
Endogenous ligands of TLR4 promote unresolving tissue 
fibrosis: implications for systemic sclerosis and its targeted 
therapy

Swati Bhattacharyya* and John Varga
Northwestern Scleroderma Program, Feinberg School of Medicine, Chicago, IL

Abstract

Fibrosis, the hallmark of scleroderma or systemic sclerosis (SSc), is a complex, dynamic and 

generally irreversible pathophysiological process that leads to tissue disruption, and lacks effective 

therapy. While early-stage fibrosis resembles normal wound healing, in SSc fibrosis fails to 

resolve. Innate immune signaling via toll-like receptors (TLRs) has recently emerged as a key 

driver of persistent fibrotic response in SSc. Recurrent injury in genetically predisposed individual 

causes generation of “damage-associated molecular patterns” (DAMPs) such as fibronectin-EDA 

and tenascin-C. Sensing of these danger signals by TLR4 on resident cells elicits potent 

stimulatory effects on fibrotic gene expression and myofibroblast differentiation, and appears to 

sensitize fibroblasts to the profibrotic stimulatory effect of TGF-β. Thus, DAMPs induce TLR4-

mediated innate immune signaling on resident mesenchymal cells which drives the emergence and 

persistence of fibrotic cells in tissues, and underlies the switch from a self-limited repair response 

to non-resolving pathological fibrosis characteristic of SSc. In this review, we present current 

views of the DAMP-TLR4 axis in driving sustained fibroblasts activation and its pathogenic roles 

in fibrosis progression in SSc, and potential anti-fibrotic approaches for selective therapeutic 

targeting of TLR4 signaling.
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INTRODUCTION

Systemic sclerosis (SSc) involves a complex interplay between autoimmunity, vasculopathy, 

and fibrosis in the skin and multiple internal organs [1]. The pathogenesis remains poorly 

understood; current therapies show only modest and variable efficacy and fail to alter disease 
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course and mortality. The fibrotic process in SSc is most prominent in the skin and lungs, 

however fibrosis can also occur in the myocardium, gastrointestinal tract, tendons and 

muscles, and renal interstitium and contributes to mortality [2]. Activated T and B cells, 

monocytes, dendritic cells and macrophages, are prominent in early-stage SSc biopsies [3]. 

However, later stages of SSc are dominated by bland tissue fibrosis, and inflammatory cell 

infiltration is rare. Understanding the pathogenic network of inflammatory, vascular, and 

fibrotic processes driving non-resolving tissue fibrosis in SSc remains a major challenge in 

the field. Genomic analysis of SSc skin biopsies has identified distinct gene expression 

subsets, including an inflammatory intrinsic subset that is highly enriched in pathways 

related to innate immune signaling [4, 5]. Genetic studies further show that virtually all SSc-

associated risk loci are located in genes related to innate immune signaling including the 

toll-like receptor (TLR) system [6–8]. Of great interest in this regard, variants of A20 or 

TNFAIP3, a deubiquitinase that is a key negative regulator of TLR signaling, and its partner 

(TNFAIP3)-interacting protein 1 (TNIP1), both showed strong association with SSc [7, 8]. 

While the role of TLR signaling in classical (bone marrow-derived) immune cells in 

multiple inflammatory and autoimmune diseases is well established, little is currently known 

regarding TLR signaling in stromal/mesenchymal cells, or its roles in SSc.

It has become recognized that the expression of TLR4 as well as several endogenous ligand 

DAMPs is elevated in lesional tissue from patients with SSc. DAMP-induced TLR4 

activation elicits potent stimulatory effects on fibrotic gene expression and myofibroblast 

transformation and survival. When these cellular responses become persistent, either due to 

constitutive TLR activation by endogenous DAMPs or downstream signaling mediators, or 

impaired termination of signaling by endogenous inhibitors, they contribute to failure of 

fibrosis resolution [9]. This review highlights critical events in deregulated innate immune 

signaling that contribute to non-resolving tissue fibrosis in SSc and pathological fibrosis. 

Dissecting the pathogenic networks that underlie self-sustaining DAMP-induced fibroblast 

activation, DAMP interaction with TLRs and other pattern recognition receptors, 

downstream cellular signaling pathways, and regulation and function of endogenous 

inhibitors of innate immunity, will form the foundation for innovative targeted therapies to 

block fibrosis [10].

