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Methods: Untreated wild-type mice, IL-1a3 knockout and caspase-1 knockout mice,
pralnacasan (a selective caspase-1 inhibitor)-treated mice, anti-keratinocyte-derived
chemokine (KO)-treated mice and cyclophosphamide-treated neutrophil-depleted
wild-type mice were ventilated using clinically relevant ventilator settings

(tidal volume 8 ml/kg). The lungs and plasma were collected to determine blood gas
values, cytokine profiles and neutrophil influx.

Results: Mechanical ventilation resulted in increased pulmonary concentrations of
IL-1B and KC and increased pulmonary neutrophil influx compared with non-ventilated
mice. Ventilated IL-1a3 knockout mice did not demonstrate this increase in cytokines.
No significant differences were observed between wild-type and caspase-1-deficient
or pralnacasan-treated mice. In contrast, in anti-KC antibody-treated mice and
neutropenic mice, inflammmatory parameters decreased in comparison with

ventilated non-treated mice.

Conclusions: Our results illustrate that IL-1 is indeed an important cytokine in the
inflammatory cascade induced by mechanical ventilation. However, the inflammasome/
caspase-1 appears not to be involved in IL-13 processing in this type of inflammatory
response. The attenuated inflammatory response observed in ventilated anti-KC-treated
and neutropenic mice suggests that IL-1(3 processing in mechanical ventilation-induced
inflammation is mainly mediated by neutrophil factors.
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Introduction

Mechanical ventilation is a life-saving therapy, although it can also cause ventilator-induced
lung injury (VILI) [1]. VILI is characterized by a sterile inflammatory response in
the lungs resulting in tissue damage that may sustain respiratory failure. The
mechanical ventilation-induced inflammatory response can also spread systemically,
which in severe cases can result in multi-organ dysfunction syndrome (MODS) [2].
Even protective ventilation strategies that do not cause direct mechano-induced tissue
damage (baro- or volutrauma) have been shown to elicit the release of pro-inflammatory
cytokines, recruitment of leukocytes and subsequent lung injury [3,4]. The mechanisms
behind this so-called ‘biotrauma’ have not yet been completely elucidated.

Previous studies have demonstrated that the TLR4/TRIF pathway is important in the
mechanical ventilation-induced inflammatory response [4,5]. Furthermore, it is becoming
increasingly clear that the pro-inflammatory cytokine interleukin-1p (IL-1P) plays a key
role in the pathogenesis of the inflammatory response and VILI by promoting neutrophil
recruitment and by increasing epithelial injury and permeability [6-8]. Through recognition
by the IL-1 receptor (IL-1R), not only the secreted IL-1p but also the cell-associated
family member IL-la may stimulate production of other inflammatory cytokines
via IL-1R-associated kinases (IRAKs) and thereby positively amplify the inflammatory
response [9]. However, up till now, this has not been studied in the context of mechanical
ventilation-induced inflammation.

Upon activation of the innate immune system, e.g. via TLRs, IL-1f is synthesized as
an inactive precursor molecule, pro-IL-1p, that cannot bind and activate the IL-1R [10].
In order to process pro-IL-1p and form bioactive IL-1p, proteolytic cleavage of the
N-terminal 116 amino acids from the precursor is required. Caspase-1 is the major
protein implicated in cleavage of pro-IL-1f [10,11].

Caspase-1 exists as an inactive zymogen in cells of myeloid origin (e.g. tissue
macrophages, dendritic cells) which needs to be activated to perform its proteolytic
tasks [9]. Caspase-1 is also known to be expressed in a wide range of other cell
types including lung fibroblasts and epithelial cells [12,13]. The inflammasome is a
protein platform that is responsible for the activation of caspase-1 [10,14]. A broad
range of infectious and autoimmune diseases that involve IL-1p have been associated with
inappropriate activation of the inflammasome [12,14,15], while in several other disease
models in which IL-1p plays a crucial role, the inflammasome appears not to be involved
[16,17]. IL-1p processing in these models might rely on neutrophil serine proteases, like
elastase, granzyme A, cathepsin G or proteinase-3 [10,18-20]. Hitherto, the role of
caspase-1 in processing of IL-1f in the mechanical ventilation-induced inflammatory
response is unknown.

We studied the roles of IL-1pB, caspase-1 and neutrophil factors in the mechanical
ventilation-induced inflammatory response in mice ventilated with clinically relevant
ventilator settings.

Materials and methods

All experiments were approved by the Regional Animal Ethics Committee in Nijmegen
and performed under the guidelines of the Dutch Council for Animal Care and the
National Institutes of Health. They have therefore been performed in accordance with
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the ethical standards laid down in the 1964 Declaration of Helsinki and its later

amendments.

