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Abstract. Following injury a complex but well-orches-
trated cellular response stimulating wound healing and
tissue regeneration is induced. The balance of different
cytokines, growth factors and cells is important in regu-
lating tissue reorganisation. The immune system is criti-
cally involved in this process. Toll-like receptors (TLRs)
are essential to the innate immune system, recognising
microbial pathogens. The recent identification of endog-
enous ligands of TLRs suggests that they function not

only to induce defensive antimicrobial immune responses
but also as a sensitive detection system to initiate tissue
regeneration after injury. Here we present an overview of
TLRs and their endogenous ligands, and also review the
roles of TLRs in inducing tissue regeneration after injury
and in maintaining homeostasis. The identification of en-
dogenous TLR ligands and their involvement in inducing
tissue regeneration will provide new options to improve
tissue reorganization after injury.
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Introduction

Regeneration is a process that restores cells, tissues and
structures lost or damaged by disease, injury or ageing.
The human body has an inherent but limited ability to
repair organs and tissues after damage. Regeneration
is a complex process requiring the coordinated inter-
action between stem/progenitor cells, growth factors,
cytokines, inflammatory components, vascular com-
ponents and the extracellular matrix. The complexity
of regeneration requires a well-orchestrated system to
control this process. The evidence increasingly suggests
the importance of immune mechanisms as part of this
regulatory cascade. The innate immune response that
serves to eliminate infections is probably also active in
restoring the structural and functional integrity of in-
jured organs [1-4].

* Corresponding author.

The innate immune system employs pattern recognition
receptors (PRRs) to identify the presence of infection
by detecting structures that are unique to microbes [5,
6]. Toll-like receptors (TLRs) are an emerging family of
PRRs that recognise pathogen-associated molecular pat-
terns (PAMPs) and regulate the activation of both innate
and adaptive immunity. To date, 12 TLRs have been iden-
tified in mice and all have been shown to play important
roles in triggering defensive antimicrobial immune re-
sponses [7, 8]. Interestingly, accumulating evidence also
suggests that the TLRs play a role in regeneration. Indeed,
a deficiency in certain TLRs has been shown to impair
liver and lung regeneration [9—12]. Furthermore, periph-
eral activation of certain TLRs induces cell proliferation,
including neuronal progenitor cells, in the rat central ner-
vous system (CNS) [13]. Therefore, the modulation of
TLRs may be a potential therapeutic strategy to regulate
organ regeneration. Here, mammalian TLRs will be in-
troduced and the relationship between TLRs and regen-
eration in several organs will be reviewed.
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TLRs in mammals

TLRs constitute a phylogenetically conserved family of
PRRs that recognise and discriminate a diverse array of
microbial antigens. At least 12 TLRs have been identified
in mammals, and they detect a remarkably diverse array
of bacterial, viral and fungal molecular patters. TLRs are
type I transmembrane receptors and are characterised by
three structural features: a divergent ligand-binding extra-
cellular domain with leucine-rich repeats, a short trans-
membrane domain and a highly homologous cytoplasmic
toll/interleukin (IL-)1 receptor domain, which is essential
for initiation of downstream signalling cascades [14]. Us-
ing their extracellular domains, TLRs recognise multiple
PAMPs, like lipopolysaccharide (LPS, by TLR4) [15],
lipopeptides and lipoproteins (by TLR2) [16], double-
stranded viral RNA (by TLR3) [17], bacterial flagellin
from both Gram-positive and Gram-negative bacteria (by
TLRS5) [18], the unmethylated cytosine-guanosine (CpG)
dinucleotide DNA (by TLR9Y) [19] and single-stranded
viral RNA (by TLR7/8) [20, 21].