Damage-associated endogenous ligands

As the first line of host defense, the innate immune system comprising a diverse set of 

pattern recognition receptors (PRRs) recognizes exogenous pathogen-associated molecular 

patterns (PAMPs), derived from microbial pathogens, and DAMPs generated as the 

consequence of tissue damage [11]. Currently, the best characterized groups of PRRs 

include the Toll-like receptors (TLRs), the nucleotide-binding oligomerization domain 

(NOD)-like receptors (NLRs) and retinoic acid-inducible gene-I (RIG-I)-like receptors 

(RLRs) [9, 12]. Upon sensing PAMP or DAMP, these receptors trigger NF-κB activation and 

interferon response factor (IRF)-dependent signaling cascades, leading to secretion of 

proinflammatory cytokines. In the case of TLRs, ligand binding to its extracellular leucine-

rich repeats region causes TLRs to dimerize and undergo conformational changes of their 

intracellular TIR domains, which in turn recruits and activates adaptor molecules such as 

MyD88, and/or TRIF to transduce signals [9].
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In response to recognizing PAMPs such as bacterial lipopolysaccharide (LPS), TLR4 forms 

a complex with its co-receptor MD2 on the cell surface. Structural studies showed that five 

of six LPS lipid chains bind to the hydrophobic pocket of MD2, and the remaining lipid 

chain associates with TLR4 [13]. Danger signals that are generated in response to tissue 

injury contribute to the pathogenesis progression of many autoimmune diseases via TLR4 

activation. Well-studied danger signals include intracellular molecules such as high mobility 

group box 1 (HMGB1) and heat shock proteins (HSPs), self-DNA and RNA, serum amyloid 

A (SAA), S100 proteins, fragments of extracellular matrix (ECM) molecules, and several 

chaperone proteins such as gp96, ER-resident chaperone proteins; and alternatively-spliced 

“oncofetal” variants of normal ECM components such as EDA-containing fibronectin [9]. In 

contrast to LPS, DAMPs may not require the same co-receptors and accessory molecules to 

achieve signaling-competent TLR4 conformation. It is noteworthy that many DAMPs were 

originally implicated as putative endogenous TLR4 ligands based on co-

immunoprecipitation or functional cell-based assays in vitro, or using mutant mice deficient 

in TLRs or their adaptor proteins in vivo. No crystal structures of DAMP-TLR4 complex 

have been reported so far to confirm direct interactions, or the requirements of specific co-

receptors for the formation of active signaling complexes.

In addition to TLR4, TLR2 might also play a role in mediating DAMP dependent 

pathogenic responses. Genome-wide association studies (GWAS) in SSc reveal a rare 

functional polymorphism in the TLR2 gene (Pro631His) that showed robust association with 

both anti-topoisomerase antibody-positivity and pulmonary arterial hypertension [14]. 

Dendritic cells from patient carrying this rare TLR2 variant exhibited a marked increase in 

IL-6 production upon stimulation with TLR2 ligand Pam3Cys. Additional studies showed 

elevated expression of TLR2 in SSc fibroblasts [15]. Antibody blockade of TLR2 reduced 

serum-amyloid-A (SAA)-induced IL-6 production, suggesting that SAA served as an 

endogenous DAMP for TLR2 [10, 15]. It is noteworthy in this context that serum levels of 

SAA were shown to be elevated in a subset of SSc patients with early diffuse cutaneous 

disease and pulmonary involvement [16].

One of the best-studied DAMP receptors is RAGE. The extracellular region of RAGE is 

responsible for ligand interaction and a cytoplasmic domain for downstream intracellular 

signaling [17]. Due to alternate splicing or protease processing RAGE can exist in truncated 

forms. RAGE was shown to serve as a receptor for a number of potentially SSc-relevent 

DAMPs, including HMGB1, S100 proteins, and amyloid-β protein [18–20].

TLR4 is implicated in SSc: elevated levels in lesional skin and lung

Recent studies indicate that TLR4 and its co-receptors, MD2 and CD14, are elevated in 

lesional skin biopsies from patients with diffuse cutaneous SSc, and show significant 

correlation with disease progression [21]. In lesional biopsies, TLR4 co-localized with 

myofibroblasts, as well as infiltrating macrophages and vascular cells [22]. Interstitial lung 

disease is a frequent SSc complication that can show sustained stability or rapid progression 

[23]. Lung biopsies from SSc-ILD patients showed elevated intracellular TLR4 expression 

prominently in parenchymal fibroblasts and infiltrating cells located at, or adjacent to, 

fibrotic loci. Numerous TLR4-positive interstitial cells in the fibrotic stroma showed strong 
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α-SMA staining [22]. In contrast, only scant TLR4 immunostaining was noted around 

vascular structures. A recent study by Christmann et al. used lung biopsies from SSc-related 

interstitial lung disease (ILD) and controls to study pathogenesis [24]. Many SSc lung 

biopsies showed up-regulation of genes related to TLR and TGF-ß signaling, broadly 

consistent with gene activation clusters also seen in lesional skin [9]. Such widespread 

concordance in gene expression patterns across skin and lung implicates major immune-

related processes as drivers of multi-organ pathology in SSc. However, the role of TLR4 in 

lung fibrosis appears to be complex, and the current evidence is contradictory. For instance, 

studies have shown that LPS- or bleomycin-induced pulmonary fibrosis was ameliorated in 

mice with TLR4 deleted using small hairpin RNA (shRNA), or in mice that are TLR4-null 

[25, 26]. In contrast, other studies showed worse bleomycin-induced lung inflammation and 

fibrosis and reduced survival after acute lung injury in TLR4 null mice, attributed to failure 

of alveolar epithelial cell regeneration in the absence of TLR4 [27, 28]. The findings suggest 

the possibility that TLR4 on epithelial cells might play a protective role during lung injury, 

and its absence aggravates the process. However, the conflicting observations in these 

studies remain difficult to reconcile at the moment.

