it was shown in adults with ARDS that baseline FiO2, per se, independently 
preditcted mortality,11 suggesting that the PaO2/FiO2 ratio in combination with FiO2 and PEEP 
better characterizes disease severity. Differences in epidemiology and outcome of ARDS between 
adults and children make it questionable if these findings can be extrapolated to children. Since 
many clinical trials in children with RSV-induced ARDS only use the PaO2/FiO2 ratio, it is very 
relevant to determine if this is the best inclusion criterion or outcome measurement.12 

The primary objective of this study was to assess the correlation between baseline FiO2 and 
PEEP in infants with RSV-induced ARDS with duration of MV and the length of stay (LOS) in 
the PICU.  Based on the previous findings, we hypothesize that, FiO2 and PEEP, independently 
predict duration of MV and LOS in the PICU.

Materials and Methods

Patient selection
In this retrospective study, all infants with microbiologically proven RSV-LRTI who were 
admitted to the PICU of the Emma’s Children Hospital/Academic Medical Center in Amsterdam 
between December 1999 and March 2011 and required MV were eligible. After consultation with 
the Medical Ethical Committee of the Academic Medical Center Amsterdam, the need for ethical 
approval was waved.

Our PICU is a 14-bed, tertiary unit, serving the greater Amsterdam area in the Netherlands. 
RSV was considered to be present when direct immunofluorescence testing on nasopharyngeal 
aspirate was positive. To avoid heterogeneity, patients were excluded if they were above 1 year of 
age, if there was clinical evidence of left heart failure or cardial right-left shunt or if they suffered 
from an immune deficiency. Besides that, patients were excluded because of missing values, for 
example no arterial blood gas analysis within 24 h after start of MV, MV not started within 24 h 
after admission to the PICU, no chest radiograph within 24 h after start of MV, missing patients’ 
clinical files or if patients were transferred to another hospital for ECMO therapy. 
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Definitions
ARDS was defined according to the 2012 Berlin definition for ARDS,10 as three mutually 
exclusive categories based on degree of hypoxemia: mild 200 mmHg < PaO2/FiO2 ratio ≤ 300 
mmHg, moderate 100 mmHg < PaO2/FiO2 ratio ≤ 200 mmHg, and severe PaO2/FiO2 ratio ≤ 100 
mmHg, with acute onset, bilateral opacities on a chest radiograph that are not fully explained by 
effusions, lobar/lung collapse, or nodules and respiratory failure not fully explained by cardiac 
failure or fluid overload.10 Because the predictive value of PEEP was evaluated in this study the 
minimum level of PEEP of 5 cm H2O was not a selection criterion. Although both the AECC and 
the Berlin definition are not validated for use in pediatric patients they are commonly used in 
pediatric studies. 

All RSV patients that were admitted to the PICU for MV were screened retrospectively for 
ARDS with onset in the first 48 hours after initiation of MV (early ARDS) using the criteria 
mentioned above. They were identified based on a PaO2/FiO2 ratio ≤ 300 mmHg in two consecutive 
measurements with a minimum interval of 4 h. The average PaO2/FiO2, FiO2 and PEEP of these two 
moments were used, further referred to as baseline PaO2/FiO2 ratio, FiO2 and PEEP.

For the radiological criterion two trained researchers independently assessed the chest 
X-rays under supervision of a pediatric radiologist. Only those X-rays of good quality, with the 
tip of endotracheal tube at least one vertebral body height above the carina and that were taken 
within 24 h before or after the first PaO2/FiO2 ratio ≤ 300 mmHg was measured, were used.

The presence of left heart failure was judged based on echocardiography if available. In our 
PICU echocardiography is only performed when there is a clinical suspicion of impaired heart 
function and/or congenital heart disease. 

Bacterial co-infection was considered to be present if there was a positive blood culture or 
a positive culture of the tracheal aspirate or bronchoalveolar lavage fluid with bacteria colony 
counts ≥105 cfu/ml.13-15 

Outcome and disease severity
The following data were retrospectively collected from patient clinical files or from our patient 
data management system: standard demographic data, co-morbidities, laboratory test results, 
medication, MV mode, and ventilation parameters.

Primary outcomes were duration of MV and LOS in the PICU. In case patients needed to 
be reintubated for upper respiratory tract obstruction, the time of first extubation was used for 
analysis. If a patient had to be reintubated for a reason associated with RSV-LRTI, the days of 
ventilation following reintubation were taken into account. According to our standard of care, 
patients with RSV disease are eligible for extubation if transcutaneous saturation is >94% with 
a PEEP ≤5 cm H2O, FiO2 ≤0.4, tidal volume ≤8 mL/kg with a normal respiratory rate in a trial 
of spontaneous ventilation for minimal 30 minutes with pressure support set at 10 cm H2O 
or less. After extubation patients are kept in the PICU for a minimum of 24 h before they are 
discharged to the referring hospital. The Pediatric Index of Mortality (PIM) score was used as a 
measurement of disease severity.16,17 

In our unit the level of FiO2 is adjusted based on the target value of a transcutaneous 
measured oxygen saturation of 95-97%. The ventilator settings are altered based on arterial 
blood gas analyses at the discretion of the attending pediatric intensivist. The primary choice 
of ventilator mode in this patient cohort was time-cycled, pressure-controlled aiming at a tidal 
volume of 7 mL/kg.
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During the entire study period, standard management of the children with RSV-induced ARDS 
did not change substantially. All children received standardized adequate analgesia and sedation, 
using midazolam and morphine. No additional investigations other than those clinically 
indicated in the management of ARDS were performed.

Statistical analysis
Microsoft Access was used to calculate incidence rates. All other statistical analyses were 
performed using SPSS 17.0 software (SPPS, Chicago, IL). Patient characteristics are reported as 
percentage or median with interquartile range (median; IQR). The results of the univariate and 
multivariate cox regression analysis are reported as hazard ratio (HRs) with corresponding 95% 
confidence interval (CIs) and p value (HR (95% CI), p-value). A multivariate cox proportional 
hazard model was used to evaluate the independent effect of baseline FiO2 and PEEP on 
outcome, because both outcomes (i.e., LOS in the PICU and duration of MV) are time-related 
events and not normally distributed. Since the hazard was defined as successful weaning from 
MV or discharge from the PICU, a HR < 1 indicates a longer duration of MV or LOS in the 
PICU, respectively. The proportional hazard assumption was tested by examining log-minus-log 
survival plots for different categories against time. When the proportional hazard assumption 
was not fulfilled a time dependent variable was included in the analysis as a covariate. Only for 
the variable tidal volume (Vt) the proportional hazard assumption was not met. Therefore, Vt 
was included as a time dependent covariate (time dependent Vt). The importance of several 
potential confounding factors was determined in univariate analysis. Variables with a p value 
less than 0.1 in this analysis were included in the multivariable model. A p value of < 0.05 was 
considered significant at the multivariate level. The same procedure was followed to analyze if 
baseline FiO2 and PEEP levels are independent predictors for the outcome.

Results

Between 1999-2011, 226 patients were admitted to our PICU and mechanically ventilated for 
RSV-LRTI. Of these, 64 were excluded according to the criteria shown in figure 1, resulting in 
162 patients for further analysis.

All 162 patients fulfilled the oxygenation criterion for mild ARDS (baseline PaO2/FiO2 ratio 
≤ 300 mm Hg). Of these 162 patients, seven did not have a chest X-rays feasible for reading. Of 
the remaining 155, 129 patients (83%) fulfilled all criteria for the diagnosis ARDS (Figure 1). 
Median duration of MV was 6 days (p25-p75: 4.9-8.2) and median LOS in the PICU was 7.5 days 
(6-9.4). Patient characteristics are presented in Table 1 and 2. 

Of those patients diagnosed with ARDS (n=129), 118 patients (91%) fulfilled criteria for 
moderate ARDS (100 < PaO2/FiO2 ratio ≤ 200 mmHg) in the first 24 hours after admission and 
126 patients (98%) in the first 48 hours after admission. None of the patients fulfilled the criteria 
for severe ARDS (PaO2/FiO2 ratio ≤ 100 mmHg) during the first 48 h after admission.
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 RSV patients underwent mechanical ventilation
n=226

Excluded 64 (28.3%)
age > 1 year 21 (9.3%)
no arterial blood gas analysis available 14 (6.2%)
no mechanical ventilation < 24h after admission 5 (2.2%)
no chest x-ray performed 5 (2.2%)
heart disease 2 (0.9%)
immune deficiency 2 (0.9%)
ECMO therapy 10 (4.4%)
Missing patient clinical file 5 (2.2%)

RSV patients screened for ARDS
n=162

ARDS inclusion 
n=129

mild ARDS
n=11

moderate ARDS
n=118

mild ARDS
n=3

moderate ARDS
n=126

progressed to 
moderate 
ARDS n=8

first 24h after admission

24-48h after admission

patients with no chest x-
ray feasible for reading 

n=7

Friday, May 8, 2015

Figure 1. Patient inclusion

Table 1. Patient characteristics

RSV-induced ARDS group (n=129)

Male gender, No. (%) 73 (57)

Age, months, median (range) 1.4 (0-12)

Weight, kg, median (range) 4.3 (2.1-11.5)

PIM score1, %, median (range) 9.6 (0.9-39.2)

Risk group total2, No. (%) 45 (35)

1 PIM, Pediatric Index of Mortality 
2  risk group includes one or more of the following features:  prematurity, dysmaturity, congenital heart 

disease, bronchopumonary dysplasia, Down’s syndrome. 
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Table 2. Patient characteristics (n=129) during admission

Co-infection,  n (%)1 49 (38)

Medication during first 72 hours

Bronchodilators, n (%) 49 (38)

Antibiotics, n (%) 94 (73)

Paralytic agents, n (%) 72 (56)

Corticosteroids, n (%) 18 (14)

Diuretics, n (%) 92 (71)

Time (h) between intubation and measurements2 6.5 (2-26)

Time (h) between measurements3 6 (4-22)

Ventilation parameters4

PaO2/FiO2 ratio (mm Hg) 155 [115 - 196]

FiO2 0.5 [0.4 - 0.6] 

PEEP (cm H2O) 5 [4.75 - 6] 

PIP (cm H2O) 24 [22 - 26.5] 

OI (cm H2O/mmHg) 5.6 [4.1- 7.8]

Vt (mL/kg) 7.1 [5.9 - 8.4]

FiO2 , fraction of inspiratory oxygen; PEEP, positive end expiratory pressure; PIP, peak inspiratory pressure; 
OI, oxygenation index; Vt, tidal volume.
1  Co-infection includes one or more of the following: Haemophilus influenzae, Moraxella catarrhalis, 
Streptococcus pneumoniae, Staphylococcus aureus, Escherichia Coli.

2  Time between intubation and baseline measurements (average of measurements 1 and 2).
3  Time between measurements 1 and 2. 
4  Data are presented as median and interquartile range [p25-p75]. 

