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Abstract

Purpose—Although the role of Toll-like receptors (TLRs) in bacterial infection and sepsis is
well characterized, recent studies have also shown that TLR4 and TLR2 can play an important role
in contributing to acute inflammatory processes and organ dysfunction in settings in which LPS or
other bacterial products are not present. This review presents not only insights into
pathophysiologic mechanisms that contribute to organ dysfunction and outcome in critical illness,
but also direct therapeutic approaches to ameliorating such TLR-mediated responses that may
potentially be of clinical benefit in critically ill patients.

Method—L.iterature review of the role of TLR4 and TLR2 in sterile inflammation relevant to
critical care medicine using PubMed search, including original papers in English from 1990 to
2010.

Conclusion—There is increasing evidence that TLR4 and TLR2 are not only receptors for
bacterial products, but also can be activated through other mechanisms relevant to the
pathophysiology of critical illnesses. There is evidence that TLR4 and TLR2 are involved in
ischemia-reperfusion injury and trauma where Gram-negative or Gram-positive bacteria are not
detectible in the circulation or local organ sites, such as the lungs. In these settings TLRs can
transduce other proinflammatory signals and thereby contribute to cellular activation leading to
acute lung injury and other organ system dysfunction. The consequences of TLR4 and TLR2
activation through reactive oxygen species (ROS), heat shock proteins, and other non-LPS
dependent mechanisms may be different from those associated with binding of the membrane
component of bacteria to TLR4 or TLR2 and may produce different signatures of gene activation
and release of proinflammatory mediators.
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Introduction

Toll-like receptors (TLRs) were initially characterized by their interactions with bacterial
ligands and involvement in cellular activation associated with infection and sepsis. Toll-like
receptors 2 (TLR2) and 4 (TLR4) were originally described as recognizing pathogen-
associated molecular patterns (PAMPs) derived from bacteria and other microorganisms.
However, recent studies have shown that both TLR2 and TLR4 can recognize non-microbial
ligands, including danger-associated molecular patterns (DAMPS) and other products of
inflamed tissue. Engagement of TLR2 and TLR4 initiates signaling through intracellular
pathways that lead to activation of transcription factors, such as nuclear factor-xB (NF-«xB)
and the interferon regulatory factor 3 (IRF3), that result in transcription of genes, including
proinflammatory cytokines and other immunoregulatory molecules. Recent studies in
animals have shown that activation of TLR2 and TLR4 by interaction with non-microbial
mediators can play an important role in contributing to organ dysfunction in settings
associated with critical illness, such as hemorrhage and ischemia/reperfusion injury, in
which LPS or other bacterial products are not present.

In addition to recent studies that have provided greater detail concerning the signaling
pathways activated by TLR2 and TLR4, there is increasing understanding of the nature of
the molecular interactions occurring between TLR2 and TLR4 with accessory molecules as
well as with their ligands and antagonists. New approaches to inhibit TLR2 and TLR4,
including antibodies and small molecules, provide therapeutic approaches that may have
clinical utility in critical care medicine.

In this article, we review the potential roles of TLR2 and TLR4 in contributing to non-septic
acute organ dysfunction and also speculate on the potential utility of inhibiting TLR2- and
TLR4-associated cellular activation in improving outcome from critical illnesses in which
microbial products do not appear to play a pathogenic role. In order to review the possible
role of TLR2 and TLR4 in pathophysiologic processes relevant to critical care medicine, we
searched the PubMed database by successively entering the terms Toll-like receptor, TLR,
TLR2, or TLR4 with the following words: sterile inflammation, ischemia-reperfusion,
trauma, hemorrhage, multiorgan failure, heat shock protein, HMGBL, reactive oxygen
species, hyaluronic acid and critical care.

