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INTERNATIONAL Summary

JOURNAL OF Recent studies on endotoxin/lipopolysaccharide (LPS)-induced acute inflammatory
EXPERIMENTAL response in the lung are reviewed. The acute airway inflammatory response to
PATHOLOGY inhaled endotoxin is mediated through Toll-like receptor 4 (TLR4) and CD14 signal-

ling as mice deficient for TLR4 or CD14 are unresponsive to endotoxin. Acute
bronchoconstriction, tumour necrosis factor (TNF), interleukin (IL)-12 and
keratinocyte-derived chemokine (KC) production, protein leak and neutrophil
recruitment in the lung are abrogated in mice deficient for the adaptor molecules
myeloid differentiation factor 88 (MyD88) and Toll/Interleukin-1 receptor (TIR)-
domain-containing adaptor protein (TIRAP), but independent of TIR-domain-
containing adaptor-inducing interferon-beta (TRIF). In particular, LPS-induced TNF
is required for bronchoconstriction, but dispensable for inflammatory cell recruit-
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Introduction tant. role in'the de'velopr.nent and progression of chronic

respiratory diseases including asthma (Kennedy et al. 1987;
Lung inflammation due to environmental pollutants, includ- Donham et al. 1989; Schwartz et al. 1995; Michel et al.
ing endotoxin or lipopolysaccharide (LPS), plays an impor- 1996; Liu 2004). Endotoxin inhalation causes acute
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respiratory distress syndrome, neutrophil recruitment, injury
of the alveolar epithelium and endothelium with protein leak
in the alveolar space (Kline et al. 1999; Arbour et al. 2000).

Here we review our recent data from our investigations on
endotoxin-induced respiratory inflammation with emphasis
on Toll-like receptor (TLR) and tumour necrosis factor
(TNF), and discuss the results with data from other literature.
Intranasal endotoxin from Gram-negative bacteria provokes
acute pulmonary inflammation, local TNF production, alveo-
lar-capillary leak and bronchoconstriction in normal BL/6
mice (Lefort et al. 2001; Schnyder-Candrian et al. 2005).
Toll-like receptor 4 and CD14 play a critical role in the
pulmonary response to systemic endotoxin administration
(Lefort et al. 1998; Andonegui et al. 2002, 2003). Aerogenic
endotoxin exposure also induces neutrophil recruitment into
the alveolar space (Lefort et al. 2001) with activation of mito-
gen-activated protein kinase (MAPK) and secretion of TNF
and other pro-inflammatory cytokines and chemokines
(Schnyder-Candrian et al. 2005). The cellular events, e.g.
endotoxin-sensing epithelial and macrophage/dendritic cell
and the inflammatory and bronchoconstrictive response are
depicted schematically (Figure 1).

Different combinations of Toll/Interleukin-1 receptor
(TIR) domain containing adaptor proteins for TLR are used
to activate distinct signalling pathways, most prominently
MyD88 and TRIF, leading to the production of pro-inflam-
matory cytokines and type I interferons (IFNs) respectively
(Akira ef al. 2006; Beutler et al. 2006). Absence of MyD88
confers resistance to systemic endotoxin-induced shock
(Kawai et al. 1999). TIRAP-deficient mice are also resistant
to the toxic effects of LPS (Yamamoto et al. 2002), with
defective induction of TNF, IL-6 or IL-12p40, and delayed
activation of NF-kB and MAP kinases (Horng et al. 2002;
Oshiumi ef al. 2003). Indeed, MyD88 and TIRAP are
involved in early activation of NF-kB and MAP kinases
(Fitzgerald ef al. 2001; Horng et al. 2001, 2002; Yamamoto
et al. 2002), whereas TRIF and TRIF-related adaptor mole-
cule (TRAM) are critical for late activation of nuclear
factor-kB (NF-kB) as well as interferon regulatory factor-3
(IRF-3) activation (Yamamoto et al. 2003a,b).