In addition to their ligand specificity, functions of in-
dividual TLRs differ according to their expression pat-
tern and signalling pathways. TLRs are differentially
expressed by many distinct cell types, including mono-
cytes/macrophages/microglia, dendritic cells, B cells, T
cells, natural killer cells, mast cells, astrocytes, epithelial
cells and a variety of endothelial cells [22]. According
to cell type, ligand and many other factors, individual
TLRs activate different signalling pathways via diverse
cofactors and adaptor molecules triggering specific im-
mune responses [23]. In humans at least five adaptor
molecules have been identified: MyD88, Mal/TIRAP,
TRIF/TICAM-1, TRAM/Tirp/TICAM-2 and SARM [24,
25]. The so-called classic pathway is mediated by MyD88
that leads to the translocation of the transcription factor
NF-xB to the nucleus and subsequently results into tran-
scription of genes of pro- and anti-inflammatory cyto-
kines, chemokines and costimulatory molecules, which
are involved in the elimination of pathogens, control of
tissue homeostasis and also linkage to adaptive immu-
nity. Activation of several other transcription factors, like
AP-1, EIK-1, CREB and STATS, has also been observed
in different TLR signalling pathways in mammal [7, 26,
27]. Differences in signalling pathways and associated
biological responses are seen not only among different
TLRs but also among the same TLR in different cell types
and organs.

In addition to the recognition of conserved microbial
products which signal the presence of an infection and
trigger the cellular immune response, TLRs also detect
some endogenous ligands that might signal other danger
conditions, such as degradation products of macromol-
ecules, products of proteolytic cascades, intracellular
components of ruptured cells and products of genes that

TLRs and regeneration

are activated by inflammation [28-30]. One of the most
well-established endogenous ligands is the DNA-immu-
noglobulin complex (DNA-IC). The DNA-IC is a potent
interferon- o stimulator and is known to play an important
role in the pathogenesis of systemic lupus erythematosus
[31]. Recent investigations have demonstrated that DNA-
IC activates B cells and dendritic cells through TLR9 and
the Fc gamma receptors Ila or III are required for their
optimal activation [32-34]. Endogenous RNA, released
from or associated with necrotic cells, which stimulate
dendritic cells leading to interferon-o secretion, is the en-
dogenous ligand of TLR3 [35]. TLR3, -7, -8 and -9 recog-
nise nucleic acids but the discrimination between nucleic
acids of mammalian versus microbial origin by these
TLRs needs further investigation. Interestingly, these
TLRs are localised intracellularly [36-39] and recognise
nucleic acids in late endosomes-lysosomes [20, 36, 40,
41]. Under certain conditions, such as tissue injury or de-
ficiency in clearing apoptotic cells, host-derived nucleic
acids may become available to these TLRs and serve as
endogenous ligands.

Heat shock proteins (HSPs) function as molecular chap-
erones and have been identified as endogenous ligands of
TLR2 or TLR4. HSP60, HSP70 and GP96 mobilise NF-
kB, activate mitogen-activated protein kinase and induce
dendritic cell maturation and cytokine synthesis through
their interaction with TLR2 or TLR4 [42, 43].

Another large group of endogenous TLR ligands are ex-
tracellular matrix breakdown products, such as hyaluro-
nan fragments, heparan sulphate, fibrinogen, fibronectin
extra domain A, lung surfactant protein A and high-mo-
bility group box 1 (HMGB1) proteins. These endogenous
ligands are exposed during cellular injury and extracel-
lular matrix remodelling and are recognised by TLR4 or
TLR2 (only HMGBI1). Hyaluronan fragments released
after tissue injury activate dendritic and endothelial cells
through TLR4 and result in nuclear translocation of NF-
kB and cytokine secretion [44, 45]. Heparan sulphate was
reported to induce dendritic cell maturation through TLR4
[46]. Fibrinogen has the ability to induce the production
of chemokines from macrophages through TLR4 [47].
The fibronectin extra domain A is produced in response
to tissue injury and activates TLRs to provoke expression
of genes involved in the inflammatory response [48].
Similarly, induction of the activation of the NF-«B signal-
ling pathway and up-regulation of cytokine synthesis by
lung surfactant protein A are dependent on the functional
TLR4 complex [49]. Furthermore, HMGBI protein,
originally described as a DNA-binding protein, can also
be released extracellularly during an acute inflammatory
responses and generate inflammatory responses through
TLR 2 and TLR 4 [50].