TLR4 sensitizes fibroblasts to profibrotic stimulation by TGF-β

Presence of functionally intact TLR4 signaling axis in skin fibroblasts was confirmed by 

demonstrating stimulation of classic TLR4-dependent inflammatory genes and NF-κB-luc 

activity by LPS [22]. Treatment of skin fibroblasts by LPS, or by endogenous TLR4 ligands, 

elicited stimulation of a profibrotic gene expression program and transdifferentiation into α 
smooth muscle-actin-positive myofibroblasts. Moreover, TLR4 activation on fibroblasts 

dramatically enhanced its sensitivity to the profibrotic effect of TGF-β. Conversely, genetic 

targeting of TLR4, or of its endogenous DAMP ligands, or pharmacological disruption of 

signaling from TLR4 or its co-receptor MD2, ameliorated progressive tissue fibrosis in 

multiple disease models [22, 29, 30].

In skin fibroblasts, incubation with LPS elicited global changes in gene expression [22]. The 

TLR4-dependent LPS response was dominated by genes involved in ECM remodeling, 

tissue repair, and wound healing, while changes in inflammatory genes were relatively 

modest. These results suggest distinct functional roles for TLR4 in classical immune cells, 

where TLR4 serves to elicit a rapid and potent inflammatory response designed to deal with 

invading microbial pathogens, versus in tissue-resident stromal/parenchymal cells, where 

TLR4 might have evolved primarily to promote robust repair of injured tissue [9, 22]. 

Mechanistically, the TLR4-dependent profibrotic responses involved multiple pathways, 

including suppression of the endogenous TGF-β antagonist BAMBI (bone morphogenetic 

protein and activin membrane-bound inhibitor), and of miR-29, a microRNA known to 

function as a negative regulator of fibrosis [22, 31–33]. Additional transcriptional 

mechanisms and epigenetic mesenchymal cell reprograming underlying the persistent 

profibrotic effects of TLR4 are likely to be operative, and remain a vital area for 

investigation.
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Sustained TLR4 activation by endogenous DAMPs underlies nonresolving tissue fibrosis 
in SSc

Sterile tissue injury results in the generation of DAMPs that enable cells to sense, and 

respond to, danger [11, 12]. Persistent DAMP exposure however contributes to chronic 

inflammatory and autoimmune diseases. To understand the role of DAMPs and TLRs in 

SSc, we performed an unbiased survey of lesional SSc skin for the expression of putative 

endogenous TLR4 ligands. By immunohistochemistry, we identified low molecular weight 

hyaluronic acid, HMGB1, alternatively-spliced isoform of fibronectin (FnEDA) and tenascin-

C as most highly up-regulated DAMPs [34]. Alternatively spliced FnEDA and tenascin-C are 

normally detected in tissues during embryogenesis and then decline. The ‘embryonic’ 

splicing pattern is re-established transiently during tissue repair and angiogenesis; in 

contrast, persistent re-expression of these oncofetal isoforms in adults is a hallmark of 

cancer, and evidently also fibrosis [35, 36].

Alternatively spliced fibronectin EDA isoform drives intractable fibrotic response via TLR4

Fibronectin is one of the best known proteins generated by alternate splicing [35]. 

Fibronectin occurs in two main forms: dimeric soluble plasma fibronectin (pFN) lacking 

EDA and EDB domain and multimeric cellular fibronectin (cFN) including EDA or EDB 

which is deposited in the matrix. Isoforms of fibronectin that include or exclude the EDA 

and EDB exons arise due to alternative splicing from a single fibronectin pre-mRNA. During 

cutaneous wound healing, the inclusion of EDA and EDB domains is increased at the wound 

base [35]. The presence of EDA defines the ability of fibronectin to activate TLR4; 

recombinant EDA but not EDB can induce TLR4-dependent NF-kB signaling and cytokine 

synthesis [37–39].

Our studies showed that levels of FnEDA are significantly elevated in SSc skin biopsies and 

in circulation compared to healthy controls [29]. Ex vivo, treatment of normal skin 

fibroblasts or reconstituted 3D human skin equivalents with TGF-β induced isoform-specific 

preferential up-regulation of FnEDA [29]. These studies used antibodies that specifically 

detect EDA isoform. Serving as a bona fide endogenous TLR4 ligand, FnEDA elicited potent 

profibrotic responses, with enhanced synthesis of collagen and expression of the 

myofibroblast marker α-smooth muscle actin. Moreover, mice with genetic deletion of 

FnEDA were largely resistant to experimentally-induced skin and lung fibrosis [29, 40].