TLR 2 and 4 signaling pathways

Engagement of ligands with the TLR2/TLR1 or TLR2/ TLR6 heterodimer or the TLR4
homodimer induces activation of intracellular signaling pathways through recruitment of the
Toll-like/interleukin 1 receptor (TIR) adapters MyD88 and Mal, resulting in activation of the
IxBa kinase (IKK) complex with subsequent degradation of IkBa, the inhibitor of NF-kB, in
the 26S proteasome [1-3]. Decreased cytoplasmic concentrations of 1kBa permit NF-«xB to
translocate from the cytosol to the nucleus and activate kB-dependent genes, which include
proinflammatory cytokines and other mediators of inflammatory and immune responses [1,
4].

Engagement of TLR2 or TLRA4 by their ligands results in cellular activation through a
common pathway that involves the TIR adapters myeloid differentiation primary response
gene (88) (MyD88) and MyD88 adapter-like (Mal) [1]. In addition, TLR4-induced signaling
can occur through an alternate pathway that utilizes Toll/IL-1 receptor domain-containing
adaptor inducing IFN-B (TRIF) and TRIF-related adaptor molecule (TRAM), which are
additional TIR-associated scaffolding proteins, and this results in the dimerization and
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activation of interferon regulatory factor 3 (IRF3), thereby leading to the transcription of
IRF3-dependent genes, such as interferon vy [1, 5] (Fig. 1).

The serum factor CD 14 facilitates TLR2 and TLR4 activation through transferring TLR-
specific ligands, such as peptidoglycan or lipoteichoic acid, to TLR2 or LPS to TLR4 (Fig.
1). TLR4 alone does not confer responsiveness of cells to LPS. TLR4 activation requires an
additional protein, MD-2, which is an accessory molecule that complexes with TLR4 [6].
Mice lacking MD-2 do not respond to LPS and are protected from endotoxemia-associated
mortality [7].

Participation of TLR2 and TLR4 in ischemia-reperfusion injury

Under physiological conditions, reactive oxygen species (ROS) participate in intracellular
signaling pathways, transcriptional regulation, and other cellular events involved in
maintaining cellular and tissue homeostasis [8]. However, in the setting of ischemia-
reperfusion and other processes related to critical illness, there is increased production of
ROS through mitochondrial electron transport mechanisms, activation of the purine/xanthine
oxidase system, and NADPH oxidase activation [9-11].

There is increasing evidence showing that TLR4 can transduce proinflammatory signals
produced by ROS. In vivo studies demonstrated decreased organ dysfunction following
hemorrhage, myocardial infarction, or kidney ischemia-reperfusion in transgenic mice
lacking TLR4 or the TLR4-related scaffolding protein MyD88 (Table 1) [12-14]. In these
models of sterile inflammation, increased circulating levels of LPS are not present, and there
is no evidence that LPS is responsible for TLR4 activation. For example, TLR4 was shown
to be a key receptor that played a central role in neutrophil activation, increases in
pulmonary concentrations of TNF-a and the development of acute lung injury after
hemorrhage, a situation in which circulating concentrations of xanthine oxidase and
production of ROS are increased, even though there is no detectible LPS in the circulation
[12]. Similarly, TLR4 has been implicated in mesenteric endothelial dysfunction following
hemorrhage and resuscitation, a situation in which there is no increase in circulating
endotoxin [15]. Infarction size after coronary ligation was decreased in C3H/HeJ mice,
which express non-functional TLR4, as compared to control C3H/HeN mice, showing that
TLR4 is required to transduce cellular activation signals initiated by myocardial ischemia
[13].

Similar to the situation with TLR4, the absence of TLR2 is associated with smaller infarct
size, reduced endothelial dysfunction and diminished leukocyte infiltration after cardiac
ischemia-reperfusion resulting from ligation of the left anterior descending coronary artery
[16]. TLR2, TLR4 and the associated intracellular protein MyD88 contribute to renal
dysfunction following ischemia reperfusion injury resulting from interruption of renal blood
flow [14, 17-19].