Animals

Age-matched wild-type C57Bl/6 mice and extensively backcrossed caspase-1 knockout
mice or IL-1af knockout mice (aged 8 to 14 weeks, weight 25 + 4 g) with C57Bl/6
background were used in this study. The mice were housed in a light- and
temperature-controlled room under specific pathogen-free (SPF) conditions. Standard
pelleted chow (1.00% Ca, 0.22% Mg, 0.24% Na, 0.70% P, 1.02% K, SSNIFF Spezialdidten
GmbH, Soest, Germany) and drinking water were available ad libitum. These conditions
are similar to previous studies in which this mouse model was used [4,5,21,22].

Experimental design

IL-1aB knockout experiments

IL-1 can induce inflammation via activation of the IL-1 receptor. To study whether
IL-1 is indeed involved in initiation and/or propagation of the inflammatory cascade
induced by mechanical ventilation, mechanically ventilated IL-1af”/_ mice (n = 8)
were compared with ventilated wild-type mice (n = 8). As controls, non-ventilated
IL-1af™/_ (n = 8) and wild-type mice (n = 8) were used.

Caspase-1 experiments

Caspase-1 is able to cleave the inactive precursor pro-IL-1f to form the active cytokine
IL-1pB. To study the role of caspase-1 in the mechanical ventilation-induced inflammatory
response, mechanically ventilated caspase-1 knockout mice (n = 8) and ventilated
wild-type mice treated with the selective caspase-1 inhibitor pralnacasan (100 mg/kg)
(n = 8) were compared with ventilated untreated wild-type mice (n = 8) [23,24].
As controls, non-ventilated caspase-17/_, pralnacasan-treated wild-type and untreated
wild-type mice (n = 8 per group) were used.

Anti-KC antibody experiments

Apart from caspase-1, neutrophil serine proteases are also able to process IL-1f [8]. In
order to investigate whether the attraction of neutrophils by the chemo-attractant
keratinocyte-derived chemokine (KC) is involved in the inflammatory response elicited
by mechanical ventilation, mechanically ventilated wild-type mice treated with an
intraperitoneal dose of 100 pg of a neutralizing monoclonal anti-KC antibody
(R&D Systems, Minneapolis, MN, USA) 1 h before induction of anaesthesia (n = 8) were
compared with ventilated untreated wild-type mice (n = 8). As controls, non-ventilated
untreated wild-type mice (n = 8) were used.

Neutrophil depletion experiments

Neutrophil serine proteases are able to process IL-1p [8]. In order to study the possible
role of neutrophil factors in IL-1p processing in the mechanical ventilation-induced
inflammatory response, mechanically ventilated neutrophil-depleted wild-type mice
(n = 8) were compared with ventilated untreated wild-type mice (1 = 8). As controls,
non-ventilated wild-type mice (n = 8) were used. The neutrophil-depleted group was
neutrophil-depleted with cyclophosphamide as described previously [25,26].
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Experimental procedures
The mice were anaesthetized using an intraperitoneal injection of 7.5 pl per gram body
weight of KMA mix (25.5 mg/ml ketamine, 40 pg/ml medetomidine, 0.1 mg/ml atropine
in saline). Subsequently, the animals were orally intubated, an arterial line was placed in
the arteria carotis, and the mice were mechanically ventilated (MiniVent®, Hugo Sachs
Elektronik-Harvard Apparatus, March-Hugstetten, Germany). The ventilation settings used
were based on measured tidal volume and respiratory rate during spontaneous ventilation
in C57Bl/6 mice [27]: a tidal volume of 8 ml/kg body weight and a frequency of 150/min.
All animals received 4 cm H,O positive end-expiratory pressure (PEEP), and fraction of
inspired oxygen was set to 0.4. In order to maintain anaesthesia, boluses of 5.0 ul
per gram body weight maintenance KMA mix (3.6 mg/ml ketamine, 4 pg/ml
medetomidine, 7.5 pg/ml atropine in saline) were given every 30 min via an intraperitone-
ally placed catheter. Rectal temperature was monitored continuously and maintained
between 36.0°C and 37.5°C using a heating pad. After the 4-h ventilation period, the mice
were sacrificed by exsanguination under anaesthesia. The control mice were anaesthetized,
but not ventilated, and sacrificed shortly after induction of anaesthesia. Tissue and blood
were sampled in order to determine blood gas values (only in ventilated mice), cytokine
production and neutrophil influx.