Baseline FiO2 predicts duration of MV and LOS in the PICU
Table 3 shows the results of univariate analysis. 

Table 3. Univariate cox regression analysis

Duration of MV LOS in PICU
Variable HR (95% CI) p value HR (95% CI) p value
Gender 0.96 (0.67-1.40) 0.805 0.87 (0.61-1.23) 0.429
Age 1.03 (0.94-1.12) 0.556 0.97 (0.90-1.06) 0.521
PIM score 0.98 (0.96-1.01) 0.183 0.99 (0.96-1.01) 0.253
Bronchodilators
Furosemide
Paralytic agents

1.49(1.03-2.15)
1.05 (0.71-1.54)
0.84 (0.59-1.19)

0.033*
0.819
0.322

1.51 (1.04-2.18)
0.95 (0.65-1.40)
0.94 (0.66-1.34)

0.029*
0.791
0.745

Risk factors 1.24 (0.86-1.79) 0.246 1.20 (0.83-1.73) 0.339
PaO2/FiO2 ratio 1.03 (1.00-1.05) 0.054** 1.03 (1.00-1.05) 0.055**
Co-infection 1.19 (0.83-1.70) 0.343 1.25 (0.87-1.79) 0.228
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Duration of MV LOS in PICU
Variable HR (95% CI) p value HR (95% CI) p value
Time (h) between 
intubation and 
measurements

1.024 (0.99-1.06) 0.146 1.013 (0.98-1.05) 0.424

Time (h) between 
measurements

1.005 (0.97-1.04) 0.811 1.006 (0.97-1.00) 0.767

FiO2 0.17 (0.05-0.56) 0.003* 0.15 (0.05-0.48) 0.001*
PEEP 0.99 (0.89-1.11) 0.910 0.96 (0.85-1.07) 0.417
PIP 0.94 (0.89-1.00) 0.056** 0.93 (0.88-0.99) 0.021*
PaCO2 0.96 (0.83-1.10) 0.530 1.00 (0.88-1.15) 0.976
OI 0.97 (0.91-1.02) 0.230 0.95 (0.90-1.01) 0.086**
Time dependent Vt 0.99 (0.98-1.00) 0.063** 0.99 (0.98-1.00) 0.003*

Data are presented as hazard ratios (95% confidence intervals [CI]) and p values. FiO2, fraction of 
inspiratory oxygen; PEEP, positive end expiratory pressure; PIP, peak inspiratory pressure; PaCO2, arterial 
partial pressure of carbon dioxide in the blood; OI, oxygenation index; Vt, tidal volume; MV, mechanical 
ventilation; LOS, length of stay. 
* p < 0.05
** p < 0.1

 
Variables with a p < 0.1 in the univariate analysis were included in the multivariate analysis 
(Table 4). In the multivariate analysis a higher baseline FiO2 was independently associated with 
a longer duration of MV (HR 0.12, CI 0.02-0.87, p = 0.036) and increased LOS in the PICU (HR 
0.09, CI 0.01-0.57, p = 0.023; Table 4).

Neither baseline PaO2/FiO2 levels nor baseline PEEP level significantly predicted duration of 
MV (HR 1.03, CI, 1-1.05, p = 0.054 and, HR 0.99, CI 0.89-1.11, p = 0.910 respectively) or LOS in 
the PICU (HR 1.03, CI 1-1.05, p = 0.055 and, HR 0.96, CI 0.85-1.07, p = 0.417 respectively) in the 
univariate model and the multivariate analysis. In spite of time dependent tidal volume playing a 
marginally statistically significant role in the model, the hazard ratio was very close to one (HR 
0.99, CI 0.98-1.00, p=0.032). This means that the clinical significance is minimal.
 
 
Table 4. Multivariate cox regression analysis

Duration of MV LOS in PICU

Variable HR (95% CI) p value HR (95% CI) p value

Bronchodilators 1.42 (0.95-2.13) 0.087 1.28(0.86-1.90) 0.227

PaO2 /FiO2 ratio 0.98 (0.94-1.03) 0.465 0.98 (0.93-1.03) 0.345

FiO2 0.12 (0.02-0.87) 0.036* 0.09 (0.01-0.72) 0.023*

PIP 0.99 (0.93-1.06) 0.748 0.97 (0.91-1.04) 0.418

OI -- -- 1.01 (0.93-1.1) 0.751

Time dependent Vt 0.99 (0.98-1.01) 0.281 0.99 (0.98-1.00) 0.032*
 
Data are presented as hazard ratios (95% confidence intervals (CI)) and p values. FiO2, fraction of inspiratory 
oxygen; PIP, peak inspiratory pressure; OI, oxygenation index; Vt, tidal volume, -- , p > 0.1 in univariate 
analysis; MV, mechanical ventilation; LOS, length of stay. * p < 0.05.
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Discussion

The main goal of this study was to assess if baseline FiO2 and PEEP correlate with duration of MV 
and LOS in the PICU in mechanically ventilated infants with RSV-induced ARDS. The results 
of our study indicate that FiO2 is an independent predictor for outcome in infants with RSV-
induced ARDS. The level of variance was however large, whereas both baseline level of PEEP and 
the PaO2/FiO2 ratio did not correlate with outcome. Further prospective studies should conform 
our results in order to determine if initial FiO2 should be taken into account in defining disease 
severity in infants with RSV-induced ARDS.

While most studies choose mortality as a primary endpoint, we chose duration of MV and 
LOS in the PICU, since mortality is very uncommon in infants with RSV-LRTI. In adults with 
mild ARDS it has been shown that FiO2 independently predicts mortality.7,18  Altough we used 
less objective endpoints, which might influence the comparability between our study and the 
other studies; we also found a correlation between baseline FiO2  and disease outcome. This is 
in contrast with a previous study in children with more severe RSV necessitating extracorporeal 
membrane oxygenation (ECMO), in which FiO2 did not correlate with survival.19 In this latter 
study also no correlation with PEEP and outcome was found as was the case in our study and in 
previous studies in adults, in which PEEP neither did predict mortality.10 
Results of studies, evaluating the predictive value of PaO2/FiO2 ratio in ARDS (irrespective of 
the trigger) in both children and adults are conflicting.7,10,20 Two studies in children with ARDS 
found an independent correlation between PaO2/FiO2 ratio and mortality.21,22 These studies may 
not be comparable with our study since we only included children with RSV-induced ARDS 
and we did not use mortality as an endpoint. Moreover, we used the respiratory indices up 
to 48 h after admission on the PICU whereas Erickson et al. used the indices in the first 24 
h.21 It is not clear to what time after admission Flori et al used these indices.22  In our study 
the correlation between PaO2/FiO2 ratio and outcomes in the univariate analysis was close to 
statistical significance, suggesting an association between PaO2/FiO2 ratio and outcomes (LOS in 
the PICU and duration of MV), but this disappeared in the multivariate analysis.

It has been suggested that in the early phase of ARDS, simple therapeutic interventions and 
response to specific treatment may be of quick benefit in children with low PaO2/FiO2 ratio at 
presentation.23 This may, in part, explain the absence of significant associations between the 
baseline PEEP and PaO2/FiO2 ratio and outcome in our study. On the other hand, this does not 
explain why baseline FiO2 is an independent predictor for outcome. The FiO2 in mechanically 
ventilated children in our unit is titrated on the transcutaneous measured oxygen saturation in 
order to reach preset goals of between 95-97%. Although speculative, the predictive value of FiO2 

and not PaO2/FiO2 may be explained by an initial lower affinity of hemoglobin for oxygen in 
some patients due to a relatively more right shifted oxygen dissociation curve. This would mean 
that more oxygen is needed to reach the goal of at least 95% and that it thus would take longer to 
reach FiO2 levels that allow extubation. Another consideration is that a high FiO2 is injurious for 
the lung parenchyma leading to higher morbidity.24 

We found that a remarkably high number of patients in our group fulfilled the clinical criteria 
of ARDS. Previous studies also reported that a significant proportion of infants with bronchiolitis 
meet ARDS criteria, yet with a relatively mild course.4,25 Indeed, none of our patients fulfilled the 
oxygenation criterion of severe ARDS. This finding, together with our main result that baseline 
FiO2 (more than the PaO2/FiO2 ratio) predicts outcome, underscores the lack of specificity of the 
ARDS criteria.26  
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This also regards the radiographic criterion. It may be difficult to make a distinction between 
consolidations and atelectasis in young children on the chest radiograph. This lack of specificity 
adds to the previous reports that ARDS in children has a different epidemiology and outcome 
compared to adults. Many children with RSV-LRTI may fulfill the clinical criteria of ARDS, but 
this may to a much lesser extent correlate with histopathological findings as other (adult) patients 
who fulfill ARDS criteria from a different trigger. In this context therefore, the label ARDS may 
be misleading and other terminology such as acute hypoxic failure may cover the subject better.

Our study has some limitations. First, we used duration of MV and LOS in the PICU as 
primary endpoints of our study. We realize that these are less objective endpoints compared to 
mortality, but RSV-induced ARDS is very rarely lethal, making it inconvenient to use mortality 
as an endpoint. Furthermore, these are widely used outcomes in retrospective research and a 
recent prospective study showed that time ready for discharge based on predefined criteria and 
actual time to discharge do not differ significantly.27-29 Thereby, according to our standard care, 
we use criteria before patients are extubated. A second limitation is the retrospective design 
of our single center study and the relatively long period under study. To minimize selection 
bias, decisions on exclusion of patients were made before analyses were done. Furthermore the 
standard practice management of ARDS, especially considering ventilation, analgesia, sedation, 
intravenous fluid policy, extubation and PICU discharge did not change in this period.  

We studied a homogenous group of infants with RSV-induced ARDS. Our findings may 
not apply to infants with ARDS of a different origin. Nevertheless we found that even in a 
homogeneous group of infants with RSV-induced ARDS the ‘classical’ oxygenation index, 
PaO2/FiO2 ratio, does not identify a uniform group of patients with similar outcome.  This is 
especially important in clinical trials, which assess the impact of new therapies for infants with 
RSV-induced ARDS, because if only based on the PaO2/FiO2 ratio a heterogeneous group may 
be identified.11 It is of great importance that the predictive value of FiO2 will be studied in infants 
with ARDS on a different origin, especially in a prospective design.22  

Conclusion

In conclusion, baseline FiO2 correlated with duration of MV and LOS in the PICU in this 
cohort of mechanically ventilated infants with RSV-induced ARDS in contrast to the PaO2/FiO2 
ratio. This underscores the lack of specificity of the ARDS definitions in particular in children. 
Moreover, stratification of infants with severe RSV disease only based on PaO2/FiO2 ratio will 
identify a more heterogeneous group than previously assumed. Based on our results it seems to 
be relevant to incorporate FiO2 to the definition of ARDS for risk stratification and outcome in 
clinical trials in infants with RSV-induced ARDS. 
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Abstract

Background: Pulmonary edema plays a pivotal role in the pathophysiology of respiratory syncytial 
virus (RSV)-induced respiratory failure. In this study we determined whether treatment with TIP 
(AP301), a synthetic cyclic peptide that mimics the lectin-like domain of human TNF, decreases 
pulmonary edema in a mouse model of severe human RSV infection. TIP is currently undergoing 
clinical trials as a therapy for pulmonary permeability edema and has been shown to decrease 
pulmonary edema in different lung injury models.

