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Abstract

Chronic injury often triggers maladaptive wound healing responses leading to the development of
tissue fibrosis and subsequent organ malfunction. Inflammation is a key component of the wound
healing process and promotes the development of organ fibrosis. Here, we review the contribution
of Toll-like receptors (TLRs) to wound healing with a particular focus on their role in liver, lung,
kidney, skin and myocardial fibrosis. We discuss the role of TLRs on distinct cell populations that
participate in the repair process following tissue injury, and the contribution of exogenous and
endogenous TLR ligands to the wound healing response. Systemic review of the literature shows
that TLRs promote tissue repair and fibrosis in many settings, albeit with profound differences
between organs. In particular, TLRs exert a pronounced effect on fibrosis in organs with higher
exposure to bacterial TLR ligands, such as the liver. Targeting TLR signaling at the ligand or
receptor level may represent a novel strategy for the prevention of maladaptive wound healing and
fibrosis in chronically injured organs.

1. Introduction

The capacity to detect tissue injury and to initiate adequate repair mechanisms is
indispensable for the survival of all higher species. A common aspect of all types of injury —
caused by infectious, physical, chemical or immune processes — is a compositional change
of the cellular environment leading to the presence of novel molecular patterns. These
patterns are recognized by a group of receptors termed pattern recognition receptors (PRRS),
and trigger specific responses that promote the restoration of tissue function, including
inflammation and wound healing.

Pathogen recognition is critical to survive in an essentially hostile environment that is full of
potentially infective microorganisms. Detection systems for molecular patterns characteristic
for pathogens (pathogen-associated molecular patterns = PAMPS) developed early in
evolution, and are present in most species including plants and invertebrates [1, 2]. Toll-like
receptors (TLRs) are a group of highly conserved pattern recognition receptors that signal
the presence of various PAMPs to cellular constituents of the innate and adaptive immune
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system. Upon binding to distinct biochemical components of protozoa, bacteria and viruses,
TLRs trigger immune responses via NF-xB -dependent and interferon regulatory factor
(IRF)-dependent mechanisms. In addition to their function as pathogen recognition
receptors, TLRs may also be activated by endogenous ligands termed damage-associated
molecular patterns (DAMPS), that are either inaccessible to the immune system under
physiologic conditions or undergo changes in response to injury, leading to recognition by
PRRs. After tissue injury, these patterns are unmasked or released from damaged cells, and
subsequently trigger inflammation via TLRs and other PRRs. Accordingly, TLRs can be
considered as master safeguards of the structural integrity of tissue: activated through
molecular indicators of infection or injury, they exert a key role in initiating
countermeasures that repair the wound and protect the host from further damage.

Inflammation and wound healing are tightly linked processes as demonstrated by the need
for inflammatory signals to recruit both fibroblasts and macrophages for tissue repair and
removal of debris. However, sustained inflammation may lead to maladaptive processes like
loss of functional parenchyma, fibrosis and carcinogenesis in a variety of organs [3-5] (see
Fig. 1). TLR signaling in particular has been identified as a trigger of inflammation leading
to dysfunctional wound healing in several chronic diseases [5]. Here, we will review the role
of TLRs in the regulation of wound repair and fibrogenesis in the setting of chronic injury,
with a particular focus on five main organs, which are commonly affected by chronic
inflammation and maladaptive wound healing responses: the liver, kidney, lung, skin and
heart. Insight into the complex interactions between TLRs and their ligands may reveal
novel targets for the prevention or treatment of these maladaptive responses to chronic
injury.

2. Wound healing and the danger hypothesis

Despite being sterile, tissue injury often leads to profound inflammation [6]. Inflammatory,
fibrogenic and regenerative responses are part of a complex and intertwined injury response
system that serves to contain damage and to restore and maintain tissue function through
recruitment of several types of specialized cells: platelets and fibroblasts provide mechanical
stability to the wound in the short and long term, phagocytic leukocytes combat potential
pathogens and clear the site of injury from dead cells and debris, and progenitor or stem
cells replace functional epithelium. Inflammation may be initiated via acellular biochemical
reaction cascades such as the complement system and coagulation cascade, and via the
activation of resident immune cells. Both lead to the recruitment of circulating white blood
cells into the injured tissue and the production of different cytokines, which further amplify
inflammation and cell recruitment, or regulate important aspects of tissue repair such as
regeneration and fibrogenesis. The inflammatory phase of wound healing resolves within
several days and transitions into a regenerative phase, characterized by extracellular matrix
(ECM) production through activated and proliferating fibroblasts, as well as angiogenesis,
re-epithelialization and wound contraction. Ultimately, the provisional matrix remodels into
the “pre-injury state”, or matures into scar tissue.

Numerous mediators that are essential for inflammation, wound healing and fibrogenic
responses are well-established including inflammatory cytokines, TGFf3, PDGF and several
chemokines [7]. However, it is not well understood through which mechanisms cells sense
the presence of tissue injury and initiate these responses in the first place. One hypothesis is
that the activation of the coagulation cascade following damage of vascular endothelial cells
is a major stimulus for wound healing and inflammation, as demonstrated by
proinflammatory and profibrogenic effects of cleaved clotting factors on tissue-resident and
circulating cells [8-11], as well as the release of fibrogenic mediators such as serotonin,
PDGF and TGFp from activated platelets or endothelial cells [7, 12-14]. A second

Biochim Biophys Acta. Author manuscript; available in PMC 2014 July 01.



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

1duasnuey Joyiny vd-HIN

Huebener and Schwabe Page 3

hypothesis is that the encounter with unknown molecular patterns released from damaged or
injured cells (DAMPs) triggers inflammatory, fibrogenic and regenerative responses in
specific cell types [15-17]. Finally, physical changes in the extracellular environment such
as an increase in pressure and tissue stiffness may also trigger or amplify fibrosis via
activation of fibrogenic cell populations through mechanoreceptors [18-20]. These
hypotheses are not mutually exclusive, and it is likely that the coagulation cascade, DAMPs
and physical forces co-operatively regulate wound healing responses.

DAMPs are a growing group of signature molecules comprising biochemical entities as
diverse as nucleic acids, extracellular matrix fragments, cytoskeleton components, small
molecules like uric acid and ATP, as well as large proteins such as heat shock proteins
(HSPs), S100 proteins or high mobility group box protein 1 (HMGB1) [21-26]. Under
physiologic conditions, these molecules do not trigger inflammation due to seclusion in
intracellular compartments or physicochemical properties that render them inert to PRRs.
After tissue injury, however, DAMPs are either released into the extracellular space or
undergo chemical changes, leading to recognition by PRRs expressed by immune cells and
other cell types. Based on these insights, it has been suggested that the immune system has
not only evolved to detect patterns that signal foreignness, but to globally detect patterns that
signal danger [27]. In the setting of chronic injury, DAMPs and their receptors may
contribute to maladaptive wound healing by triggering chronic inflammation and activation
of fibrogenic cell populations [5, 28, 29].

