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ABSTRACT  

Respiratory syncytial virus (RSV) bronchiolitis causes severe respiratory tract infection in 

infants, frequently necessitating mechanical ventilatory support. Although life-saving, 

mechanical ventilation aggravates lung inflammation. We set up a model to dissect the host 

molecular response to mechanical ventilation in RSV infection. Furthermore, the response to 

induced hypercapnic acidosis, reported to dampen the inflammatory response to mechanical 

ventilation in non-infectious models, was assessed.  

 BALB/c mice were inoculated with RSV or mock-suspension and ventilated for 5 

hours on day 5 post-inoculation.  

 Mechanical ventilation of infected mice resulted in enhanced cellular influx and 

increased concentrations of proinflammatory cytokines in the bronchoalveolar space. 

Microarray analysis showed that enhanced inflammation was associated with a molecular 

signature of a stress response to mechanical ventilation with little effect on the virus-induced 

innate immune response. Hypercapnic acidosis during mechanical ventilation of infected mice 

did not change host transcript profiles. 

 We conclude that mechanical ventilation during RSV infection adds a robust but 

distinct molecular stress response to virus-induced innate immunity activation emphasizing 

the importance of lung protective mechanical ventilation strategies. Induced hypercapnic 

acidosis has no major effect on host transcription profiles during mechanical ventilation for 

RSV infection, suggesting that this is a safe approach to minimize ventilator-induced lung 

injury. 

 

KEY WORDS: Gene Expression Profiles, Hypercapnic Acidosis, Mice, Respiratory 

Syncytial Virus, Ventilator Induced Lung Injury 
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INTRODUCTION 

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

tract illness of all ages [1, 2]. More than 50% of all infants are infected with RSV during the 

first year of life and at age 2 almost all children have been infected [3]. About 1% to 2% of 

these children will need hospitalization and about 10% of these hospitalized children, 

approximately 0.1% of all children, will require mechanical ventilation for a severe RSV 

infection during the first year of life [4] Hence, RSV infection is the most frequent cause of 

non-elective pediatric intensive care unit admission for mechanical ventilatory support in 

infants during the winter season [5]. RSV pathogenesis is understood incompletely. In 

humans, severe RSV infection results in a predominantly neutrophil infiltrate in 

bronchoalveolar lavage fluid [6] and a strong innate proinflammatory response, reflected by 

exhaustion of the peripheral blood neutrophil pool after peak values of viral load and disease 

severity [7]. In mice, the innate immune response is characterized by induction of type I 

interferon-regulated genes and chemokine genes, and genes involved in inflammation and 

antigen processing [8]. 

Although life-saving, mechanical ventilation may induce or aggravate pulmonary 

inflammation and lung injury. Ventilator-induced lung injury (VILI) results from relatively 

high tidal volumes (Vt) causing alveolar and airway overdistension, loss of surfactant and/or 

mechanical tissue damage [9, 10].  

No data exists on the consequences of VILI in RSV bronchiolitis patients and tools to study 

the underlying molecular mechanisms are lacking. Therefore, we designed a murine model in 

which host response to mechanical ventilation in the presence of virus-induced pulmonary 

inflammation can be studied. In addition, we used the model to study the effects of 

hypercapnic acidosis on pulmonary inflammation during mechanical ventilation in RSV 

infection. There is considerable evidence that induced hypercapnic acidosis in non-infectious 
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models may protect against VILI [11-13]. This protective action of hypercapnic acidosis is 

partly explained by its anti-inflammatory effects reducing the magnitude of host-induced 

injury: attenuation of neutrophilic oxygen generation and interleukin (IL)-8 production [14] 

reduction of free radical generation [12] and oxidant-induced tissue damage [11, 14] and 

reduction in key cytokines levels such as tumor necrosis factor (TNF)- and IL-1 [15]. The 

effects of hypercapnic acidosis on bacterial injury may vary from benefit to harm depending 

on the stage of injury process, e.g. depending on whether it is an early or established infection 

or whether the infection is prolonged [16]. Nothing is known about the effects of hypercapnic 

acidosis on pulmonary inflammation during mechanical ventilation in viral respiratory tract 

infection.  

We hypothesized that mechanical ventilation enhances the host innate immune response to 

RSV. Furthermore, we hypothesized that induced hypercapnic acidosis attenuates VILI in the 

presence of RSV-induced pulmonary inflammation. 