Methods: C57BL/6 mice were infected with pneumonia virus of mice (PVM) and received TIP or 
saline (control group) by intratracheal instillation on day five (early administration) or day seven 
(late administration) after infection. In a separate set of experiments the effect of multiple dose 
administration of TIP versus saline was tested. Pulmonary edema was determined by the lung wet-
to-dry (W/D) weight ratio and was assessed at different time-points after the administration of TIP. 
Secondary outcomes included clinical scores and lung cellular response.

Results: TIP did not have an effect on pulmonary edema in different dose regimens at different time 
points during PVM infection. In addition, TIP administration did not affect clinical severity scores 
or lung cellular response.

Conclusion: In this murine model of severe RSV infection TIP did not affect pulmonary edema nor 
course of disease.
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Introduction

Infection with the pneumovirus, respiratory syncytial virus (RSV) is an important cause of lower 
respiratory tract infection (LRTI) in young children.1 The burden of RSV-induced LRTI is high 
and recently it was estimated that annually over 3.0 million young children with RSV-induced 
LRTI need to be admitted to the hospital worldwide. Despite years of research, treatment for 
severe RSV-LRTI is limited to supportive care with oxygen and mechanical ventilation.

Histopathological studies of lungs of both animals and humans infected with respiratory 
syncytial virus show areas of pulmonary edema. Johnson et al. found mixtures of inflammatory 
cells, fibrin and edema in small airways of children with fatal RSV-LRTI.2 In a study with 
baboons infected with human RSV massive pulmonary edema and vascular congestion was seen 
in lung tissue samples.3 Several studies of mice infected with the pneumovirus pneumonia virus 
of mice (PVM), which is frequently used as a model for severe human RSV have shown that 
alveolar edema was present in lung tissue.4,5 Based on these studies mechanical obstruction of the 
small airways and alveoli by edema appears to play a significant role in RSV-induced respiratory 
failure. Although clinical studies on the consequences of pulmonary edema in RSV disease are 
lacking pulmonary edema is associated with prolonged respiratory failure and a higher mortality 
in other pulmonary conditions such as acute respiratory distress syndrome (ARDS).6-8

The increased accumulation of alveolar fluid may inactivate surfactant, increase surface 
tension, promote inflammation, accelerate further flooding and thus may contribute to the 
characteristic oxygenation anomalies during severe RSV-LRTI.9 The accumulation of fluid in the 
infected lung is caused, in part, by injury of the alveolar- and capillary barrier leading to increased 
permeability and, in addition, by compromised alveolar fluid clearance (AFC).10  AFC depends 
on vectorial transport of salt and water across the alveolar epithelium in part through apically 
located epithelial sodium channels (ENaC), followed by extrusion into the lung interstitium via 
a basolaterally located Na,K-ATPase.11 In vivo and in vitro studies have shown that RSV directly 
affects alveolar fluid clearance by decreasing active epithelial Na+ transport in different lung 
epithelial cells such as tracheal epithelial cells and Clara cells.12-14 

Recently, the lectin-like domain of tumor necrosis factor alpha (TNF-alpha),15 has been 
recognized as an important regulator of alveolar fluid balance. The synthetic peptide AP301 
that mimics the lectin-like domain of TNF-alpha (designated TIP) has shown to be able to 
improve AFC in situ and ex vivo in a flooded rat lung injury model and in vivo when applied 
intratracheally16,17 by both reducing vascular permeability and enhancing the absorption 
of excess alveolar fluid by up-regulating the sodium uptake. The same effect of TIP on AFC 
was found in an in vivo porcine broncho-alveolar lavage model of acute lung injury, in which 
nebulized TIP resulted in increased PaO2/FiO2 ratio and reduced extra vascular lung water 
index.18 Vadász demonstrated that the effect of TIP was not limited to healthy lungs and found 
similar effects of TIP on alveolar liquid clearance in an ex vivo model of endo/exotoxin-induced 
lung injury.10 Lucas et al. showed that in addition to its effect on pulmonary edema TIP also 
influenced inflammation by reducing neutrophil content and reactive oxygen species generation 
leading to improved lung function after lung transplantation in rats.19 Together these studies 
suggest a promising role of TIP in treating pulmonary edema in several lung disease states and 
even the first safety studies in humans have been performed. 

The aim of this study was to determine whether TIP reduces pulmonary edema in severe 
pneumovirus infection in mice.  We used the pneumovirus PVM as a model of severe RSV 
infection in humans. PVM is capable of producing a form of respiratory disease in mice that is 
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similar to severe RSV-LRTI in humans and has been shown to be a valuable alternative model of 
severe RSV infection to study the importance of virus-induced inflammatory responses in the 
development of severe respiratory virus disease.5,20 

Materials and Methods

Viral stock preparation
PVM strain J3666 originally was orignially obtained from Dr. A. J. Easton (University of 
Warwick, UK) and was kept virulent by continuous passage in mice.21 Clarified lung supernatants 
containing PVM were prepared by pooling the lungs of eight BALB/c mice infected with PVM. 
The pooled lungs were homogenized in 8 mL Isove’s modified Dulbecco’s medium (IMDM, Life 
Technologies, Gaithersburg, MD) and spun at 13,000 g for 5 min at 4°C. The supernatant was 
stored in individual aliquots in liquid nitrogen. Titers of PVM virus stocks were determined 
by isolation of RNA directly from virions in suspension with the RNeasy Mini Kit (Qiagen, 
Venlo, The Netherlands) and reverse transcribed to cDNA (high-capacity cDNA kit; Applied 
Biosystems, Bleiswijk, The Netherlands). Copies of the PVM sh gene (GenBank AY573815) were 
detected in qPCR reactions with specific primers and TAMRA probe and normalized for copies 
of the houskeeping gene gapdh as described before.22 The virus titer in the aliquots was 12 x 
104 copies of PVM-sh per 109 copies of gapdh/μl. On the day of each experiment, one aliquot 
was thawed and diluted (1:1500) in RPMI medium (Invitrogen Ltd, Paisly, UK) for subsequent 
inoculation into the mice as described below.

AP301
The cyclic peptide AP301 was a kind gift of APEPTICO, Vienna, Austria. Details of the synthesis 
have been described previously.23  

Animal protocol
The animal protocols were approved by the Animal Care and Use Committee of the Academic 
Medical Center, University of Amsterdam, the Netherlands. Male C57BL/6J  (Charles River 
laboratories, Someren, the Netherlands) aged 9- to 12-weeks-old received intratracheal 
instillations of 6 x 103 copies of PVM in a total volume of 80 μl. Briefly, the mice were anesthetized 
with inhaled isoflurane and intubated endotracheally with a 22-gauge Insyte angiocath 
(BD, Madrid, Spain). Placement of the catheter in the trachea was verified by visualizing the 
movement of a 100 μl bubble of water in an open syringe in response to respiratory efforts as 
described before.22 Following the instillations of PVM the mice were returned to their cages with 
free access to water and food. For the administration of TIP the mice were intubated again under 
isoflurane anesthesia and received TIP intratracheally in different doses and instillation volumes 
depending on the experiment. At different time-intervals after the TIP instillation the mice were 
euthanized with intraperitoneal ketamin 252 mg/kg, dexdomitor 0.4 mg/kg and atropin 1 mg/
kg and exsanguinated by carotid artery ligation. The left lung was removed and weighed (wet 
weight). Bronchoalveolar lavage (BAL) was performed of the right lung by instilling three separate 
aliquots of 0.4 ml 0.9% NaCl containing 0.6 mM EDTA. One aliquot of BAL fluid (BALF) was 
processed immediately for cell counts and differentials. After the BAL, the right lung was inflated 
and fixed with formalin and embedded in paraffin for subsequent histological studies.
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Experimental design 
The PVM-infected mice mice received TIP dissolved in normal saline intratracheally (dose, 
instillation volume and timing depending on the experiment as indicated) under isoflurane 
anesthesia. In all experiments control mice received saline without TIP in equal volumes.

Measurements
Clinical score
The mice were monitored daily for clinical distress using weight loss and a specific score system 
as previously described:4 1 = healthy, no signs of illness, 2 = subtle ruffled fur, 3 = evident ruffled 
fur with hunched posture, 4 = evident lethargy with abnormal breathing pattern, 5 = moribund, 
6 = death [modified from Cook et al.24 The end point for sacrifice used in this study was a score 
of 4 and/or loss of > 20% of starting body weight.

Lung cellular response
The total number of BALF leukocytes was counted in a Bürker Bright line counting chamber.  
Cytospin preparations (20,000 cells per slide) were stained with the Diff-quick method (Fisher 
Scientific Company, Kalamazoo, MI), and differential cell counts were obtained by counting 200 
leukocytes using a standard light microscope.  

Lung permeability
BALF total protein was measured with the bicinchoninic acid method (BCA assay, Pierce, 
Rockford, IL). The high molecular weight protein IgM was measured in BALF by ELISA (Bethyl 
Laboratories, West Chester, PA). 

Pulmonary edema
We assessed pulmonary edema formation using the lung wet-to-dry (W/D) weight ratio.25 The 
left lung was removed, quickly blotted dry and weighed (wet weight) on an analytical balance. 
Subsequently the lung was dried in a 65°C stove for seven days and weighed again (dry weight). 
In addition, the location of pulmonary edema was determined on hematoxylin and eosin (H&E) 
stained lung tissue sections. 

Statistical analysis
The data were analyzed using GraphPad Prism 4.0 software (GraphPad, San Diego, CA).  
Comparisons between multiple groups were performed using a two-way factorial analysis of 
variance (ANOVA), unless otherwise stated. Significance between groups was determined with 
the Bonferroni post hoc test. A p value of < 0.05 was considered statistically significant.  Data are 
reported as means ± standard error of the mean.

Results

Clinical response and pulmonary edema development during pneumovirus infection
The first clinical signs of PVM disease in C57 mice appeared on day 6 after PVM infection and 
consisted of mild weight loss. The condition of the mice rapidly deteriorated and by day 8 the mice 
reached a clinical score of more than 4 and lost more than 10% of their body weight (Figure 1A). 
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Figure 1. 
C57BL/6 mice intratracheally infected with 6 x 103 copies of PVM develop clinical signs, increased 
alveolar permeability and pulmonary edema. 
A, mean clinical scores (left y-axis, line) and weight loss (right y-axis, bar) during infection 
with PVM. B, lung wet-to-dry weight ratio of C57BL/6 mice during PVM infection. C, IgM 
concentration in bronchoalveolar lavage fluid (BALF) of PVM-infected C57BL/5 mice. The graphs 
represent the mean of 4 mice at each time-point (± SEM). ** p < 0.01, *** p < 0.001, as compared 
to uninfected mice (t=0).

