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I look forward to the outcome of your consideration. 

Yours sincerely, 

 

  
 

A/Prof Matthew Sweet (on behalf of the authors) 
 

Cover Letter



Response to the editor’s comments:  

1. Make sure all the three figures are original. If you cite part of the figures which 

were published, you need to cite the related reference. If your figure(s) is/are 

copied from other authors, you need to get the written permission and also you 

should point out the reference(s) at certain place. 

Response: All the figures in our manuscript are original and have not been published 

elsewhere. 

 

2. Check the references: All the references you cited in the text must be listed in the 

"Reference" list, all the references in the list must be cited in the text. Please make 

a double-check. 

Response: All the references have been checked to ensure they are cited correctly. 

 

Response to the reviewer’s comments: 

Reviewer #1: This timely review is excellent and nicely highlights the role of immune 

responses in wound healing with regard to the important role of TLRs. 

The review aligns perfectly with the scope of this SCDB Special Issue. Please address the 

minor comments/suggestions provided below 

 

Minor Suggestions: 

1. Introduction: I think within a few words should also mention that inflammation 

and induction of genes associated with repair that are tissue specific is the 

response mechanism. 

Response: A sentence has now been added in the second paragraph of the introduction to 

highlight this concept. 

 

2. 2.1. Overview of TLR signalling 

-Thus implicating this adaptor in responses to multiple TLRs in a tissue dependent 

manner. 

- TRAM 

Also, sorry to be a pain, but as a resource article, I think the alternative names for 

Revision Notes



each should also be mentioned ie TIRAP, TICAM-1, TICAM-2. 

Response: Thank you for these suggestions. A link between MAL and tissue-specific 

responses to different TLRs has been included, as have alternate names for the adaptor 

proteins. 

 

3. 2.3. Role of TLR3 in host defence 

TLR3'..polymorphisms (C1234T, rs1879026 G/T, C13766T) have also been linked to 

chronic hepatitis B virus (HBV). " 

Is this an increases susceptibility or disease pathology? 

Is this an aspect of failed liver regeneration/wound healing? 

Next page… Collectively, these studies reveal.... 

Response: The association between different TLR3 polymorphisms and susceptibility to 

HBV infections has now been specified in the text, as requested. Also, the text in the next 

page has been edited as per the reviewer’s suggestion. 

 

4. 3.1 Skin 

Is IRF6 widely expressed or does it have a specific expression pattern. If so, this 

might be worth pointing out. 

Please include here the recent study naming this protein IL-39 and it's finding in 

relation to the quoted study. 

Response: IRF6 expression is restricted to epithelial cells, and this has now been 

indicated in the text. Also, the very recent literature on the novel cytokine IL-39 has been 

described, with reference made to implications for wound healing responses in the skin. 

We have also made a very minor modification to Figure 3, on the basis of these recent 

publications on IL-39. 

 

5. 3.4 I/R injury in the brain 

I realise this is not I/R however, is it worth mentioning the TLR3 appears to play 

a role in maintaining blood-brain barrier function as WNV activated TLR3 to 

allow 'loosening' of the BBB and increase viral dissemination? 

Also if we stick to the theme of brain, what about the role/implications of SARM 



or is that just too long a bow? 

Response: The role of TLR3 in WNV-infection and blood-brain barrier maintenance has 

now been included in this section of the manuscript. In order to do this, a short section on 

TLR3 and WNV has also been included in Section 2.3 (role of TLR3 in host defence), so 

that there is some context for this discussion (we had originally included such a section in 

our initial draft, but had removed it because of concerns about word limits). In relation to 

the reviewer’s comments about SARM, we do not feel that there is a strong enough 

connection to make here, and for this reason, we have not included discussion on this 

point. 

 
 



The toll-like receptor 3 pathway in homeostasis, responses to injury 

and wound repair 

 

Divya Ramnath
a,b,c

, Elizabeth E. Powell
d,e

, Glen M. Scholz
f,g

 and Matthew J. Sweet
a,b,c,*

 

 

a
Institute for Molecular Bioscience (IMB), 

b
IMB Centre for Inflammation and Disease 

Research and 
c
Australian Infectious Disease Research Centre, The University of 

Queensland, Brisbane, Qld 4072, Australia. 

d
Centre for Liver Disease Research, School of Medicine, The University of Queensland, 

Translational Research Institute and 
e
Department of Gastroenterology and Hepatology, 

Princess Alexandra Hospital, Brisbane, Qld 4102, Australia. 

f
Melbourne Dental School and Oral Health Cooperative Research Centre and 

g
Bio21 

Molecular Science and Biotechnology Institute, The University of Melbourne, Parkville 

3010, Australia. 

 

*
Corresponding author.  

A/Prof. Matthew Sweet, Institute for Molecular Bioscience, University of Queensland, 

St Lucia, Brisbane 4072, Australia.  

Phone: +61-7 3346 2082; Fax: +61-7 3346 2101; E-mail: m.sweet@imb.uq.edu.au 

  

  

*Manuscript
Click here to view linked References

http://ees.elsevier.com/yscdb/viewRCResults.aspx?pdf=1&docID=1592&rev=1&fileID=29291&msid={D8B924BF-761C-418C-9465-71B0E2C96FBA}


Abstract 

In addition to their established roles in host defence, Toll-like Receptors (TLRs) have 

emerging roles in control of homeostasis, injury and wound repair. The dsRNA-sensing 

receptor, TLR3, has been particularly implicated in such processes in several different 

tissues including the skin, intestine and liver, as well as in the control of reparative 

mechanisms in the brain, heart and kidneys, following ischemia reperfusion injury. In 

this review, we provide an overview of TLR3 signalling and functions in inflammation, 

tissue damage and repair processes, as well as therapeutic opportunities that may arise 

in the future from knowledge of such pathways.  

Keywords: Toll-like receptor 3; wound repair; homeostasis; ischemia reperfusion 

injury; poly(IC); UV-damage  
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1. Introduction 

Pattern recognition receptors (PRRs) are widely studied in innate immune cells for their 

roles in host defence. In this context, they are tasked with detecting and responding to 

conserved pathogen-associated molecular patterns (PAMPs), which are essential for 

microbial survival and/or pathogenicity [1]. It is now clear that PRRs function more 

broadly as danger-sensing systems, detecting both pathogen- and host-derived factors 

that accumulate when homeostasis is perturbed. Indeed, PRRs have emerged as critical 

regulators of homeostasis and developmental processes. Such roles may relate to PRR 

functions in non-immune cells such as epithelial cells, where they are also expressed 

[2]. 

Of the PRR families, the Toll-like receptors (TLRs) have been most widely studied. 

These transmembrane receptors, which localize to both the plasma membrane and to 

endolysosomal compartments, play key roles in development, homeostasis and injury 

repair. For example, TLR2, which detects bacterial lipopeptides, maintains homeostasis 

at mucosal surfaces by promoting barrier integrity in intestinal epithelial cells (IECs) 

[2]. Along with TLR4, which recognizes Gram-negative bacterial lipopolysaccharide, 

TLR2 has also been implicated as a regulator of cardiovascular functions, 

thermoregulation and energy metabolism in the autonomic nervous system [3]. Such 

studies provide examples of roles for innate immune danger-sensors in regulating 

normal physiological processes to maintain homeostasis. Indeed, the capacity of TLRs 

to regulate the expression of genes involved in inflammation and repair processes, often 

in a tissue-specific manner, appears to be critical for maintenance of normal 

physiological processes [2]. 

TLR3 is a dsRNA-sensing TLR, first characterized as a regulator of anti-viral 

responses. However, subsequent studies demonstrated that TLR3 can also detect host-

derived RNA, thus enabling it to regulate injury repair processes. In this review, we 



provide an overview of TLR3 biology in the context of host defence and inflammation. 

We particularly focus on TLR3 functions in wound healing and in homeostatic control 

in the skin, gastrointestinal tract and liver, as well as during ischemia reperfusion (I/R) 

injury in the brain, heart and kidney (Fig. 1). Given that TLR3 agonists and antagonists 

already exist, manipulation of this pathway to accelerate tissue repair processes may be 

feasible in some pathophysiological settings. 