 

MATERIALS AND METHODS 

The study was approved by the animal care and use committee of the University Medical 

Center Utrecht, the Netherlands. All animal procedures were carried out in compliance with 

national and international standards for human care and use of laboratory animals. 

Experimental design 

Experiments were performed with male BALB/c mice (n=60) (Harlan, the Netherlands), aged 

6 to 8 weeks, weighing 21 to 28 grams. On day 0, mice were randomly assigned to intranasal 

inoculation with 50 μl of either RSV (containing 2x10e6 pfu/50μl) or mock-suspension. 

Preparation of virus and mock suspension is described in detail in the supplementary material. 

On day 5, mice were randomly assigned to spontaneous breathing or 5 hours of either 

normocapnic or hypercapnic mechanical ventilation. This resulted in 6 experimental groups 
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(n=10 per group): RSV-inoculation, spontaneous breathing (RS); RSV-inoculation, 

normocapnic ventilation (RV); RSV-inoculation, hypercapnic ventilation (RH); Mock-

inoculation, spontaneous breathing (MS); Mock-inoculation, normocapnic ventilation (MV) 

and mock-inoculation, hypercapnic ventilation (MH) (supplementary figure 1). Spontaneously 

breathing mice were kept in an enclosed environment in which ambient FiO2 was maintained 

at 0.5 for 5 hours with and without 5% CO2. Mice assigned to mechanical ventilation (Vt 12 

ml·kg–1, frequency 40·min–1, PEEP 6 cmH2O and FiO2 0,5), were anesthetized, ventilated and 

monitored for 5 hours, as described in the supplementary material. We used a high tidal 

volume in order to provoke lung injury enabling us to study the effects of hypercapnic 

acidosis on VILI. Hypercapnic acidosis during mechanical ventilation was induced by adding 

5% CO2 to the inspired gas mixture while maintaining the FiO2 at 0.5. The inspired gas 

mixture was monitored continuously during the whole experiment (Datex Cardiocap Monitor, 

GE Healthcare, United Kingdom). Systolic blood pressure and heart rate of ventilated mice 

were monitored non-invasively using a murine tail-cuff system (ADInstruments, Germany). 

All mice survived 5 hours of mechanical ventilation and remained hemodynamically and 

respiratory stable throughout the whole experiment (Table 1).   

Measurements 

After exsanguination, BALF of 6 mice per experimental group was collected for total and 

differential cell count as described in the supplementary material. TNF-, IL-6 and 

keratinocyte-derived chemokine (KC) concentrations in BALF supernatant were measured by 

enzyme-linked immunosorbent assay according to manufacturer's instructions (R&D Systems, 

United Kingdom). Pulmonary RSV-A concentrations were analyzed by real-time PCR as 

described previously [8, 17].  

Lungs of 4 mice per experimental group were used for microarray analysis as described in 

detail in the supplementary material. Gene expression changes were visualized as heatmap as 
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well as Principal Component Analysis. Principal-component analysis is a mathematical 

algorithm that describes data on the basis of their (dis)similarity, so that greater distance 

corresponds to greater dissimilarity [18]. In this analysis, a principal component is defined as 

a mathematically derived combination of genes and their expression characteristics that can 

be used to describe part of the process observed.  

Differentially regulated genes were subdivided into 12 functional classes or pathways based 

on their function as described before [17]. Pathway enrichment was used to determine which 

pathways were involved in responses found for pair wise group comparisons. 

Statistical analysis 

All data in the results are expressed as mean(±SD). A 2-way analysis of variance was used to 

compare means of multiple groups, allowing for interaction between virus and mechanical 

ventilation. For paired data (Table 1), Students’ t-test was used. A p-value of less than 0.05 

was considered statistically significant. Statistical analyses were carried out using GraphPad 

PRISM 5 (La Jolla, United States of America). 

Microarray analysis was performed in R (www.r-project.org). Regulated genes were 

identified with ANOVA using p<0.001 (FDR < 5%) and fold ratio>2 as significance criteria. 

Data are presented as means for four mice per group. 