 
Pulmonary edema was first detected on day 6 after infection, by an increase in lung W/D weight 
ratio of infected mice as compared to baseline (Figure 1B), which reached significance on day 
8 after infection (6.85 ± 0.25 vs 4.27 ± 0.61, p < 0.01). The increase in pulmonary edema was 
paralleled by an increase in lung permeability as measured by an increase of the high molecular 
weight protein IgM in BALF of PVM-infected mice, which reached significance on day 7 and 8 
after infection (day 0: 84.3 ± 6.2 vs  day 7: 1092.0 ± 266.6, p < 0.01 and vs day 8: 1248.0 ± 266.7, 
p < 0.001) (Figure 1C). Thus, intratracheal instillation of PVM in C57 mice led to measurable 
clinical disease that was paralleled by an increase in pulmonary edema and lung permeability. 
Based on disease severity and the level of pulmonary edema on day eight we chose day 7 for our 
first intervention experiment with TIP.

Intratracheal administration of TIP in different dose regimens did not affect 
pulmonary edema formation in PVM-infected mice
Based on previous studies using TIP in mice infected intranasally with influenza strain A/PR8/34 
(H. Fischer et al., unpublished data), we first studied the effect of 20 μg TIP in 30 μl saline.  No 
difference in lung W/D weight ratio was found between PVM-infected mice that were treated 
with TIP and control animals at any time-point (2, 4, and 6 hours after installation of TIP (Figure 
2A). To determine if the lack of an effect of 20 μg TIP was due to either a low dose of TIP or a 
small instillation volume, we repeated the experiments with a higher dose of TIP (80 μg) in an 
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instillation volume of 60 μl of saline. Again, no significant difference in lung W/D weight ratio 
between TIP treated mice and controls was found at any time point (Figure 2B). 

Because TIP was given late during the course of disease the benefits of TIP might be limited 
due to overwhelming disease. Therefore we determined the effect of early administration of TIP 
on pulmonary edema formation during PVM infection. Mice received 80 μg TIP in 60 μl saline 
on day 5 after PVM infection (before the increase of the lung W/D weight ratio, see Figure 1B). 
No significant difference was found in lung W/D weight ratio 24, 48 or 72 hours after instillation 
between PVM-infected mice that received TIP as compared to control mice (Figure 2C). 

Finally, in order to test if a multiple-dose regimen of TIP would prevent or reduce pulmonary 
edema formation during PVM infection, mice received intratracheal instillation of 20 μg TIP in 
30 μl of saline on day 0, 2, 4 and 6 after PVM infection. The mice were euthanized 24 hours after 
the last TIP instillation. No difference was found in the lung W/D ratio between the mice that 
received TIP and control mice (Figure 2D). 

Figure 2. 
Intratracheal administration of TIP to PVM-infected C57BL/6 mice in different dose regimens and 
time schedules did not have an effect on pulmonary edema formation. 
A, Lung wet-to-dry weight ratio of the left lung of PVM-infected mice that received 20 μg of TIP in 
30 μl saline or 30 μl saline on day seven after infection and were studied two, four or six hours later. 
B, Lung wet-to-dry weight ratio of the left lung of PVM-infected mice that received 80 μg of TIP 
in 60 μl saline or 60 μl saline (control) on day seven after infection and were studied two, four or 
six hours later. C, Lung wet-to-dry weight ratio of the left lung of PVM-infected mice that received 
80 μg of TIP in 60 μl saline or 60 μl saline (control) on day 5 after infection and were studied 24, 
48 and 72 hours later. D, Lung wet-to-dry weight ratio of the left lung of PVM-infected mice that 
received 20 μg TIP in 30 μl of saline or 30 μl saline on day zero, two, four and six after infection 
and were studied on day seven after infection. The graphs represent the mean of 4-8 mice at each 
time-point (± SEM). 
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Effects of instillation volume (up to 60 μl) and isoflurane anesthesia on pulmonary edema were 
ruled out in separate experiments (data not shown).

To determine if the lack of effect of TIP could be explained by the location of pulmonary 
edema, H&E stained lung tissue sections were examined. Similar to previous studies,4,5 we 
observed protein-rich edema fluid in the alveoli in H&E-stained lung sections of PVM-infected 
mice, the same area where TIP is thought to affect ENaC-mediated Na+ transport. In line with our 
W/D ratio results we found no difference between TIP or saline treatment in these histological 
examinations (Figure 3).

Thus, early or late intratracheal administration of 80 µg (single dose regimen) or 20 µg (single 
or multiple dose regimen) TIP in an instillation volume of 30-60 µl did not have an effect on 
pulmonary edema as measured by the lung W/D weight ratio of PVM-infected C57 mice.

Figure 3. 
H&E staining of lung tissue from PVM-infected mice treated with TIP or saline. 
Representative H&E stained lung tissue sections from PVM-infected mice that were treated with 
20 μg TIP in 30 μl saline (right) or 30 μl saline (left) on day seven after infection. The mice were 
studied two hours after the instillation of TIP or saline.

Administration of TIP during PVM infection did not have an effect on clinical 
disease progression or pulmonary inflammation
In the first experiment the mice were analyzed 2, 4 and 6 hours after the instillation of TIP on 
day 7 after PVM infection. No change in weight loss or clinical score was observed, as expected 
during this short time frame. In the second experiment the mice received TIP on day 5 after 
infection and were analyzed on day 6, 7 and 8. No difference in weight loss or clinical score was 
seen between TIP treated animals and controls on day 6 and 7 (Figure 4, A and B). An unexpected 
significantly higher clinical score was seen in the TIP-treated mice compared to controls on day 
8 after PVM infection. However this was not paralleled by an increase in weight loss. Weight loss 
and clinical score were not different between PVM-infected mice that received multiple doses of 
TIP as compared to controls (data not shown). 

Because Lucas et al. found a decreased number of alveolar neutrophils in transplanted lungs 
that were pretreated with TIP,19 we also measured the number of neutrophils in the BALF, but no 
significant difference between the mice that were treated with TIP and control mice was found in 
any of the experiments (Figure 4C).
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Figure 4. 
Single or multiple-dose regimen of TIP in PVM infection did not have an effect on weight loss, 
clinical score and lung cellular response. 
A, Change in body weight expressed as the percentage of the original weight of PVM-infected mice 
that received 80 μg of TIP in 60 μl saline (black bars) or saline (white bars) on day 5 after infection 
with PVM. B, Mean clinical score of PVM-infected mice that received 80 μg of TIP in 60 μl or 
saline on day 5 after infection with PVM, examined at daily intervals according to a standardized 
scoring system. C, Total polymorhonuclear neutrophils (PMN) measured in bronchoalveolar 
lavage fluid of PVM-infected mice that received 80 μg of TIP in 60 μl saline or saline on day 5 after 
infection with PVM. The graphs represent the mean of 4-6 mice at each time-point (± SEM). * p < 
0.05, ** p < 0.01, as compared to PVM-infected mice that received saline.

Discussion

The aim of this study was to determine whether TIP reduces pulmonary edema in mice 
infected with PVM as a model for severe RSV infection in humans. We found that endotracheal 
administration of TIP in different dose regimens at different time points during the infection did 
not have an effect on pulmonary edema. In addition, TIP administration did not affect disease 
progression or lung cellular response. 

Based on several histopathological studies2-4,26 on lungs of human and animals infected with 
the pneumoviruses RSV or PVM, pulmonary edema is present and appears to be important 
in the disease pathogenesis. Pulmonary edema formation depends on disruption of both the 
pulmonary capillary endothelium and the alveolar epithelial barrier in combination with 
insufficient alveolar fluid clearance mechanisms. RSV can have potentially deleterious effects at 
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each step of this process. The endothelial junction protein vascular endothelial (VE) cadherin 
is critical for maintenance of endothelial barrier integrity in lung microvessels. Leukocyte 
signaling cytokines and chemokines like interleukin (IL)-6 and IL-8 and destabilizing agonists 
such as VEGF are found in elevated levels in the airways of RSV-infected patients and it has been 
suggested that these mediators may contribute to edema formation by interrupting VE-cadherin 
bonds.27,28 In vivo mice studies and in vitro studies with respiratory epithelium have demonstrated 
that replicating RSV virus directly affects fluid clearance in the lungs in experimental models 
by inhibiting ENaC via uridine triphosphate (UTP) release in the airspace lining fluid.12,13,29,30 
The mechanism behind the RSV induced UTP release is not known, but depends on active 
RSV replication. Various strategies to increase alveolar fluid clearance during RSV infection 
have been studied, but so far only treatment with leflunomide, an immunosuppressive agent 
that can decrease levels of UTP have shown promising effects in in vivo studies.13,31 Aerolized or 
intravenous beta-adrenergic agonist, which have shown to stimulate lung edema clearance in 
hyperoxic injured rat lungs by upregulating apical Na+  channels and basolateral N+/K+-ATPase 
treatment, failed to improve alveolar liquid clearance in RSV-infected mice.9 In addition, in a 
trial in mechanically ventilated children with severe RSV infection investigating the effect of 
the immunomodulating drug dexamethasone, which besides anti-inflammatory effects also is 
known to increase α-ENaC mRNA expression in vivo and vitro,32,33 no beneficial clinical effect 
was seen.34,35 

This is the first in vivo study determining the effect of TIP on pulmonary edema in a 
viral infectious model. The lectin-like domain of TNF-α, mimicked by the 17 amino acid TIP 
peptide has been found to decrease hydrostatic pulmonary edema and endo/exotoxin-induced 
permeability edema in in situ and ex vivo animal studies.10,16,17 TIP decreased vascular permeability 
and increased transepithelial Na+ transport and thus alveolar fluid clearance by upregulating 
both amiloride-sensitive Na+ channels and Na,K-ATPase in the epithelium in injured isolate 
rabbit lungs.10 We hypothesized that TIP would decrease pulmonary edema in an in vivo murine 
model of pneumovirus induced lung injury. However, in contrast to the previous studies in other 
models and settings we did not find an effect of TIP in several regimens including various dosing 
and timing studies on pulmonary edema as measured by the lung W/D weight ratio or on clinical 
disease progression and lung cellular response in PVM-infected C57BL/6J mice.