2. TLR3 signal transduction and its role in host defence 

2.1. Overview of TLR signalling 

A total of thirteen TLRs have been identified in humans and mice; ten in humans 

(TLR1-10) and twelve in mice (TLR1-9, 11-13) [4]. Each TLR recognizes cognate 

PAMPs, resulting in activation of distinct but overlapping signalling pathways through 

the initial recruitment of specific combinations of Toll/Interleukin (IL)-1 Receptor 

(TIR) domain-containing adaptor proteins. Briefly, upon activation, all TLRs, except for 

TLR3, recruit the adaptor protein myeloid differentiation primary response gene 88 

(MyD88), which contains a C-terminal TIR domain and an N-terminal death domain 

[5]. In the case of TLR4 and TLR2, MyD88-adaptor-like (MAL; also known as TIR 

domain-containing adaptor protein, TIRAP) acts as a bridging adaptor between MyD88 

and these TLRs. Recently, TLR5 in IECs [6], and TLR7 and TLR9 in macrophages [7], 

have also been shown to associate with MAL, thus implicating this adaptor in tissue-

specific responses to multiple TLRs. MyD88 then relays downstream signalling via the 

serine/threonine kinase IL-1R-associated kinases, the E3-ubiquitin ligase and 

scaffolding protein tumour necrosis factor (TNF) receptor-associated factor-6 (TRAF6) 

and the mitogen-activated protein kinases (MAPKs) [5]. This ultimately enables 

activation of pro-inflammatory transcription factors such as nuclear factor kappaB (NF-

κB) and activator protein-1 to drive inducible expression of pro-inflammatory target 

genes such as IL-1β, IL-6 and TNF-α (for reviews see [5,8,9]).  



TLR3 and TLR4 are both capable of signalling independently of MyD88, via the TIR 

domain-containing adaptor-inducing interferon (TRIF; also known as TIR-containing 

adaptor molecule 1, TICAM1) pathway [5]. TLR4 engages both MyD88 and TRIF, 

whereas TLR3 uses TRIF exclusively. TLR4 initiates the MyD88-dependent pathway at 

the plasma membrane, whilst signalling switches to TRIF-mediated responses once 

TLR4 is endocytosed [10]. Endosomal TLR4 signalling via TRIF requires the bridging 

adaptor TRIF-related adaptor molecule (TRAM; also known as TIR-containing adaptor 

molecule 2, TICAM2) [10]. TRIF signalling activates the serine/threonine kinase 

TANK binding kinase-1 (TBK-1), which phosphorylates the transcription factor 

interferon (IFN) regulating factor 3 (IRF3) [5]. IRF3 phosphorylation enables it to 

translocate to the nucleus and activate specific pro-inflammatory target genes, for 

example IFN-, which encodes a type-1 IFN [5]. 

2.2. TLR3 signalling 

Although TLR3 signalling has been extensively characterized, some new players and 

regulatory mechanisms have recently emerged (Fig. 2). TLR3 is assembled in the 

endoplasmic reticulum, from where it is recruited to endosomes by the transmembrane 

protein UNC93B1 [11]. It is the only TLR that directly recruits TRIF to its TIR domain 

to initiate signalling. This may relate to the fact that the conserved proline residue 

present in the BB-loop of most TLR TIR domains is an alanine in TLR3. Indeed, 

mutation of Ala795 in TLR3 to a proline resulted in MyD88-biased signalling [12]. As 

with TLR4 signalling, TRIF recruitment to TLR3 leads to the activation of the 

serine/threonine kinase TBK-1, which in turn phosphorylates IRF3 [13,14]. 

Phosphorylation occurs at multiple residues (e.g. Ser385, Ser386) in the C-terminal 

region of IRF3, enabling dimerization, nuclear translocation and transcription of IFN-β 

[15,16]. IFN-β signals in an autocrine fashion to activate the transcription factors signal 

transducer and activator of transcription (STAT) 1 and 2, resulting in the activation of 



type-1 IFN target genes and subsequent anti-viral responses [17]. Although IRF3 is the 

primary transcription factor driving IFN-β transcription during TLR3 signalling, other 

IRFs also function downstream of TLR3 to impart cell-specific signalling responses. 

For example, IRF6 is an epithelial cell-specific transcription factor that lies downstream 

of TLR3 signalling in keratinocytes. Specifically, it inhibits poly(IC)-inducible IFN- 

expression, while promoting poly(IC)-inducible IL-23p19 expression in primary human 

keratinocytes [18]. 

In addition to activating IRF3, TLR3 signalling via TRIF also activates NF-κB [19,20]. 

The C-terminal region of TRIF contains a receptor-interacting protein homotypic 

interaction motif (RHIM), which is essential for its interaction with the serine/threonine 

kinase receptor-interacting protein kinase (RIPK)1 [21,22]. TLR3- and TLR4-mediated 

NF-κB activation is impaired in the absence of RIPK1 [21]. RIPK1 undergoes K63-

linked polyubiquitination and interacts with TRAF6 and transforming growth factor-

beta activated kinase 1 (TAK1), resulting in NF-κB activation [23]. The TRIF-RIPK1 

axis is a central control point in cell survival/death pathways, since RIPK1 also 

associates with Fas-associated death domain (FADD), via a death domain interaction 

[22]. This subsequently leads to the assembly of a death-inducing signalling complex 

that contains caspase-8 [22]. Homodimerized caspase-8 undergoes autocatalytic 

processing and activation, leading to RIPK1 cleavage and inactivation, followed by 

apoptotic cell death [22]. However, if caspase-8 heterodimerizes with a non-

catalytically active homologue of caspase-8, FLICE-like inhibitory protein, it is 

partially activated [22]. This complex is not able to cleave RIPK1 adequately to cause 

apoptosis, and therefore mediates cell survival [22]. Furthermore, if caspase-8 activity is 

compromised, RIPK1 cleavage is completely prevented, thereby allowing it to interact 

with RIPK3 to form a necrosome, leading to necroptotic cell death [24,25]. Thus, 



RIPK1 acts as a central signalling hub in dictating whether TLR3 signalling promotes 

survival, apoptotic cell death or necroptotic cell death.  

2.3. Role of TLR3 in host defence 

The role of TLR3 in host defence was first dissected through gene knock-out studies in 

mice, revealing a role in dsRNA recognition and anti-viral responses. In macrophages 

from Tlr3
-/-

 mice, the production of the inflammatory cytokines IL-6, IL-12 and TNF- 

in response to the synthetic dsRNA analogue poly(IC), but not other TLR agonists, was 

impaired [26]. Additionally, Tlr3
-/-

 mice are highly susceptible to infection by many 

RNA viruses, including rhinovirus, influenza A virus (IAV) and respiratory syncytial 

virus [27]. Genetic association studies in humans have also linked the TLR3 pathway to 

host defence against IAV. A patient with IAV-induced encephalopathy showed a 

missense mutation (F303S) in the TLR3 gene [28]. Additionally, children with a 

particular TLR3 polymorphism (rs5743313/CT) have an increased risk of pneumonia 

caused by the pandemic IAV/H1N1 (2009) [29]. Complex roles for TLR3 in host 

protection versus immunopathology have also reported in other viral infection models, 

for example West Nile virus (WNV) [30,31]. An initial study showed that Tlr3
-/-

 mice 

were protected from WNV-induced encephalitis, because of reduced viral entry into the 

central nervous system [30]. This study also linked TLR3 to a TNF-α-mediated 

reduction in blood-brain barrier (BBB) integrity upon WNV infection. However, a 

subsequent study reported that TLR3 deficiency resulted in enhanced WNV replication 

in primary cortical neurons, and that viral replication was actually increased in the brain 

and spinal chord of Tlr3
-/-

 mice [31]. The contrasting conclusions from these studies 

[30,31] may reflect differences in viral doses and/or routes of administration used. 

These factors would likely affect the magnitude of the initial inflammatory response 

upon WNV challenge, potentially leading to differential effects on BBB integrity in the 

two models. 



Although these studies provide links between TLR3 and host responses to RNA viruses, 

most genetic studies in humans actually posit the TLR3-TRIF-IRF3 axis in responses 

against DNA viruses. The first evidence for this was the demonstration that TLR3 has a 

host protective function against the dsDNA virus, herpes simplex virus (HSV)-1 [32]. 