ROSs, such as superoxide, participate in initiating and enhancing acute inflammatory
responses [20-22]. In vivo studies have demonstrated that enhanced superoxide generation
in the extracellular milieu is proinflammatory. For example, excessive production of
extracellular superoxide through xanthine oxidase or by inhibition of dismutation of
superoxide to hydrogen peroxide resulting from the absence of extracellular superoxide
dismutase (EC-SOD) leads to more severe hemorrhage-induced organ dysfunction [23, 24].
In contrast, enhanced removal of extracellular superoxide in mice overexpressing EC-SOD
or through the administration of gene therapy resulting in increased expression of EC-SOD
is associated with beneficial effects on organ dysfunction after hemorrhage and other
ischemic insults [25, 26].
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Xanthine oxidase and NADPH oxidase appear to be important sources of extracellular
superoxide in the setting of ischemia—reperfusion injury. We and others have demonstrated
that inhibition of superoxide production by xanthine oxidase, through allopurinol treatment,
or from NADPH oxidase, as a result of blocking translocation to the membrane of the
NADPH phox 47 subunit, protected mice from proinflammatory processes initiated by
hemorrhage or ischemia-reperfusion injury [9-11, 27]. We have also shown that
extracellular superoxide derived from xanthine oxidase is able to activate neutrophils and
induce neutrophil-mediated proinflammatory responses through a TLR4-dependent
mechanism [28]. The catalytic ability of xanthine oxidase to produce superoxide is required
to activate TLR4-associated signaling pathways and proin-flammatory responses [28]. This
suggests that superoxide rather than xanthine oxidase or NADPH oxidase is a major
mediator of the proinflammatory response. In addition, our studies show that xanthine
oxidase can bind to TLR4 and that superoxide must be delivered by xanthine oxidase in
close proximity to TLR4 in order to activate neutrophils [28]. Similarly, the NADPH subunit
NOX4 (gp 47phox) can bind to TLR4 [29], and the NADPH subunit NOX2 (gp91phox) can
associate with TLR2 [30].

The precise mechanism by which extracellular super-oxide induces cell activation through
TLR4 is currently not well understood. While superoxide may directly affect TLR4
dimerization, an essential step required for initiation of intracellular signaling pathways, it is
also possible that superoxide may affect TLR4-related signaling through indirect
mechanisms. For example, increased activation of inducible nitric oxide synthase (iNOS)
and resultant production of nitric oxide (NO) accompany septic shock and other critical
illnesses [31]. Because superoxide reacts with NO, forming peroxynitrite, it is possible that
interactions between TLR4 and peroxynitrite may induce cellular activation without
requiring any direct association of superoxide with TLR4.

ROSs other than superoxide also appear to modulate inflammatory responses through TLR4-
dependent mechanisms. For example, hydrogen peroxide, which is produced by dismutation
of superoxide, has been shown to increase membrane lipid raft localization of TLR4 during
hemorrhagic shock [32]. Of note, other TLRs may also be implicated in ROS-dependent
inflammation as shown by recent studies in which hyperoxia or intestinal ischemia induced
ALI were demonstrated to be TLR3 dependent [33, 34].

Participation of TLR2 and TLR4 in trauma

Tissue injury, as well as systemic or regional hypoper-fusion as a result of hemorrhage
associated with accidental trauma, induce the release of endogenous ligands for TLR4 by
dying or necratic cells. Activation of TLR4 through interaction with these endogenous, non-
microbial mediators contributes to inflammation and the development of ALI and other
organ dysfunction.