There may be several explanations for the lack of an effect of TIP in our study.  Firstly, 
the degree of endothelial and epithelial dysfunction differ between the PVM model and the 
experimental models in which TIP was studied before, eg hydrostatic and endo/exotoxin 
induced permeability edema. Studies using intra-alveolar and intravenous LPS demonstrated 
that endotoxin exposure increases lung vascular permeability, but does not affect the epithelial 
barrier or alveolar fluid transport.36,37 In contrast the PVM model is characterized by increased 
alveolar epithelial barrier permeability and decreased fluid transport as shown by an increased 
lung permeability as measured by an increase of the high molecular weight protein IgM in BALF. 
This might be an important difference, as interstitial edema resulting from disruption of the 
endothelial barrier will not lead to alveolar flooding unless the lung epithelial barrier, which is 
normally much tighter than the endothelium, also is compromised. This might affect the efficacy 
of TIP in the PVM model, as alveolar flooding might overwhelm any transport capacity of the 
epithelium. Secondly, Chen et al. found that RSV directly inhibits alveolar fluid clearance in 
human and rodent tracheal epithelial and human Clara cells through the release of UTP levels 
inhibiting Na+ transport.12  The effect of RSV infection on AFC of the alveolar epithelial cells, 
the most important cell of oxygen transport in the lung, has to our best knowledge not been 
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studied in detail. One could hypothesize that pneumovirus-induced UTP release is, among other 
mechanisms, also an important mechanism that influences AFC in alveolar epithelial cells and 
that as such up regulation of sodium uptake by TIP alone might not be sufficient to decrease 
pulmonary edema. Finally, ongoing viral replication and inflammation might have influenced 
the effectiveness of TIP in our model. Several studies investigating new treatment options in RSV 
disease have shown that dysregulated inflammation is an important process in the pathogenesis 
of pneumovirus disease.38 Next studies should determine if TIP is more effective together with 
appropriate control of the ongoing inflammatory response or even with (new) antiviral agents.

The results of our study should be interpreted with caution. Pulmonary edema was assessed 
gravimetrically using the lung W/D weight ratio. Although, this method is common used method 
for pulmonary edema measurement it is sensitive for evaporative loss, regional heterogeneity or 
inclusion of blood in the wet lung weight.25,39 However, the W/D weight measurements were 
consistent and repeatable and were confirmed by the evaluation of the clinical response that did 
not show a difference between TIP-treated mice and controls. 

Conclusion

In conclusion we found no effect of TIP on pulmonary edema and clinical signs in a mouse 
model of severe RSV infection in humans. Further studies should focus on the effect of TIP on 
pulmonary edema in combination with anti-inflammatory agents and/or antiviral agents during 
pneumovirus disease.
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The human pneumovirus respiratory syncytial virus (RSV) is the most important cause of lower 
respiratory tract infection in young children.1, 2 Infection with RSV can lead to both upper and 
lower respiratory tract disease, including bronchiolitis and (broncho)pneumonia. In severe 
cases RSV-induced lower respiratory tract infection can progress to acute respiratory distress 
syndrome (ARDS), an acute pulmonary condition marking the most extensive form of acute 
lung injury in humans.3, 4 The clinical and health economic burden of RSV disease is tremendous 
due to its high incidence, morbidity and mortality worldwide.2, 5, 6 Importantly, RSV infection at 
young age is associated with long-term airway dysfunction.7-11 

While there is no licensed vaccine for the effective prevention of RSV disease in young 
children, and no specific pharmacological interventions are available, the mainstay of therapy 
remains supportive with nasogastric feeding, supplemental oxygen and in severe cases mechanical 
ventilation. Therefore, further knowledge of the pathophysiological mechanisms underlying a 
severe course of RSV disease are essential with the ultimate goal to develop a treatment for this 
important disease. This thesis contributes to the field of RSV research by extending our insight 
into potential mechanisms (part 1) and consequences (part 2) of lung (airway and alveolar) 
epithelial cell injury.  

Mechanisms of lung epithelial injury (part 1)
Damage of the lower airway and alveolar epithelial cells may have several detrimental 
consequences including airway obstruction, dysfunctional barrier function, hampered immune 
defense, impaired gas-exchange and the formation of pulmonary edema.12 In humans with severe 
RSV disease and in several animal models of RSV disease lung epithelial injury is observed 
(chapter 1 and 2).13-23 Widespread epithelial injury is also a hallmark in the pathogenesis of 
ARDS.24-26 Limiting epithelial injury in several experimental models of ARDS has been associated 
with improved outcome.27-31 Thus, epithelial injury plays a central role in the pathogenesis of RSV 
disease and a better understanding of the mechanisms and the consequences of lung epithelial 
injury in severe RSV disease may open new avenues for treatment. 

Epithelial injury during RSV infection can result from direct viral damage or from immune 
mediated damage. RSV has been shown to damage and detach epithelial cells to a limited extent, an 
effect that was augmented by polymorphonuclear cells.32-36 Besides direct viral damage, the elicited 
immune response may lead to damage of epithelial cells by the release of several inflammatory 
mediators triggering an immune mediated injurious effect, changes in the extracellular matrix37, 

38 and the activation of cell death pathways including apoptosis.12 Apoptosis, or regulated cell 
death, has gained much interest in recent decades. Experimental studies investigating apoptosis 
have shown that inhibition of apoptosis can protect against several forms of lung injury, including 
lung injury caused by lipopolysaccharide or live bacteria.39-41 In chapter 2, we give an overview 
of the existing literature on the various pro-apoptotic stimuli and mechanisms of apoptosis 
in pneumovirus-induced lung injury. In addition, we introduce our hypothesis on the role of 
bystander epithelial injury. In short, this hypothesis is based on observations of postmortem 
lung tissue of infants that died following a severe RSV infection and of lung tissue of animals 
with severe pneumovirus infection showing massive apoptosis throughout the whole respiratory 
system, while the primary site of RSV replication is the bronchial epithelium. Although apoptosis 
is a primary host immune response to get rid of virus infected cells, the extent of apoptosis in 
comparison to the location of the virus suggests an overshoot. In combination with the fact 
that airway obstruction by sloughing of dead epithelial cells is a hallmark of severe RSV disease 
we hypothesized that prevention of bystander epithelial injury by inhibiting apoptosis may be 
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beneficial in severe pneumovirus disease.
To test this hypothesis we performed two studies in mice infected with pneumonia virus 

of mice (PVM) as a model for severe RSV infection. Mice are semi-permissive hosts for RSV, 
which translates in limited replication and clinical disease.18 In contrast, infection of mice with 
PVM, a natural mouse pneumovirus, results in robust viral replication and clinical disease with 
prominent local granulocyte and cytokine/chemokine responses similar to severe human RSV 
infection.18, 42-45 Most importantly, PVM infection in mice is associated with increased apoptosis 
of lung epithelial cells, making this model suitable for our studies.18  

First, in Chapter 3, we determined whether mechanical ventilation enhances the host 
response to PVM infection in mice by a mechanism involving the Fas/Fas ligand (FasL) system, 
a dual pro-apoptotic/pro-inflammatory pathway. Many lines of evidence indicate that the Fas/
FasL system plays an essential role in the pathogenesis of ARDS.  Activation of the Fas/FasL 
system has been shown to induce lung epithelial injury and affect alveolar fluid clearance by 
increasing apoptosis and inflammation in several animal models of ARDS.29, 46-49 Evidence that 
this pathogenic mechanism is important in human ARDS exists as well.50, 51 The exact role of 
the Fas/FasL system in RSV disease is not clear, but in vitro and in vivo studies have shown that 
RSV infection leads to upregulation of Fas on respiratory epithelial cells52 and that fas ligand 
is required for the development of RSV vaccine-enhanced disease.53 In addition, mice lacking 
FasL (“gld” mice) showed less clinical disease following RSV inoculation,54 although it is unclear 
whether this results from a differential lung injury response. 

In our study, activation of the inflammatory response of the lungs to PVM and mechanical 
ventilation was mediated by the Fas/FasL system. This was, however, not followed by an 
improvement in outcome in Fas deficient mice that were ventilated with more advanced disease. 
Independent of mechanical ventilation, absence of Fas resulted in less epithelial injury during 
PVM infection. The clinical course of PVM disease in Fas deficient lpr mice, however, was not 
altered compared to wild type mice, suggesting that the observed difference in lung epithelial 
injury was small. Taken together, in contrast to LPS/bacterial models of ARDS our study does 
not support a major role of Fas/FasL pro-apoptotic pathway in the development of lung epithelial 
injury in severe pneumovirus disease.

Second, in Chapter 4, we attempted to protect the lung epithelium during PVM disease in 
mice by treatment with an inhibitor of apoptosis. For this purpose we used the pan-caspase 
inhibitor zVAD, which has been exploited successfully in several ARDS animal models27, 29, 41, 

55 Contrary to our expectations, zVAD treatment did not affect the widespread and marked 
caspase-dependent lung epithelial cell apoptosis in PVM disease, and we were thus unable to test 
our hypothesis that attenuation of apoptotic cell death of the lung epithelium is beneficial for the 
outcome of severe pneumovirus disease. 

Interestingly, despite these negative results, in both studies the attempt to diminish pro-
apoptotic signaling resulted in substantial altered pro-inflammatory responses in the lungs during 
pneumovirus disease. In Chapter 3 we found that the Fas/FasL system mediates inflammation in 
mechanically ventilated mice with PVM infection. Similar to a number of studies that have shown 
that mechanical ventilation can aggravate inflammation during lung injury (ventilator-induced 
lung injury, VILI),56-62 mechanical ventilation in PVM-infected mice resulted in enhanced local 
release of cytokines and recruitment of neutrophils. This adverse effect of mechanical ventilation 
was not seen in PVM-infected Fas deficient (lpr) mice. A close interaction of pro-apoptotic 
signaling, including death receptor pathways (e.g. Fas/FasL) and granule-mediated pathways, 
with pro-inflammatory signaling has been described both in vivo and in vitro63-67 Our study 
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implicates the Fas/FasL system in the amplification of inflammation during VILI, at least in 
our model of pneumovirus disease. In Chapter 4 treatment with a pan-caspase inhibitor led to 
increased lung pro-inflammatory responses during pneumovirus disease, a detrimental effect 
which was probably neutrophil driven, because it was associated with decreased neutrophil 
apoptosis while epithelial cell apoptosis was not affected. This study highlights not only the 
complexity of intervening in pro-apoptotic signaling in the lungs: different cell populations in 
the lungs may show differential responses to pharmacological inhibitors. It also underscores the 
interaction between biological processes such as apoptosis and inflammation. Taken together our 
studies underscore the need for cell-specific pro- and anti-apoptotic targets and for development 
of small molecule compounds for specific local intervention, as discussed in Chapter 2 (see also 
future research). 