Lipopolysaccharide (LPS) was measured in the mechanical ventilation circuit by Limulus
Amebocyte Lysate testing (Cambrex Bio Science, Walkersville, MD, USA; detection limit:
0.06 IU/ml) to rule out contamination and LPS-induced pulmonary inflammation.

Tissue harvesting

Plasma was isolated by centrifugation at 13,000¢ for 5 min and stored at —80°C. Immediately
after exsanguination, the heart and lungs were carefully removed en block via midline ster-
notomy. The right middle lung lobe was fixed in 4% buffered formalin solution overnight at
room temperature. The right lung was snap-frozen in liquid nitrogen and stored at —80°C.
The left lung was snap-frozen and placed in 500 pl lysis buffer containing PBS, 0.5% Triton
X-100 and protease inhibitor (complete EDTA-free tablets, Roche, Woerden, The
Netherlands). Subsequently, the lungs were homogenized using a polytron and subjected to
two rapid freeze-thaw cycles using liquid nitrogen. Finally, homogenates were centrifuged
(10 min, 16,000g, 4°C), and the supernatant was stored at —80°C until further analysis.

Pulmonary neutrophil influx

After overnight incubation in 4% buffered formalin solution, the right middle lung lobe
was dehydrated and embedded in paraplast (Amstelstad, Amsterdam, The Netherlands).
Sections of 4-um thickness were used. Enzyme histochemistry using chloracetatesterase
(LEDER staining) was used to visualize the enzyme activity in the neutrophils. Neutrophils
were counted manually (ten fields per mouse), and after automated correction for air/tissue

ratio, the average number of neutrophils per square centimetre per mouse was calculated.

Biochemical analysis

KC (murine equivalent of human IL-8) in the lung homogenate was determined by
enzyme-linked immunosorbent assay (ELISA; R&D Systems, Minneapolis, MN, USA).
The lower detection limit is 160 pg/ml. IL-1p in the lung homogenate was determined
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using a radioimmunoassay (RIA) as described previously [28]. In the samples of the
IL-1ap (Figure 1) and caspase (Figure 2) experiments, total protein concentrations
in the lung homogenates were determined using a BCA protein assay (Thermo
Fisher Scientific, Etten-Leur, The Netherlands), and cytokine concentrations in the
homogenates were normalized for protein concentration and therefore expressed as
nanogram cytokine per microgram protein. In the anti-KC (Figure 3) and neutrophil
depletion (Figure 4) experiments, cytokine concentrations in the lung homogenate were
not normalized for total protein content due to insufficient sample volume and therefore
expressed as picogram per millilitre.

Statistical analysis

Data were not normally distributed (determined using the Kolmogorov-Smirnov and
Shapiro-Wilk tests) and therefore expressed as median and range or median and interquar-
tile range (IQR). Differences between groups were analyzed using the Kruskal-Wallis and
Dunn's post hoc tests. Statistical analysis was performed using GraphPad Prism 5 software
(GraphPad Software, La Jolla, CA, USA). P values <0.05 were considered significant.

Results

Mean arterial pressure remained stable and above 65 mmHg in all animals throughout
the mechanical ventilation period. Blood gas values that were obtained at the end of
the ventilation period did not indicate substantial lung injury (Table 1).

Involvement of IL-1 in the mechanical ventilation-induced inflammatory response

After 4 h of mechanical ventilation, pulmonary levels of pro-inflammatory cytokine KC
significantly increased in wild-type mice compared with non-ventilated wild-type mice.
In contrast, ventilated IL-1aff knockout mice did not show an increase in pulmonary
cytokines compared with non-ventilated IL-1aff knockout mice (Figure 1).
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Figure 1 Involvement of IL-1 in the mechanical ventilation-induced inflammatory response. KC levels
in lung homogenates expressed as nanogram cytokine per microgram total protein. Data are expressed as
box-and-whiskers plots, with min to max range as whiskers. Results of analysis in the non-ventilated (C) and
ventilated (V) wild-type (WT) mice and IL-1af3 knockout (*/-) mice are shown. *p < 0.05.
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Figure 2 Involvement of caspase-1 in the mechanical ventilation-induced inflammatory response. Pulmonary neutrophil counts expressed as the number of neutrophils per square
centimetre tissue and IL-13 and KC levels in lung homogenates expressed as nanogram cytokine per microgram total protein. Data are expressed as box-and-whiskers plots, with min to max range
as whiskers. Results of analysis in the non-ventilated (C) and ventilated (V) wild-type (WT) mice, caspase-1 knockout (*/-) mice and pralnacasan-treated mice are shown. *p < 0.05.
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Figure 3 Involvement of KC in the mechanical ventilation-induced inflammatory response.
Pulmonary neutrophil counts expressed as the number of neutrophils per square centimetre tissue and
IL-1B concentration expressed as picogram cytokine per millilitre lung homogenate. Data are expressed as
box-and-whiskers plots, with min to max range as whiskers. Pulmonary neutrophils and IL-1( concentration
in the non-ventilated (C) and ventilated (V) untreated wild-type mice (WT) and anti-KC antibody-treated
wild-type (anti-KC) mice are shown. *p < 0.05.