Additional evidence for a TLR4-dependent signaling mechanism of fibronectin was recently 

provided by Kelsh et al [41, 42]. Using Inflammatory Cytokine microarrays, these authors 

found that FnEDA, and its partially unfolded type III domain (FnIII-1c), induced TLR4-

dependent inflammatory signaling in fibroblasts. This domain of fibronectin is exposed via 

tensional forces generated within rigid fibrotic microenvironments [41, 42]. These 

observations have clear implications for fibrosis, since fibrotic tissue is characterized by 

increased matrix stiffness [43]. We therefore speculate that in SSc, tensional forces within 

the stiff matrix of fibrotic skin and lungs drive exposure of the EDA and FnIII-1c domains of 

fibronectin, which, combined with increased generation of the EDA isoform via alternative 

splicing in resident fibroblasts, results in increased FnEDA bioavailability and profibrotic 

activity as an endogenous TLR4 ligands [29].
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On the basis of these observations, we propose a working model for persistent cutaneous 

fibrosis where resident fibroblasts are chronically exposed to either fibronectin domains 

acting as endogenous TLR4 ligands within the rigid fibrotic microenvironment. In response, 

these fibroblasts undergo TLR4-mediated activation and reprogramming, resulting in 

unopposed TGF-ß signaling, enhanced profibrotic responses, myofibroblast 

phenoconversion and matrix remodeling. Moreover, TLR4-dependent profibrotic responses 

in these cells include preferential production of the EDA isoform of fibronectin, along with 

other endogenous TLR4 ligands, which in turn drive further TLR4 activation, generating a 

cell-autonomous fibrosis amplification loop underlying persistent tissue fibrosis.

Tenascin-C induced TLR4-dependent fibrotic responses

One of the best studied endogenous TLR4 ligands linked to SSc and fibrosis is the large 

modular glycoprotein tenascin-C [36]. The human tenascin-C protein comprises four 

domains: a tenascin assembly (TA) domain, epidermal growth factor-like (EGF-L) repeats, 

up to 17 FNIII-like repeats, and a fibrinogen-like globe (FBG) domain. Eight of the FNIII 

repeats are constitutively expressed (FNIII 1–8), and nine FNIII repeats can be alternatively 

spliced (FNIIIA1-D). Tenascin-C is widely expressed during embryogenesis but is highly 

restricted in healthy adult tissues. Expression reappears in wound healing and tissue 

regeneration; and also seen in several autoimmune diseases [36]. Moreover, elevated 

tenascin C deposition ia a hallmark of lung fibrosis in both IPF and lung cancer [44]Our 

unbiased survey for DAMPs associated with SSc identified tenascin-C as one of the most 

highly up-regulated ECM proteins in SSc skin and lung biopsies as well as in circulation 

[30, 34]. Furthermore, elevated serum levels of tenascin-C were correlated with the Modified 

Rodnan skin score, a measure of skin fibrosis [30]. The antibodies used in these studies 

specifically detected the FNIII-B and FNIII-C epitopes of the large tenascin-C (~250 kDa) 

isoforms. Treatment of normal fibroblasts with TGF-β or PDGF preferentially induced 

synthesis of the large tenascin-C variant, while SSc fibroblasts produce the large tenascin-C 

isoform constitutively. Meta-analysis using publicly available transcriptome data 

(GSE56038 and GSE59785) demonstrated significantly elevated tenascin-C mRNA levels in 

SSc skin biopsies mapping to the inflammatory intrinsic subset compared with healthy 

controls (P<0.0001) [30]. Interestingly, tenascin-C in these biopsies showed strong 

correlation with TLR4, as well as IL-6, a proinflammatory profibrotic cytokine and direct 

target of TLR4 that is implicated in SSc [30].

Skin fibroblasts explanted from SSc patients show constitutive production of tenascin-C ex 

vivo, indicating that its increased accumulation in SSc might at least in part result from its 

cell-autonomous overproduction [30]. Treatment of skin fibroblasts with tenascin-C elicited 

TLR4-dependent profibrotic responses, including up-regulation of IL-6, and of TLR4 itself 

[30]. Mice lacking tenascin-C were protected from skin and lung fibrosis. Moreover, loss of 

tenascin-C was associated with reduced hypodermal fibrosis in the Tsk/+ mouse, a 

spontaneous fibrosis model. Importantly, bleomycin-induced skin fibrosis showed 

accelerated resolution in mice lacking tenascin-C. While the EDA isoform of fibronectin is a 

potent TLR4 agonist [29], it might be insufficient to compensate for genetic loss of tenascin-

C in null mice, since its expression is reduced in lesional skin. We propose that reduced 