3. Toll-like receptors and signaling

TLR ligands

Toll, the founding member of the TLR family, was described more than 20 years ago as a
regulator of dorsoventral polarization processes in the embryogenesis of Drosophila
melanogaster [30]. Subsequently, a vital role of Toll in the induction of an immunological
defense against fungal and bacterial infections was uncovered, and homologous receptors in
vertebrates were identified [31-33]. In contrast to Drosophila, vertebrate species exhibit a
diversification of TLRs into up to 12 different transmembrane proteins, allowing the
detection of a wide range of ligands. In combination and in cooperation with other pathogen
recognition receptors, TLRs precisely exert the function of pathogen recognition, which was
postulated by Charles Janeway more than 20 years ago [34]. As conserved germline-
encoded pattern recognition receptors, TLRs empower cells of the innate immune system to
reliably differentiate “self” from “non-self” patterns through detection of conserved
microbial PAMPs. The recognized patterns are unique to microbes and essential products of
their metabolism, so that mutations cannot readily render these organisms undetectable by
TLRs. Finally, the interactions between PAMPs with TLRs are perceived as signatures of
infection and consequently induce an immunological response.

TLRs efficiently recognize distinct components of various pathogens through direct or
adaptor-mediated binding (see Table 1): TLR1, TLR2 and TLR6 recognize cell wall
components of gram-positive bacteria such as peptidoglycan, N-acy! lipoproteins or
lipoteichoic acid. TLR3 and TLR?7 are activated by double- or single-stranded RNA,
indicating viral infection, and TLR9 senses unmethylated CpG dinucleotides, a
characteristic feature of bacterial and viral pathogens. TLR4 recognizes distinct components
of lipopolysaccharide (LPS), a cell wall component of all gram-negative bacteria that
consists of a lipophilic region (“lipid A”), a covalently linked hydrophilic oligosaccharide
and a polysaccharide chain termed O-polysaccharide [35, 36]. Lipid A constitutes the
biologically active compound of LPS, whereas the presence (“smooth” LPS) or absence
(“rough” LPS) of O-polysaccharide varies depending on the microbial source of LPS and
determines the need for additional adaptor molecules for TLR4 activation [36, 37].
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Importantly, most TLRs may be activated by diverse ligands, which often do not share any
obvious structural similarities. It is therefore believed that TLRs may have a wide ligand
spectrum that possibly includes patterns not derived from pathogens [38, 39]. This concept
is exemplified by hyaluronic acid, a major component of the extracellular matrix in virtually
all organs. In its physiological, unfragmented form (M,,>1,000 kDa), hyaluronan is
biologically inert or may even exert anti-inflammatory and anti-angiogenic effects.
Following modulation by hyaluronidases and reactive oxygen species (ROS) during tissue
injury, the emerging small molecular weight fragments (M,,~100-250kDa) stimulate
inflammatory and wound healing responses through TLR4 and TLR2 on immune cells [40-
44]. HMGB1 is another postulated endogenous TLR ligand that contributes to inflammation
in various models of injury via signaling through TLR2, TLR4 and RAGE on inflammatory
cells [25, 45]. This abundantly expressed nucleoprotein can be secreted by activated immune
cells or passively released from necrotic cells, but is retained within cells undergoing
apoptosis, which may account for the virtual lack of inflammation in response to
programmed cell death [45, 46].

The detection of DAMPs empowers the immune system to sense tissue damage or danger
even in the absence of infection, mostly mediated through interactions with TLR2 or TLR4,
thus sharing receptors with their PAMP counterparts [41, 47]. Others, such as ATP and its
receptor P2X7, cooperate with other inflammatory stimuli to induce activation of the
inflammasome (see also the chapter on the role of the inflammasome in fibrosis by W.
Mehal in this issue). It needs to be noted, however, that the bona fide DAMP properties of
several candidate molecules remain yet to be confirmed due to limitations that are inherent
to the methodology employed in this field of research: recombinant molecules used in
experimental studies are commonly derived from bacterial systems, and contamination with
bacterial components may account for some of the observed proinflammatory effects.
HMGB1 was originally described as a direct TLR2/4 activator, yet an intrinsic
proinflammatory activity was not confirmed in more recent studies [48]. Instead, HMGB1
appears to amplify the inflammatory response to different TLR agonists, as demonstrated by
the increased production of tumor necrosis factor (TNF) in monocytes after stimulation with
HMGBL1 and LPS in comparison to LPS alone [49, 50], as well as impaired TLR3, TLR7
and TLR9 activation in vivo in the absence of HMGBL1 [51]. Furthermore, the biological
properties of the HMGBZ1 molecule may depend on the redox status of critical cysteine
residues, which is largely determined by the wound microenvironment and the mode of
HMGB1 release [52]. Future studies employing clean genetic inactivation methods will help
circumvent some of these limitations and provide clearer insights into the contribution of
individual DAMP candidates to disease processes.

Beyond ligand specificity, TLR diversification extends to the subcellular localization of the
respective receptor molecules: TLR 1, 2, 4, 5, 6 and 10 are cell surface receptors, whereas
TLR 3,7, 8 and 9 are localized in the endosome. The differential distribution contributes to
optimal recognition of their respective ligands, as many of the patterns that activate
endosomal TLRs — mostly pathogenic DNA and RNA - enter through this cellular
compartment. In addition, the restriction of TLRs to specific cellular compartments may
reduce the risk for exposure to endogenous molecules under physiologic conditions. Finally,
the temporal and spatial patterns of TLR expression emerge as a highly efficient “response
network”, which orchestrates the function of the involved inflammatory and resident cell
populations into a coordinated immune response following tissue injury [53, 54].