Involvement of caspase-1 in the mechanical ventilation-induced inflammatory response
Pulmonary neutrophil influx significantly increased in mechanically ventilated mice
compared with non-ventilated wild-type and caspase-17/_ mice, but no differences were
observed between wild-type mice, caspase-17/_ mice or pralnacasan-treated mice.
Similar to the results described above, 4 h of mechanical ventilation resulted in increased
IL-1p and KC concentrations in lung homogenates in all groups. However, no significant
differences in lung cytokine levels were observed between wild-type mice, caspase-17/_
mice or pralnacasan-treated mice. (Figure 2)

Involvement of neutrophil factors in the mechanical ventilation-induced

inflammatory response

To determine whether neutrophil factors are involved in the mechanical ventilation-induced
inflammatory response and IL-1f processing, we investigated the effects of treatment with
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Figure 4 Effects of neutrophil depletion on the mechanical ventilation-induced inflammatory
response. IL-1(3 and KC concentrations expressed as picogram cytokine per millilitre lung homogenate,
measured in the non-ventilated (C) and ventilated (V) untreated wild-type (WT) and cyclophosphamide-treated
neutrophil-depleted mice. Data are expressed as box-and-whiskers plots, with min to max range as whiskers.
*p < 0.05.
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Table 1 Blood gas values after 4 h of ventilation

Median IQR

pH 7.36 7.25 10 7.38
pCO, 473 417 t0 518
PO, 153 14610 175
BE =55 -73to -40
HCO5 202 18.3 to 20.7
TCO, 210 198 to 21.5
sO% 99% 98 to 99

Lac 0.98 090 to 1.16

Values (median and IQR) from a representative ventilated group (wild-type ventilated mice used as the control group for
caspase-17/_ and pralnacasan-treated mice).

an antibody against KC. KC is one of the major factors involved in neutrophil attraction to
the site of inflammation (chemo-attractants). Mechanical ventilation resulted in increased
levels of pulmonary neutrophils (Figure 3). This increase was abrogated by pre-treatment
with an anti-KC antibody. Furthermore, the mechanical ventilation-induced increase in
pulmonary IL-1p levels was less pronounced in anti-KC-treated mice compared with
untreated mice, although this did not reach statistical significance (Figure 3).

To further confirm the role of neutrophil factors, we investigated the effects of
mechanical ventilation following neutrophil depletion using cyclophosphamide. The effect
of cyclophosphamide was visually inspected, and no pulmonary neutrophils were present
(data not shown). As depicted in Figure 4, the mechanical ventilation-induced increase in
pulmonary IL-1f and KC concentrations was diminished in neutrophil-depleted mice.

Our hypothesis regarding the role of IL-1B processing in the inflammatory response
following mechanical ventilation is illustrated in Figure 5.

Discussion

Consistent with previous results published by our group [4,5,22] and others [29,30], the
present study shows that mechanical ventilation using clinically relevant settings
induces a pulmonary inflammatory response in mice. In addition, our data is in support
of previous findings that IL-1 plays an important role in initiation and/or propagation
of the mechanical ventilation-induced inflammatory response and suggests that
processing of IL-1B in mechanical ventilation-induced inflammation occurs via the
release of neutrophil factors and not through caspase-1-dependent mechanisms.

Our finding that caspase-1 does not play a significant role in mechanical
ventilation-induced inflammation is in contrast to a recent study where the NLRP3
inflammasome was found to play an important role in the mechanical ventilation-
induced inflammatory response and VILI [31]. Several differences between their
study and ours might explain the different results. First, in the previous study,
ASC and NLRP3 (components of the inflammasome upstream of caspase-1) knock-
out mice were used, and it was shown that mechanical ventilation activated
caspase-1 in a NLRP3-dependent fashion. Nevertheless, it is very well possible that
ASC and NLRP3 play other roles in the mechanical ventilation-induced inflammatory
cascade than merely activating caspase-1. As abrogation and inhibition of caspase-1 by
either a knockout approach or pralnacasan treatment did not have any effect in our



Timmermans et al. Intensive Care Medicine Experimental 2013, 1:8 Page 9 of 12
http://www.icm-experimental.com/content/1/1/8