TLR4 signaling in mice lacking tenascin-C accounts for attenuated skin and lung fibrosis 
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and accelerated resolution. Pathological tissue fibrosis in SSc might be similarly perpetuated 

via a TLR4-dependent fibrosis amplification loop driven by endogenous DAMPs that 

accumulate and persist within injured microenvironments [30]. This notion is consistent with 

previous studies showing that tenascin-C mediates persistence of synovial inflammation and 

tissue destruction in arthritis [45] and induces inflammatory mediators in cardiac 

myofibroblasts [46, 47]. An intriguing recent study sought to determine whether the TLR4-

dependent signaling pathways and biological readouts elicited by the tenascin-C FBG 

domain as an endogenous TLR4 ligand were similar to those elicited by the classic 

exogenous TLR4 ligand LPS [48]. Pursuing a comparative analysis of signaling pathways 

and biological outcomes in macrophages, the authors found that TLR4 activation elicited by 

FBG and LPS generated two distinct macrophage phenotypes, with only partially-

overlapping sets of activation markers, secreted effector molecules, and phosphoproteomic 

profiles [48]. Remarkably, while LPS promoted a macrophage phenotype with matrix-

degrading capacity, FBG promoted a TLR4-dependent “profibrotic” macrophage phenotype. 

These observations indicate that different microenvironmental cues can elicit distinct 

macrophage responses via the same receptor and confirm the profibrotic activity of tenascin-

C. Whether TLR4 activated by LPS versus DAMPs will generate similarly divergent 

responses in fibroblasts, remains an important unanswered question with relevance to 

fibrosis.

A recent study demonstrated that, tenascin-C induced arterial constriction via its EGF-like 

(EGFL) domain and the EGF receptor (EGFR) [49]. Previous studies have already 

implicated EGFR activation in TLR4-mediated innate immune responses [50–53]. 

Importantly, the EGFR inhibitor erlotinib blocks TLR4-mediated NFκB activation and 

protects mice from LPS-induced lethality, indicating that EGFR kinase activity is necessary 

for TLR4 signaling [50, 53]. These observations involving TLR4 and EGFR gain 

significance in view of recent clinical observations linking EGFR signaling to fibrosis and 

SSc. A multicohort analysis of SSc skin transcriptomes identified a 415-gene SSc signature 

with transcriptional profiles of 314 ligand stimulations across different cell lines showed 

positive correlation with multiple EGFR ligands [54]. This SSc-specific 415 gene expression 

signature was independent of disease subtype, duration, and skin score [54]. These 

intriguing results collectively suggest a novel pathogenic role for EGFR signaling in SSc, 

possibly mediated via the EGFL domain of tenascin-C binding to EGFR and cross-talk with 

TLR4. Comparison of the SSc disease signature with transcriptional profiles of 314 ligand 

stimulations showed correlation with multiple EGFR ligands [54]. Targeting the EGFR 

pathways therefore may be a potential therapeutic approach for SSc.

The physiological and pathological regulation of tenascin-C splicing has received increasing 

attention in the past few years. In particular, the serine/arginine-rich splicing factor 6 

(SRSF6) was shown to be an essential regulator of tenascin-C alternative splicing in 

melanoma [55]. Remarkably, transgenic mice overexpressing SRSF6 in collagen-producing 

cells were shown to spontaneously develop scleroderma-like skin hyperplasia, accompanied 

by aberrant tenascin-C splicing and accumulation of the large tenascin-C isoform [55]. By 

controlling tenascin-C alternative splicing, SRSF6 thus appear to exert powerful effect on 

skin homeostasis.
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Significantly, we found that SRSF6 expression was highly elevated in SSc skin biopsies 

(Bhattacharyya S, Varga J; unpublished). Moreover, SRSF6 levels within the lesional dermis 

showed significant correlation with tenascin-C levels, and RNA-seq analysis indicated 

increased abundance of alternatively-spliced tenascin-C mRNA isoforms (Bhattacharyya S, 

Roberson E and Varga J; unpublished). Interestingly, SRSF6 was previously shown to be 

elevated in SSc skin biopsies, and implicated in driving pathogenic accumulation of 

alternatively spliced inhibitory vascular endothelial growth factor (VEGF) isoform [56]. 

While these intriguing observations implicate SRSF6 and aberrant regulation of alternative 

tenascin-C splicing in skin fibrosis, little is currently known about tenascin-C splicing in 

inflammation and tissue remodeling. It will be of great interest to determine if alternatively 

spliced tenascin-C isoforms, or its FBG or EGFL domains, are necessary and sufficient to 

elicit TLR4-dependent fibrotic signaling, and whether they can be targeted for anti-fibrotic 

therapy.