TLR signaling

Although individual TLRs recognize distinct ligands, the mechanisms of TLR activation and
signal transduction are highly conserved (see Fig. 2). Ligand binding occurs via leucin-rich
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repeats (LRRs) of extracellular TLR domains and triggers signal transduction pathways
through interaction of Toll/interleukin-1 receptor (TIR) domains on the intracellular side
with conserved adaptor molecules (reviewed in [55]). TLR4 signals as a homodimer, but
requires the presence of multiple other proteins, including MD-2 and CD14 on macrophages
and RP105 on B cells, to activate downstream signaling in response to LPS. In contrast to
TLR4, TLR2 forms heterodimers with either TLR1 or TLR®6 to recognize components of
gram-positive bacteria. TLRs signal through two upstream signaling molecules, myeloid
differentiation factor 88 (MyD88) or Toll-Interleukin-1R domain-containing adaptor
inducing interferon-b (Trif), explaining the similarity of downstream effects after activation
of different TLRs. MyD88 is the adaptor for all TLRs except for TLR3 which exclusively
signals through Trif. TLR4 signals through both MyD88 and Trif. MyD88 and Trif in turn
trigger multiple proinflammatory signaling pathways including NF-xB, JINK/AP1, ERK and
p38, and also induce a potent activation of the interferon pathway through Interferon-
regulatory factors (IRFs) [56-58].

TLR activation also triggers regulatory feedback loops, which mostly result in a subsequent
hyporesponsiveness towards exposure to their respective ligands, called “TLR tolerance”.
This negative regulation of TLR activity is mediated by a plethora of molecular mechanisms
including interference with ligand binding, TLR downregulation and degradation, inhibition
of downstream signaling, alterations of target structures through chromatin remodeling, and
histone modification (reviewed in [59] and [60]). Due to the use of common signaling
cascades, the activation of regulatory pathways through one TLR can lead to decreased
responsiveness of other TLRs, termed “crosstolerance” [61].

4. TLR responsive cell types in wound healing

Cells of the innate immune system constitute the “first line of defense” in response to tissue
injury. This group of cells consists of tissue resident sentinel cells - mast cells, phagocytes
and dendritic cells — as well as circulating cells: neutrophils, basophils, eosinophils, natural
killer (NK) cells, and v8 T cells. In contrast to the effector cells of the adaptive immune
system, which use highly specific, randomly generated antigen receptors to recognize target
epitopes, cells of the innate immune system carry germ-line encoded and evolutionarily
conserved receptors (such as the TLRs) for pattern recognition. Other non-myeloid effector
cells of the wound healing response, including epithelial and endothelial cells, vascular
smooth muscle cells and fibroblasts also express TLRs, and modulation of TLR signaling in
these cell populations affects tissue regeneration [62—64]. In this section, we focus on TLR-
expressing cell types that play a role in wound healing processes.

TLRs and fibroblasts

Depending on the organ and the type of injury, wound fibroblasts originate from tissue-
resident, circulating or bone marrow-derived precursor cells [65-67] and are the main
producers of the extracellular matrix, which replaces the injured or disrupted tissue and
constitutes the scaffold for tissue regeneration. The identification of TLRs on fibroblasts in a
variety of organs has spurred significant interest into the role of this cell population in
inflammation in addition to their well-documented fibrogenic effects. Synovial fibroblasts
isolated from patients with rheumatoid arthritis exhibit a robust expression of TLRs,
particularly TLR3 and TLR4, and respond to their respective ligands with an increased
production of inflammatory cytokines [68]. Similar findings were described for human
intestinal fibroblasts: they express baseline levels of TLR1-9, which are upregulated in
response to LPS or lipoteichoic acid and trigger downstream signal cascades that culminate
in enhanced IL-8 secretion [69]. Likewise, pulmonary fibroblasts are responsive to LPS and
unmethylated CpG DNA via the respective TLRs [70-73]. In the liver, myofibroblasts are
mainly derived from hepatic stellate cells (HSC), which are normally quiescent and serve as
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storage cells for the majority of the body’s vitamin A content [74]. Already under baseline
conditions these cells express TLR4, suggesting a sentinel function for increased levels of
LPS. After liver injury, HSCs become activated - they lose their vitamin A-containing
droplets, express alpha-smooth muscle actin and produce large amounts of collagen and
other extracellular matrix proteins. HSC stimulation with LPS induces the production of
chemokines (MCP-1, MIP-1a, MIP-18, RANTES, IP-10) and downregulates Bambi, a
repressor of TGFP signaling [75]. In a similar fashion, HMGB1 activates hepatic stellate
cells to enhance their inflammatory phenotype and to stimulate fibrogenic gene expression
[76]. Unstimulated HSCs are hyporesponsive to TLR2 ligands, yet pretreatment with TNFa
or IL-1p increases expression of TLR2 and responsiveness to its ligands, underscoring the
role of activated HSCs in the regulation of inflammation after tissue injury [77]. Finally,
HSCs may respond to host-derived denatured DNA from apoptotic hepatocytes as well as
non-methylated CpG DNA, a prototypical TLR9-agonistic PAMP resulting in differentiation
processes into fibroblasts via TLR9 activation [78, 79]. Another study did not find a role for
CpG DNA in activating HSCs [80] suggesting that TLR9 agonists from apoptotic cells or
TLR9 activation via macrophage-released factors may be the predominant pathway through
which TLR9 promotes fibrosis.

With regards to these findings, it needs to be acknowledged that our understanding of
fibroblast function and behavior is largely derived from in vitro experiments, which do not
necessarily reflect the situation in vivo in an accurate manner. This is exemplified by the
observation that in vivo-stimulation of HSCs leads to highly correlated gene expression
patterns across different injury models, whereas stimulation of isolated HSCs only partially
reproduces this pattern [81]. Future studies using conditional genetic deletion of TLRs will
allow a more precise assessment of TLR function in fibroblasts in vivo and circumvent
limitations that are inherent to in vitro approaches.

TLRs and macrophages

Mononuclear phagocytes arise from at least two distinct precursor cell populations. The yolk
sac is the origin of hematopoietic cells that migrate into developing organs and form
progenitors that continuously renew tissue resident phagocyte populations [82]. Bone-
marrow-derived hematopoietic stem cells give rise to dendritic cells as well as circulating
monocytes in later stages [83]. After tissue damage, these circulating monocytes are rapidly
recruited from the bloodstream into the site of injury, where they acquire macrophage
phenotypic traits and cooperate with activated tissue-resident phagocytes in the regulation of
inflammation, the destruction of invading pathogens as well as the processing and
presentation of antigens [84—87]. Through phagocytosis of necrotic tissue, degradation of
ECM components via matrix-metalloproteinases (MMPSs) and production of anti-
inflammatory and pro-fibrogenic mediators (TGFp, IL10), macrophages also contribute to
the restoration of tissue homeostasis following the initial inflammatory phase of wound
healing [88, 89]. This crucial role in wound healing is highlighted by profound effects of
depletion or inactivation strategies: in the liver, home of the largest macrophage population
in the body, genetic or pharmacologic depletion of macrophages ameliorates liver fibrosis in
several models of chronic liver damage, including carbon tetrachloride hepatotoxicity, bile
duct ligation and non-alcoholic steatohepatitis [75, 88, 90-92]. In the kidney, experimental
fibrosis after aminonucleoside nephrosis, renal ablation and unilateral ureteral obstruction is
reduced in the absence of macrophages [93-96], and in the skin, macrophage-depleted mice
exhibit delayed re-epithelialization, diminished collagen deposition, impaired angiogenesis
and decreased cellular proliferation compared to wild-type control animals [97].
Interestingly, the timing of macrophage depletion after injury critically affects distinct
aspects of the wound healing response in the skin and liver: macrophage depletion at early
stages of the repair response results in decreased fibrosis in response to chronic liver
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damage, and reduces granulation tissue formation, re-epithelialization and scarring in the
skin [88, 98]. In striking contrast, macrophage depletion at late stages of repair increases
liver fibrosis through an MMP13-dependent mechanism [88, 89]. The wide spectrum of
macrophage functions reflects the diversity and plasticity of this cell population and has led
to the conceptual distinction between M1 and M2 subtypes with pro- and anti-inflammatory
properties, respectively. This distinction, however, still falls short to reflect the complexity
and plasticity of these cell populations, and remains a continuously evolving topic in
macrophage biology [99, 100].