Patients with mutations in TLR3 and UNC93B1 are susceptible to HSV-1 encephalitis 

[32-34]. Recognition by TLR3 of intermediate dsRNA produced by HSV-1 during its 

replicative cycle likely explains this phenomenon [32]. These findings were supported 

by subsequent analysis of patients with defects in genes encoding the TLR3 signalling 

components TRIF, TBK-1 and IRF3 [35-37]. An impaired TLR3-inducible type-1 IFN 

response to HSV-1 in neurons and oligodendrocytes in the central nervous system 

(CNS) was subsequently linked with this condition [32-37]. These findings are also 

consistent with studies in mouse models of DNA virus infections. Tlr3
-/-

 mice displayed 

enhanced replication of HSV-1 in the CNS [38], and an increased susceptibility to 

HSV-2 infection in the CNS after vaginal inoculation [39]. In humans, TLR3 

polymorphisms (C1234T, rs1879026 G/T) have also been linked to increased risk to 

chronic hepatitis B virus (HBV) infection and HBV-induced hepatocellular carcinoma 

[40,41], while the C13766T TLR3 polymorphism was suggested to be protective against 

HBV infection and HBV-related liver disease [42]. A study analysing Saudi Arabian 

patients with HBV infections reported a TLR3 single nucleotide polymorphism 

(rs1879026 G/T) that was found more frequently in HBV-infected patients [40]. 

Peripheral blood mononuclear cells from HBV-infected patients were also reported to 

have increased TLR3 levels in active chronic HBV infection and related liver failure 

[43]. Collectively, these studies reveal a significant role for TLR3 signalling in 

responses to a wide range of viral pathogens.     

3. TLR3 functions in homeostasis and wound healing 

3.1. Skin 



Human skin is constantly exposed to microbes. Not surprisingly then, keratinocytes 

express TLRs, responding to PAMPs with inflammatory cytokine production. These 

cells are especially responsive to TLR3 agonists [18,44-47], and an initial study on 

human keratinocytes revealed an unexpected role for this PRR in detecting RNA 

released from damaged cells [48]. More specifically, UVB-damaged keratinocytes 

release U1 spliceosomal non-coding RNA that activates TLR3 in non-irradiated cells, 

resulting in the release of inflammatory cytokines, such as TNF-α and IL-6 [49]. These 

effects are consistent with findings from earlier studies, showing that UV-radiation 

activated NF-κB [50], triggered the pro-inflammatory MAPK p38 and c-Jun N-terminal 

kinase signalling arms [51-53], and promoted IL-6 and TNF-α release [54,55]. In light 

of subsequent studies on U1 RNA-mediated TLR3 activation, it seems likely that this 

pathway is involved in initiating these UVB-triggered inflammatory responses. 

Poly(IC)-mediated TLR3 activation also directly upregulated the expression of several 

genes encoding proteins associated with maintenance of epidermal structure, for 

example transglutaminase-1 (TGM1) [56]. In oral keratinocytes, IRF6 regulates 

Grainyhead-like 3 expression [57,58], which has been reported to directly regulate 

TGM1 transcription [59]. Thus, it is conceivable that TLR3-inducible TGM1 expression 

occurs via the IRF6-dependent pathway [18]. Finally, the importance of such responses 

in wound repair is highlighted by the observation that Tlr3
-/- 

mice exhibit chronic 

wounds and impaired re-epithelialization following acute UVB-irradiation [56].  

There is also evidence that TLR3 regulates host responses during physical injury of the 

skin. TLR3 mRNA and protein levels were upregulated in full excisional wounded skin; 

moreover, TLR3 was required for TNF-α and IL-6 production at wound edges, as well 

as optimal wound closure [48,60]. Impaired wound closure in Tlr3
-/- 

mice may be linked 

to reduced secretion of the chemokine C-X-C motif ligand (CXCL)-2, leading to 

defective recruitment of neutrophils and macrophages to the injury site [60,61]. 



Collectively, these studies demonstrate that TLR3 has a critical role in detecting cell 

damage in the skin, initiating inflammatory processes that are required for wound 

healing and directly promoting the expression of genes in keratinocytes required for 

barrier function (Fig. 3). 

Mechanistically, IRF6, an epithelial cell-specific transcription factor that is required for 

keratinocyte differentiation, may be involved in some of the above processes. IRF6 

suppressed poly(IC)-inducible IFN- mRNA, while promoting inducible IL-23p19 

mRNA expression in human keratinocytes [18]. IFN- has been shown to inhibit 

proliferation and promote terminal differentiation of keratinocytes [62,63]. Therefore, 

IRF6-mediated IFN- inhibition may enable a proliferative and reparative response in 

the skin. Intriguingly, we recently showed that poly(IC) selectively upregulates the 

expression of the IL-12 family genes IL-23p19 ( sub-unit) and Epstein-Barr virus 

induced 3 (EBI3) ( sub-unit) in keratinocytes, and that these two sub-units interact 

when co-expressed in cells [18]. This suggests that IL-23p19 and EBI3 may function as 

a novel IL-12 family cytokine.  Indeed, these two subunits were very recently reported 

to form IL-39, which was shown to promote neutrophil expansion in lupus-prone mice 

[64,65]. Therefore, IL-39 may play a role downstream of TLR3 in wound healing 

responses in the skin by promoting neutrophil-mediated responses at the site of injury. 

Interestingly, IRF6 itself has been suggested to have a role in wound healing. Patients 

with IRF6 mutation-associated cleft lip/palate disorders were more likely to have wound 

complications after corrective surgery (47% of patients), compared to patients with 

other forms of cleft lip/palate (19% of patients) [66]. This conclusion is supported by an 

in vitro study showing that IRF6 mRNA expression was upregulated in normal 

keratinocytes during scratch wounding [67]. Thus, there may be a functional connection 

between TLR3 and IRF6 in promoting wound healing responses in the skin, possibly 

involving co-expressed IL-23p19 and EBI3.  



3.2. Intestinal Tract  

IECs express functional TLRs and can initiate pro-inflammatory signalling upon 

pathogen recognition [2]. Emerging evidence also implicates epithelial-expressed TLRs 

in intestinal homeostasis and prevention of dysregulated mucosal inflammation [68]. 

Consistent with its pro-wound healing role in the skin, a tissue-protective role for TLR3 

in the intestine was observed during dextran sodium sulphate-induced colitis [69]. 

Subcutaneous poly(IC) pre-treatment protected mice from colitis, an effect not observed 

in Tlr3
-/-

 mice [69]. Levels of inducible nitric oxide synthase, cyclooxygenase-2, serum 

CXCL1/KC (derived from keratinocytes) and amyloid A were also reduced in poly(IC)-

treated mice [69]. However, other studies actually implicate TLR3 signalling in 

inducing acute injury in gut epithelia [70-72]. Intraperitoneal injection of rotavirus 

dsRNA resulted in severe injury in the small intestine as characterized by thinning of 

the intestinal wall, erosion of villi and the mucus membrane, and weight loss; Tlr3
-/-

 

mice were protected from such effects [70-72]. Poly(IC) administration also up-

regulated serum levels of several cytokines including IL-15 and IFN- [70]. IL-15 was 

shown to have a non-redundant role in driving TLR3-mediated injury, whereas IFN- 

had a protective effect [70]. Interestingly, this IL-15-dependent mechanism of intestinal 

damage has previously been reported in human patients with celiac disease, where the 

activation of intraepithelial cytotoxic T lymphocytes by IL-15 led to uncontrolled cell 

destruction and atrophy [73-76]. Poly(IC), acting via TLR3, TRIF and caspase-8, also 

induced epithelial cell apoptosis and altered the structure and function of the intestine 

[71], which may relate to host-protective functions against viral infections. Indeed, a 

subsequent study showed that epithelial-specific deletion of caspase-8 resulted in TRIF-

dependent TLR3-mediated necroptosis and a more severe inflammatory phenotype [72]. 

Finally, poly(IC) has also been reported to regulate gut permeability and induce 

oxidative stress in an epithelial cell line [77,78]. Thus, TLR3 signalling in the 



epithelium seems to contribute both to host-protective epithelial cell shedding during 

pathogen challenge, as well as cell damage and injury that can be detrimental to the 

host.  