The endogenous TLR4 ligand HMGB1, a DAMP, is elevated in SSc skin

High mobility group box 1 (HMGB1) is a highly conserved nuclear DNA-binding protein 

and was the first DAMP recognized as a endogenous TLR ligand. HMGB1 is expressed as a 

single polypeptide chain of 215 amino acids. HMGB1 is composed of three distinct 

structural domains: A-box (amino acids 1–79), B-box (89–162) which is responsible for 

DNA binding and the acidic C tail (186–215) enriched with negatively-charged aspartic acid 

and glutamic acid that controls transcriptional stimulation [57]. Injury, infection or cellular 

stress induce posttranslational modification (acetylation or methylation) of HMGB1, 

triggering cytoplasmic translocation from nucleus, and facilitating subsequent release into 

the extracellular milieu [58–60].

One of the most extensively studied roles of HMGB1 is as an endogenous TLR ligand 

DAMP [58]. Extracellular HMGB1 induces cellular responses by diverse pattern recognition 

receptors including TLR2, TLR4, TLR9 and RAGE. While HMGB1 physically interacts 

with RAGE, interaction with TLR4 appears to be required for cytokine release [59]. The 

disulfide bonds between Cysteine 23 and C45 and Cysteine 106 thiol group of HMGB1 are 

required for its recognition by the TLR4/MD2 complex [59]. In order to identify specific 

inhibitors of HMGB1-TLR4 signaling, peptide libraries were screened by Yang et al [61]. 

These studies identified a tetramer (P5779) as a specific antagonist that selectively prevented 

HMGB1 interaction with MD2 and subsequent TLR4 signaling [61]. Since P5779 does not 

interfere with PAMP-induced TLR4-dependent cytokine/chemokine production, anti-

microbial protective TLR4-MD2 responses are preserved. In preclinical studies, P5779 was 

shown to protect mice against hepatic ischemia/reperfusion injury, chemical toxicity, and 

sepsis. These findings reveal an exciting innovative strategy for selectively targeting DAMP-

mediated harmful inflammation while preserving antimicrobial immune responsiveness, and 

therefore have clinical relevance.

Studies have implicated HMGB1-dependent TLR4 signaling in myocardial, pulmonary, 

renal and liver fibrosis via TLR4 signaling [62–68]. We therefore sought to characterize the 

expression of HMGB1 in SSc. Immunohistochemistry of skin biopsies from nine patients 

with early dcSSc and five healthy controls matched for sex and age studied in parallel 
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demonstrated that, in contrast to healthy control biopsies where HMGB1 was localized 

primarily in the nucleus, in SSc biopsies a substantial increase in HMGB1 translocated from 

nucleus to cytoplasm was seen (Fig. 1), consistent with aberrant HMGB1 processing or 

secretion. It will therefore be of great interest to explore the implication of elevated HMGB1 

in SSc.

S100 proteins as endogenous TLR4 ligands in SSc

S100 belongs to a superfamily of calcium (Ca2+)-binding proteins. S100 is composed of 

two distinct helix-loop-helix structural domain (EF-hands) connected by a central hinge 

region [69, 70]. Despite their small molecular size and conserved functional domains, S100 

proteins have a plethora of tissue-specific intra- and extracellular functions and are 

implicated in diverse diseases such as cancer, cardiomyopathies, neurodegenerative, 

inflammatory and autoimmune diseases [71].

The S100 family members S100A8 and S100A9, also known as calgranulins A and B or 

myeloid-related proteins (MRP) 8 and 14 can form homo- and heterodimers as well as 

heterotetramers. While S100A8 and S100A9 can spontaneously form heterodimers in the 

absence of metal ions, tetramer formation of S100A8/S100A9 is strictly dependent on the 

presence of Zn2+ and Ca2+, which appears to be indispensable for the intracellular 

functions of S100A8/S100A9 [72, 73]. As endogenous TLR4 ligands, extracellular 

S100A8/A9 are involved in the pathogenesis of autoimmune diseases and cancer. Studies in 

SSc showed that circulating S100A8/A9 levels were significantly elevated and associated 

with lung fibrosis [74]. In addition, the S100A4 variant showed elevated tissue expression in 

SSc skin biopsies, and its production was stimulated by TGF-β in SSc skin fibroblasts [75]. 

Conversely, S100A4 knockout mice were protected from bleomycin-induced skin fibrosis. In 

light of these observation it will be interesting to explore the pathogenic roles of S100 family 

proteins as TLR4 ligand DAMPs in SSc.

DAMPs involved in regulation of TLR folding and trafficking

Appropriate protein folding is required for TLRs to traffic to their final cellular destination. 

Some TLRs, such as TLR4, traffic to the cell surface, while nucleic acid-sensing TLRs exit 

the endoplasmic reticulum (ER) for the endosomal system to interact with their ligands [76]. 