 

RESULTS  

Mechanical ventilation during RSV infection enhances pulmonary inflammation 

Compared to spontaneous breathing mock-inoculated mice (MS), mechanical ventilation 

(MV) induced an influx of BALF total cell count, neutrophils and macrophages (Figure 1a) 

and increased BALF IL-6 and KC concentrations (Figure 1b). As compared to mock-

inoculation (MS), RSV infection in spontaneous breathing mice (RS) induced a mixed cell 

influx into the bronchoalveolar space (Figure 1a) and elevated levels of IL-6 and KC (Figure 



  8

1b). Mechanical ventilation of RSV-inoculated animals (RV) resulted in a robust 

inflammatory response with enhanced influx of BALF cells (Figure 1a). A significant increase 

in IL-6 and KC was observed as compared to spontaneous breathing, RSV-inoculated controls 

(Figure 1b). No differences in viral loads were observed between ventilated and spontaneous 

breathing mice (data not shown). In conclusion mechanical ventilation during RSV infection 

enhanced pulmonary inflammation, reflected by BALF cellular responses and pro-

inflammatory cytokines, as compared to mechanical ventilation or RSV infection alone.  

RSV induced inflammation and VILI are characterized by distinct host transcription 

profiles  

Microarray analysis showed a total of 793 genes to be differentially regulated in this study. 

When comparing spontaneous breathing mock-inoculated mice (MS) to ventilated mock-

inoculated mice (MV), 376 genes were differentially regulated (Figure 2): 265 up and 111 

down (Table 2). Functional enrichment analysis showed that the stress response and acute 

inflammatory response pathways were enriched among differentially up-regulated genes 

(Table 3). A total of 408 genes were differentially regulated when comparing spontaneous 

breathing mock-inoculated (MS) to RSV-inoculated mice (RV) (Figure 2): 382 up and 26 

down (Table 2). As we have described previously (26), primary RSV infection induced a 

robust innate immune response characterized by differential expression of chemokines, 

interferon responses and antigen processing pathways (Table 3).  

Mechanical ventilation of RSV-inoculated animals (RV) induced a gene expression profile 

response distinct from mice profiles in spontaneous breathing RSV-inoculated mice (RS) or 

mechanically ventilated mock-inoculated mice (MV) (Figure 3). This was accented by the 

principal-component analysis (Figure 4). Clusters of spontaneous breathing, ventilated, mock- 

or RSV-inoculated mice can be clearly distinguished. This analysis indicated that the 

responses to RSV infection and to mechanical ventilation are strong, but distinct. A total of 
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293 genes were differentially regulated when comparing spontaneous breathing RSV-

inoculated mice (RS) versus ventilated RSV-inoculated mice (RV) (Figure 2): 227 up and 66 

down (Table 2). The stress response and acute inflammatory response pathway were enriched 

(Table 3). Of all 293 differentially regulated genes in ventilated RSV-inoculated mice, 218 

genes (74%) were also regulated in ventilated mock-inoculated mice (Figure 2). All 218 genes 

were concordantly (174 vs. 174 up/up and 44 vs. 44 down/down) differentially regulated (data 

not shown), suggesting a robust ventilation effect additive to the RSV-induced response.  

Mechanical ventilation had a modest effect on the expression of genes induced by RSV 

infection. Mechanical ventilation regulated the expression of 33 RSV-induced genes, of which 

27 were discordant (Figure 2 and Table 4). A partial down-regulation was observed in the 

chemokine pathway (Table 3) and in TNF- and interferon gamma (IFN-γ) expression. It is 

noted that the chemokines TNF- and IFN-γ expression in ventilated RSV-inoculated mice 

(RV) was still strongly upregulated compared to mock-inoculated spontaneous breathing 

animals (MS) (Table 4).  

Fifty-three genes were only differentially regulated in ventilated RSV-inoculated mice (Figure 

2); these genes were not regulated by either simple RSV infection or mechanical ventilation. 

Of these genes, none belonged to the innate immune response and only 6 to the stress 

response: RIKEN cDNA 2310016C08 gene (2310016C08RIK), adrenergic receptor beta 2 

(ADRB2), cathelicidin antimicrobial peptide (CAMP), coagulation factor XIII A1 subunit 

(F13A1), neutrophilic granule protein (NGP) and tyrosine aminotransferase (TAT). Fifty-one 

genes (96%) had fold expression levels near cut-off values (2-fold) suggesting minimal 

effects. Only neutrophilic granule protein (NGP) and Prokineticin 2 (PROK2) were >3 fold 

upregulated (supplementary Table 1). In conclusion gene expression analysis demonstrates 

that the enhanced inflammatory response observed in ventilated RSV infected mice is 

predominantly attributable to the molecular stress response to mechanical ventilation. 
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Response to induced hypercapnic mechanical ventilation for RSV infection 

In mock-inoculated mice, hypercapnic acidosis during mechanical ventilation (MH) did not 

influence the host response as expressed by BALF cellular responses, cytokine concentrations 

(supplementary Figure 2) or differential expression of any gene (Figure 3 and 4). Similarly, 

hypercapnic ventilation of RSV-inoculated mice (RH) did not affect BALF cellular responses, 

cytokine concentrations (supplementary Figure 2) and did not result in differential expression 

of any gene (Figure 3 and 4). No differences in viral load were observed between mice after 5 

hours of normocapnic or hypercapnic ventilation (data not shown). 