Consequences of lung epithelial injury (part 2)
As stated in part 1, injury of the lung epithelium during (severe) RSV disease, as in ARDS, may 
lead to gas exchange impairment, in particular oxygenation failure. In order to look more in detail 
to this clinical hallmark of severe RSV disease, we assessed the correlation between markers of 
oxygenation and clinical outcome in chapter 5. In this study we investigated whether PaO2/FiO2 
ratio, FiO2 and ventilator settings such as positive end-expiratory pressure (PEEP) correlated with 
outcome (duration of mechanical ventilation (MV) and the length of stay (LOS)) in the PICU of 
infants with RSV-induced ARDS.  The vast majority (i.e., 83%) of patients with severe RSV disease, 
who were eligible for inclusion in the study suffered from severe oxygenation failure and fulfilled 
the criteria of moderate ARDS. This emphasizes the importance of oxygenation impairment in 
severe RSV disease. Interestingly, while in the classical definition of ARDS the PaO2/FiO2-ratio 
is one of the criteria, we found that FiO2 was an independent predictor for outcome in children 
with RSV-induced ARDS, whereas the PaO2/FiO2-ratio was not. In a multicenter study in adults 
with ALI/ARDS, FiO2 and PaO2/FiO2 independently predicted outcome.68 Further prospective 
studies are needed to confirm these findings that suggest that patients with severe RSV disease 
who fulfill the classical ARDS criteria represent a more heterogeneous group than expected.

The oxygenation problems in RSV disease may be caused by several mechanisms such as 
airway obstruction by mucus,15 but also development of pulmonary edema. Marked pulmonary 
edema has been observed in children, who died of severe RSV disease15 and in animal models 
of RSV disease.20, 21, 69 Indeed in chapter 6, we show the formation of pulmonary edema during 
pneumovirus infection in a mouse model for severe RSV disease.

Pulmonary edema is caused by disruption of the alveolar – capillary barrier and by decreased 
alveolar fluid clearance. In other pulmonary conditions such as ARDS pulmonary edema is 
associated with prolonged respiratory failure and higher mortality.70, 71 Pulmonary edema 
may develop through the accumulation of fluid due to the disruption of the alveolar-capillary 
membrane on the one hand and a decrease in alveolar fluid clearance (AFC) on the other hand. 
Epithelium sodium channels play an important role in the regulation of AFC.72  It has been shown 
that RSV directly affects alveolar fluid clearance by decreasing active epithelial Na+ transport in 
different lung epithelial cells such as tracheal epithelial cells and Clara cells.73, 74 In chapter 6 we 
tested if pharmacological stimulation of alveolar fluid clearance by intratracheal instillation of 
tuberoinfundibular peptide (TIP) during severe PVM disease in mice was beneficial. In a previous 
study in injured isolated rabbit lungs TIP increases AFC, by upregulating both amiloride-sensitive 
Na+ channels and Na,K-ATPase in the epithelium.75 In both in vivo and in vitro studies it has 
been shown that TIP decreases pulmonary edema and may improve oxygenation.76-78 This has 
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even led to a ‘first in man’ safety study of TIP inhalation.79 However, contrary to these promising 
results of TIP, we found that the administration of TIP during pneumovirus disease in different 
doses/administration schedules neither affected pulmonary edema formation nor the clinical 
outcome in mice with PVM disease. These differences in beneficial effects of TIP underscore the 
complexity of pulmonary edema in different disease states. Most likely other factors than down 
regulation of amiloride-sensitive Na+ channels and Na,K-ATPase, such as severe disruption 
of the alveolar-capillary membrane or pneumovirus-induced effects on sodium transport may 
contribute to the formation of pulmonary edema during pneumovirus disease.

In conclusion, while we found evidence for important consequences of epithelial injury 
including the formation of pulmonary edema and subsequent oxygenation failure in severe RSV 
disease, we were yet unable to intervene in this process in a mouse model. 

Conclusions

The studies in this thesis have examined mechanisms and consequences of lung epithelial injury 
in severe RSV disease. In this context, they specifically contribute to the knowledge of apoptosis 
and the formation of pulmonary edema. The results of our studies underscore the complexity of 
the mechanisms underlying epithelial dysfunction and injury during severe RSV disease. 

The following conclusions can be drawn from this thesis:

- Activation of the inflammatory response of the lungs to pneumonia virus of mice and 
mechanical ventilation is mediated by the Fas/FasL system (chapter 3)

- PVM-induced epithelial injury is partly mediated by the Fas/FasL system (chapter 3)
- The effect of the Fas/FasL system on inflammation in response to PVM and MV is not 

associated with a better outcome in fas-deficient mice with more advanced PVM disease 
(chapter 3)

- The caspase inhibitor zVAD increases lung inflammation in pneumovirus infection in 
mice without affecting total lung caspase activity (chapter 4)

- The majority of children with severe RSV disease that are admitted to the PICU for 
mechanical ventilation fulfill the criteria for ARDS (chapter 5)

- FiO2 is an independent predictor for outcome (duration of mechanical ventilation (MV) 
and the length of stay (LOS)) in children with RSV-induced ARDS, whereas the PaO2/
FiO2-ratio is not (chapter 5)

- Intratracheal instillation of TIP does not affect pulmonary edema formation or clinical 
outcome in PVM-infected mice (chapter 6)
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Future studies

The effects of RSV infection on epithelial cells as well as the intracellular biological processes 
in these cells seem to be highly disease specific. In order to make progression in the treatment 
possibilities of RSV disease further insight in the specific pathogenesis on cellular level and the 
interaction of different biological processes such as apoptosis and inflammation is needed. 

Future studies should therefore focus on specific inhibition of apoptosis/injury in lung 
epithelial cells upon RSV infection to exactly determine the consequences of epithelial injury. 
In this context, an inducible expression system in which transcription is turned on or off in 
the presence of the antibiotic tetracycline of one of its derivates (e.g., doxycycline) could be a 
promising model.80 This could overcome the problem of non-specific inhibition of apoptosis 
leading to differential responses in the various cell populations in the lungs. In addition, this 
may avoid “leaky” expression in mutant mice, as has been reported in lpr mice used in one of 
our studies (chapter 3,81, 82). There are however certain drawbacks of this system, for example 
biologically (and/or toxic) effects have been described that were unrelated to expression of the 
gene target.83, 84 

Second, I would propose to compare the (immunological) responses to RSV infection 
between adults and infants in more detail. RSV causes less morbidity in adults and zooming in 
on these differences may help to understand the role and interaction of biological processes such 
as apoptosis and inflammation in severe RSV disease.

Finally, I propose to study biomarkers of epithelial injury in bronchoalveolar lavage fluid of 
infants with severe RSV disease to determine if there is a relationship between these biomarkers 
and disease severity.
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Het respiratoir syncytieel virus (RSV) is de meest voorkomende verwekker van luchtweginfecties 
bij jonge kinderen. Het behoort tot de familie Paramyxoviridae, subfamilie Pneumovirinae en 
genus Pneumovirus. Nagenoeg alle kinderen hebben een RSV infectie doorgemaakt voor de 
leeftijd van 2 jaar. Een RSV infectie kan leiden tot een bovenste luchtweginfectie, maar kan 
ook ‘afzakken’ naar de lagere luchtwegen, waarbij er sprake kan zijn een bronchiolitis en/of een 
longontsteking. Wereldwijd worden er jaarlijks meer dan 3 miljoen jonge kinderen opgenomen 
in een ziekenhuis vanwege een lagere luchtweginfectie met RSV. In ernstige gevallen kan dit  
leiden tot respiratoire insufficiëntie waarvoor kunstmatige beademing nodig is. In Nederland 
gaat dit ongeveer om 150 kinderen per jaar. Het merendeel van deze kinderen voldoet aan de 
criteria voor het acute respiratory distress syndrome (ARDS; hoofdstuk 4). Dit is een acuut 
levensbedreigend ziektebeeld, dat veroorzaakt wordt door ziekte van de longen zelf (bijvoorbeeld 
een longontsteking) of ziekte ergens anders in het lichaam (bijvoorbeeld een bloedvergiftiging). 
Deze ziektes zijn een trigger voor een uitgebreide ontstekingsreactie in de long met ernstige 
problemen met de opname van zuurstof en de vorming van pulmonaal oedeem als gevolg. Op 
langere termijn zijn na een (ernstige) RSV infectie luchtwegproblemen, zoals astma-achtige 
klachten beschreven. 

Kinderen jonger dan 2 jaar (en met name kinderen jonger dan 6 maanden ) hebben een 
grotere kans op een ernstig verlopende infectie. Daarnaast zijn er een aantal andere risicofactoren 
voor een ernstige RSV infectie zoals onder andere prematuriteit, het seizoen waarin een kind 
geboren wordt en aangeboren hartafwijkingen. Toch zijn er echter ook veel kinderen zonder 
risicofactoren, die voorheen gezond waren, die desondanks kunstmatige beademing nodig 
hebben. 

Tot op heden bestaat er geen geregistreerd vaccin voor RSV infectie bij jonge kinderen en 
is er ook nog geen goede oorzakelijke behandeling. De huidige behandeling bestaat vooral uit 
ondersteuning met sondevoeding, extra zuurstof en in ernstige gevallen kunstmatige beademing. 
De kinderen moeten in de tussentijd zelf herstellen van de virus infectie. Meer kennis over de 
pathofysiologische mechanismen die ten grondslag liggen aan een ernstige RSV infectie is 
daarom cruciaal om nieuwe aanknopingspunten te vinden voor een behandeling van deze veel 
voorkomende infectie. 

Het onderzoek in dit proefschrift richt zich op de ontstaansmechanismen van schade aan long 
epitheelcellen (deel 1) en de gevolgen hiervan (deel 2) tijdens een ernstige RSV infectie. 

Ontstaansmechanismen van long epitheelschade (deel 1)
Epitheelcellen bekleden de binnenkant van de luchtwegen en de longen en staan in direct contact 
met de buitenlucht. Ze zijn belangrijk voor zuurstof- en koolzuurtransport. Daarnaast hebben ze 
verschillende andere functies. Zo vormen ze een barrière tegen bacteriën en virussen, produceren 
ontstekingseiwitten die helpen bij het bestrijden van infecties en zijn ze belangrijk voor het 
watertransport waardoor pulmonaal oedeem wordt voorkomen. Schade aan epitheelcellen van de 
lagere luchtwegen en van de alveoli kan onder andere leiden tot luchtwegobstructie, verminderde 
barrière functie, verminderde afweer en de vorming van longoedeem, waardoor problemen met 
zuurstoftransport kunnen ontstaan. Het is bekend uit humane en dier-experimentele studies 
dat schade aan het long epitheel een sleutelrol speelt in de pathogenese van ernstige RSV 
infecties (hoofdstuk 1 en 2). Deze uitgebreide epitheelschade is ook een belangrijk kenmerk van 
ARDS en in verschillende diermodellen van ARDS leidt het verminderen van epitheelschade 
door bepaalde medicijnen tot een betere uitkomst. Meer inzicht in de precieze mechanismen 
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die kunnen leiden tot epitheelschade en de gevolgen hiervan tijdens een RSV infectie zouden 
daarom kunnen leiden tot aanknopingspunten voor behandeling.