& .
. . , Mechanotransduction 2

DAMP release @

Y TLR4 @

Neutrophil recruitment

IL-1Re0

Figure 5 Hypothesis regarding the role of IL-1f processing in the inflammatory response following
mechanical ventilation. We present the following hypothesis based on our results and previous findings.
Mechanical ventilation causes mechanotransduction and cell and/or tissue damage. This causes the release
of danger-associated molecular patterns (DAMPs) that activate TLR4 and possibly other pattern recognition
receptors. Ligation of these receptors induces production of cytokines, most importantly IL-13. Subsequently,
KC is produced, leading to neutrophil recruitment to the lungs. Pro-IL-1(3 processing to bioactive IL-13 could
occur intracellularly by caspase-1, although in our model, it only plays a minor role in IL-1( bioactivation, not
excluding that it may be involved at the onset of the inflammatory process, when very few neutrophils are
present. The majority of pro-IL-13 is excreted in the inactive form and then cleaved by factors released by
neutrophils, such as neutrophil serine proteases. Finally, active IL-13 present extracellularly binds to the IL-1R,
which in turn leads to the production of more cytokines and hence positive amplification of the inflammatory
response. As such, a positive feedback loop is activated which could be an explanation for the extensive
inflammatory response observed following mechanical ventilation. Numbers 1 to 4 represent the experiments
performed in this study and correspond to the figure numbers in this paper. References [4] and [22] refer to
previous studies performed by our group.

model, the role of caspase-1/the inflammasome appears not to be as crucial as suggested.
Second, differences between wild-type and ASC or NLRP3 knockout were only found at a
high tidal volume of 15 ml/kg, known to cause extensive lung damage [22], while no
effects were found at a low tidal volume of 7.5 ml/kg, which is more representative of the
current clinical practice and similar to that used in the present study. This suggests that
the inflammasome might play a more important role at higher tidal volumes which lead
to apparent lung injury but not in mechanical ventilation-induced inflammation at
clinically relevant ventilator settings. Interestingly, a more recent study from the
same group showed that pre-treatment with allopurinol or uricase (both degraders of
known inflammasome-activating factors [32]) did not decrease mechanical ventilation-
induced inflammation, which is in support of a caspase/inflammasome-independent
mechanism [33]. As beneficial effects of uricase and allopurinol were observed in terms of
alveolar barrier dysfunction, it appears plausible that ASC and NLRP3 are involved in
VILI via inflammation-independent mechanisms.

The pronounced influx of neutrophils in the lung observed in our experiments
suggests a major role for these inflammatory cells in the inflammatory cascade following
mechanical ventilation. Our findings that treatment with an antibody against KC or
depletion of neutrophils reduced the mechanical ventilation-induced production of
IL-1p and KC indicate an important role for neutrophils in initiation and/or propagation
of the inflammatory response. In this respect, pro-IL-1f cleavage in our model is probably
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achieved through neutrophil factors, such as the serine proteases proteinase-3 (PR-3),
elastase or cathepsin G, leading to bioactive IL-1p and propagation of the inflammatory
response through binding of the IL-1-receptor, which in turn leads to production of other
inflammatory cytokines such as KC [10,34,35]. Several other IL-1B-mediated inflamma-
tory responses are described to be partly or completely independent of the inflammasome
and caspase-1 and possibly dependent on neutrophil factors, including proteinase-3 and
cathepsin G [35]. Future studies should focus on the confirmation of our hypothesis and
the identification of these neutrophil factors.

Our study has several limitations. First, we used cyclophosphamide to deplete neutro-
phils. While this is a widely used method [25,26,36,37], cyclophosphamide treatment
may also result in depletion of other cell types that play a role in mechanical
ventilation-induced inflammation [38,39]. Nevertheless, our data of mice treated with
an anti-KC antibody underline the importance of neutrophils in this process. Second,
no histological slides to perform neutrophil counts were collected in the IL-laf™/_
experiments to investigate whether these knockout mice were still able to recruit neu-
trophils. Finally, we cannot exclude the possibility that next to mechanical ventilation,
the procedures related to the instrumentation/ventilation (e.g. intubation, arterial
cannulation) also induce inflammation to a certain extent. However, we have previously
shown that the inflammatory response is aggravated when mice are ventilated with
these parameters for a longer period of time or when higher tidal volumes are used,
suggesting that the inflammatory response is mainly ventilation-induced.