3.3. Liver 

In healthy liver tissue, hepatic stellate cells (HSC) and resident macrophages (Kupffer 

cells) are in a quiescent state; upon injury, these cells are activated, leading to the 

release of inflammatory mediators and immune cell recruitment. HSC also undergo 

transformation into myofibroblasts, leading to increased production of extracellular 

matrix proteins; this process is a host-protective response, but causes scarring and liver 

fibrosis when dysregulated [79]. As noted above, TLR3 signalling has been implicated 

in host responses during HBV infection [40-42]. However, growing evidence suggests 

that TLR3 also contributes to the inactivation or death of activated HSC and Kupffer 

cells during liver injury, contributing to protective responses against liver damage [80] 

and fibrosis [81,82].  

Mechanistically, poly(IC) treatment attenuated lipopolysaccharide-induced liver injury 

by down-regulating TLR4 expression [83]. Poly(IC) also reduced carbon tetrachloride-

induced liver fibrosis by activating TLR3 in cytotoxic natural killer cells, resulting in 

IFN- production and apoptosis of activated HSC. This in turn inhibited the progression 

of inflammation and liver damage [81,82]. Interestingly, in an alcohol-induced liver 

injury model, TLR3 signalling activated HSC and Kupffer cells to produce the anti-

inflammatory cytokine IL-10, which subsequently antagonized TLR4 signalling and 

minimized liver injury [84]. Another study showed that poly(IC) treatment suppressed 

inflammation and fat accumulation in the liver of alcohol-injured mice [80]. These 

effects were not apparent in Tlr3
-/-

 or IL-10
-/-

 mice, suggesting that TLR3-inducible IL-

10 suppresses inflammation and steatosis [80]. Conversely, in a mouse model of 

autoimmune liver disease, TLR3 was shown to enhance CD8
+
 T-cell infiltration into the 



liver via IFN- and chemokines (e.g. CXCL9) [85]. In this case, the TLR3 pathway was 

linked to pro-inflammatory responses and the progression of liver damage [85]. This 

finding suggests that TLR3 has a complex role in liver homeostasis, and thus there is a 

need to more completely understand the mechanisms by which TLR3 exerts protective 

versus pathological effects in liver disease.  

3.4. I/R injury in the brain 

I/R injury occurs when there is insufficient blood supply in a tissue leading to oxygen 

deprivation (anoxia or hypoxia), following which blood supply is restored. In the brain, 

I/R can occur during stroke, when a blood vessel is blocked, or during cardiac arrest 

[86]. The cellular and molecular mechanisms of brain I/R injury are poorly understood, 

however, inflammatory pathways play a critical role in both injury and repair processes 

[86]. As indicated earlier (see Section 2.3), TLR3 has previously been implicated in 

mediating loss of BBB integrity and contributing to neuropathology in a mouse model 

of WNV infection [30]. Nonetheless, recent studies have reported protective effects of 

poly(IC) treatment in brain I/R injury models [87-89]. This was linked to the capacity of 

TLR3 signalling in human astrocytes to drive expression of anti-inflammatory 

cytokines, such as Ifn-, which act as neuroprotective factors [87,88]. More specifically, 

poly(IC) pre-treatment of mice or primary astrocytes increased cell viability and 

proliferation, and reduced NF-B activation and inflammatory cytokine production 

following I/R injury [87,88]. This treatment regime also triggered Irf3 phosphorylation 

and upregulated Ifn-expression, suggesting a role for this signalling arm in injury 

repair [90]. Furthermore, protection against neuronal damage was lost in Tlr3
-/-

 mice 

[90]. In vitro experiments also showed that TLR3 interacted with Fas in microglial cells, 

limiting its interaction with FADD, as well as subsequent Fas/FADD-mediated 

activation of caspase-3 and 8 and microglial cell apoptosis [90]. Together, these studies 



suggest that TLR3 signalling has the capacity to limit neurological damage during I/R 

injury.  

3.5. I/R injury in the heart 

I/R injury of the heart can be caused by angioplasty, acute myocardial infarction, 

exercise, stress-induced ischemia or coronary artery bypass surgery [91]. As opposed to 

its protective role in brain ischemic injury, TLR3 signalling has been linked to the 

pathology of myocardial I/R injury. Tlr3
-/-

 mice showed significantly attenuated 

myocardial dysfunction, myocardial apoptosis and reduced infarct size in an I/R injury 

model [92]. TLR3-mediated NF-B activation, and subsequent production of 

inflammatory mediators (e.g. TNF- and IL-1) promoted leukocyte infiltration into the 

heart leading to inflammation and organ dysfunction [92]. Tlr3 deficiency also reduced 

the levels of the I/R-inducible pro-apoptotic proteins B-cell CLL/lymphoma 2 (Bcl2)-

associated X (Bax) and Bcl2 antagonist/killer (Bak), while increasing Bcl2 expression 

[92]. Increased cardiac expression of Bcl2 is known to protect mice from I/R injury by 

preventing apoptotic cell death [93]. Subsequently, another study showed that 

myocardial I/R injury induces cardiomyocyte necrosis and release of RNA, which 

activates TLR3 signalling [94]. Moreover, RNase-treated necrotic cardiomyocytes 

failed to induce inflammatory responses, such as IL-1 production, in macrophages and 

cardiomyocytes [94]. Similarly, RNase administration in vivo reduced inflammation, 

leading to protective effects [94]. Taken together, these recent studies suggest that RNA 

released from necrotic cardiomyocytes during I/R injury promotes TLR3 signalling, 

leading to apoptotic cell death, myocardial injury and pathological sequelae. 

3.6. I/R injury in the kidney 

I/R in the kidney can induce acute injury or renal failure by triggering inflammation, 

decreasing microvascular blood flow and causing endothelial dysfunction [95]. 



Although relatively little is known of the role of TLR3 signalling during kidney 

damage, one study demonstrated that serum creatinine levels were significantly reduced 

in Tlr3
-/-

 mice following renal I/R injury [96]. This study also showed that Tlr3 

signalling is initiated early in response to acute kidney injury, and that the levels of 

angiotensin-converting enzyme and inflammatory mediators, as well as cellular 

apoptosis, necrosis and renal damage, were reduced in Tlr3
-/-

 mice [96]. Additional 

studies are now required to confirm that TLR3-dependent inflammatory responses 

contribute to kidney damage during renal I/R injury, and to uncover further insights into 

mechanisms responsible. 

4. Therapeutic implications 

The above studies clearly document non-redundant roles for TLR3 in promoting or 

impairing tissue repair in different contexts. TLR3 agonists have been widely employed 

in experimental studies [61,69,87,97], and antagonists of the TLR3 pathway, acting at 

the level of the receptor [98] or intracellular signalling molecules such as TBK-1 [99], 

have been reported. Thus, one can envisage manipulation of TLR3 signalling responses 

to promote wound repair for certain conditions. For example, the demonstration that 

treatment of wounded skin of humans and mice with poly(IC) significantly reduced 

recovery time [61] provides proof of concept for such approaches. This may be 

particularly relevant in situations where wound healing is impaired, as is commonly the 

case in patients with type II diabetes [100]. The capacity of UVB-radiation to activate 

TLR3 responses in the skin could also potentially be harnessed for the treatment of 

certain dermatological conditions [49]. Patients with psoriasis respond well to narrow 

band UVB-radiation [101], and UVA/UVB-radiation was demonstrated to have 

beneficial effects in patients with atopic dermatitis [102]. However, given that such 

approaches can have potential long-term complications, for example skin cancer, 

alternative strategies to agonise TLR3 may be more applicable.   



The literature reviewed above also identifies TLR3 as a candidate target in the context 

of I/R injury. For example, in a mouse model, poly(IC) treatment following I/R injury 

improved recovery of brain function, as assessed by neurological behaviour [89]. 

Beneficial effects were also observed in rats, using a similar approach [88]. These data 

support the potential for TLR3 agonists in brain I/R injury, such as stroke. Indeed, 

Hiltonol, a nuclease-resistant and stabilized form of poly(IC), induced IFN- production 

in astrocytes and microglia and stabilized the blood-brain-barrier, leading to reduced 

leukocyte infiltration [103]. Hiltonol has been used to boost IFN production in several 

clinical trials for many types of cancer, including brain cancer [104,105], but not yet for 

brain I/R injury. Another synthetic TLR3 ligand, Ampligen, which is composed of 

poly(IC) with a U mismatch at every 12
th

 base of the C-strand, has mainly been studied 

for activation of Th1 responses [106] and as a treatment for viral infections [107]. The 

literature reviewed here suggests that there may be merit in investigating Hiltonol, 

Ampligen and other TLR3 agonists as agents for promoting injury repair in at least 

some pathological settings, for example stroke and liver injury. 