The lung is continuously exposed to environmental agents,
and the inflammatory response is believed to be different
from those present in less exposed, accessible sites (Guillot
et al. 2004; Piggott et al. 2005). We showed recently that
the TLR adaptor MyD88 is critical for the airway inflamma-
tory response to endotoxins (Noulin et al. 2005). MyD88 is
at the crossroads of multiple TLR-dependent and TLR-inde-
pendent signalling pathways, including IL-1R and IL-18R,
or the focal adhesion kinase (FAK) (Zeisel et al. 2005). In
some infection models the extreme sensitivity of MyD88-
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Figure 1 TLR4-mediated bronchoconstriction and acute
inflammatory lung pathology to inhaled endotoxin depend on
TLR4/CD14/MD2 cellular sensing and TLR4 signalling. Block-
ade of MyD88/TIRAP signalling abrogates bronchoconstriction
and inflammation, while disruption of TNF signals by MAPK
inhibition prevents only bronchoconstriction.

deficient mice may however be ascribed, at least in part, to
deficient IL-1R/IL-18R signalling, as shown recently for
cutaneous Staphylococcus aureus infection (Gamero &
Oppenheim 2006) and as we showed recently on myco-
bacterial infections (Fremond et al. 2007).

CD14/TLR4/MD2 endotoxin receptor

Using genetically modified mice we review the role of the
TLR4 and CD14 receptors on endotoxin-induced lung
injury. Inhaled endotoxin induces an acute inflammatory
response in the airways, which is mediated through TLR4
and CD14 ligation, as mice deficient for TLR4 or CD14 are
unresponsive to endotoxin. Acute respiratory dysfunction
was evaluated by whole body plethysmography, and serves
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as a measure of bronchoconstriction (Penh) upon endotoxin
(Penh)
and neutrophil recruitment in the lung were abrogated in
mice deficient for TLR4 or CD14. Further, TNF, IL-12p40,
keratinocyte-derived chemokine (KC) production and pro-

exposure. Endotoxin-induced bronchoconstriction

tein leak are also dramatically reduced (Togbe et al. 2006).
MD2-deficient mice have been reported to be resistant to
LPS (Kobayashi et al. 2006) and recent evidence suggests
that TLR4 expression, TLR4 clustering and LPS responsive-
ness critically depend on MD2 membrane expression.
Further PRAT4A is a novel membrane protein coexpressed
with TLR4 and silencing of PRAT4A-reduced TLR4 expres-
sion, as well as LPS response (Wakabayashi et al. 2006).

The inflammatory response depends on TLR4
expression level

Since TLR4 is critical for endotoxin recognition and cellular
responses, we used TIr4 transgenic mice to investigate
whether Tlr4 gene dosage might affect acute respiratory
response to endotoxin (Bihl ez al. 2003). We reported that
transgenic mice expressing either 6 or 30 copies of Tlr4 dis-
play an augmented LPS-induced bronchoconstrictive response
(Penh), neutrophil recruitment into the broncho-alveolar
lavage (BAL) fluid and the lung as assessed by myeloperoxi-
dase activity (MPO) (Togbe et al. 2006). Further, TNF and
CXCL1 (KC) production, microvascular and alveolar epithe-
lial injury, with protein leak in the airways and damage of
the lung microarchitecture were Tlr4 gene dose-dependently
increased (Togbe et al. 2006). Therefore, the level of TLR4
expression determines the extent of acute pulmonary
response to inhaled endotoxin, and TLR4 may thus be a
valuable target for immunointervention in acute lung inflam-
mation due to endotoxins delivered by aerosol.

MyD88- and TIRAP-dependent, but
TRIF-independent response to endotoxin

The TLR adaptor molecules include myeloid differentiation
factor 88 (MyD88), which associates with TIRAP, and TRIF
which is associated with TRAM (Kagan & Medzhitov
2006). Both TIRAP and TRAM are constitutively expressed
molecules (Fitzgerald et al. 2001, 2003) and may serve
as platforms responsible for the recruitment of the TLR
adapters MyD88 and TRIF.

We first investigated the role of MyD88 in endotoxin-
induced inflammatory response in the lung. Acute broncho-
constriction, TNF, IL-12p40 and KC production, protein
leak and neutrophil recruitment in the lung were abrogated
in MyD88-deficient mice (Noulin et al. 2005). MyD88 is
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not only involved in TLR signalling, but also in IRAK1-med-
iated IL-1 and IL-18 receptor signalling. Our studies
excluded a role for IL-1 and IL-18 pathways in this
response, as IL-1R1 and caspase-1 (ICE) deficient mice
developed normal lung inflammation, as shown by a vigor-
ous neutrophil recruitment in the BAL fluid, and the lung
upon endotoxin exposure, as observed in BL6 control mice
(Noulin ef al. 2005). In addition, cytokine production and
microscopic evidence for inflammation and tissue injury are
not attenuated in IL-1R1 and caspase-1 (ICE) deficient mice
(Noulin et al. 2005).