Many functions of monocytes and macrophages have been linked to TLR activation. TLR
stimulation of bone marrow hematopoietic stem and progenitor cells induces differentiation
into macrophages and thus supports the rapid generation of immune cells in response to
injury or infection [101]. Circulating monocytes are highly responsive to TLR agonists and
activate a wide range of genes after TLR stimulation, including cytokines, chemokines and
growth factors, leading to the recruitment and activation of other cell types after injury [102,
103]. TLR signaling enhances the phagocytic and bactericidal activity of macrophages by
directing their energy metabolism towards autophagy and ROS production [104, 105].
Cooperative effects between immune cell populations at the site of injury are highlighted by
the dependence of neutrophils on macrophages to fully exert their TLR-induced effector
functions. Macrophages and dendritic cells sustain neutrophil function by releasing “survival
signals” that prevent neutrophil apoptosis after LPS challenge; an effect that has also been
observed in the interplay with eosinophils and other cells of the immune system [106-108].
Conversely, at later stages of wound healing, macrophages actively suppress further
neutrophil recruitment into the wound and thus help to terminate the inflammatory response
[109].

In contrast to the well-documented effects of global macrophage deletion or inactivation, the
specific contribution of TLRs on macrophages to wound repair and fibrosis is less clear.
Profibrogenic effects of bone-marrow derived macrophages in chronic liver injury are
independent of TLR4 signaling [75], but depend on TLR9-dependent production of IL-1f3 by
Kupffer cells [80]. In other organs, the contribution of macrophage TLR activation to
fibrosis remains elusive as most experimental studies were carried out in mice with global
TLR deletions. As macrophages exert major functions in the regulation of inflammation and
injury in the liver [110-112], the lung [113-116] and kidney [117-120], it is likely that TLR
activation on macrophages has a more pronounced role in these responses. Their precise role
in tissue fibrosis remains to be defined, and it is possible that differences in fibrogenic
responses between wildtype and TLR-deficient mice may be indirectly caused by alterations
of inflammation or injury.

TLRs and neutrophils

Neutrophils constitute ~70% of all circulating leukocytes and are usually the first cell type
to be recruited into the wound in response to microbial or host-derived stimuli. Except for
intracellular TLR3, human neutrophils express all other TLRs, highlighting their importance
in the induction of an immune response [121]. TLR stimulation on neutrophils contributes to
a prolonged lifespan of this otherwise short-lived cell population [122]. It also modulates
cell surface receptor expression and initiates degranulation processes as well as ROS
production and phagocytosis - all of which add to their potent microbicidal and
proinflammatory effects [123]. In addition to these functions, activated neutrophils release a
variety of soluble mediators that regulate the evolving inflammatory response in a context-
dependent manner. Both PAMPs and DAMPs are potent neutrophil activators, however with
differences in neutrophil “fine tuning”. In one study, stimulation of human neutrophils with
LPS or HMGBL1 showed an overlapping upregulation of 95 out of 470 genes; 140 genes
were upregulated exclusively by HMGB1, and 235 by LPS [124]. While this partially
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reflects the “receptor promiscuity” of HMGB1, which extends to other pattern recognition
receptors such as TLR2 and RAGE, it also demonstrates how the fine composition of the
wound microenvironment influences neutrophil activity. Other DAMPs that stimulate
neutrophil activation include mitochondrial DNA fragments (through TLR9 and other
receptors), S100 proteins (through TLR4), as well as ATP and formyl peptides, which
trigger neutrophil recruitment and activation in infectious and sterile models of tissue injury
via activation of cell surface receptors [125-129].

In contrast to the well-established pro-inflammatory role of neutrophils in various organs in
response to injury [130-134], their contribution to the resolution of inflammation and wound
healing is less clear. Cutaneous wounds show accelerated closure in neutrophil-depleted
mice, and heal without scarring in the absence of macrophages and neutrophils [135, 136].
Similarly, in the lung, genetic or pharmacologic inhibition of neutrophil elastase attenuates
bleomycin-induced pulmonary fibrosis [137, 138]. Most of these effects, however, may be
secondary to alterations of the inflammatory response rather than evidence of a direct
involvement of neutrophils in fibrosis. Hepatic neutrophils contribute to injury and
fibrogenic wound healing in chronic liver disease [139, 140], however, liver fibrosis occurs
independently of the presence or activation of neutrophils after bile-duct ligation or chronic
a-naphthylisothiocyanate-induced liver injury [141, 142]. Following activation, neutrophils
undergo apoptosis induced by endogenous or exogenous triggers and are efficiently removed
from the wound by macrophages and dendritic cells, in part mediated by TLR-dependent
mechanisms [143, 144].

TLRs and epithelial cells

TLR expression on “classical” immune cells is paramount for the wound healing response,
reflecting that the appearance of TLR ligands indicates a breach in tissue integrity, which
necessitates containment and repair. In contrast, the epithelial linings of the body’s outer and
inner surfaces are constantly exposed to PAMPs under physiologic conditions, particularly
in the skin, digestive tract, and — albeit to a far lesser degree — the lung [145]. These
epithelia maintain the delicate balance between shielding the organism from potentially
lethal luminal pathogens, while at the same time providing a surface that tolerates
microorganisms and favors the exchange of nutrients and gases. Moreover, epithelial organs
need to maintain their ability to detect injury and infection and to control the inflammatory
response after injury has occurred - the profound consequences of excess epithelial
inflammation are illustrated by devastating diseases such as Crohn’s disease, bronchial
asthma or atopic dermatitis.