Folding of TLRs depends on the chaperone proteins gp96, CNPY3 and CNPY4 (also known 

as PRAT4A and PRAT4B). In particular gp96 enhanced TLR responses elicited by LPS 

(TLR4 agonist) or Pam3CSK4 (TLR2 agonist) [77]. On the other hand, deletion of gp96 in 

macrophages compromised signaling through both surface (TLR2 and TLR4) and 

endosomal (TLR7 and TLR9) receptors, presumably due to impaired trafficking of TLRs to 

their corresponding cellular compartments [78]. Rheumatoid arthritis (RA) synovial fluid-

induced macrophage activation was suppressed by neutralizing antibodies to anti-gp96, 

demonstrating the role of gp96 as clinically relevant endogenous TLR ligand [79]. CNPY3 

and CNPY4 belong to a family of ER-resident chaperone proteins also implicated in TLR 

trafficking and surface expression [80, 81]. Intriguingly, TLR4 is the only TLR only shown 

to be capable of interacting with endogenous CNPY3 [82]. Future studies are warranted to 

determine the regulation and pathogenic role of gp96, CNPY3 and CNPY4 as TLR 

chaperones in SSc.
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Limiting the TLR response: negative TLR regulation in SSc

Limiting the duration and amplitude of TLR signaling is essential for preventing unchecked 

inflammation. Impaired regulation of negative regulators of TLR signaling might contribute 

to chronic inflammatory and fibrotic diseases. Mechanism for the negative regulation of 

TLR signaling include alternative splicing of TLR adaptors (e.g. MyD88s); the cell surface 

molecule radioprotective 105 (RP105); intracellular ubiquitin editing enzymes such as A20 

(TNFAIP3) that modulate the activity of key TLR signaling intermediates; transcriptional 

regulators; and microRNAs [9, 83]. Although extensive discussion of negative-feedback 

mechanisms controlling TLR activation is beyond the scope of the current review, altered 

expression or function of the regulators appear to play important roles in a variety of TLR-

dependent disease process.

Targeting TLR4 in SSc: potential therapeutic approaches

Current treatment options for patients with SSc are limited and associated morbidity and 

mortality remain substantial. Clinical heterogeneity is a major factor confounding 

understanding of SSc pathogenesis. Genome-wide profiling approaches have identified four 

“intrinsic” gene expression subsets among patients with SSc [4, 84]. Cluster analysis of skin 

biopsy transcriptomes reveals distinct gene subsets provisionally labeled fibroproliferative, 

inflammatory, limited, and normal-like [4, 5, 85, 86]. In contrast to other subsets, the 

inflammatory intrinsic subset showed robust upregulation of genes associated with innate 

immunity [4, 85]. However, paucity of immune cells within SSc biopsies suggests that the 

inflammatory gene signatures might originate primarily from resident stromal cells rather 

than infiltrating hematopoietic cells. To explore this hypothesis, we generated an 

experimentally-derived “fibroblast TLR4-regulated gene signature” using normal skin 

fibroblasts transfected with TLR4. Comparing our experimentally-generated TLR4 gene 

signatures to those in primary human monocytes showed partial overlap of differentially-

expressed genes between the two cell types (hypergeometric test; p=0.02). Remarkably, only 

the fibroblast but not the monocytes, TLR4 gene signature showed enrichment with 

pathways related to wound healing, matrix organization and TGF-ß signaling, revealing 

important cell type-specific differences in how bone marrow-derived inflammatory cells 

versus stromal cells respond to TLR4 stimulation [9].

To determine if SSc is associated with altered TLR4 pathway activity, we compared the 

strength of TLR4 pathway activation in SSc and control skin biopsies using experimentally-

derived TLR4 gene signatures. This analysis revealed significant TLR4 pathway activation 

in inflammatory intrinsic subset SSc biopsies. The same biopsies also showed a strong TGF-

ß gene signature, and association with SSc-ILD [87] (Bhattacharyya S. and Varga J., 

unpublished). These findings suggest that elevated inflammatory gene expression in SSc 

skin biopsies might originate primarily from activated tissue-resident fibroblasts. 

Furthermore, this fibroblast TLR4 signature in skin biopsies might represent a predictive 

biomarker for identifying SSc patients with ongoing fibroblast activity who might be 

optimal responders to therapies that block TLR4 signaling.
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Pharmacological strategies to block pathogenic TLR4 signaling

As TLR4 dysregulation is associated with a myriad of diseases, and may play a significant 

role in their pathogenesis or persistence, several groups have attempted to develop potent 

inhibitors of TLR4 activity. The two most clinically advanced TLR4 inhibitors to date are 

Eritoran, a lipid-A mimetic (Eisai Co., Ltd., Japan) and TAK-242 (Takeda Pharmaceutical 

Company Limited, Japan), a TLR4-binding small molecule antagonist. Both drugs reached 

Phase III clinical trials for sepsis but failed to demonstrate efficacy [9, 88, 89]. Therefore, 

developing and validating a TLR4 inhibitor using novel strategies remains a critical goal for 

effective anti-fibrotic therapy.