Epitheelschade tijdens een RSV infectie kan ontstaan door schade door het virus zelf en 
door schade veroorzaakt door de opgewekte immuun respons. Zo is beschreven dat RSV 
directe epitheelschade en het loslaten van epitheelcellen kan veroorzaken. Naast schade 
veroorzaakt door het virus zelf, kan de opgewekte immuun respons leiden tot epitheelschade 
door afgifte van ontstekingseiwitten, die schade kunnen geven door meer inflammatie en 
daarnaast kunnen leiden tot celdood. Het is bekend dat een infectie met RSV, epitheelcellen 
gevoeliger kan maken voor geprogrammeerde celdood of apoptose. In hoofdstuk 2, geven we 
een literatuuroverzicht van de verschillende signalen en mechanismen die apoptose induceren 
tijdens een pneumovirus(zoals RSV)- infectie.  Hierin bespreken we ook onze hypothese over 
de rol van “bystander” epitheelschade: schade aan epitheelcellen die niet geïnfecteerd zijn met 
RSV (“bystander”). Opvallend is namelijk dat bij kinderen die overleden zijn aan de gevolgen 
van een ernstige RSV infectie apoptose overal in de luchtwegen en longen wordt gezien en niet 
alleen in het bronchiale epitheel waar RSV zich primair vermenigvuldigt. Hoewel apoptose 
een afweerrespons is om virus geïnfecteerde cellen op te ruimen, suggereert dit een overmaat/
disbalans in apoptose en dus bystander schade. Dit zou kunnen bijdragen aan het ziekteproces 
en herstel van deze disbalans door remming van apoptose zou daarom een behandeling 
kunnen zijn. Om onze hypothese dat remming van apoptose leidt tot een betere uitkomst door 
minder epitheelschade tijdens een pneumovirus infectie te bevestigen, hebben we twee studies 
uitgevoerd in muizen geïnfecteerd met pneumonia virus of mice (PVM). Omdat muizen niet de 
natuurlijke gastheer zijn voor RSV, hebben we ze voor onze studies geïnfecteerd met PVM, een 
natuurlijk muis pneumovirus, wat behoort tot dezelfde virusfamilie en leidt tot een ziektebeeld 
dat vergelijkbaar is met een menselijke RSV infectie. 

In hoofdstuk 3, hebben we gekeken of het effect van kunstmatige beademing op longschade 
en inflammatie tijdens een PVM infectie bij muizen wordt veroorzaakt door het Fas/Fas ligand 
(FasL) systeem. Fas is een oppervlakte receptor, die onder andere aanwezig is op alveolaire 
en luchtwegepitheel cellen. Binding van Fas met zijn natuurlijke ligand, FasL, kan leiden tot 
inflammatie en apoptose. Dit systeem speelt ook een belangrijke rol in het ziektemechanisme 
van ARDS. We vonden dat de long inflammatie door PVM en beademing deels veroorzaakt 
werd door het Fas/FasL systeem. Dit was echter niet geassocieerd met een betere uitkomst bij een 
verder gevorderd ziekteproces. Afwezigheid van Fas leidde tot minder longschade tijdens een 
PVM infectie. Dit verschil in longschade is waarschijnlijk echter klein omdat de Fas-deficiënte 
muizen in vergelijking met gewone muizen geen ander klinisch beloop hadden. 

In hoofdstuk 4, hebben we gekeken of we longschade tijdens een PVM infectie in muizen 
konden verminderen door een remmer van apoptose te geven. In tegenstelling tot onze verwach-
tingen leidde deze remmer niet tot minder apoptose, waarbij we dus onze hypothese niet goed 
konden testen. Het toedienen van deze remmer van apoptose leidde wel tot meer inflammatie.

Opvallend is dat in beide studies (hoofdstuk 3 en 4) de poging om apoptose te remmen 
ook invloed had op de mate van inflammatie. Dit benadrukt dat het buitengewoon lastig is om 
in te grijpen in een complex biologisch proces als apoptose. Er is een grote samenhang tussen 
apoptose en inflammatie en de effecten lijken op grond van onze resultaten zeer ziekte specifiek 
te zijn. Toekomstige studies zouden gerichter en meer in detail moeten kijken naar het effect van 
het remmen van apoptose in specifieke cellen, zoals de epitheelcellen. 
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Gevolgen van longschade (deel 2)
Zoals beschreven in deel 1 kan longschade tijdens een ernstige RSV infectie leiden tot problemen 
met de zuurstof opname. 

In hoofdstuk 5,  hebben we gekeken naar de samenhang tussen de hoeveelheid zuurstof die 
wordt toegediend (zuurstoffractie; FiO2) en de beademings- en opnameduur bij kinderen met 
een ernstige RSV infectie. Opvallend was dat het merendeel van de kinderen die kunstmatige 
beademing nodig hadden vanwege respiratoire insufficiëntie bij een RSV infectie voldeed aan 
de criteria voor ARDS. Verder vonden we dat FiO2 een onafhankelijke voorspeller was van de 
beademings- en opnameduur. Dit is opvallend omdat de FiO2 geen onderdeel is van de criteria 
voor ARDS, terwijl de FiO2/PaO2 ratio (verhouding tussen de fractie ingeademde zuurstof en de 
arteriële zuurstofspanning) die wel in de criteria is opgenomen, geen onafhankelijke voorspeller 
was in onze studie. Mogelijk is de groep ARDS patiënten op basis van een RSV infectie dus 
heterogener dan op basis van de criteria mag worden verwacht. 

In hoofdstuk 6, laten we zien dat infectie met PVM bij muizen leidt tot de vorming van 
longoedeem. Door toediening van een medicijn, tuberoinfundibular peptide (TIP), wat in eerdere 
studies een afname van longoedeem en een verbetering van het zuurstoftransport heeft laten zien 
in verschillende de modellen van acute longschade, probeerden we de hoeveelheid longoedeem 
te verminderen tijdens een PVM infectie. Verschillende doseringen en toedieningsfrequenties 
leidden echter niet tot een vermindering van longoedeem en hadden geen effect op de uitkomst. 

In hoofdstuk 7 geven we een samenvatting van onze resultaten. Concluderend, hebben we 
ontstaansmechanismen en consequenties van long epitheelschade tijdens ernstige RSV infecties 
onderzocht. De resultaten benadrukken dat het moeilijk is om te interfereren in de processen 
die ten grondslag liggen aan epitheeldysfunctie en schade tijdens een ernstige RSV infectie, zoals 
bijvoorbeeld apoptose. Daarnaast is door niet specifieke remming van apoptose, maar remming 
in alle cellen, de individuele bijdrage aan longschade onvoldoende goed te beoordelen. 

Wij zijn van mening dat toekomstige studies zich moeten richten op het remmen van apoptose 
in specifieke cellen. Daarnaast zouden de afweerreacties op een RSV infectie tussen volwassenen 
en kinderen moet worden vergeleken, om te beoordelen waarom volwassenen minder ziek 
worden van een RSV infectie en juist bij jonge kinderen en bejaarden de RS infectie ernstiger 
verloopt. Tot slot willen we bekijken of er een relatie is tussen de mate van epitheelschade en de 
uitkomst door analyse van markers voor epitheelschade in bronchusspoelsel van kinderen die 
beademing nodig hadden vanwege een ernstige RSV infectie. 





Appendices





Contributing authors





137

Contributing authors

A

Academic Medical Center, University of Amsterdam, Amsterdam, the Netherlands

Pediatric Intensive Care Unit, Emma Children’s Hospital/AMC
Reinout A. Bem
Albert P. Bos
Kiry M. Schene
Job B.M. van Woensel
Roelie M. Wösten-van Asperen

Department of Respiratory Medicine and Experimental Immunology
Suzanne M. Bal
René Lutter

Laboratory of Experimental Intensive Care
Maria T. Kuipers

Department of Radiology
Rick R. van Rijn

Division of Pulmonary and Critical Care Medicine, University of Washington, Seattle, 
Washington, USA

The Center for Lung Biology
William A. Altemeier
Sean E. Gill
Gustavo Matute-Bello

Medical Research Service, Veterans Affairs Puget Sound Health Care System
Thomas R. Martin





List of publications





141

List of publications

A

van den Berg E, Bal SM, Kuipers MT, Matute-Bello G, Lutter R, Bos AP, van Woensel JB, and Bem 
RA. The caspase inhibitor zVAD increases lung inflammation in pneumovirus infection in mice. 
Physiol Rep 2015; 3: e12332

Schene KM, van den Berg E, Wosten-van Asperen RM, van Rijn RR, Bos AP, and van Woensel 
JB. FiO2 predicts outcome in infants with respiratory syncytial virus-induced acute respiratory 
distress syndrome. Pediatr Pulmonol 2014; 49: 1138-1144.

van den Berg E, Bem RA, Bos AP, Lutter R, and van Woensel JB. The effect of TIP on pneumovirus-
induced pulmonary edema in mice. PloS one 2014; 9: e102749.

Wosten-van Asperen RM, Bos AP, Bem RA, Dierdorp BS, Dekker T, van Goor H, Kamilic J, 
van der Loos CM, van den Berg E, Bruijn M, van Woensel JB, and Lutter R. Imbalance between 
pulmonary angiotensin-converting enzyme and angiotensin-converting enzyme 2 activity in 
acute respiratory distress syndrome. Pediatr Crit Care Med 2013; 14: e438-441.

Kuipers MT, Vogl T, Aslami H, Jongsma G, van den Berg E, Vlaar AP, Roelofs JJ, Juffermans NP, 
Schultz MJ, van der Poll T, Roth J, and Wieland CW. High levels of S100A8/A9 proteins aggravate 
ventilator-induced lung injury via TLR4 signaling. PloS one 2013; 8: e68694.

Bem RA, van den Berg E, Suidgeest E, van der Weerd L, van Woensel JB, and Grotenhuis HB. 
Cardiac dysfunction in pneumovirus-induced lung injury in mice. Pediatr Crit Care Med 2013; 
14: e243-249.

van den Berg E, van Woensel JB, and Bem RA. Apoptosis in pneumovirus infection. Viruses 
2013; 5: 406-422.

van den Berg E, van Woensel JB, Bos AP, Bem RA, Altemeier WA, Gill SE, Martin TR, and 
Matute-Bello G. Role of the Fas/FasL system in a model of RSV infection in mechanically 
ventilated mice. Am J Physiol Lung Cell Mol Physiol 2011; 301: L451-460.





Acknowledgements / Dankwoord





145

Acknowledgements / Dankwoord

A

Dit proefschrift was nooit tot stand gekomen zonder de bijdragen van een groot aantal mensen. Ik 
wil iedereen ontzettend bedanken voor alle hulp en steun de afgelopen jaren bij het vervaardigen 
van dit proefschrift. Daarnaast wil ik graag een aantal mensen in het bijzonder bedanken.

