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ABSTRACT

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

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

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

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

MATERIALS AND METHODS

Animals and experimental design

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

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

Study groups

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

Measurements

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

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

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

HMGB1 western blot

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

Statistical analysis

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

RESULTS

Stability and characteristics of the model

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

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

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

Table 1. Alveolar barrier dysfunction, cell influx and histology

C MV

Wet/dry ratio 5.02 ± 0.05 4.88 ± 0.08

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

IgM (ng/ml) 147.9 ± 16 152.0 ± 10

Cells/ml (x104) 73.1 ± 16 93.1 ± 8.8

Histology score 6.88 ± 0.9 9.25 ± 0.6*

C: non-vented contro
Mice were spontaneously breathing (C) or ventilated for 4 hours (MV). Total protein, immunoglobulin M (IgM) 
levels, and cells were analyzed in bronchoalveolar lavage fluid. n= 7-9/group. *P<0.05

0 2 4

0

50

100

150

200

B
lo

od
 p

re
ss

ur
e 

(m
m

H
g)

hours

0 2 4

150

300

450

600

H
ea

rt
 ra

te
 (b

ea
ts

/m
in

)

hours

Figure 1. Blood pressure and heart rate
Hemodynamic parameters during 4 hours of mechanical ventilation. Systolic blood pressure and heart rate were 
measured at start and after 2 and 4 hours of MV.
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Effects of ventilation on the inflammatory state

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

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

To obtain further insight in the innate immune response we studied pulmonary gene 
expression of important PRRs: Nucleotide-binding domain and leucine-rich repeat 
protein 3 (NLRP3) and apoptosis-associated speck-like protein (ASC) (both components 
of the NLRP3 inflammasome multiprotein complex), RAGE, TLR2, and TLR4 (fig. 6). Since 
all TLRs, except TLR3, signal via the myeloid differentiation protein 88 (MyD88) we also 
studied MyD88 expression. We found that levels of the TLR pathway were increased in 
lung tissue of pneumonic ventilated animals: Pulmonary gene expression levels of TLR2, 
TLR4, and MyD88 were elevated as compared to spontaneously breathing mice. MV 
also increased gene expression of components of the NLRP3 inflammasome: ASC was 
significantly higher, NLRP3 demonstrated a similar trend. In contrast, MV did not affect 
lung tissue RAGE mRNA levels.
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Figure 4. DAMPs in BALF
Uric acid (A), ATP (B) and S100A8/A9 protein (C) levels in bronchoalveolar lavage fluid of 4 hour mechanically 
ventilated (MV, white bars) or spontaneously breathing (C, black bars) mice (n=8/group). *p<0.05, **p < 0.01.
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Figure 5. HMGB1
Western blot and densitometry values demonstrating levels of high mobility group box 1 (HMGB1) in bronchoal-
veolar lavage fluid of 4 hour mechanically ventilated (MV, white bars) or spontaneously breathing mice (C, black 
bars). *p<0.05.
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Figure 6. Gene expression of pattern recognition receptors
In lung tissue homogenate, relative mRNA expression of Toll-like receptor (TLR)2 (A), TLR4 (B), Myeloid differen-
tiation factor (MyD) 88 (C), receptor for advanced glycation end products (RAGE) (D), Nucleotide-binding do-
main and leucine-rich repeat protein 3 (NLRP3) (E) and apoptosis-associated speck-like protein (ASC) (F) was 
determined by real-time PCR in mice after 4 hours of mechanical ventilation (MV, white bars) or spontaneously 
breathing (C, black bars). Levels were normalized for expression of the housekeeping gene 18S. (n=8-9/group) 
*p<0.05, **p < 0.01.
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DISCUSSION

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

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

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

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

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

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

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

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

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

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

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

Forward Reverse

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

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

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

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

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

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

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

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

Table S2. Blood gas analyses

pH 7.46±0.0

pCO2 (mmHg) 35.5±3.3

PO2 (mmHg) 106.4±9

HCO3 (mmol/l) 23.4±1.28

BE 0.1±1.1

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