Although TLR3 antagonists have been reported, they have not been extensively 

assessed as potential therapeutic agents. TLR3 monoclonal antibodies (CNTO4685 and 

CNTO5429) inhibited poly(IC)-induced NF-B activation in HEK293T cells expressing 

TLR3, as well as serum levels of pro-inflammatory cytokines, such as IL-6 and TNF-, 

after administration in vivo [108]. A small molecule inhibitor of TLR3 (compound 4a), 

acting at the level of ligand binding, has also been reported [98]. Proof-of-concept 

studies are now required to determine whether TLR3 antagonism is efficacious in 

animal models of intestinal inflammation, as well as I/R injury in the heart and/or 

kidney.  



5. Conclusions and outlook 

TLR3 signalling has a major role not only in immune responses during infection, but 

also in homeostasis and tissue repair following injury. The molecular mechanisms 

involved are now being unravelled, such that one can envisage the development of new 

strategies to control inflammatory responses during injury and to promote tissue repair. 

However, a major challenge is that the TLR3 pathway has both host-protective and 

pathological functions in different organs or settings, and this must be given careful 

attention in considering new therapeutic strategies involving manipulation of this 

pathway. With this caveat in mind, agonism of TLR3 or specific downstream pathways 

could be considered in the context of wound healing in the skin, liver fibrosis and brain 

I/R injury, while TLR3 antagonists may have potential for cardiac and kidney injury, as 

well as intestinal disease. A more complete understanding of epithelial cell-specific 

TLR3 signalling events may ultimately guide more targeted approaches for 

manipulating this pathway to enhance wound healing and injury repair.  
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Figure legends 

Fig. 1. TLR3 signalling in wound repair and homeostasis. 

The TLR3-TRIF signalling pathway exhibits both protective and harmful roles in injury 

repair processes in different organs.  

Fig. 2. TLR3 signalling and downstream cellular responses. 

TLR3 interacts directly with TRIF to initiate signalling. This may relate to the lack of a 

conserved proline residue, present in the BB-loop of other TLRs (Alanine 795 in 

TLR3). TRIF signalling induces IFN- expression via TBK-1 and IRF3, whilst 

epithelial cell-specific IRF6 inhibits this response. TRIF also interacts with RIPK1 to 

drive NF-κB activation and inducible expression of inflammatory genes, such as those 

encoding TNF- and IL-6. RIPK1 also acts as a signalling hub for control of TLR3-

dependent cell survival, apoptosis and necroptosis. 

Fig. 3. TLR3 signalling in the skin. 

TLR3 is activated by U1 spliceosomal non-coding RNA released during cell-damage. 

TLR3 signalling leads to the production of inflammatory mediators, such as TNF-α and 

IL-6, which enable recruitment of neutrophils and macrophages to the site of injury. 

IRF6 promotes epithelial cell-specific TLR3 signalling responses, possibly contributing 

to wound repair processes in the skin. TLR3 activation also upregulates the expression 

of genes associated with maintenance of epidermal structure, such as ATP-binding 

cassette sub-family A member 12 (ABCA12), glucocerebrosidase (GBA), acid 

sphingomyelinase (ASM) and TGM1, which are required for barrier repair. 

 

  



References 

[1] Akira S. TLR signaling. Curr Top Microbiol Immunol 2006;311:1-16. 

[2] Gribar SC, Richardson WM, Sodhi CP, and Hackam DJ. No longer an innocent 

bystander: epithelial toll-like receptor signaling in the development of mucosal 

inflammation. Mol Med 2008;14:645-59. 

[3] Okun E, Griffioen KJ, Rothman S, Wan R, Cong WN, De Cabo R, et al. Toll-

like receptors 2 and 4 modulate autonomic control of heart rate and energy 

metabolism. Brain Behav Immun 2014;36:90-100. 

[4] Beutler B. Inferences, questions and possibilities in Toll-like receptor signalling. 

Nature 2004;430:257-63. 

[5] Takeda K and Akira S. TLR signaling pathways. Semin Immunol 2004;16:3-9. 

[6] Choi YJ, Jung J, Chung HK, Im E, and Rhee SH. PTEN regulates TLR5-

induced intestinal inflammation by controlling Mal/TIRAP recruitment. FASEB 

J 2013;27:243-54. 

[7] Bonham KS, Orzalli MH, Hayashi K, Wolf AI, Glanemann C, Weninger W, et 

al. A promiscuous lipid-binding protein diversifies the subcellular sites of toll-

like receptor signal transduction. Cell 2014;156:705-16. 

[8] Rossol M, Heine H, Meusch U, Quandt D, Klein C, Sweet MJ, et al. LPS-

induced cytokine production in human monocytes and macrophages. Crit Rev 

Immunol 2011;31:379-446. 

[9] O'Neill LA, Golenbock D, and Bowie AG. The history of Toll-like receptors - 

redefining innate immunity. Nat Rev Immunol 2013;13:453-60. 

[10] Kagan JC, Su T, Horng T, Chow A, Akira S, and Medzhitov R. TRAM couples 

endocytosis of Toll-like receptor 4 to the induction of interferon-beta. Nat 

Immunol 2008;9:361-8. 



[11] Kim YM, Brinkmann MM, Paquet ME, and Ploegh HL. UNC93B1 delivers 

nucleotide-sensing toll-like receptors to endolysosomes. Nature 2008;452:234-8. 

[12] Verstak B, Arnot CJ, and Gay NJ. An alanine-to-proline mutation in the BB-

loop of TLR3 Toll/IL-1R domain switches signalling adaptor specificity from 

TRIF to MyD88. J Immunol 2013;191:6101-9. 

[13] Sato S, Sugiyama M, Yamamoto M, Watanabe Y, Kawai T, Takeda K, et al. 

Toll/IL-1 receptor domain-containing adaptor inducing IFN-beta (TRIF) 

associates with TNF receptor-associated factor 6 and TANK-binding kinase 1, 

and activates two distinct transcription factors, NF-kappa B and IFN-regulatory 

factor-3, in the Toll-like receptor signaling. J Immunol 2003;171:4304-10. 

[14] Fitzgerald KA, McWhirter SM, Faia KL, Rowe DC, Latz E, Golenbock DT, et 

al. IKKepsilon and TBK1 are essential components of the IRF3 signaling 

pathway. Nat Immunol 2003;4:491-6. 

[15] Lin R, Heylbroeck C, Pitha PM, and Hiscott J. Virus-dependent phosphorylation 

of the IRF-3 transcription factor regulates nuclear translocation, transactivation 

potential, and proteasome-mediated degradation. Mol Cell Biol 1998;18:2986-

96. 

[16] Weaver BK, Kumar KP, and Reich NC. Interferon regulatory factor 3 and 

CREB-binding protein/p300 are subunits of double-stranded RNA-activated 

transcription factor DRAF1. Mol Cell Biol 1998;18:1359-68. 

[17] Platanias LC. Mechanisms of type-I- and type-II-interferon-mediated signalling. 

Nat Rev Immunol 2005;5:375-86. 

[18] Ramnath D, Tunny K, Hohenhaus DM, Pitts CM, Bergot AS, Hogarth PM, et al. 

TLR3 drives IRF6-dependent IL-23p19 expression and p19/EBI3 heterodimer 

formation in keratinocytes. Immunol Cell Biol 2015;93:771-9. 



[19] Jiang Z, Mak TW, Sen G, and Li X. Toll-like receptor 3-mediated activation of 

NF-kappaB and IRF3 diverges at Toll-IL-1 receptor domain-containing adapter 

inducing IFN-beta. Proc Natl Acad Sci U S A 2004;101:3533-8. 

[20] Sasai M, Oshiumi H, Matsumoto M, Inoue N, Fujita F, Nakanishi M, et al. 

Cutting Edge: NF-kappaB-activating kinase-associated protein 1 participates in 

TLR3/Toll-IL-1 homology domain-containing adapter molecule-1-mediated IFN 

regulatory factor 3 activation. J Immunol 2005;174:27-30. 

[21] Meylan E, Burns K, Hofmann K, Blancheteau V, Martinon F, Kelliher M, et al. 

RIP1 is an essential mediator of Toll-like receptor 3-induced NF-kappa B 

activation. Nat Immunol 2004;5:503-7. 