Multitudes of reciprocal mechanisms regulate the dynamic interplay between the commensal
microbiota and the host [146], and TLRs are important mediators in this interaction with
functions that by far exceed a mere sentinel role for invading bacteria. Mice deficient for the
TLR adaptor molecule MyD88 exhibit severe morbidity and mortality upon induction of
intestinal injury and inflammation through dextran sodium sulfate (DSS) [147]. While at
first counterintuitive regarding the proinflammatory effects of MyD88 activation, TLR-
mediated recognition of commensals was shown to induce the production of tissue
protective factors in epithelial cells, and mice devoid of a luminal microbiota are more prone
to intestinal injury than control animals [147]. Similar findings have been made in other
organs such as the liver [148] and the lung [41], where TLR4 deficiency or absence of
microbiota increases susceptibility to experimental injury, possibly indicating a critical role
for baseline TLR activity in cellular homeostasis. In a similar fashion, MyD88~/~ mice show
a markedly delayed wound healing response after experimental skin injury with impairments
in wound contraction and angiogenesis [149]. These findings were more recently
corroborated by the notion that the release of TLR ligands from commensal bacteria actively
suppresses TLR2-induced epithelial inflammation in the skin in a TLR3-dependent manner
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[150]. While this finding supports the idea of a critical role for the microbiota in epithelial
homeostasis, it may also represent a mechanism by which commensals evade immune
responses via TLR crosstolerance. In the lung, MyD88 deficiency attenuates experimentally
induced inflammation and injury, but impairs epithelial regeneration and ultimately
increases mortality [41, 121, 151]. Despite the beneficial role of the microbiota in epithelial
homeostasis, the host needs to prevent and be able to detect bacterial translocation across the
epithelium into underlying tissues or the bloodstream. This protection is in part provided by
immune cells in the subepithelial layers of the epidermis and mucous membranes, which
constitutively express TLRs and are exposed to their respective ligands right after the
epithelium has been crossed [146, 152, 153]. Moreover, TLR expression on the basolateral
cell surface of epithelial cells enables the recognition of bacterial components and other
indicators of an epithelial breach, and the subsequent induction of inflammation even before
deeper tissue layers have been penetrated [154, 155].

5. TLRs and organ fibrosis

Toll-like receptors and liver fibrosis

Chronic hepatic inflammation leads to liver fibrosis and is predominantly caused by chronic
viral hepatitis, alcohol abuse and nonalcoholic steatohepatitis (NASH) in industrialized
countries. Progressive hepatic fibrosis can lead to cirrhosis, hepatocellular carcinoma and
liver failure, and liver transplantation remains the only curative option for a subset of
patients with advanced disease [156]. Due to its anatomical location, the liver is constantly
exposed to components of gut-derived bacteria entering through the portal vein, and
tolerance towards low levels of LPS and other patterns is crucial to avoid constant hepatic
inflammation [157]. This is reflected by the comparatively low expression levels of most
TLRs and signaling adaptor molecules MD-2 and MyD88 in the whole liver under
physiologic conditions [74]. In fact, hepatocytes exhibit only weak upregulation of
inflammatory genes after exposure to LPS, their main function may therefore be its uptake
and biliary secretion rather than the induction of inflammation [158, 159]. The ability to
respond to tissue damage or pathologic concentrations of TLR ligands, however, is
maintained through baseline TLR expression on Kupffer cells and hepatic stellate cells,
which serve as cellular sentinels of liver homeostasis. Prolonged or repeated injury to the
liver stimulates a maladaptive interplay of hepatocytes, hepatic stellate cells (HSCs) and
Kupffer cells, ultimately resulting in the excessive deposition of collagen and other
extracellular matrix proteins in the liver [156, 160].

Increased bacterial translocation and elevated levels of circulating LPS are characteristic for
patients with acute and chronic liver diseases [161, 162]. These increases are caused by
ultrastructural alterations of the intestinal mucosa, changes in the composition of the luminal
microbiota, and bacterial overgrowth [163-166]. A causal involvement of bacteria or
bacterial PAMPs in the pathogenesis of liver fibrosis was first demonstrated in experimental
animal studies in the 1950s and 1960s, and has been extended to a broad range of models
and diseases since then. In rats, a reduction of the intestinal microbiota through
administration of non-absorbable antibiotics prevents experimental liver fibrosis and
cirrhosis [167, 168], an effect that can be reverted by adding LPS to the drinking water
[168]. In mice, hepatic fibrogenesis after BDL is strongly reduced after treatment with a
non-absorbable antibiotic cocktail [75, 169]. Likewise, intestinal decontamination protects
from liver fibrosis in response to a choline-deficient diet (a model for NASH) as well as
MDR2 deficiency (a genetic model of cholestatic liver disease) [167, 170]. Conversely,
increased portal venous concentrations of bacterial PAMPs including LPS elicited by
chemically-induced colitis strongly enhance experimental hepatic inflammation and
fibrogenesis in mice [171].
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More recently, the underlying molecular mechanisms,involved receptors and signaling
pathways were uncovered: TLR4, the receptor for LPS, is a modulator of hepatic fibrosis, as
demonstrated by the protective effect of TLR4 deficiency across various models of liver
injury, including bile duct ligation, chronic CCly treatment, experimental non-alcoholic
steatohepatitis and alcoholic steatohepatitis [75, 92, 172, 173]. Similar findings were
demonstrated in mice deficient for the TLR4 binding molecules CD14 [174], the LPS co-
receptor MD-2 [173] as well as the adaptor molecules MyD88 and Trif [75, 175], thus
confirming a critical role of TLR4 signaling in inflammatory responses in the liver. The
cellular mediators of this TLR4-dependent profibrogenic response are non-bone marrow-
derived cells, with HSCs being the primary effectors that display increased fibrogenic
responses after LPS treatment in vitro, and high LPS-responsiveness in vitro and in vivo [75,
176]. TLR4 on liver endothelial cells appears to regulate fibrosis-associated neovessel
formation [63] - the biological significance of this finding, however, remains to be
confirmed in vivo using conditional ablation of TLR4 in endothelial cells. Intriguingly, a
single nucleotide polymorphism (SNP) in the human TLR4 gene, which leads to decreased
LPS responsiveness, has been associated with a reduced risk of fibrosis progression in
chronic hepatitis C virus infection [177, 178]. Finally, TLR4 activation through components
of the intestinal microbiota links inflammation and carcinogenesis in the chronically injured
liver, suggesting that increased TLR4 signaling promotes progression of chronic liver
disease at various stages [148].