Heme activates TLR4 by mechanisms distinct from those utilized by LPS

Heme, a central component of hemoglobin, is composed of an atom of iron linked to four
ligand groups of porphyrin. Pathophysiologic conditions associated with hemolysis or
extensive tissue damage produce increased amounts of free heme in the bloodstream. For
example, large amounts of free heme and heme-associated proteins are found after
rhabdomyolysis due to trauma, ischemia/ reperfusion injury, hemoglobinopathies, resolution
of hematomas, hemorrhage or muscle injury [35, 36]. Free heme is associated with increased
generation of ROS [37]. Exposure of macrophages to heme resulted in increased production
of the proinflammatory cytokine, tumor necrosis factor-alpha (TNF-a), through a
mechanism dependent on MyD88, TLR4 and CD14 [38]. The activation of TLR4 by heme
requires iron and the vinyl groups of the porphyrin ring [38].
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Activation of TLR4-dependent signaling pathways by heme appears to depend on an
interaction distinct from the one between TLR4/MD2 and LPS because anti-TLR4/ MD2
antibodies or a lipid A antagonist inhibit LPS-induced TNF-a secretion, but not that induced
by exposure of macrophages to heme (Table 1) [38]. Conversely, protoporphyrin IX
antagonized heme-induced activation of TLR4 without affecting that produced by LPS [38].

Fragmented hyaluronic acid, which is increased in the setting of severe trauma and acute
lung injury, activates TLR2 and TLR4

Hyaluronic acid (HA), a major extracellular matrix glycosaminoglycan, has been shown to
be present in smaller fragments at the sites of inflammation and tissue damage [39, 40]. In
vivo, high molecular weight HA (2—-6 x 10% Da) can be depolymerized and converted to low
molecular weight fragments (0.2 x 10° Da) via enzymatic degradation by hyaluronidase p-
glucuronidase and hexosaminidase. Degradation of HA and release of small molecular
weight HA fragments from the extracellular matrix has been shown to occur after traumatic
injury [41]. The importance of HA fragments in contributing to inflammation under in vivo
conditions is indicated by the fact that not only is lower molecular weight HA associated
with active inflammatory processes, but also that a decrease in CD44-dependent clearance of
HA leads to enhanced lung inflammation and injury (Table 1) [42-44]. Small molecular
weight HA fragments were found to require TLR2 and TLR4 associated with MD-2, as well
as MyD88, to stimulate mouse macrophages to produce inflammatory chemokines and
cytokines [39, 45].

Small HA fragments appear to activate TLR4-associated signaling pathways in a manner
that is different from that induced by LPS. In particular, small HA fragments require MD-2,
but not CD14, to produce activation of TLR4-associated signaling events (Table 1). Such
HA fragment associated properties are potentiated by the accessory molecule CD44, as
small HA fragments induce physical association between TLR4 and CD44 on the cell
membrane [41]. The patterns of gene activation, as determined by gene arrays, are different
in monocytes stimulated by HA fragments as compared to those found after exposure to LPS
(Table 1) [41]. TNFa, MIP-2, regulated upon activation, normal T cell expressed and
secreted (RANTES) and monocyte chimoattractant protein 1 (MCP-1) induced by HA are
expressed in a similar manner as with LPS, but other NF-xB-dependent molecules such as
granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating
factor (GM-CSF) and IL-1a are expressed differently in HA-stimulated cells as compared to
those stimulated with LPS [41]. These findings demonstrate that sterile activation of TLR4
may not induce the same pattern of gene expression as does activation of TLR4 in sepsis.
How these differing patterns of cellular activation occur have not been delineated, but one
can speculate that association of TLR4 with CD44 is involved in modulating different
spectrums of gene expression.

TLR4 participates in late inflammatory responses in which HMGB1 plays a contributory
role

High mobility group box-1 protein (HMGB1), originally described as a nuclear nonhistone
DNA-binding protein, has been shown to act as an extracellular participant in inflammation,
particularly when bound to proinflammatory mediators such as IL-1p, LPS or DNA [46-49].
Experiments in mice found that HMGB1 levels in serum are increased at late time points
after endotoxin exposure [46, 50]. We have recently shown that circulating levels of
HMGB1 are elevated within 6 h after accidental trauma in humans [51]. The
proinflammatory effects of HMGB1 were demonstrated in mice by the ability of HMGBL to
produce acute lung injury after direct intratracheal injection [52]. Administration of anti-
HMGB1 antibodies protects mice from LPS-induced lethality even if the therapy is delayed
several hours and is given after the appearance of the early proinflammatory cytokine
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response [46]. Administration of anti-HMGB1 antibodies also decreased the severity of
LPS-induced acute lung injury, even though pulmonary concentrations of proinflammatory
cytokines, such as IL-1p or TNF-a, remain elevated [52]. Similarly, in septic mice with
peritonitis, mortality can be reduced if anti-HMGBJ1 antibodies are given as long as 24 h
after the initiation of infection due to cecal ligation and perforation [53].