[22] Kaiser WJ and Offermann MK. Apoptosis induced by the toll-like receptor 

adaptor TRIF is dependent on its receptor interacting protein homotypic 

interaction motif. J Immunol 2005;174:4942-52. 

[23] Cusson-Hermance N, Khurana S, Lee TH, Fitzgerald KA, and Kelliher MA. 

Rip1 mediates the Trif-dependent toll-like receptor 3- and 4-induced NF-

{kappa}B activation but does not contribute to interferon regulatory factor 3 

activation. J Biol Chem 2005;280:36560-6. 

[24] Kaiser WJ, Upton JW, Long AB, Livingston-Rosanoff D, Daley-Bauer LP, 

Hakem R, et al. RIP3 mediates the embryonic lethality of caspase-8-deficient 

mice. Nature 2011;471:368-72. 

[25] Oberst A, Dillon CP, Weinlich R, McCormick LL, Fitzgerald P, Pop C, et al. 

Catalytic activity of the caspase-8-FLIP(L) complex inhibits RIPK3-dependent 

necrosis. Nature 2011;471:363-7. 

[26] Alexopoulou L, Holt AC, Medzhitov R, and Flavell RA. Recognition of double-

stranded RNA and activation of NF-kappaB by Toll-like receptor 3. Nature 

2001;413:732-8. 



[27] Perales-Linares R and Navas-Martin S. Toll-like receptor 3 in viral 

pathogenesis: friend or foe? Immunology 2013;140:153-67. 

[28] Hidaka F, Matsuo S, Muta T, Takeshige K, Mizukami T, and Nunoi H. A 

missense mutation of the Toll-like receptor 3 gene in a patient with influenza-

associated encephalopathy. Clin Immunol 2006;119:188-94. 

[29] Esposito S, Molteni CG, Giliani S, Mazza C, Scala A, Tagliaferri L, et al. Toll-

like receptor 3 gene polymorphisms and severity of pandemic A/H1N1/2009 

influenza in otherwise healthy children. Virol J 2012;9:270. 

[30] Wang T, Town T, Alexopoulou L, Anderson JF, Fikrig E, and Flavell RA. Toll-

like receptor 3 mediates West Nile virus entry into the brain causing lethal 

encephalitis. Nat Med 2004;10:1366-73. 

[31] Daffis S, Samuel MA, Suthar MS, Gale M, Jr., and Diamond MS. Toll-like 

receptor 3 has a protective role against West Nile virus infection. J Virol 

2008;82:10349-58. 

[32] Zhang SY, Jouanguy E, Ugolini S, Smahi A, Elain G, Romero P, et al. TLR3 

deficiency in patients with herpes simplex encephalitis. Science 2007;317:1522-

7. 

[33] Guo Y, Audry M, Ciancanelli M, Alsina L, Azevedo J, Herman M, et al. Herpes 

simplex virus encephalitis in a patient with complete TLR3 deficiency: TLR3 is 

otherwise redundant in protective immunity. J Exp Med 2011;208:2083-98. 

[34] Lafaille FG, Pessach IM, Zhang SY, Ciancanelli MJ, Herman M, Abhyankar A, 

et al. Impaired intrinsic immunity to HSV-1 in human iPSC-derived TLR3-

deficient CNS cells. Nature 2012;491:769-73. 

[35] Sancho-Shimizu V, Perez de Diego R, Lorenzo L, Halwani R, Alangari A, 

Israelsson E, et al. Herpes simplex encephalitis in children with autosomal 

recessive and dominant TRIF deficiency. J Clin Invest 2011;121:4889-902. 



[36] Herman M, Ciancanelli M, Ou YH, Lorenzo L, Klaudel-Dreszler M, Pauwels E, 

et al. Heterozygous TBK1 mutations impair TLR3 immunity and underlie herpes 

simplex encephalitis of childhood. J Exp Med 2012;209:1567-82. 

[37] Andersen LL, Mork N, Reinert LS, Kofod-Olsen E, Narita R, Jorgensen SE, et 

al. Functional IRF3 deficiency in a patient with herpes simplex encephalitis. J 

Exp Med 2015;212:1371-9. 

[38] Davey GM, Wojtasiak M, Proietto AI, Carbone FR, Heath WR, and Bedoui S. 

Cutting edge: priming of CD8 T cell immunity to herpes simplex virus type 1 

requires cognate TLR3 expression in vivo. J Immunol 2010;184:2243-6. 

[39] Reinert LS, Harder L, Holm CK, Iversen MB, Horan KA, Dagnaes-Hansen F, et 

al. TLR3 deficiency renders astrocytes permissive to herpes simplex virus 

infection and facilitates establishment of CNS infection in mice. J Clin Invest 

2012;122:1368-76. 

[40] Al-Qahtani A, Al-Ahdal M, Abdo A, Sanai F, Al-Anazi M, Khalaf N, et al. Toll-

like receptor 3 polymorphism and its association with hepatitis B virus infection 

in Saudi Arabian patients. J Med Virol 2012;84:1353-9. 

[41] Li G and Zheng Z. Toll-like receptor 3 genetic variants and susceptibility to 

hepatocellular carcinoma and HBV-related hepatocellular carcinoma. Tumour 

Biol 2013;34:1589-94. 

[42] Huang X, Li H, Wang J, Huang C, Lu Y, Qin X, et al. Genetic polymorphisms 

in Toll-like receptor 3 gene are associated with the risk of hepatitis B virus-

related liver diseases in a Chinese population. Gene 2015;569:218-24. 

[43] Wang K, Liu H, He Y, Chen T, Yang Y, Niu Y, et al. Correlation of TLR1-10 

expression in peripheral blood mononuclear cells with chronic hepatitis B and 

chronic hepatitis B-related liver failure. Hum Immunol 2010;71:950-6. 



[44] Dai X, Sayama K, Yamasaki K, Tohyama M, Shirakata Y, Hanakawa Y, et al. 

SOCS1-negative feedback of STAT1 activation is a key pathway in the dsRNA-

induced innate immune response of human keratinocytes. J Invest Dermatol 

2006;126:1574-81. 

[45] Lebre MC, van der Aar AM, van Baarsen L, van Capel TM, Schuitemaker JH, 

Kapsenberg ML, et al. Human keratinocytes express functional Toll-like 

receptor 3, 4, 5, and 9. J Invest Dermatol 2007;127:331-41. 

[46] Kollisch G, Kalali BN, Voelcker V, Wallich R, Behrendt H, Ring J, et al. 

Various members of the Toll-like receptor family contribute to the innate 

immune response of human epidermal keratinocytes. Immunology 

2005;114:531-41. 

[47] Miller LS, Sorensen OE, Liu PT, Jalian HR, Eshtiaghpour D, Behmanesh BE, et 

al. TGF-alpha regulates TLR expression and function on epidermal 

keratinocytes. J Immunol 2005;174:6137-43. 

[48] Lai Y, Di Nardo A, Nakatsuji T, Leichtle A, Yang Y, Cogen AL, et al. 

Commensal bacteria regulate Toll-like receptor 3-dependent inflammation after 

skin injury. Nat Med 2009;15:1377-82. 

[49] Bernard JJ, Cowing-Zitron C, Nakatsuji T, Muehleisen B, Muto J, Borkowski 

AW, et al. Ultraviolet radiation damages self noncoding RNA and is detected by 

TLR3. Nat Med 2012;18:1286-90. 

[50] Lewis DA and Spandau DF. UVB activation of NF-kappaB in normal human 

keratinocytes occurs via a unique mechanism. Arch Dermatol Res 2007;299:93-

101. 

[51] Chouinard N, Valerie K, Rouabhia M, and Huot J. UVB-mediated activation of 

p38 mitogen-activated protein kinase enhances resistance of normal human 



keratinocytes to apoptosis by stabilizing cytoplasmic p53. Biochem J 

2002;365:133-45. 

[52] Hildesheim J, Awwad RT, and Fornace AJ, Jr. p38 Mitogen-activated protein 

kinase inhibitor protects the epidermis against the acute damaging effects of 

ultraviolet irradiation by blocking apoptosis and inflammatory responses. J 

Invest Dermatol 2004;122:497-502. 

[53] Schieke SM, Ruwiedel K, Gers-Barlag H, Grether-Beck S, and Krutmann J. 