 

DISCUSSION  

We investigated the effects of mechanical ventilation as well as hypercapnic acidosis during 

mechanical ventilation on the host response during RSV-infection. We found that mechanical 

ventilation provoked a robust effect characterized by distinct molecular stress- and acute 

inflammatory responses additive to, but not aggravating, the innate immune response seen in 

RSV. Furthermore, hypercapnic ventilation of RSV-infected mice did not modulate 

pulmonary inflammation expressed by BALF cellular responses, cytokine concentrations or 

gene expression profiles. 

The results from our experiments in which only mechanical ventilation or RSV-infection was 

applied, corroborated with existing literature. Mechanical ventilation of mock-inoculated mice 

significantly enhanced both pulmonary cellular responses and cytokine concentrations [9, 19]. 

Gene transcription profiles during mechanical ventilation, known to produce a global 

transcriptional signature distinct from spontaneous breathing, were similar to those reported. 

Gharib et al demonstrated that 4 hours of mechanical ventilation (Vt 10 ml/kg) activated a 

pro-inflammatory transcriptional program in lungs of C57BL/6 mice, reflected by enrichment 

of 176 genes in pro-inflammatory pathways [20]. Of these 176 genes, 57 were found in our 
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study with 93% concordant effects (up versus down regulation). Papaiahgari and colleagues 

studied gene expression in CD-1/ICR mice ventilated for 2 hours (Vt 12 ml/kg) [21]. They 

found 63 differentially regulated genes of which 31 were differentially regulated in our study 

with 97% concordant effects. Altemeier showed modest differential gene expression in 

C57Bl/6 mice after 4 hours of mechanical ventilation with a lower Vt (10 ml/kg) [22]. Of 32 

differentially regulated genes found in their study, 16 were found in our study with 94% 

concordant effects. Although overlapping genes in these studies predominantly behaved 

concordantly, we found a larger number of 376 differentially regulated genes. We 

hypothesized that this was caused by differences in duration of mechanical ventilation, 

ventilator settings and mouse species.  

RSV infection of BALB/c mice represents a well established experimental model which 

successfully has been used to study the immunopathogenesis of RSV [23-25]. Lymphocytic 

response on day 5 post-infection and elevated levels of TNF-α, IL-6, KC and viral loads 

characterized RSV-infection in our study, consist with literature findings. Transcription 

profiles of primary RSV-response in BALB/c mice on day 5 after infection have been 

reported [8, 17]. We previously found [17] 188 differentially regulated genes of which 137 

(=73%) were also differentially regulated in our study with 100% concordant effects. As the 

responses of our VILI and RSV models were in line with findings published earlier, our 

model provided a suitable framework for studies on mechanical ventilation during RSV 

infection.  

Little data exist on the effect of mechanical ventilation on pulmonary inflammation in the 

presence of a viral infection. Bem and colleagues showed that infection with mechanical 

ventilation enhanced the response to pneumonia virus of mice (PVM) and might serve to 

exacerbate local inflammatory responses and lung injury [26]. However, Zosky and 

colleagues showed that mechanical ventilation did not further exacerbate lung function 
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impairment or lung inflammation following influenza A infection, using the same tidal 

volume and mice species [27].  No data exists on the consequences of VILI on RSV-induced 

pulmonary inflammation despite the fact that RSV infection is the most frequent cause of 

non-elective PICU admission for mechanical ventilatory support in infants during the winter 

season.  

We showed that mechanical ventilation during RSV infection added a stress response to virus-

induced innate immunity activation with only little interaction, reflected by modest inhibition 

of TNF-α and IFN-y chemokine expression pattern. We hypothesize that the additional stress 

response may cause further damage and inhibition of innate immune response with 

subsequent delayed viral clearance. Although one should be cautious in translating results 

from experimental models to daily clinical practice, the observed ventilation-specific lung 

inflammation in addition to the response to viral respiratory infections underscores the need 

for optimal modes of lung protective ventilation in patients with severe respiratory infections. 