Transient transfection in immortalized human embryonic kidney 293 cells demonstrated that
HMGB1 induced cellular activation and NF-xB-dependent transcription through TLR2 or
TLR4 [54]. Co-immunoprecipitation studies showed interaction between HMGBL1 and
TLR2 as well as between HMGB1 and TLR4. Such interactions between HMGB1 and
TLR2 and TLR4 provide an explanation for the ability of HMGBL1 to induce cellular
activation and generate inflammatory responses that are similar to those initiated by LPS
[54]. However, we and others have demonstrated that HMGBL itself has limited or no
proinflammatory activity, and only develops the ability to induce cytokine production by
macrophages and other cell populations after binding to DNA or through association with
proinflammatory mediators, such as IL-1p (Table 1) [48]. Such results suggest that the
reported associations between HMGB1 and TLR2 or TLR4 may be due to co-factors bound
to HMGBL, and not necessarily to direct interactions of HMGB1 with TLR2 or TLR4.
Future studies will be necessary to resolve this issue.

Heat shock proteins (HSP) induce proinflammatory cytokine release through TLR2 and

TLR4

Members of the heat shock protein family, including Hsp60, Hsp70, Hsp72, Hsp90 and
gp96, are capable of inducing production of proinflammatory cytokines via CD14/TLR2 and
CD14/TLR4 receptor complex-mediated signal transduction pathways [55]. Hsp60 induces
the expression of TNFa via TLR2 and increases TNFa expression through interacting with
TLR4 and MD-2, MyD88 and TNF receptor associated factor 6 (TRAF6) (Table 1) [56].
The primary function of the HSPs appears to be as molecular chaperones in which they
recognize and bind to nascent polypeptide chains and partially folded protein intermediates,
thereby preventing aggregation and misfolding of such polypeptides [57-59].

HSPs are expressed constitutively and at increased levels under pathophysiologic conditions.
For example, HSPs leak into the extracellular compartment after necrotic cell death [60]. In
addition, HSPs can be released extracellularly independently of necrotic cell death in
response to a number of conditions, including ischemia-reperfusion injury [55, 61], trauma
[62] and intense exercise [63]. However, the mechanism by which HSPs produce cellular
activation through TLR2- and TLR4-dependent mechanisms is not well delineated, and
there is continuing controversy concerning the significance of interactions between HSPs
and TLRs [64-66].

Recent studies have used recombinant HSPs, which contain no LPS, to investigate the
mechanism by which they may produce cellular activation. Those studies demonstrate that
exposure of cells to HSPs results in a specific pattern of proinflammatory cytokine
expression, different from that induced by LPS, through a TLR4-dependent mechanism. For
example, a recent study found that Hsp72 is released by cells during hepatic ischemia-
reperfusion injury [67], and stimulation of hepatocytes with purified human recombinant
HSP72 did not induce production of TNF-a or IL-6, but did result in dose-dependent
increases in MIP-2 release. Production of MIP-2 was significantly decreased in hepatocytes
obtained from TLR4 knockout mice [67]. A second study showed that Hsp70 plays a role in
ischemia reperfusion injury by TLR4-dependent mechanisms and that recombinant Hsp70
induced NF-«B activation as well as the expression of TNF-a, IL1p and IL-6 and depression
of myocardial contractility in a TLR4-dependent manner [68].

Intensive Care Med. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lorne et al.