Apart from LPS, TLR4 may also be activated by endogenous ligands (i.e., heat shock
proteins, HMGB1) as demonstrated in a variety of studies employing different models of
acute and chronic liver injury [76, 179-184]. The contribution of individual TLR4
activators, however, remains a matter of debate, and it is conceivable that both exogenous
and endogenous ligands co-operatively modulate the inflammatory and wound healing
response following liver damage. In addition to TLR4, several studies have demonstrated a
critical involvement of other TLRs in liver disease [126, 182, 185]. In the setting of chronic
hepatic injury, TLR9 is highly expressed on activated stellate cells, and TLR9-deficient
mice are protected from hepatic fibrosis after BDL and in the CDAA diet model of NASH
[79, 80]. In this context, it was suggested that TLR9 expressed on hepatic stellate cells may
have a role in the detection of DNA from apoptotic hepatocytes, and the subsequent HSC
activation to induce fibrosis [79]. TLR2 deficiency is associated with decreased liver injury
and mortality in two models of acute liver damage [186]. Following the administration of a
high-fat diet, liver damage is exacerbated in the absence of TLR2 [187, 188]. By contrast, no
difference in liver injury and only a trend toward decreased liver fibrosis was reported
between TLR2 —/- and control mice following BDL [75]. A recent study reported that liver
injury is reduced in TLR2 —/- following BDL or chronic administration of the hepatotoxin
carbon tetrachloride. Interestingly, TLR2-mediated protection from injury is conferred by
TLR2-expressing macrophages of the intestinal lamina propria that promote increased
intestinal permeability after BDL. Consequently, TLR2-/- exhibit less bacterial
translocation and systemic endotoxin levels following BDL, which may indirectly account
for the attenuated fibrotic response via reduced TLR4 signaling [189]. Together, these
studies suggest a contribution of TLR2 to liver fibrosis, albeit to a smaller extent than TLR4
and possibly depending on the composition of the gut microbiome.

While the role of TLRs in various experimental models of hepatic fibrogenesis has been
outlined, their contribution to liver fibrosis caused by hepatotropic viruses (HBV, HCV)
remains widely unknown. This gap of knowledge regarding some of the most prevalent
causes of human liver disease is largely explained by a lack of suitable small animal models,
but may be overcome with the development of “humanized” mice [190, 191], which allow
the simulation and investigation of HCV or HBV infection in animal models.
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The above studies on the gut microbiome and TLRs in chronic liver disease not only
illustrate the very close relationship between the liver and the gut reaching far beyond
embryonic development, but also point towards novel strategies to ameliorate fibrogenic
responses in the liver through modulation of the intestinal microbiota or TLR4 signaling
(reviewed in [192]). For example, probiotics exert a beneficial influence on bacterial
translocation, circulating endotoxin levels, liver fibrosis and bacterial infections in
preclinical studies and patients with liver cirrhosis [169, 193-195]. Conclusive evidence for
a beneficial effect of the modulation of the intestinal flora on fibrosis progression or HCC
development in humans remains lacking, but may eventually lead to new treatment
strategies in the setting of chronic liver injury.

Toll-like receptors and lung fibrosis

Pulmonary fibrosis is a devastating disease in which the replacement of functional lung
parenchyma with fibrous tissue progressively impairs oxygenation and gas exchange,
ultimately leading to death from respiratory failure. Causes of pulmonary fibrosis include
autoimmune disorders, viral infections, radiotherapy, chemotherapy, graft-versus host
disease or aerosolized environmental toxins, yet in most cases the etiology of the disease
remains unknown (“idiopathic pulmonary fibrosis”, IPF) [181].

Contrasting the traditional belief that the lungs are sterile organs, recent studies have
identified numerous pulmonary commensals that constitute a “lung microbiome”, which
shares distinct similarities with microbiomes of other organs [196]. Despite a comparatively
low microbial density in the lung, it is conceivable that these microorganisms actively
partake in pulmonary physiology and in the regulation of inflammation and wound healing
after lung injury [196]. In contrast to the liver, the contribution of TLRs to pulmonary
fibrosis and wound healing are not well defined. Deficiency of MyD88, the common adaptor
for all TLRs except TLR3, protects mice from inflammation and fibrosis after treatment
with bleomycin (BLM) a glycopeptide antibiotic that causes pulmonary inflammation and
fibrosis [151]. Interestingly, the effect of MyD88 on lung fibrosis is not dependent on TLR2
or TLR4, as TLR2/4 double knockout mice are not protected from BLM-induced pulmonary
fibrosis [41]. Instead, IL-1R1 triggers MyD88-dependent promotion of lung fibrosis as
shown by reduced fibrosis in IL-1R1-deficient mice that resembles the reduced fibrosis
observed in MyD88-deficient mice (see also the chapter on the role of the inflammasome in
fibrosis by W. Mehal in this issue). In fact, two studies demonstrated that TLR4 deficiency
or pharmacologic TLR4 inhibition exacerbates lung injury and fibrosis induced by
bleomycin and silica, respectively - pointing towards a protective role of TLR4 in these
models of lung injury [197, 198]. In radiation-induced pulmonary injury, TLR-mediated
signals also protect the lung from fibrosis development as seen by increased lung fibrosis of
TLR2/TLR4-double deficient mice [199]. In a similar model, it was demonstrated that
MyD88-deficiency decreases survival after irradiation, and that surviving MyD88-deficient
mice develop increased pulmonary fibrosis in late stages, apparently as a consequence of
persistent inflammatory infiltrates in the lung [200]. It thus seems that MyD88 deficiency
alters the pulmonary wound healing response and fibrogenesis in a highly context-dependent
manner, for reasons that remain to be clarified. In contrast to TLR2 and TLR4, TLR9
appears to promote lung fibrosis. TLR9 is present at higher concentrations in surgical lung
biopsies from rapidly progressing IPF patients when compared to biopsies from slowly
progressing patients. Moreover, intranasal CpG promotes fibrosis in chimeric mice
transplanted with human IPF fibroblasts [72].