Mijn promotor, professor dr. A.P. Bos, beste Bert. Jouw nuchtere kijk en het bewaken van de 
grote lijn heeft me enorm geholpen. Bedankt dat je me terug op het juiste spoor zette en zorgde 
voor hernieuwd enthousiasme, toen ik het even wat minder zag zitten. Ik waardeer het enorm dat 
je na jouw vertrek uit het AMC probeerde om zoveel mogelijk betrokken te blijven. 

Mijn co-promotor, dr. R.A. Bem, beste Reinout. Waar moet ik beginnen om je te bedanken. 
Dank voor al jouw steun en begeleiding de afgelopen jaren. Je hebt me echt enorm geholpen. Het 
was ontzettend fijn dat jij al een weg had vrijgebaand door mij voor te gaan. Jouw kennis van RSV 
en eigen ervaringen binnen het onderzoek maakten je tot een fantastische begeleider. 

Mijn co-promotor, dr. J.B.M. van Woensel, beste Job. Bedankt voor alle begeleiding de afgelopen 
jaren. Jouw enthousiasme en gedrevenheid zijn uniek. Je hebt heel wat met me te stellen gehad. 
Zo gaaf dat het nu eindelijk af is! Ik heb echt ontzettend veel van je geleerd en wil je enorm 
bedanken voor jouw onvoorwaardelijke steun.

Dear Members of my PhD Dissertation Committee, prof. dr. W.M.C. van Aalderen, prof. dr. P.J. 
Sterk, prof. dr. M.J. Schultz, dr. L.J. Bont, prof. dr. E. de Jonge, associate professor G. Matute-
Bello, thank you for serving on my committee and for carefully reviewing my dissertation. 

G. Matute-Bello, M.D., associate professor and T.R. Martin, M.D., professor. Dear Gus, I am 
honored that you are one of the members of my PhD dissertation committee and I am really 
looking forward to seeing you in the Netherlands. Thank you very much for your hospitality to 
invite me to your lab in Seattle. It has been a great experience. Thanks for training and guiding 
me during the first years of my PhD. You are a great mentor. Not only did you teach me basic 
scientific skills, but also a professional working style, from which I still benefit today. Dear Tom, 
thank you for your advice on my research project and for all the inspiring conversations. 

Dr. R. Lutter, beste Rene. Ontzettend bedankt voor al jouw hulp de afgelopen jaren. Echt fan-
tastisch dat ik als gastonderzoeker in jouw lab mocht werken en fijn dat ik kon deelnemen aan de 
wekelijkse lab besprekingen. Natuurlijk wil ik ook Koen, Barbera , Tamara, Annemiek, Suzanne, 
Marianne en Saheli bedanken van de afdeling longziekten/experimentele immunologie voor alle 
hulp en het delen van jullie kennis. Bedankt dat jullie me hebben opgenomen in jullie groep. 
Tamara en Barbera, bedankt voor al jullie hulp de afgelopen jaren met het opwerken van de 
bronchoalveolaire lavages, het opzetten van ELISAs, het luminexen en zo kan ik nog wel even 
doorgaan. Ongeacht hoe druk jullie het hadden, jullie maakten altijd even tijd. En daarnaast was 
het ook nog altijd erg gezellig. Zo fijn dat ik bij jullie op G1 mocht werken! Dankzij jullie heb ik 
me erg welkom gevoeld. Zelfs ‘s avonds en in het weekend mocht ik jullie bellen als ik er even niet 
uitkwam. Bedankt voor jullie enorme betrokkenheid. 
Suzanne, bedankt voor al jouw hulp bij de facs experimenten. Gaaf dat we samen een artikel 
hebben geschreven. 
Daarnaast wil ik graag alle medewerkers van de experimentele immunologie, in het bijzonder de 
medewerkers van G1, bedanken voor hun gastvrijheid. 



146

Appendices

Faculty members of the Center for Lung Biology, Seattle : W.C. Parks, Ph.D., affiliate professor, P. 
Chen, M.D., affiliate professor, W.A. Altemeier, M.D., associate professor, C.W. Frevert, D.V.M., 
ScD., associate professor, L.M. Schnapp, M.D., affiliate professor, and A. Mannicone, M.D., 
assistant professor. Thank you so much for your hospitality and for your advice and support on 
my research projects.  
All my other colleagues of the Center for Lung Biology, Seattle: Alex, Sucheol, Josiah, Lindy, 
Dowon, Tricia, Laura, Cliff, Michelle, Jane, Tim and Sean. Thank you for your help with my 
research project and for the great time in Seattle. It would be great to see you again soon. Sean, 
thank you for all the inspiring conversations during our coffee breaks. Thanks to you and Dawn, 
we had a great time in Seattle. Hope that we can soon meet again in Canada!

Collega onderzoekers van de ICK ARDS-onderzoeksgroep: Roelie, Martijn, Bart en Laura. Gaaf 
om te zien dat onze onderzoekslijn alleen maar groter wordt. Dank voor het meedenken en de 
hulp bij de experimenten.

Student Kiry, het was een feest om samen met jouw onderzoek te doen. Jij gaat het nog ver 
schoppen. Hopelijk lukt het ons nog om het biomarker stuk af te maken.  

Alle verpleegkundigen van de Intensive Care Kinderen van het Emma Kinderziekenhuis/
AMC, dank voor jullie hulp bij de inclusie van de RSV patiënten en de lavages en daarnaast 
voor de gezelligheid. Dank ook aan het ondersteunend personeel van de afdeling: Mary, Sonja, 
Antoinette, Carlos en Cor.

PhD collegae van Het “Laboratory of Experimental Intensive Care and Anesthesiology” (LEICA) 
en de Intensive Care: Hamid, Ilse, Lieuwe, Friso, Daniel, Sabrine, Lonneke, Robert en Djai. 
Bedankt voor jullie hulp en advies bij mijn experimenten! Fijn dat ik altijd bij jullie terecht kon.

Arts-onderzoekers van de afdeling Longziekten: Marieke, Marijke, Ariane, Marc en Simone. Fijn 
dat ik mocht meedoen met jullie Journal Club. Dank voor het warme afscheid. 

Pathologie: Beste Chris van der Loos. Bedankt voor al jouw hulp met de coupes en de kleuringen. 
Het is een groot gemis dat jij er niet meer bent.

AMC-IWO: Beste Lydia, Niels en Michael. Bedankt voor jullie eindeloze geduld en hulp bij mijn 
dierproeven. Dank zij jullie vlogen de uren voorbij. 

Buren uit de kelder: Marieke, JP, Lotte, Hedy, Perrine, Sasha, Channa, Eefje, Madelon en alle 
anderen, dank voor jullie interesse, de hulp en de adviezen.
“Kamertje-koemelk”: Anders, Anne-Fleur, Lies, Nicole en Sylvia. Wat was het gezellig om even 
bij jullie langs te gaan twee deuren verder in de kelder. 

“Kamer K01-142”: wat hebben we hard gewerkt, maar gelukkig daarnaast ook veel lol gehad. 
Jullie zijn allemaal toppers. Carline en Alice, het was een feest om op dezelfde kamer te zitten. 
Dank voor alle adviezen en hulp bij mijn onderzoek. Heerlijk dat we het buiten het AMC ook 
zo goed kunnen vinden en helemaal fantastisch dat we nu allemaal in opleiding zijn. Soha, 
Eva, Sophie, Sanne, Bart en Janneke, toen jullie je intrede deden werd het nog gezelliger, maar 



147

Acknowledgements / Dankwoord

A

gelukkig had iedereen dezelfde werkethos, waardoor er nog steeds hard werd doorgewerkt.

Het Emma Kinderziekenhuis: beste kinderartsen, collega arts-assistenten en verpleegkundigen. 
Elke dag ben ik weer blij dat ik in zo’n bijzonder en fijn team mag werken op zo’n mooie plek. 
Dank voor de ruimte die jullie me hebben gegeven om mijn promotie af te ronden.

Beste Esther Ris. Wat een geluk dat ik bij jou terecht ben gekomen. Jouw creativiteit, nauw-
keurigheid en snelheid zijn goud waard. 

En niet te vergeten:

Lieve familie en vrienden! Het is eindelijk af. Dank voor alle interesse, afleiding en steun de 
afgelopen jaren. Sorry dat ik niet overal bij kon zijn.

Ivo’s dreamteam: Ivo, Charlotte en Marieke. Zo fijn dat ik jullie heb leren kennen tijdens het 
organiseren van het Approve symposium. Dank voor alle gezelligheid. 

Wheels of fortune: Niels, Lieuwe, Matthijs, Willeke en Floor. Wat heb ik genoten van al onze 
mooie fietstochtjes op de dinsdagavond. Heerlijk om even de gedachten te verzetten. Hopelijk 
kunnen we dit jaar weer veel mooie rondes maken en komt er een vervolg op de Dolomieten 
Marathon.

Mijn paranimfen, Ivo en Charlotte. Fijn om te weten dat jullie straks naast me zullen staan. 

Mijn lieve ouders. Fijn dat jullie zo ontzettend betrokken waren. Bedankt voor al jullie liefde en 
steun. Zo blij met jullie! 

Lieve Matthijs, bedankt voor jouw onvoorwaardelijke steun! Fijn dat je er altijd voor me bent. Ik 
kijk uit naar alle avonturen die we nog samen gaan meemaken. Een ding is zeker: met jou kan ik 
de hele wereld aan.  





Curriculum Vitae





151

Curriculum Vitae

A

Elske van den Berg was born on the 28th of September 1982 in Son en Breugel. In 2000 she 
graduated from secondary school at the “Stedelijk College Eindhoven”. After this, she started 
her medical training at the Leiden University and received her medical degree in October 2006. 
During her study she was secretary of the Leiden Student Swimming Union “Aquamania”. Her 
specific interest in Pediatrics arose during her internship pediatrics at the Juliana Children’s 
Hospital in The Hague. In this hospital she also completed her senior pediatric internship, which 
resulted in her first job as a physician at the Department of Pediatrics of the Juliana Children’s 
Hospital (supervisor Dr. Brus).

In July 2008, she received the opportunity from Job van Woensel and Bert Bos, of the 
Pediatric Intensive Care Unit of the Emma Children’s Hospital/AMC, to start a research project 
at the Center for Lung Biology of the University of Washington in Seattle under supervision 
of Associate Professor Matute-Bello and Professor Martin. The goal of this research was to 
investigate the role of the Fas/Fas Ligand system during acute lung injury. 

Elske moved back to the Netherlands in 2010 where she continued her research at the 
Pediatric Intensive Care Unit of the Emma Children’s Hospital/AMC, which finally resulted 
in this thesis. In July 2012 she went back into clinical practice as a pediatric resident in the 
Flevoziekenhuis in Almere. She started her Pediatric Residency Training in January 2013 in the 
Emma Kinderziekenhuis/AMC under supervision of Dr. Bosman.