Many endogenous ligands of TLRs have been reported,
however, and apart from self-nucleic acids, endogenous
ligands have been shown to trigger TLR2 or TLR4,
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prompting a discussion that endogenous ligands might
be contaminated by bacterial LPS (TLR4) or lipoprotein
(TLR2) during preparation [28, 51, 52]. Recently, studies
showed that LPS- free HSP70 and HSP60 did not induce
activation of TLR2 and TLR4 [for a review see ref. 53].
It is therefore very important to ensure that biochemical
preparations of endogenous ligands are free of contami-
nating, highly active exogenous TLR ligands.

Obviously, the known endogenous ligands of TLRs are
either molecules released from damaged cells or extra-
cellular matrix breakdown products. The identification
of TLR endogenous ligands challenges the traditional
view that major functions of TLRs are considered to dis-
tinguish self-non-self but supports the ‘danger-hypoth-
esis’ proposed by Matzinger [54, 55], who suggested that
the immune system has primarily evolved to recognise
danger signals rather than non-self signals. Furthermore,
the mechanisms of endogenous activation of mamma-
lian TLRs may provide key insights for the understand-
ing of multiple pathophysiological conditions following
injury.

Mammalian TLRs and tissue regeneration

Tissue regeneration is a complex process covering a va-
riety of cellular processes, such as inflammation, angio-
genesis, extracellular matrix synthesis, reepithelisation
and collagen deposition. A variety of cell types, extra-
cellular matrix components, cytokines and other soluble
factors are involved in the regenerative process [1—4].
During tissue injury/regeneration, numerous cells die by
necrosis and release their intracellular content. Further-
more, extracellular matrix turnover causes the produc-
tion of breakdown products. As described above, both the
intracellular content and extracellular matrix breakdown
products provide endogenous ligands of TLRs, which
stimulate the innate immune system through TLRs.

Interestingly, necrotic cells — but not healthy or apoptotic
cells — activate dendritic cells to up-regulate expression
of certain costimulatory and MHC class II molecules
[56]. Sauter et al. [57] reported that necrotic tumor cells
induce maturation of immunostimulatory dendritic cells,
which express high levels of CD83, lysosome-associated
membrane glycoprotein and costimulatory molecules
CD40 and CD86. Basu et al. [58] further demonstrated
that HSPs released from necrotic cells stimulate mac-
rophages to secrete cytokines, and induce expression of
antigen-presenting and costimulatory molecules on den-
dritic cells through the highly conserved NF-xB pathway
[58]. Investigations by Li et al. [59] further proved that
necrotic cells, but not apoptotic cells, activate NF-xB
in viable fibroblasts, macrophages or dendritic cells to
induce the expression of inflammatory and tissue repair
genes, which are dependent on TLR2 expression. The
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induced genes include neutrophil-specific chemokines
(cytokine-induced neutrophil chemoattractant and mac-
rophage inflammatory protein-2), metalloproteinase 3
and vascular endothelial growth factor, all of which play
a role in tissue repair and remodelling. Thus, following
injury, necrotic cells can act at least through TLR2 to re-
cruit neutrophils and initiate the process of tissue repair.