Molecular crosstalk of the ultraviolet a and ultraviolet B signaling responses at 

the level of mitogen-activated protein kinases. J Invest Dermatol 2005;124:857-

9. 

[54] Abeyama K, Eng W, Jester JV, Vink AA, Edelbaum D, Cockerell CJ, et al. A 

role for NF-kappaB-dependent gene transactivation in sunburn. J Clin Invest 

2000;105:1751-9. 

[55] Grandjean-Laquerriere A, Gangloff SC, Le Naour R, Trentesaux C, Hornebeck 

W, and Guenounou M. Relative contribution of NF-kappaB and AP-1 in the 

modulation by curcumin and pyrrolidine dithiocarbamate of the UVB-induced 

cytokine expression by keratinocytes. Cytokine 2002;18:168-77. 

[56] Borkowski AW, Park K, Uchida Y, and Gallo RL. Activation of TLR3 in 

keratinocytes increases expression of genes involved in formation of the 

epidermis, lipid accumulation, and epidermal organelles. J Invest Dermatol 

2013;133:2031-40. 

[57] de la Garza G, Schleiffarth JR, Dunnwald M, Mankad A, Weirather JL, Bonde 

G, et al. Interferon regulatory factor 6 promotes differentiation of the periderm 

by activating expression of Grainyhead-like 3. J Invest Dermatol 2013;133:68-

77. 



[58] Kwa MQ, Huynh J, Aw J, Zhang L, Nguyen T, Reynolds EC, et al. Receptor-

interacting protein kinase 4 and interferon regulatory factor 6 function as a 

signaling axis to regulate keratinocyte differentiation. J Biol Chem 

2014;289:31077-87. 

[59] Ting SB, Caddy J, Hislop N, Wilanowski T, Auden A, Zhao LL, et al. A 

homolog of Drosophila grainy head is essential for epidermal integrity in mice. 

Science 2005;308:411-3. 

[60] Lin Q, Fang D, Fang J, Ren X, Yang X, Wen F, et al. Impaired wound healing 

with defective expression of chemokines and recruitment of myeloid cells in 

TLR3-deficient mice. J Immunol 2011;186:3710-7. 

[61] Lin Q, Wang L, Lin Y, Liu X, Ren X, Wen S, et al. Toll-like receptor 3 ligand 

polyinosinic:polycytidylic acid promotes wound healing in human and murine 

skin. J Invest Dermatol 2012;132:2085-92. 

[62] Yaar M, Karassik RL, Schnipper LE, and Gilchrest BA. Effects of alpha and 

beta interferons on cultured human keratinocytes. J Invest Dermatol 1985;85:70-

4. 

[63] Bielenberg DR, McCarty MF, Bucana CD, Yuspa SH, Morgan D, Arbeit JM, et 

al. Expression of interferon-beta is associated with growth arrest of murine and 

human epidermal cells. J Invest Dermatol 1999;112:802-9. 

[64] Wang X, Liu X, Zhang Y, Wang Z, Zhu G, Han G, et al. Interleukin (IL)-39 [IL-

23p19/Epstein-Barr virus-induced 3 (Ebi3)] induces differentiation/expansion of 

neutrophils in lupus-prone mice. Clin Exp Immunol 2016; 

[65] Wang X, Wei Y, Xiao H, Liu X, Zhang Y, Han G, et al. A novel IL-23p19/Ebi3 

(IL-39) cytokine mediates inflammation in Lupus-like mice. Eur J Immunol 

2016;46:1343-50. 



[66] Jones JL, Canady JW, Brookes JT, Wehby GL, L'Heureux J, Schutte BC, et al. 

Wound complications after cleft repair in children with Van der Woude 

syndrome. J Craniofac Surg 2010;21:1350-3. 

[67] Fitsialos G, Chassot AA, Turchi L, Dayem MA, LeBrigand K, Moreilhon C, et 

al. Transcriptional signature of epidermal keratinocytes subjected to in vitro 

scratch wounding reveals selective roles for ERK1/2, p38, and 

phosphatidylinositol 3-kinase signaling pathways. J Biol Chem 2007;282:15090-

102. 

[68] Iizuka M and Konno S. Wound healing of intestinal epithelial cells. World J 

Gastroenterol 2011;17:2161-71. 

[69] Vijay-Kumar M, Wu H, Aitken J, Kolachala VL, Neish AS, Sitaraman SV, et al. 

Activation of toll-like receptor 3 protects against DSS-induced acute colitis. 

Inflamm Bowel Dis 2007;13:856-64. 

[70] Zhou R, Wei H, Sun R, and Tian Z. Recognition of double-stranded RNA by 

TLR3 induces severe small intestinal injury in mice. J Immunol 2007;178:4548-

56. 

[71] McAllister CS, Lakhdari O, Pineton de Chambrun G, Gareau MG, Broquet A, 

Lee GH, et al. TLR3, TRIF, and caspase 8 determine double-stranded RNA-

induced epithelial cell death and survival in vivo. J Immunol 2013;190:418-27. 

[72] Gunther C, Buchen B, He GW, Hornef M, Torow N, Neumann H, et al. 

Caspase-8 controls the gut response to microbial challenges by Tnf-alpha-

dependent and independent pathways. Gut 2015;64:601-10. 

[73] Liu Z, Geboes K, Colpaert S, D'Haens GR, Rutgeerts P, and Ceuppens JL. IL-15 

is highly expressed in inflammatory bowel disease and regulates local T cell-

dependent cytokine production. J Immunol 2000;164:3608-15. 



[74] Hue S, Mention JJ, Monteiro RC, Zhang S, Cellier C, Schmitz J, et al. A direct 

role for NKG2D/MICA interaction in villous atrophy during celiac disease. 

Immunity 2004;21:367-77. 

[75] Mention JJ, Ben Ahmed M, Begue B, Barbe U, Verkarre V, Asnafi V, et al. 

Interleukin 15: a key to disrupted intraepithelial lymphocyte homeostasis and 

lymphomagenesis in celiac disease. Gastroenterology 2003;125:730-45. 

[76] Meresse B, Chen Z, Ciszewski C, Tretiakova M, Bhagat G, Krausz TN, et al. 

Coordinated induction by IL15 of a TCR-independent NKG2D signaling 

pathway converts CTL into lymphokine-activated killer cells in celiac disease. 

Immunity 2004;21:357-66. 

[77] Moyano-Porcile V, Olavarria-Ramirez L, Gonzalez-Arancibia C, Bravo JA, and 

Julio-Pieper M. Short-term effects of Poly(I:C) on gut permeability. Pharmacol 

Res 2015;101:130-6. 

[78] Latorre E, Mendoza C, Layunta E, Alcalde AI, and Mesonero JE. TLR2, TLR3, 

and TLR4 activation specifically alters the oxidative status of intestinal 

epithelial cells. Cell Stress Chaperones 2014;19:289-93. 

[79] Bataller R and Brenner DA. Liver fibrosis. J Clin Invest 2005;115:209-18. 

[80] Byun JS, Suh YG, Yi HS, Lee YS, and Jeong WI. Activation of toll-like 

receptor 3 attenuates alcoholic liver injury by stimulating Kupffer cells and 

stellate cells to produce interleukin-10 in mice. J Hepatol 2013;58:342-9. 

[81] Jeong WI, Park O, and Gao B. Abrogation of the antifibrotic effects of natural 

killer cells/interferon-gamma contributes to alcohol acceleration of liver fibrosis. 

Gastroenterology 2008;134:248-58. 

[82] Jeong WI, Park O, Suh YG, Byun JS, Park SY, Choi E, et al. Suppression of 

innate immunity (natural killer cell/interferon-gamma) in the advanced stages of 

liver fibrosis in mice. Hepatology 2011;53:1342-51. 



[83] Jiang W, Sun R, Wei H, and Tian Z. Toll-like receptor 3 ligand attenuates LPS-

induced liver injury by down-regulation of toll-like receptor 4 expression on 

macrophages. Proc Natl Acad Sci U S A 2005;102:17077-82. 

[84] Pruett SB, Schwab C, Zheng Q, and Fan R. Suppression of innate immunity by 

acute ethanol administration: a global perspective and a new mechanism 

beginning with inhibition of signaling through TLR3. J Immunol 

2004;173:2715-24. 