Page 7

Perspectives

Increasing data demonstrate an important role for TLR2 and TLR4 in contributing to organ
dysfunction in experimental settings related to critical illness, including sepsis, trauma,
hyperoxia and ischemia reperfusion injury. However, fundamental questions remain to be
addressed in order to develop specific interventions directed at modulating such TLR2- or
TLR4-associated signaling. Indeed, given the growing number of putative non-microbial
ligands that appear capable of inducing cellular activation through TLR2 and TLR4, major
issues relate to the nature of the complex formed between such ligands with TLR2 or TLR4
and the most effective way to interrupt proinflammatory signaling induced by these
interactions.

Inflammation initiated by interaction of heme with TLR4 is MD-2 independent and that
produced by small fragments of hyaluronic acid is CD 14 independent (see Table 1). Such
findings demonstrate that TLR4, and presumably TLR2, can be activated through
mechanisms other than those utilized by PAMPs and imply that pharmacological
interventions specifically aimed at these pathways of cellular interaction may reduce
pathologic inflammatory processes that contribute to critical illness without compromising
the beneficial roles of TLR2 and TLR4 in innate immunity against bacterial infection.
Therapeutic strategies that may be effective in modulating non-septic TLR2- or TLR4-
induced organ dysfunction include receptor agonists, receptor antagonists and signal
transduction inhibitors.

The association of ischemia-reperfusion or trauma with TLR4-induced organ dysfunction
suggests that down-regulation of TLR4-associated cellular activation may be useful in
improving outcome in these clinical settings. Ligand-specific interventions that target
proximal events induced by TLR2 or TLR4 engagement may have specific utility in non-
septic critical illness in which TLR2 or TLR4 plays a role. For example, even before the
description of TLRs, antagonists of lipid A were under development as treatment for gram-
negative sepsis and endotoxemia. The lipid A analog E5564 (eritoran) inhibits TLR4
activation and is currently being investigated in clinical trials for sepsis [69]. The use of
E5564 in a model of myocardial ischemia-reperfusion in mice reduced infarct size as well as
the production of proinflammatory cytokines whose transcription is dependent on NF-jB
[70]. E5564 is also able to antagonize the interaction of the protein ligand fibronectin EDA
with TLR4 [71]. These studies suggest that E5564 may be useful for clinical conditions
other than sepsis and endotoxemia in which TLR4 plays a central role in cellular activation.

Similar to lipid A analogs for TLR4, lipoteic acid analogs, such as Lactobacillus plantarum
lipoteichoic acid, inhibit signal transduction induced by engagement of TLR2. Lactobacillus
plantarum lipoteichoic acid also diminished the production of TNF-a after exposure of cells
to the TLR2 ligand staphylococcus aureus lipoteic acid [72]. Similarly, a series of novel
synthetic phospholipids that are TLR2 antagonists have been synthesized, but there are no
data on the use of these compounds in experimental situations relevant to critical illness
[73].

Disrupting the association of ligand with its receptor using specific peptides, small
molecules or antibodies is a classical way to diminish signaling and cellular activation. We
have recently demonstrated that heparin, which releases xanthine oxidase from association
with the cell membrane and TLR4, decreases superoxide-dependent activation of TLR4-
associated intracellular signaling events. This finding implies that heparin may be useful in
diminishing inflammation and organ dysfunction in pathophysiologic conditions, such as
hemorrhage or intestinal ischemia, in which increased circulating and cell-associated
concentrations of xanthine oxidase are present. The ability of heparin to decrease xanthine
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oxidase-induced TLR4 activation provides a potential mechanism for a beneficial effect of
heparin in sepsis that is not related to its anticoagulant actions [28]. In addition, since the
binding of xanthine oxidase to the cell surface is mediated through interaction with heparan
sulfate chains, peptides that can block the binding site of xanthine oxidase to
glycosaminoglycans may also specifically diminish interactions between TLR4 and xanthine
oxidase. A potential benefit of such peptides would be in blocking the proinflammatory
effects of xanthine oxidase-generated superoxide without compromising the role of TLR4 in
the host defense against bacterial infection. Similarly, specific therapies able to inhibit
interactions of NADPH oxidase subunits with the TIR domain of TLR4 could result in a
decrease of TLR4-dependent inflammation in the setting of ischemia reperfusion. Ligands,
such as heme, that can activate TLR4-induced cellular activation without the presence of
MD-2 might be disengaged from TLR4 by small interfering molecules such as
protoporphyrin IX, thereby reducing their proinflammatory effects but without inhibiting
beneficial innate immune responses to infection [38].