Hyaluronan, one of the major structural components of
the extracellular matrix, is a high-molecular-weight poly-
mer [60] but undergoes rapid degradation at sites of tissue
injury and inflammation thereby serving as an indicator of
tissue injury [60—62]. The soluble low-molecular-weight
degradation products of hyaluronan have been implicated
in a variety of inflammatory and repair processes [63] and
are known to signal through TLR4 in dendritic cells [45]
and endothelial cells [44]. A low-molecular-weight frag-
ment of hyaluronan induces the maturation and activation
of human and murine dendritic cells via a TLR4-depen-
dent pathway, which includes the phosphorylation of p38
and p42/p44 MAPK and the translocation of NF-xB to
the nucleus [45]. Furthermore, Taylor et al. [44] demon-
strated that hyaluronan fragments stimulate chemokine
secretion by endothelial cells through TLR4 [44]. The
effects and mechanisms of hyaluronan-TLR interaction
were investigated in a lung injury model by Jiang and
colleagues in knockout mice [9, 10]. They showed that
hyaluronan fragments produced after acute lung injury
stimulate macrophage chemokine production in a TLR4-
and TLR2-dependent way. Furthermore, Myd88(—/—)
and 7lr4(—/-)Tlr2(—/—) mice showed impaired transepi-
thelial migration of neutrophils but decreased survival
and enhanced epithelial cell apoptosis after lung injury.
Protective effects of hyaluronan-TLR2 or -4 interactions
are dependent on activation of NF-kB. Therefore, hyal-
uronan-TLR2 and hyaluronan-TLR4 interactions provide
signals that initiate inflammatory responses, maintain
epithelial cell integrity and promote recovery from acute
lung injury. In addition, hyaluronan and TLR2/4 serve as
a sensitive detection system for initiation of the wound
defence and repair process.

The involvement of TLRs in liver regeneration after par-
tial hepatectomy has been demonstrated recently [11,
12]. MyD88 is a common molecule required by most
TLRs, except TLR3 [64, 65], to activate NF-xB, result-
ing in the production of a variety of cytokines, including
IL-6 and tumor necrosis factor-or (TNF-¢), which play
a critical role in activation of the priming phase of liver
regeneration [66—68]. In MyD88 knockout mice, NF-xB
activation, IL-6 and TNF-a were greatly reduced and
early recovery of liver mass is impaired following partial
hepatectomy [11, 12]. However, MyD88 was reported to
mediate negative growth control, including growth sup-
pression and apoptosis [69]. Thus, impaired regeneration
in MyD88 knockout mice might be due to other signalling
pathways.
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Endogenous ligands can signal through TLRs to induce
tissue regeneration, and exogenous stimulators of TLRs
also have been shown to contribute to tissue regenera-
tion. Macrophage-activating lipopeptide-2 (MALP2)
acts through a combination of TLR2 and TLR6 on mac-
rophages and fibroblasts to induce chemokine expression
[70, 71]. Application of MALP2 to skin wounds of dia-
betic mice stimulated the production of monocyte che-
moattractant protein-1 at the wound site, which leads to
increased macrophage infiltration, and stimulated wound
healing in the initial inflammatory phase, triggering the
natural process of wound repair and resulting in normal
restructured skin without hypertrophic growth of granu-
lation tissue [72]. Glezer et al. [73] studied the effects of
LPS on CNS remyelination. Brain infusion of LPS acti-
vated microglia and induces the expression of platelet-
derived growth factor-o. Intracerebral infusion of LPS
significantly induced proliferation of oligodendrocyte
progenitor cells and resulted in less accumulation of my-
elin debris and byproducts that may delay brain recovery
following ethidium-bromide-induced brain damage. Fur-
thermore, LPS-triggered recruitment of oligodendrocyte
progenitor cells and accelerated remyelination after brain
injury were observed in wild-type mice but not in mice
bearing a missense mutation in the 7LR4 gene. Thus, un-
der certain conditions, LPS can trigger tissue regeneration
through TLR4 [73]. A study by Su et al. [13] investigated
the effects of peripheral administration of TLR ligands
on in vivo spinal cord cell proliferation. Bolus intraperi-
toneal injection of polyinosine-polycytidylic acid (TLR3
ligand), LPS or R848 (TLR7/8 ligand) temporarily in-
creased cell proliferation in the rat spinal cord. Only a
few of the proliferating cells were of microglial origin,
but BrdU(+)/nestin(+) cells were found, suggestive of a
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proliferation of local progenitor cells. In addition, stimu-
lation of cell proliferation correlated with activation of
microglia. These findings suggest an intricate interaction
of cellular processes of the innate immune system and
regeneration. In rats or mice, local administration of LPS
after spinal cord injury greatly improved locomotor func-
tion and glial-derived neurotrophic factor expression,
suggesting that LPS-induced local inflammation leads to
repair of CNS tissue [74, 75].