Conclusions

In conclusion, our results indicate that IL-1 signalling is important in mechanical
ventilation-induced inflammation. We show that following mechanical ventilation,
IL-1p bioactivation is not caspase-1 dependent but appears to be mediated by neutrophil
factors, leading to a positive amplification loop and further propagation of the inflammatory
response. Further elucidation of the precise mechanism of IL-1f processing in mechanical
ventilation-induced inflammation could provide novel targets for the future treatment of
VILI [40].

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

KT performed the experiments, carried out the data analysis, interpreted the results and drafted the manuscript. SW
wrote the applications for the animal ethics committee, performed the data analysis and corrected the manuscript. MV
performed the anti-KC and neutrophil depletion experiments and corrected the manuscript. JL developed the software
to automate neutrophil counting and corrected the manuscript. MN and LJ conceived the study design, interpreted
the results, were involved in the hypothesis development and corrected the manuscript. PP and GS supervised the
experiments, interpreted the results and corrected the manuscript. MK supervised the experiments, interpreted the
results, was involved in the hypothesis development and supervised the drafting and correction of the manuscript.

All authors read and approved the final manuscript.

Acknowledgements

This work was supported by a Vici Grant of the Netherlands Organization for Scientific Research to Mihai Netea.
The authors would like to thank llona van den Brink and Francien van de Pol for the assistance with the animal
experiments and Ineke Verschueren and Jelle Gerretsen for the technical assistance with the cytokine assays.

Author details

'Department of Anaesthesiology, RUNMC, Nijmegen 6500 HB, The Netherlands. “Department of Pathology, RUNMC,
Nijmegen 6500 HB, The Netherlands. *Department of Intensive Care Medicine, RUNMC, Internal mail 710, P.O. Box
9101, Nijmegen 6500 HB, The Netherlands. *Department of Internal Medicine, RUNMC, Nijmegen 6500 HB, The
Netherlands.



Timmermans et al. Intensive Care Medicine Experimental 2013, 1:8
http://www.icm-experimental.com/content/1/1/8

Received: 9 October 2013 Accepted: 10 October 2013
Published: 29 October 2013

References

1.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lionetti V, Recchia FA, Ranieri VM (2005) Overview of ventilator-induced lung injury mechanisms. Curr Opin Crit
Care 11:82-86

Villar J, Blanco J, Zhang H, Slutsky AS (2011) Ventilator-induced lung injury and sepsis: two sides of the same coin?
Minerva Anestesiol 77:647-653

Gattinoni L, Protti A, Caironi P, Carlesso E (2010) Ventilator-induced lung injury: the anatomical and physiological
framework. Crit Care Med 38:5539-548

Vaneker M, Joosten LA, Heunks LM, Snijdelaar DG, Halbertsma FJ, van Egmond J, Netea MG, van der Hoeven JG,
Scheffer GJ (2008) Low-tidal-volume mechanical ventilation induces a toll-like receptor 4-dependent inflammatory
response in healthy mice. Anesthesiology 109:465-472

Vaneker M, Heunks LM, Joosten LA, van Hees HW, Snijdelaar DG, Halbertsma FJ, van Egmond J, Netea MG, van
der Hoeven JG, Scheffer GJ (2009) Mechanical ventilation induces a Toll/interleukin-1 receptor domain-containing
adapter-inducing interferon beta-dependent inflammatory response in healthy mice. Anesthesiology 111:836-843
Frank JA, Pittet JF, Wray C, Matthay MA (2008) Protection from experimental ventilator-induced acute lung injury
by IL-1 receptor blockade. Thorax 63:147-153

Ma SF, Grigoryev DN, Taylor AD, Nonas S, Sammani S, Ye SQ, Garcia JG (2005) Bioinformatic identification of novel
early stress response genes in rodent models of lung injury. Am J Physiol Lung Cell Mol Physiol 289:L468-477
Wallace MJ, Probyn ME, Zahra VA, Crossley K, Cole TJ, Davis PG, Morley CJ, Hooper SB (2009) Early biomarkers and
potential mediators of ventilation-induced lung injury in very preterm lambs. Respir Res 10:19

Dinarello CA (2011) Blocking interleukin-Tbeta in acute and chronic autoinflalmmatory diseases. J Intern Med
269:16-28

Dinarello CA (2011) Interleukin-1 in the pathogenesis and treatment of inflammatory diseases. Blood 117:3720-3732
Khare S, Luc N, Dorfleutner A, Stehlik C (2010) Inflammasomes and their activation. Crit Rev Immunol 30:463-487
Ichinohe T, Lee HK, Ogura Y, Flavell R, Iwasaki A (2009) Inflammasome recognition of influenza virus is essential for
adaptive immune responses. J Exp Med 206:79-87

Vats V, Agrawal T, Salhan S, Mittal A (2010) Characterization of apoptotic activities during chlamydia trachomatis
infection in primary cervical epithelial cells. Immunol Invest 39:674-687