The main effects of TLR2 and TLR4 signaling in the injured lung are mediated by bone
marrow-derived cell populations and epithelial cells — and not by fibroblasts. Inflammatory
cells from TLR2/TLR4 double-knockout mice fail to upregulate mediators that are crucial
for the induction and resolution of inflammation after challenge with small molecular weight
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hyaluronan, and increased epithelial apoptosis in these animals is held responsible for the
increased mortality after bleomycin-induced injury [41]. This may be the reason why the
majority of studies found either no reduction in pulmonary fibrosis or even increased
fibrosis when inhibiting TLR2 and TLR4 signaling in contrast to the fibrosis-reducing
effects of TLR inhibition in organs such as the liver, kidney and skin. Also, it appears that
TLR ligands in the injured lung are not derived from bacteria but predominantly endogenous
ligands, which cooperate with other endogenous activators of the inflammasome, such as
uric acid, to attain a strong inflammatory response [201]. A role for DAMPs in lung injury
has also been documented for cigarette smoking, where acute exposure to cigarette smoke
increases pulmonary HSP70 levels and leads to a TLR4/MyD88 and IL-1R1/MyD88-
dependent recruitment of neutrophils into the lung [202]. The contributions of TLRs to
pulmonary injury and fibrosis, in particularly the role of TLR9, deserve further attention. It
is conceivable that TLR2 and TLR4 stimulation prevent fibrosis, whereas TLR9 stimulation
promotes fibrogenic wound healing in the lung. Knowledge about the specific contribution
of individual TLRs will not only allow better understanding of the underlying
pathophysiology but may allow designing targeted therapies, especially in diseases with
unknown etiologies such as IPF.

Toll-like receptors and kidney fibrosis

Renal fibrosis, characterized by glomerulosclerosis and tubulointerstitial fibrosis, is the
common terminal end stage of various types of chronic kidney disease. The development of
kidney fibrosis and the parallel destruction of functional kidney parenchyma lead to end-
stage renal failure, a devastating condition that requires dialysis or kidney replacement.
Unlike the liver, lung or skin, the kidney is rarely exposed to bacterial PAMPs. However,
levels of endogenous TLR ligands increase in the injured kidney [203-207]. Moreover,
Tamm-Horsfall protein, a heavily glycosylated protein that is exclusively expressed in the
ascending limb of the Henle’s loop and secreted into the urine, may also act as a TLR4
agonist [208]. There is strong evidence that TLR signaling regulates the inflammatory
response to acute kidney injury as seen by reduced renal inflammation and tubular damage
in mice deficient for TLR2, TLR4 or MyD88 after post-ischemic damage [204, 209-212]. In
chronic renal injury, TLRs also regulate inflammation and fibrosis, but the contribution to
fibrosis appears to moderate and largely mediated by TLR4 and not other TLRs. Similar to
other organs, TLR4 protects the kidney from injury as seen by increased tubular damage
after unilateral ureteral obstruction [213]. Despite increased injury after UUO, TLR4-
deficient mice developed considerably less fibrosis [213]. Interestingly, TLR4-deficient
mice had decreased matrix metalloproteinase activity and did not show a reduction of
myofibroblast accumulation. In vitro, TLR4-deficient primary tubular epithelial cells and
myofibroblasts produced significantly less type I collagen mRNA after TGFf stimulation
than WT cells. These data were confirmed in a second study, in which TLR4 deficient mice
exhibited a significant reduction in obstruction-induced a-SMA expression, fibroblast
accumulation, and renal fibrosis [214]. TLR2 is markedly upregulated on tubular and
tubulointerstitial cells in patients with chronic renal injury. In mice with obstructive
nephropathy, renal injury was associated with a marked upregulation and change in
distribution of TLR2 as well as upregulation of TLR2 ligands Gp96, biglycan, and HMGB1.
However, functional data on the role of TLR2 in renal fibrosis is conflicting, with some
studies reporting no influence on fibrosis [215], one study showing an effect on
myofibroblast numbers but not long-term fibrosis [216], and a third study showing
decreased fibrosis [217]. Together, these studies suggest at best a moderate promotion of
kidney fibrosis by TLR2. Despite increased expression of TLR9 and TLR9 ligands, TLR9
does not contribute to renal fibrosis development after UUO [218]. In a second study, TLR2
regulated neutrophil influx and chemokine production as well as the number of
myofibroblasts, but did not affect long-term fibrosis or injury development. Deficiency of
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the common adaptor molecule MyD88 significantly reduced fibrosis after UUO in one study
[217], but only showed a trend towards decreased fibrosis in another study [218]. In
summary, TLRs appear to be critical regulators of acute inflammatory responses in the
kidney, which is in contrast to their only moderate contribution to chronic injury and
fibrosis. Additional experimental studies are needed to improve our understanding of TLRs
in the healthy and injured kidney in order to make this knowledge applicable to therapeutic
interventions.

Regulation of wound healing and fibrosis in the skin

The skin is an important barrier that shields and protects the organism from many
environmental noxae and pathogens. It is also the site of a distinct and varied microbiome
[145]. Following injury, the barrier becomes more permeable to bacteria and their products,
resulting in potential exposure to PAMPs or even bacterial superinfection. Several lines of
evidence support a crucial role of TLR-induced signals in re-epithelization and closure of
skin wounds: (i) Topical application of TLR3 agonist poly(l:C) promotes re-
epithelialization, granulation, and neovascularization required for wound closure in mice
[219]. Notably, topical application of poly-(1:C) accelerates wound closure in patients with
laser plastic surgery. Conversely, mice that lack TLR3 display delayed wound healing
parameters such as re-epithelialization, granulation formation, and neovascularization [219].
(i) Nucleic acids, released by damaged cells in skin wounds, stimulate TLR7 and TLR9 on
infiltrating plasmacytoid dendritic cells, leading to transient production of type | interferons
(IFN) [153]. Deficiency of MyD88 and TLR7, or pharmacologic inhibition of TLR7 or
TLR9 inhibits type I IFN production. The presence of dendritic cells and production of type
I IFN are required for re-epithelialization, as demonstrated by experiments in dendritic cell-
depleted and IFN-a/p receptor-deficient mice, respectively [153]. As demonstrated in
another study, TLR9 knockout mice exhibit a general delay in wound healing when
compared with wild-type mice. Moreover, administration of the TLR9 agonist CpG ODN
promotes the influx of macrophages to the wound site and increases the production of
vascular endothelial growth factor, expediting neovascularization of the wound bed of mice
[220], and accelerates wound closure in non-human primates [221]. (iii) Excisional skin
wounds in MyD88-/- mice heal at a markedly slower rate than wounds in wild-type
MyD88+/+ mice, showing delayed contraction, decreased and delayed granulation tissue
formation, and reduced density of newly formed blood vessels [149].

While the role for TLRs, in particular TLR3 and TLR9 in wound healing of the skin is well
documented, it is not clear whether TLR4 may contribute to hypertrophic scars (HTS) after
skin injury. Expression of TLR4 and its downstream adaptor myeloid differentiation factor
88 (MyD88) in HTS fibroblasts are significantly increased compared with normal fibroblasts
[222]. Moreover, TLR2, TLR3 and TLR4 ligands strongly induce IFN- and TGFj-
responsive genes in fibroblasts from normal skin and fibroblasts from patients with systemic
sclerosis [223]. However, no studies have assessed skin fibrosis development in mice
deficient in TLRs or TLR signaling components. It is conceivable that stimulation of TLR
plays an important role in promoting normal wound healing, but that excessive TLR
signaling might contribute to maladaptive or hypertrophic wound healing and fibrosis.