Therefore, following tissue injury, certain endogenous
TLR ligands are released, which activate TLRs, resulting
in expression of a variety of genes to initiate tissue regen-
eration. Chemokines, like cytokine-induced neutrophil
chemoattractant and macrophage inflammatory protein-
2, can induce infiltration of neutrophils and macrophages
to remove necrotic cells. The increased expression of me-
talloproteinase may function to provoke extracellular ma-
trix remodelling. Furthermore, the induction of certain
cytokines, such as IL-6, TNF-a and endothelial growth
factors, can initiate cell proliferation and angiogenesis.
Thus, the activation of TLRs following injury promotes
tissue regeneration through several mechanisms, some of
which are summarized in Figure 1.

Mammalian TLRs and intestinal mucosal
homeostasis

In addition to inducing tissue regeneration following in-
jury, TLRs also play important roles in maintaining in-
testinal mucosal homeostasis through interaction with
intestinal commensals and their products [for reviews see
refs. 76-78]. In the gut, commensal-derived TLR ligands
actively induce, via TLRs, expression of genes that func-

oproseimnae,

vascular endothelial growth fetor,

Figure 1. Schematic representation of potential mechanisms by which TLRs are involved in tissue regeneration following injury.
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tion in cell differentiation or maturation and induce basal
activation of TLRs, which facilitate rapid restitution and
limited inflammatory responses [79, 80]. Furthermore,
the interaction of commensals with TLRs strengthens in-
testinal epithelial barrier resistance [§1-83]. Commensals
can also activate TLRs to prevent allergic sensitisation to
food antigen. 7LR4 knockout mice are highly susceptible
to food antigen, with up-regulated TH2 cytokines, 1L-4
and IL-13. LPS may activate through TLR4 to induce a
TH1-type immune response to inhibit TH2-type inflam-
mation [76, 84]. Interestingly, the activation of certain
TLRs, such as TLR4, by commensals can induce the ex-
pression of proteins, like Tollip, PPARy and TIRS, that
negatively regulate TLR signalling pathways, resulting
in suppression of inflammatory responses [77, 85, 86,
87]. Further administration of CpG-DNA ameliorates the
severity of dextran-sodium-sulphateiinduced colitis via
TLRY and limits cytokine-derived intestinal epithelial
proinflammatory immune responses [78].

Concluding remarks

The crucial role played by TLRs in mediating innate im-
munity against microbial pathogens is well recognised.
The concept of endogenous ligands for TLRs, like ne-
crotic cells, HSPs and extracellular matrix breakdown
products has become established over the last few years.
These endogenous ligands are released following tissue
injury or inflammation and activate TLRs to induce ex-
pression of various cytokines. These interesting findings
suggest that TLRs are not only involved in the recogni-
tion of microbes, but also of endogenous harmful stimuli.
Furthermore, the ability of certain TLR agonists to in-
duce tissue regeneration has been demonstrated in several
animal models and the interactions between commensals
and TLRs are important for intestinal mucosal homeo-
stasis. Although deteriorative effects of TLRs following
tissue injury have also been reported [88, 89], the recog-
nition of the tissue-protective effects of TLRs following
injury provides a new insight into the functions of TLRs
in tissue regeneration and suggestions for the develop-
ment of therapeutic strategies to improve tissue repair.
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