Yazdi AS, Guarda G, D'Ombrain MC, Drexler SK (2010) Inflammatory caspases in innate immunity and
inflammation. J Innate Immun 2:228-237

Hoffrman HM, Wanderer AA (2010) Inflammasome and IL-1beta-mediated disorders. Curr Allergy Asthma Rep
10:229-235

Joosten LA, Netea MG, Fantuzzi G, Koenders MI, Helsen MM, Sparrer H, Pham CT, van der Meer JW, Dinarello CA,
van den Berg WB (2009) Inflammatory arthritis in caspase 1 gene-deficient mice: contribution of proteinase 3 to
caspase 1-independent production of bioactive interleukin-Tbeta. Arthritis Rheum 60:3651-3662

Mencacci A, Bacci A, Cenci E, Montagnoli C, Fiorucci S, Casagrande A, Flavell RA, Bistoni F, Romani L (2000)
Interleukin 18 restores defective Th1 immunity to Candida albicans in caspase 1-deficient mice. Infect Immun
68:5126-5131

Coeshott C, Ohnemus C, Pilyavskaya A, Ross S, Wieczorek M, Kroona H, Leimer AH, Cheronis J (1999) Converting
enzyme-independent release of tumor necrosis factor alpha and IL-1beta from a stimulated human monocytic cell
line in the presence of activated neutrophils or purified proteinase 3. Proc Natl Acad Sci U S A 96:6261-6266
Greten FR, Arkan MC, Bollrath J, Hsu LC, Goode J, Miething C, Goktuna SI, Neuenhahn M, Fierer J, Paxian S,

Van Rooijen N, Xu Y, O'Cain T, Jaffee BB, Busch DH, Duyster J, Schmid RM, Eckmann L, Karin M (2007) NF-kappaB
is a negative regulator of IL-1beta secretion as revealed by genetic and pharmacological inhibition of IKKbeta.
Cell 130:918-931

Fantuzzi G, Dinarello CA (1999) Interleukin-18 and interleukin-1 beta: two cytokine substrates for ICE (caspase-1).

J Clin Immunol 19:1-11

Vaneker M, Santosa JP, Heunks LM, Halbertsma FJ, Snijdelaar DG, van Egmond J, van den Brink IA, van de Pol FM,
van der Hoeven JG, Scheffer GJ (2009) Isoflurane attenuates pulmonary interleukin-1beta and systemic tumor
necrosis factor-alpha following mechanical ventilation in healthy mice. Acta Anaesthesiol Scand 53:742-748
Vaneker M, Halbertsma FJ, van Egmond J, Netea MG, Dijkman HB, Snijdelaar DG, Joosten LA, van der Hoeven JG,
Scheffer GJ (2007) Mechanical ventilation in healthy mice induces reversible pulmonary and systemic cytokine
elevation with preserved alveolar integrity: an in vivo model using clinical relevant ventilation settings.
Anesthesiology 107:419-426

Loher F, Bauer C, Landauer N, Schmall K, Siegmund B, Lehr HA, Dauer M, Schoenharting M, Endres S, Eigler A
(2004) The interleukin-1 beta-converting enzyme inhibitor pralnacasan reduces dextran sulfate sodium-induced
murine colitis and T helper 1 T-cell activation. J Pharmacol Exp Ther 308:583-590

Cornelis S, Kersse K, Festjens N, Lamkanfi M, Vandenabeele P (2007) Inflammatory caspases: targets for novel
therapies. Curr Pharm Des 13:367-385

van't Wout JW, Linde |, Leijh PC, van Furth R (1989) Effect of irradiation, cyclophosphamide, and etoposide (VP-16)
on number of peripheral blood and peritoneal leukocytes in mice under normal conditions and during acute
inflammatory reaction. Inflammation 13:1-14

Netea MG, Kullberg BJ, Blok WL, Netea RT, van der Meer JW (1997) The role of hyperuricemia in the increased
cytokine production after lipopolysaccharide challenge in neutropenic mice. Blood 89:577-582

Janssen BJ, Smits JF (2002) Autonomic control of blood pressure in mice: basic physiology and effects of genetic
modification. Am J Physiol Regul Integr Comp Physiol 282:R1545-1564

Li LF, Ouyang B, Choukroun G, Matyal R, Mascarenhas M, Jafari B, Bonventre JV, Force T, Quinn DA (2003)
Stretch-induced IL-8 depends on c-Jun NH2-terminal and nuclear factor-kappaB-inducing kinases. Am J Physiol
Lung Cell Mol Physiol 285:L.464-475