More specifically, these results support the notion to reconsider invasive mechanical 

ventilation for RSV bronchiolitis in favour of less invasive mechanical ventilation strategies.   

Of the 53 genes only differentially regulated in ventilated RSV-inoculated mice, 96% had fold 

expression levels near cut-off values (2-fold) suggesting minimal effects. Only neutrophilic 

NGP and PROK2 were upregulated more than 3 fold. NGP was first identified as a myeloid-

specific granule protein with homology to cystatin superfamily [28], known to modulate the 

activity of the immune response but has no known human homologue. PROK2 belongs to a 

family of secreted peptides with diverse regulatory roles, e.g. modulation of immunity [29]. 

The importance of both genes in mechanical ventilation for RSV infection remains to be 

elucidated. 

Studies have shown that induced hypercapnic acidosis in non-infectious models may protect 

against VILI [11, 12]. The effects of hypercapnic acidosis on bacterial injury may vary from 
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benefit to harm depending on the stage of injury process [16]. We have found that induced 

hypercapnic acidosis during mechanical ventilation did not influence pulmonary inflammation 

expressed by BALF cellular responses and cytokine concentrations in either our non-

infectious or infectious model. These findings were supported by complete absence of 

induction or suppression of gene expression. Because tidal volumes and ventilator settings 

were maintained constant throughout the experiment, results are solely attributable to the 

effects of hypercapnic acidosis. However, we cannot exclude deleterious effects of either 

higher concentrations of CO2 or hypercapnic acidosis during prolonged mechanical 

ventilation for viral infection. The clinically relevant conclusion drawn from our study is that 

hypercapnic acidosis, frequently accepted during the commonly applied low tidal volume and 

limited pressure ventilation strategies in RSV-infected infants requiring respiratory support 

[30], does not aggravate VILI against the background of virus-induced airway inflammation. 

This study has several strengths. Firstly, we provide a novel animal model in which the 

molecular effects of stable mechanical ventilation on RSV lower respiratory tract infection 

can be studied. In addition, this model enables studying the molecular effects of several 

interventions aimed at reducing pulmonary inflammation such as ventilator strategies, 

immunosuppresion and relative hypoxia. Finally, knowledge of the effects of hypercapnic 

acidosis during mechanical ventilation during RSV infection is of clinical importance. We 

provided evidence that hypercapnic acidosis, often the resultant of lung protective ventilator 

strategies, did not alter viral replication or host response during mechanical ventilation for 

RSV infection in a mouse model. On the other hand, we have also considered the following 

limitations. Firstly, RSV is not a natural murine pathogen. Nonetheless, the mouse model 

shows similarity to the pathogenesis of RSV-induced lower airway disease in humans [25]. 

An alternative mouse model used to mimic human RSV infection, is pneumonia virus of 

mice, a natural rodent pathogen, belonging to the same virus family, subfamily and genus as 
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RSV [31, 32]. Pneumonia virus of mice however, does not elicit the characteristic 

lymphocytic response as seen in both human and murine RSV infection on day 4-6 after 

infection [33] with T-cells having an important role in both viral clearance and disease 

enhancement in mice [24]. Secondly, the time course of mechanical ventilation in this study is 

short whereas children with a respiratory insufficiency due to a RSV infection usually require 

days to even weeks of mechanical ventilation. Our conclusion that VILI does not affect the 

innate response to viral infection needs to be tested further in a model exposing the mice to 

longer ventilation. Thirdly, in our experimental setting it was not possible to measure heart 

rate and blood pressure in non-sedated mice. In addition, we hypothesize that non-sedated 

mice may have had less severe induced hypercapnic acidosis due to increased rate of 

breathing in response to 5% CO2 air. Finally, we used transcription profiling of whole lungs to 

obtain expression values and therefore have not determined the cell-specific source of 

differentially expressed genes. 

In summary, we have developed a model to study the molecular mechanisms of mechanical 

ventilation during viral infection. This study advances our knowledge of to what extent 

mechanical ventilation affects pulmonary inflammation in RSV infection. We demonstrate 

that mechanical ventilation adds a stress response to virus-induced innate immunity 

activation. Furthermore, our model suggests that hypercapnic acidosis, frequently accepted 

during mechanical ventilation of RSV-infected infants, does not aggravate VILI or affect the 

local immune response against the background of virus-induced airway inflammation. 
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TABLES 

Table 1. Hemodynamic and respiratory characteristics of ventilated mice in mean ± 

(standard deviation), n=6 per group.  