Regulation of cardiac remodeling and fibrosis by Toll-like receptors

Cardiac hypertrophy commonly found in response to chronic hypertension is accompanied
by an abnormal accumulation of ECM components. Cardiac fibrosis increases myocardial
stiffness and may thereby contribute to ventricular dysfunction. TLR2 promotes wound
healing and fibrosis and may thus contribute to some complications after injury induced by
myocardial infarction. While infarct size and degree of inflammatory cell infiltration were
similar in wild-type and TLR2-deficient mice, myocardial fibrosis in the non-infarct areas

Biochim Biophys Acta. Author manuscript; available in PMC 2014 July 01.



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

1duasnuey Joyiny vd-HIN

Huebener and Schwabe Page 14

was significantly reduced [224]. Moreover, left ventricular dimensions at end diastole were
smaller, and fractional shortening as well as survival were higher in TLR2-deficient mice in
comparison to wild-type animals. However, another study suggested that TLR2 deficiency
results in left ventricular dilation due to reduced collagen and decorin deposition in the
infarct scar [225]. Interpretation of the latter study needs to be performed carefully as wild-
type and TLR2-deficient mice did not appear in an identical genetic background. TLR4
deficiency improves left ventricular function and improves remodeling by decreasing atrial
natriuretic factor, total collagen and cardiac hypertrophy after myocardial infarction when
compared with WT-MI mice. These changes resulted in significantly improved survival of
TLRA4-deficient mice compared with WT-MI mice [226, 227]. MyD88-deficient mice were
protected from cardiac fibrosis induced by complete Freund's adjuvant (CFA) or MyHC-
alpha/CFA-mediated myocarditis [228]. In this study, fibrosis depended on MyD88
expression in bone marrow-dependent fibroblasts. Similar results were found in a study
employing aortic banding as a model of cardiac hypertrophy, where adenovirally delivered
dominant-negative MyD88 significantly reduced cardiac hypertrophy, cardiomyocyte
apoptosis and cardiac fibrosis, and improved cardiac function [229]. Together, these studies
suggest that TLR2 and TLR4, via their common adaptor MyD88, negatively affect
remodeling, cardiac function and fibrosis development after cardiac injury.

Summary and outlook

The discovery of TLRs as key activators of innate immunity has fundamentally changed our
understanding of how organisms protect themselves from infection and survive in the
omnipresence of potentially life-threatening microbes. A growing body of evidence on the
involvement of TLRs in tissue injury greatly extends this understanding beyond innate
immunity, and provides important insights into the body’s responses to danger. TLRs act as
gatekeepers for several highly efficient response systems that regulate tissue homeostasis
and protect the host after acute injury, but may also trigger maladaptive responses if the
damaging stimulus cannot be eliminated.

From a medical point of view, this knowledge is of exceptional interest as it may be used to
design new strategies for therapeutic interventions. Yet, despite significant advances in this
field of research, several very important questions remain unanswered and need to be
resolved before these insights can be translated into clinical practice. Conflicting roles of
TLRs in different organs and different modes of tissue injury make it virtually impossible to
outline distinct greater functions for individual TLRs in wound healing responses. One
explanation for the observed variability may be the differential contribution of endogenous
and exogenous ligands to TLR activation, which likely depends on the anatomical
localization and the related exposure to microbes, as well as the type of injury and the
physicochemical properties of the emerging wound. Secondly, we are at best beginning to
understand the complex reciprocal interactions between the host and his commensal
microbiota, which are in part regulated by TLRs and profoundly influence the host’s
metabolism and overall welfare. Manipulations of this delicate interplay may have adverse
long-term side effects that could exceed the benefits. Inevitably, both alterations of the
resident microbiota as well as interference with immune regulatory mechanisms carry the
risk of infectious complications. Finally, based on their role in sterile tissue injury, it is also
conceivable that TLRs may exhibit roles in tissue homeostasis and physiology, which are
not known at this point but crucial to the integrity of tissues even in the absence of damage
or infection.

A scientifically sound and responsible approach to these problems requires a continuous
effort to analyze TLR biology, including the identification of bona fide TLR ligands and
relevant target cell populations with the help of clean genetic models, such as conditional
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knock-in and knock-out approaches. Together with an extended understanding of the precise

ro

le of TLRs in homeostasis and wound healing, we will undoubtedly be able to identify

new therapeutic targets for the treatment of acute and chronic diseases and their maladaptive
consequences.
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Figure 1.

Central role for pattern recognition receptors (PRRs) in wound healing responses. After
tissue damage, molecular indicators of injury or stress activate pattern recognition receptors
to induce measures that contribute to the restoration of tissue integrity. Chronic injury may
trigger maladaptive wound healing through the same effector systems, and ultimately lead to
fibrosis and cancer.
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Figure 2.

Toll-like receptor signaling as exemplified by TLR4. Toll-like receptors bind to endogenous
and exogenous ligands that indicate tissue injury or infection. Upon stimulation, TLRs
activate adaptor molecules (MyD88, Trif), which trigger conserved signaling pathways
culminating in a “danger response”, consisting of the induction of inflammatory and anti-
viral genes. Other TLR signaling pathways can be reviewed in [55, 57].
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Table 1
Toll-like receptors and their respective ligands.
TLR PAMP ligands DAMP ligands references
TLR1 triacyl lipoproteins [223]
TLR2 peptidoglycan, lipoproteins, zymosan, lipoteichoic acid, virus  heat shock proteins, hyaluronan, [37, 43, 176, 224-228]
envelope proteins (CMV, HSV1) HMGB1
TLR3  double-stranded RNA (dsRNA), poly-(I:C) [229]
TLR4 lipopolysaccharide, taxol, mannan, RSV fusion protein heat shock proteins, HMGBL1, heparin [31, 37, 43, 230-234]
sulfate, hyaluronic acid,
glycoinositolphospholipids, fibrinogen
TLR5  flagellin [235]
TLR6  diacyl lipopeptides, lipoteichoic acid [236]
TLR7  single-stranded RNA (ssRNA), imidazoquinoline [237-239]
TLR8  single-stranded RNA (ssRNA) [237]
TLR9  non-methylated CpG chromatin-1gG complexes [240,241]
TLR10 unknown
TLR11 uropathogenic bacteria [242]
TLR12 unknown
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