Page 11 of 12



Timmermans et al. Intensive Care Medicine Experimental 2013, 1:8
http://www.icm-experimental.com/content/1/1/8

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

The Acute Respiratory Distress Syndrome Network (2000) Ventilation with lower tidal volumes as compared with
traditional tidal volumes for acute lung injury and the acute respiratory distress syndrome. N Engl J Med
342:1301-1308

Villar J, Cabrera NE, Casula M, Flores C, Valladares F, Diaz-Flores L, Muros M, Slutsky AS, Kacmarek RM (2010)
Mechanical ventilation modulates TLR4 and IRAK-3 in a non-infectious, ventilator-induced lung injury model.
Respir Res 11:27

Kuipers MT, Aslami H, Janczy JR, van der Sluijs KF, Vlaar AP, Wolthuis EK, Choi G, Roelofs JJ, Flavell RA, Sutterwala
FS, Bresser P, Leemans JC, van der Poll T, Schultz MJ, Wieland CW (2012) Ventilator-induced lung injury is
mediated by the NLRP3 inflammasome. Anesthesiology 116:1104-1115

Gasse P, Riteau N, Charron S, Girre S, Fick L, Petrilli V, Tschopp J, Lagente V, Quesniaux VF, Ryffel B, Couillin | (2009)
Uric acid is a danger signal activating NALP3 inflammasome in lung injury inflammation and fibrosis. Am J Respir
Crit Care Med 179:903-913

Kuipers MT, Aslami H, Vlaar AP, Juffermans NP, Tuip-de Boer AM, Hegeman MA, Jongsma G, Roelofs JJ, van der Poll
T, Schultz MJ, Wieland CW (2012) Pre-treatment with allopurinol or uricase attenuates barrier dysfunction but not
inflammation during murine ventilator-induced lung injury. PLoS One 7:50559

Miller LS, O'Connell RM, Gutierrez MA, Pietras EM, Shahangian A, Gross CE, Thirumala A, Cheung AL, Cheng G,
Modlin RL (2006) MyD88 mediates neutrophil recruitment initiated by IL-1R but not TLR2 activation in immunity
against Staphylococcus aureus. Immunity 24:79-91

van de Veerdonk FL, Netea MG, Dinarello CA, Joosten LA (2011) Inflammasome activation and IL-1beta and IL-18
processing during infection. Trends Immunol 32:110-116

Cote CK, Van Rooijen N, Welkos SL (2006) Roles of macrophages and neutrophils in the early host response to
Bacillus anthracis spores in a mouse model of infection. Infect Immun 74:469-480

Cirioni O, Ghiselli R, Tomasinsig L, Orlando F, Silvestri C, Skerlavaj B, Riva A, Rocchi M, Saba V, Zanetti M, Scalise G,
Giacometti A (2008) Efficacy of LL-37 and granulocyte colony-stimulating factor in a neutropenic murine sepsis
due to Pseudomonas aeruginosa. Shock 30:443-448

Becker JC, Schrama D (2013) The dark side of cyclophosphamide: cyclophosphamide-mediated ablation of
regulatory T cells. J Invest Dermatol 133:1462-1465

Venhoff N, Effelsberg NM, Salzer U, Warnatz K, Peter HH, Lebrecht D, Schlesier M, Voll RE, Thiel J (2012) Impact of
rituximab on immunoglobulin concentrations and B cell numbers after cyclophosphamide treatment in patients
with ANCA-associated vasculitides. PLoS One 7:€37626

Duranton J, Bieth JG (2003) Inhibition of proteinase 3 by [alpha]1-antitrypsin in vitro predicts very fast inhibition
in vivo. Am J Respir Cell Mol Biol 29:57-61

doi:10.1186/2197-425X-1-8
Cite this article as: Timmermans et al.: IL-1B processing in mechanical ventilation-induced inflammation is
dependent on neutrophil factors rather than caspase-1. Intensive Care Medicine Experimental 2013 1:8.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com

Page 12 of 12



	Abstract
	Purpose
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Animals
	Experimental design
	IL-1αβ knockout experiments
	Caspase-1 experiments
	Anti-KC antibody experiments
	Neutrophil depletion experiments

	Experimental procedures
	Tissue harvesting
	Pulmonary neutrophil influx
	Biochemical analysis
	Statistical analysis

	Results
	Involvement of IL-1 in the mechanical ventilation-induced inflammatory response
	Involvement of caspase-1 in the mechanical ventilation-induced inflammatory response
	Involvement of neutrophil factors in the mechanical ventilation-induced inflammatory response

	Discussion
	Conclusions
	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References