 

 MV MH RV RH 
HR t=0 hr 403 (±45) 374 (±33) 427 (±40) 420 (±38) 
HR t=2,5 hr 393 (±37) 432 (±66) 452 (±28) 480 ±40) 
HR t=5 hr 362 (±28) 413 (±78) 441 (±27) 478 (±39) 
BP t=0 hr 91 (±16) 88 (±9) 93 (±12) 96 (±15) 
BP t=2,5 hr 91 (±13) 93 (±9) 101 (±19) 100 (±22) 
BP t=5 hr 95 (±15) 98 (±21) 98 (±14) 104 (±15) 
     
pH 7,41 (±0,03) 7,22 (±0,05)* 7,40 (±0,05) 7,18 (±0,08)** 
PaCO2 42,9 (±3) 78,5 (±9)* 37,9 (±5) 71,5 (±4)** 
PaO2 272 (±13) 274 (±14) 254 (±7) 248 (±16) 
BE 3 (±3) 4 (±4) -1 (±2) -1 (±6) 
HCO3- 27,6 (±2) 31,8 (±3) 23,3 (±2) 30,4 (±4) 

 
 

MV= mock, normocapnic mechanical ventilation, MH= mock, hypercapnic mechanical 

ventilation, RV= respiratory syncytial virus, normocapnic mechanical ventilation, RH= 

respiratory syncytial virus, hypercapnic mechanical ventilation.  

HR= heart rate in beats per minute, BP= systolic blood pressure in mmHg, PC= pressure 

control in cm H2O above positive end expiratory pressure, RSV=respiratory syncytial virus. 

PaCO2 and PaO2 in kPa, BE and HCO3- in mmol/L.   

*Significantly different from mock, normocapnic ventilated controls (p < .05, Student’s t- 

test). **Significantly different from RSV, normocapnic ventilated controls (p < .05, Student’s 

t- test). 
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Table 2. Number of differential regulated genes per pathway per study group (n=4 for 

each group). 

 

Pathways 
MS/MV 

up 
MS/MV 

down 
MS/RS 

up 
MS/RS 
down 

RS/RV 
up 

RS/RV 
down 

Acute inflammatory resp 10 0 17 0 4 0 
Chemokine 1 1 19 0 1 8 
Antigen processing 0 2 28 0 0 1 
Interferon signaling 4 2 39 0 3 4 
Inflammatory response 8 1 23 0 5 2 
Immune response 9 6 32 0 6 3 
Stress response 29 4 9 2 30 2 
Apoptosis 10 1 12 0 6 0 
Cell cycle 10 1 28 0 7 0 
Metabolism 58 28 45 7 45 19 
Various function 70 51 107 17 63 19 

Unknown 60 14 23 0 57 8 

Diff regulated / group 265 111 382 26 227 66 
Total  376  408  293 

 

Based on their function, genes were subdivided into 12 more specific immunological (and 

other) pathways [17]. The number of genes known was taken from Gene Ontology, in which 

one gene can be placed in multiple pathways. Number of up-regulated and down-regulated 

genes are distinguished. 

MS: mock, spontaneous breathing, MV: mock, normocapnic mechanical ventilation, RS: 

respiratory syncytial virus, spontaneous breathing, RV: respiratory syncytial virus, 

normocapnic mechanical ventilation. MS/MV: ventilation effect, MS/RS: RSV-effect, 

RS/RV: effect mechanical ventilation during respiratory syncytial virus infection.
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Table 3. Pathway enrichment.  

 

Pathways 
MS/MV 

up 
MS/MV 

down 
MS/RS 

up 
MS/RS 
down 

RS/RV 
up 

RS/RV 
down 

Acute inflammatory resp <0,001 1,000 <0,001 1,000 <0,05 1,000 
Chemokine 0,465 0,230 <0,001 1,000 0,415 <0,001 
Antigen processing 1,000 0,069 <0,001 1,000 1,000 0,225 
Interferon signaling 0,953 0,839 <0,001 1,000 0,963 0,128 
Inflammatory response 0,201 0,907 <0,001 1,000 0,525 0,408 
Immune response 0,749 0,294 <0,001 1,000 0,900 0,503 
Stress response <0,001 0,806 0,997 0,372 <0,001 0,845 
Apoptosis 0,999 1,000 1,000 1,000 1,000 1,000 
Cell cycle 0,999 1,000 0,433 1,000 0,997 1,000 
Metabolism 1,000 1,000 1,000 1,000 1,000 1,000 
Various function       
Unknown       
 

Using data from Table 2, a binomial test was applied to determine for which pathways 

significantly more genes were present in the list of up/down regulated genes for the three 

group comparisons than could be expected by chance.  