[85] Lang KS, Georgiev P, Recher M, Navarini AA, Bergthaler A, Heikenwalder M, 

et al. Immunoprivileged status of the liver is controlled by Toll-like receptor 3 

signaling. J Clin Invest 2006;116:2456-63. 

[86] Lee JM, Grabb MC, Zipfel GJ, and Choi DW. Brain tissue responses to 

ischemia. J Clin Invest 2000;106:723-31. 

[87] Pan LN, Zhu W, Li C, Xu XL, Guo LJ, and Lu Q. Toll-like receptor 3 agonist 

Poly I:C protects against simulated cerebral ischemia in vitro and in vivo. Acta 

Pharmacol Sin 2012;33:1246-53. 

[88] Li Y, Xu XL, Zhao D, Pan LN, Huang CW, Guo LJ, et al. TLR3 ligand Poly IC 

Attenuates Reactive Astrogliosis and Improves Recovery of Rats after Focal 

Cerebral Ischemia. CNS Neurosci Ther 2015;21:905-13. 

[89] Wang PF, Fang H, Chen J, Lin S, Liu Y, Xiong XY, et al. Polyinosinic-

polycytidylic acid has therapeutic effects against cerebral ischemia/reperfusion 

injury through the downregulation of TLR4 signaling via TLR3. J Immunol 

2014;192:4783-94. 

[90] Zhang X, Ha T, Lu C, Lam F, Liu L, Schweitzer J, et al. Poly (I:C) therapy 

decreases cerebral ischaemia/reperfusion injury via TLR3-mediated prevention 

of Fas/FADD interaction. J Cell Mol Med 2015;19:555-65. 



[91] Hausenloy DJ and Yellon DM. Myocardial ischemia-reperfusion injury: a 

neglected therapeutic target. J Clin Invest 2013;123:92-100. 

[92] Lu C, Ren D, Wang X, Ha T, Liu L, Lee EJ, et al. Toll-like receptor 3 plays a 

role in myocardial infarction and ischemia/reperfusion injury. Biochim Biophys 

Acta 2014;1842:22-31. 

[93] Chen Z, Chua CC, Ho YS, Hamdy RC, and Chua BH. Overexpression of Bcl-2 

attenuates apoptosis and protects against myocardial I/R injury in transgenic 

mice. Am J Physiol Heart Circ Physiol 2001;280:H2313-20. 

[94] Chen C, Feng Y, Zou L, Wang L, Chen HH, Cai JY, et al. Role of extracellular 

RNA and TLR3-Trif signaling in myocardial ischemia-reperfusion injury. J Am 

Heart Assoc 2014;3:e000683. 

[95] Devarajan P. Update on mechanisms of ischemic acute kidney injury. J Am Soc 

Nephrol 2006;17:1503-20. 

[96] Paulus P, Rupprecht K, Baer P, Obermuller N, Penzkofer D, Reissig C, et al. 

The early activation of toll-like receptor (TLR)-3 initiates kidney injury after 

ischemia and reperfusion. PLoS ONE 2014;9:e94366. 

[97] Bhartiya D, Sklarsh JW, and Maheshwari RK. Enhanced wound healing in 

animal models by interferon and an interferon inducer. J Cell Physiol 

1992;150:312-9. 

[98] Cheng K, Wang X, and Yin H. Small-molecule inhibitors of the TLR3/dsRNA 

complex. J Am Chem Soc 2011;133:3764-7. 

[99] Reilly SM, Chiang SH, Decker SJ, Chang L, Uhm M, Larsen MJ, et al. An 

inhibitor of the protein kinases TBK1 and IKK-varepsilon improves obesity-

related metabolic dysfunctions in mice. Nat Med 2013;19:313-21. 

[100] Brem H and Tomic-Canic M. Cellular and molecular basis of wound healing in 

diabetes. J Clin Invest 2007;117:1219-22. 



[101] Picot E, Meunier L, Picot-Debeze MC, Peyron JL, and Meynadier J. Treatment 

of psoriasis with a 311-nm UVB lamp. Br J Dermatol 1992;127:509-12. 

[102] Grundmann SA and Beissert S. Modern aspects of phototherapy for atopic 

dermatitis. J Allergy (Cairo) 2012;2012:121797. 

[103] Gesuete R, Packard AE, Vartanian KB, Conrad VK, Stevens SL, Bahjat FR, et 

al. Poly-ICLC preconditioning protects the blood-brain barrier against ischemic 

injury in vitro through type I interferon signaling. J Neurochem 2012;123 Suppl 

2:75-85. 

[104] Nakamura O, Shitara N, Matsutani M, Takakura K, and Machida H. Phase I-II 

trials of poly(ICLC) in malignant brain tumor patients. J Interferon Res 

1982;2:1-4. 

[105] Maluish AE, Reid JW, Crisp EA, Overton WR, Levy H, Foon KA, et al. 

Immunomodulatory effects of poly(I,C)-LC in cancer patients. J Biol Response 

Mod 1985;4:656-63. 

[106] Navabi H, Jasani B, Reece A, Clayton A, Tabi Z, Donninger C, et al. A clinical 

grade poly I:C-analogue (Ampligen) promotes optimal DC maturation and Th1-

type T cell responses of healthy donors and cancer patients in vitro. Vaccine 

2009;27:107-15. 

[107] Jasani B, Navabi H, and Adams M. Ampligen: a potential toll-like 3 receptor 

adjuvant for immunotherapy of cancer. Vaccine 2009;27:3401-4. 

[108] Bunting RA, Duffy KE, Lamb RJ, San Mateo LR, Smalley K, Raymond H, et al. 

Novel antagonist antibody to TLR3 blocks poly(I:C)-induced inflammation in 

vivo and in vitro. Cell Immunol 2011;267:9-16. 

 



TLR3

Inflammatory cytokines 

and chemokines (e.g. 

TNF-α, IL-6, CCL5)

Wound healing and 

repair

Host protective role

Promotes inflammation 

and cell death 

(apoptosis, pyroptosis 

and/or necroptosis) 

Primarily detrimental 

role

Suppresses inflammation 

and steatosis

Host protective role

Promotes cell survival

Host protective role

Promotes cell death 

(apoptosis)

Detrimental role

Promotes cell death 

(apoptosis and 

necrosis) 

Detrimental role

Inflammatory cytokines  

(e.g. TNF-α, IL-6, IL-12, 

IL-15, type 1 and 2 IFNs)

Anti-inflammatory 

cytokine release 

(e.g. IL-10)

Blocks inflammatory 

cytokines (e.g. TNF-α, 

IL-6) and increases IFN-β

Inflammatory cytokines 

(e.g. TNF-α, IL-1β)

Inflammatory cytokines  

(e.g. TNF-α, IL-1α, 

IL-17, IL-27)

Skin Intestine Liver Brain Heart Kidney

Figure 1



dsRNA

TLR3

TRIF

FADD

C
a

s
p

a
s
e

 8

No Caspase 8

C
a

s
p

a
s
e

 8

F
L

IP

RIPK1

RIPK1

TRAF6

TBK1

IRF3 NF-κBIRF6

IL-23p19 IFN-β TNF-α, IL-6

?

?

pp pp

pp

Ub

Ub
Ub

Ub

Unknown kinase

RIPK1

Necrosome

NecroptosisPro-survivalApoptosis

RIPK3

T
IR

R
H

IM

R
H

IM

D
D

D
D

D
E

D

D
E

D

D
E

D

A
7

9
5

A
7

9
5

endosome

cytoplasm

nucleus

TAB1 TAB2

TAK1

IKKs

IK
K
α

IK
K
β

Figure 2



Skin

Necrotic keratinocyte

Release of cellular contents

UV 

exposure

U1 RNA

TLR3 activation

NF-κB

Release of inflammatory 

cytokines and chemokines 

(eg. TNF-α, IL-6, CCL5, 

CCL20)

Recruit neutrophils and  

macrophages

Inflammation

IRF6

?

?

IRF6

IL-23p19 induction

IL-23p19-EBI3  

heterodimer (IL-39)

Neutrophil expansion

Anti-inflammatory 

responses

Wound healing

Genes associated with 

maintenance of epidermal 

structure (eg. ABCA12, 

GBA, ASM and TGM1)

Wound repair

IFN-β 

induction

Terminal 

differentiation

of keratinocytes

IRF3

Figure 3