Antibodies to the extracellular domain of TLR2 have been successful in reducing mortality
in mice exposed to TLR2 ligands [74]. An antibody directed to the extracellular domain of

TLR2 (T2.5) abrogates the binding of lipoteichoic acid to TLR2. Such findings suggest that
anti-TLR2 antibodies may be useful in reducing TLR2-dependent non-septic inflammation

and organ dysfunction.

Small molecule approaches to modulate intracellular pathways initiated by TLR2 or TLR4
engagement are currently under investigation. For example, the cyclohexene derivative
TAK-242 is a small synthetic molecular inhibitor of TLR4, but not TLRZ2, signaling that
binds Cys747 in the intracellular signaling domain of TLR4 [75]. TAK-242 inhibits the
TLR4-induced TRIF signaling pathway as well as the MyD88-dependent pathway [75]. A
recently developed splice variant of TRAM [TRAM adapter with gold domain (TAG)]
specifically inhibits the MyD88-independent signaling pathway upon LPS treatment by
disrupting the interaction of TRIF with TRAM [76].

With the recent delineation of the crystal structures of the TLR2/TLR6 heterodimer and of
the TLR4 homodimer associated with MD-2, it is now possible to explore how non-
microbial ligands bind to TLR2 and TLR4. The availability of structural information
concerning the interaction of TLR4/MD-2 and TLR2/TLR6 with microbial and non-
microbial ligands will provide insights into the mechanisms by which TLR2 and TLR4 are
activated and may suggest novel approaches for inhibiting excessive signaling through these
receptors. Crystallography and associated functional studies may provide important insights
into how cellular activation induced by DAMPS and other non-microbial TLR2 or TLR4
ligands can be modulated without compromising host defense mechanisms important in
response to nosocomial and other infections.

A number of ligands, other than those discussed in this review, may contribute to non-septic
inflammation through TLR2- or TLR4-associated pathways in critically ill patients. For
example, TLR2 and TLR4 appear to be involved in ethanol- and acetaminophen-induced
liver injury, ventilator-induced lung injury, aspiration-associated lung injury as well as in
life-threatening asthma exacerbation [77-84].

Conclusions

The data discussed in this review show that TLR2 and TLR4 are not only receptors for

bacterial products, but also can be activated through additional mechanisms relevant to the
pathophysiology of critical illness. The consequences of activation of TLR2 and TLR4 by
ROS and other mechanisms not related to infection may be different from those associated
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with binding of microbial products and may produce different signatures of gene activation
and release of proinflammatory mediators. Future investigation will be necessary to
characterize more completely the nature of the interactions among TLR2, TLR4 and other
TLRs with non-microbial mediators of inflammation as well as their pathophysiologic
significance in critically ill patients.

The ability of ROS, hyaluronic acid fragments, HMGB1 and other non-microbial mediators
to contribute to acute inflammatory processes and organ dysfunction through pathways
involving TLR2 or TLR4 may have important therapeutic implications for patients in
intensive care units. In particular, therapeutic approaches directly aimed at diminishing
formation of complexes between TLR2 or TLR4 and specific ligands or modulating
intracellular signaling events initiated by the engagement of TLR2 or TLR4 may be
beneficial not only in sepsis, but also in settings, such as after severe trauma and blood loss,
where infection or endotoxemia does not appear to occur or to play a major role. Future
experiments and clinical trials will be necessary to further explore the therapeutic
implications of these hypotheses.
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