Dark grey box: p< 0,001. Light grey box: p< 0,05 (Binomial test) 

MS: mock, spontaneous breathing, MV: mock, normocapnic mechanical ventilation, RS: 

respiratory syncytial virus, spontaneous breathing, RV: respiratory syncytial virus, 

normocapnic mechanical ventilation. MS-MV: ventilation effect, MS-RS: RSV-effect, RS-

RV: effect mechanical ventilation during respiratory syncytial virus infection.  
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Table 4. Differentially regulated genes in both MS-RS and RS-RV.  

Gen symbole MN/MS RS/MS RN/MS RN/RS Gene name 
ACAA1B 1,80 0,27 0,66 2,46 acetyl-Coenzyme A acyltransferase 1B 
AIF1 0,60 5,30 2,55 0,48 allograft inflammatory factor 1 
ALAS2 0,93 0,35 0,77 2,20 aminolevulinic acid synthase 2, erythroid 
CCL12 0,74 4,88 1,77 0,36 chemokine (C-C motif) ligand 12 
CCL2 0,95 32,51 8,34 0,26 chemokine (C-C motif) ligand 2 
CCL4 0,99 5,50 2,51 0,46 chemokine (C-C motif) ligand 4 
CCL7 0,92 7,68 2,28 0,30 chemokine (C-C motif) ligand 7 
CD52 0,42 2,76 1,31 0,47 CD52 antigen 
CH25H 1,72 3,67 1,75 0,48 cholesterol 25-hydroxylase 
CLEC12A 0,46 2,42 0,98 0,41 C-type lectin domain family 12, member a 
CSRNP1 4,42 2,05 5,50 2,69 cysteine-serine-rich nuclear protein 1 
CXCL10 0,98 36,28 13,59 0,37 chemokine (C-X-C motif) ligand 10 
CXCL11 0,99 6,32 3,01 0,48 chemokine (C-X-C motif) ligand 11 
CXCL12 0,98 3,30 1,56 0,47 chemokine (C-X-C motif) ligand 12 
CXCL2 3,84 2,23 5,54 2,49 chemokine (C-X-C motif) ligand 2 
EOMES 0,50 2,33 1,06 0,46 eomesodermin homolog (Xenopus laevis) 
HBA-A1 0,72 0,20 0,56 2,74 hemoglobin alpha, adult chain 1 
HBB-B1 0,79 0,21 0,65 3,09 hemoglobin, beta adult major chain 
HBB-B2 0,88 0,20 0,63 3,21 hemoglobin, beta adult minor chain 
IFIT2 0,53 4,76 1,97 0,41 interferon-induced protein with tetratricopeptide repeats 2 
IFIT3 0,44 3,15 1,54 0,49 interferon-induced protein with tetratricopeptide repeats 3 
IFNG 0,97 5,73 2,34 0,41 interferon gamma 
LTB 0,48 2,03 0,94 0,47 lymphotoxin B 
MT2 11,51 2,85 13,07 4,59 metallothionein 2 
MX1 0,78 5,60 2,62 0,47 myxovirus (influenza virus) resistance 1 
PHF11 0,69 4,08 2,01 0,49 PHD finger protein 11 
SCGB1A1 0,35 0,45 0,21 0,47 secretoglobin, family 1A, member 1 (uteroglobin) 
SERPINA3N 6,11 2,27 7,72 3,39 serine (or cysteine) peptidase inhibitor, clade A, member 3N
SNCA 0,90 0,27 0,79 2,95 synuclein, alpha 
THBS1 5,95 2,97 7,14 2,41 thrombospondin 1 
TNF 0,82 2,94 1,27 0,43 tumor necrosis factor 
XCL1 0,80 4,41 1,84 0,42 chemokine (C motif) ligand 1 
ZBTB16 4,18 0,43 2,72 6,38 zinc finger and BTB domain containing 16 
 

When comparing spontaneous breathing respiratory syncytial virus inoculated mice (MS/RS) 

to ventilated respiratory syncytial virus inoculated mice (RS/RV), 33 genes are differentially 

regulated in both groups, mostly chemokines. The modest down-regulation of chemokine 

expression in ventilated respiratory syncytial virus inoculated mice (RS/RV) was still strongly 

upregulated compared to spontaneous breathing mock-inoculated animals (MS/RV). 