Then we generated reciprocal bone marrow chimaeras
between MyD88-expressing BL6 and MyD88-deficient mice,
using lethal total body irradiation and bone marrow recon-
stitution as described before (Muller et al. 1996). Using bone
marrow reconstituted mice we demonstrate that both hae-
matopoietic and resident cells are necessary for a full
MyD88-dependent response to inhaled endotoxin, broncho-
constriction depending on resident cells, while cytokine
secretion is mediated by haematopoietic cells (Noulin et al.
2005).

The TLR4 adapter protein TIRAP has recently been
shown to be essential for LPS-induced lung inflammation
(Jeyaseelan et al. 2005). Lipopolysaccharide-induced bron-
choconstriction was therefore compared side by side in TI-
RAP and MyD88-deficient mice (Togbe et al. 2006). Our
published data demonstrate that both adaptor proteins are
essential and non-redundant for LPS-TLR4-induced acute
pulmonary inflammation response (Figure 1). However,
other signals contributing to TLR4 or MyD88-dependent
pathways such as TRIF, IL1-R and IL-18R signalling are dis-
pensable for LPS-induced bronchoconstriction and pulmo-
nary neutrophil sequestration (Noulin et al. 2005; Togbe
et al. 2006).

TNF has no effect on neutrophil recruitment

First, we investigated the role of membrane-bound TNF and
demonstrated that membrane TNF - in the absence of
soluble TNF - is sufficient to mediate the inflammatory
responses to LPS (Togbe et al. 2007). However, ablation of
TNF in mice abrogated bronchoconstriction (Penh) upon
endotoxin administration, while inflammation was not
affected as described (Schnyder-Candrian et al. 2005). Using
cell-type specific TNF-deficient mice we showed that TNF
derived from either macrophage/neutrophil (M/N) or T
lymphocytes have differential effects on LPS-induced respira-
tory dysfunction (Penh) and pulmonary neutrophil recruit-
ment (Togbe et al. 2007). While bronchoconstriction,
vascular leak, neutrophil recruitment, TNF and thymus- and
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activation-regulated chemokine (CCL17) (TARC) expression
in the lung, were reduced in M/N-deficient mice, T cell-
specific TNF-deficient mice displayed augmented broncho-
constriction, vascular leak, neutrophil influx, and local
expression of TNF, TARC and KC. Therefore, inactivation
of TNF in either M/N or T cells has differential effects on
LPS-induced lung disease, suggesting that selective deletion
of TNF in T-cells may aggravate airway pathology (Togbe
et al. 2007).

MAPK inhibition ablates the endotoxin
response

We and others demonstrated that p38 MAPK is activated
upon endotoxin exposure of the lung (Schnyder-Candrian
et al. 2005). Local administration of a specific MAPK inhibi-
tor abrogated LPS-induced TNF production,
constriction, neutrophil recruitment into the lungs and
broncho-alveolar space, in a dose-dependent manner
(Schnyder-Candrian et al. 2005). Therefore, endotoxin-
induced acute bronchoconstriction is TNF-dependent and

broncho-

p38 MAPK-mediated, while the neutrophil recruitment is
independent of TNF but depends on LPS/TLR4-induced sig-
nals mediated by p38 MAPK.

In conclusion, TLR4-mediated, bronchoconstriction and
acute inflammatory lung pathology to inhaled endotoxin,
depend on the expression of TLR4/CD14/MD2 and on
both adaptor proteins, TIRAP and MyD88, suggesting coop-
erative roles, while TRIF, IL-1R1 and IL-18R signalling
pathways are dispensable. Further downstream in this axis
of signalling, TNF blockade only reduces acute bronchocon-
striction, while MAPK inhibition abrogates completely endo-
toxin-induced pulmonary inflammation.
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