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ABSTRACT

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

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

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

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

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

MATERIALS AND METHODS

mRNA expression in ventilated patients and mice

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

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

TLR2 in murine VILI

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

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

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

RESULTS

TLR2 expression levels are enhanced in ventilated lungs

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

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

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

DISCUSSION

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

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

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