Red box: > 2-fold up-regulated. Green box: > 2-fold down-regulated. MS: mock, spontaneous 

breathing, MV: mock, normocapnic mechanical ventilation, RS: respiratory syncytial virus, 

spontaneous breathing, RV: respiratory syncytial virus, normocapnic mechanical ventilation. 
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MS/MV: ventilation effect, MS/RS: RSV-effect, RS/RV: effect mechanical ventilation during 

respiratory syncytial virus infection. 
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FIGURE LEGENDS 

 

Figure 1. Bronchoalveolar fluid cellular responses and cytokine concentrations (n=6 for 

each group) on day 5.  

A, Mean and SD of bronchoalveolar fluid pulmonary cellular responses.   

B, Mean and SD of bronchoalveolar fluid cytokines.  

BALB/c mice were inoculated with RSV (2x10e6 pfu) or mock suspension on day 0 and 

subjected to 5 hours of mechanical ventilation on day 5.  

MS: mock, spontaneous breathing, MV: mock, mechanical ventilation, RS: respiratory 

syncytial virus, spontaneous breathing, RV: respiratory syncytial virus, mechanical 

ventilation, TCC: total cell count; N: neutrophils; L: leukocytes; M: macrophages; IL-6: 

interleukin-6; KC: keratinocyte-derived chemokine; TNF-a: tumor necrosis factor-α. 

* p < .05, ** p < .01, *** p < .001 (2-way ANOVA).  
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Figure 2. Number of genes differentially regulated in 3 group comparisons  
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A total of 793 genes were differentially regulated with a change of >2.0-fold (p < 0.001) (n=4 

for each group) in lungs of RSV or mock inoculated mice on day 5 after either 5 hours of 

mechanical ventilation or spontaneous breathing. The numbers in the cross sections of the 

circles reflect the number of overlapping differentially regulated genes in the 3 group 

comparisons.  

MS: mock, spontaneous breathing, MV: mock, normocapnic mechanical ventilation, RS: 

respiratory syncytial virus, spontaneous breathing, RV: respiratory syncytial virus, 

normocapnic mechanical ventilation. MS-MV: ventilation effect, MS-RS: RSV-effect, RS-

RV: effect mechanical ventilation during RSV-infection. 
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 Figure 3. Cluster analysis of regulated genes in lungs of RSV or mock inoculated mice 

on day 5 after either 5 hours of mechanical ventilation or spontaneous breathing (n=4 

for each group). 

All genes with a change of > 2.0-fold (P < 0.001) are depicted (ANOVA). Gene expression 

changes are shown relatively to the median for spontaneous breathing mock-inoculated mice. 

Each row represents lungs of a group of mice; MS: mock, spontaneous breathing, MV: mock, 

normocapnic mechanical ventilation, MH: mock, hypercapnic mechanical ventilation, RS: 

respiratory syncytial virus, spontaneous breathing, RV: respiratory syncytial virus, 

normocapnic mechanical ventilation, RH: respiratory syncytial virus, hypercapnic mechanical 

ventilation.  
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Figure 4. Principal-component analysis of the microarray analysis of lungs of BALB/c 

mice (n=4 for each group).  

PCA identifies the two directions (PC1 and PC2) along which data have the largest spread. 

The distance between the groups in the figure corresponds to the combined differences in 

gene expression in the groups. Every letter combination above a circle (e.g. RS or MS) 

corresponds to 1 of the 6 experimental groups (n = 4 mice/group). Each letter/number 

combination inside a circle corresponds to a single mouse. (e.g. RH11 = respiratory syncytial 

virus (R), hypercapnic mechanical ventilation (H), mouse number 11). 

MS: mock, spontaneous breathing, MV: mock, normocapnic mechanical ventilation, MH: 

mock, hypercapnic mechanical ventilation, RS: respiratory syncytial virus, spontaneous 

breathing, RV: respiratory syncytial virus, normocapnic mechanical ventilation, RH: 

respiratory syncytial virus, hypercapnic mechanical ventilation. 



  31

 

 

 