The studies highlighted above implicate TLR4 and its co-receptor MD2 in SSc, focusing 

attention of TLR4/MD2 as a novel therapeutic target in this disease [9]. Several endogenous 

TLR4 ligand DAMPs require MD2 as a co-receptor for signaling and initiation of fibrotic 

responses [11, 38]. Hence, disrupting ligand-MD2-TLR4 complex formation represents a 

logical anti-fibrotic strategy. Yin and colleagues undertook extensive structure-activity-

relationship studies in order to identify drug candidates that selectively disrupt TLR4-MD2 

interactions. The most efficient compound in this series, T5342126, competes with MD2 for 

binding to TLR4, and shows potent anti-fibrotic effects. In normal fibroblasts stimulated by 

microbial LPS or by endogenous DAMPs fibronectin EDA or tenascin-C, T5342126 

prevented stimulation of collagen synthesis and myofibroblast differentiation (Fig. 2), and 

attenuated the constitutively activated phenotype of SSc fibroblasts (Bhattacharyya S and 

Varga J; unpublished). In vivo, T5342126 treatment was able to both prevent, and reverse, 

organ fibrosis in multiple disease models (Bhattacharyya S, Yin H and Varga J unpublished). 

An alternative therapeutic strategy for disrupting MD2-TLR4 complex formation using 

antibodies directed against TLR4 or the TLR4-MD-2 complex showed promising results in 

pre-clinical studies [90]. lnterleukin-1 Receptor Associated Kinases (IRAK) are a family of 

molecules that can also be therapeutically targeted to block TLR4-dependent responses. 

IRAK4 is the best characterized member of the family [91–93]. Pfizer recently patented an 

IRAK4 inhibitor (PF 06650833) for the treatment of autoimmune and inflammatory 

diseases.

An alternative approach to therapeutic TLR4 blockade involves selectively preventing TLR4 

activation by disease-associated DAMPs. Carefully choosing a target unique to the tissue 

damage and distinct from pathogen-mediated activation of the immune response, may 

provide the advantage of preserving an intact host response to infection. Viable approaches 

include selective targeting of alternatively-spliced domains of fibronectin and tenascin-C 

using specific antibodies. For example, the F16 antibody targets the A1 domain of tenascin-

C, whereas the 81C6 antibody recognizes the D domain; the EDA domain of fibronectin is 

the target of F8 antibody [94]. Of particular interest is a strategy to selectively target the 

tenascin-C FBG domain, which is responsible for TLR4 signaling [95]. In the same way, 

blocking S100A8/A9 and HMGB1 interaction with their cognate TLRs using small 

molecule inhibitors could prove to be useful therapeutic approaches for SSc [61, 73]. Small 

molecule inhibitors of S100A8/A9 and HMGB1 have also shown promises in animal models 

and could prove useful therapeutic approach for in SSc. Further preclinical studies and 

clinical data examining the therapeutic potential of targeting of the TLR4-DAMPs are 
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clearly warranted. At the same time, comparative analysis of co-receptors, downstream 

kinases, and transcription factors involved in DAMP versus PAMP-induced signaling may 

identify key differences that could lead to novel therapeutic approaches by selectively 

silencing DAMP-TLR4 signaling while preserving intact PAMP-induced anti-microbial host 

responses. Blocking TLR4 may also lead to inappropriate immune responses in specific cell 

types or in response to certain injuries. Thus, the risks and benefits of manipulation of TLR-

mediated immune responses need to be carefully balanced.

Summary and future perspective

Results from a growing body of in vitro experiments, animal models and clinical 

observations highlight a previously unsuspected fundamental pathogenic role of DAMP-

TLR4 signaling in fibrosis development, progression and persistence in SSc (Fig. 3). 

However, the identity of pathogenic DAMPs, the nature of their cell-type-specific signaling, 

and their precise contribution to driving tissue pathology in SSc remain unclear. It will be 

essential to elucidate if targeting selective TLR4 activation by a particular DAMP is effective 

in SSc, or if it is more appropriate to target shared downstream signaling pathways common 

to many DAMPs and pattern recognition receptors. It is notable that anti-sepsis drugs 

targeting the TLR4 axis, including eritoran and TAK-242, failed to achieve primary endpoint 

goals in clinical trials, emphasizing the challenge for improving the design of clinical studies 

or optimizing new treatment strategy. Recent studies from our group and others highlight the 

association of aberrant DAMP-dependent TLR4 signaling with fibrosis in SSc, suggesting 

that subsets of SSc patients might be identified as the optimal responders to therapy 

targeting TLR4. Intriguingly, in initial studies the TLR4 inhibitor T5342126 displayed 

potent anti-fibrotic activity in vitro and in animal models, encouraging further optimization. 

Alternatively, selectively ablating the expression or function of individual pathogenic 

DAMPS, or restoring or boosting the expression of endogenous TLR inhibitors such as A20 

or RP105 by pharmacologic agents, might hold promise for anti-fibrotic therapies. Results 

from both preclinical and clinical studies provide robust support for our premise that 

selective pharmacological targeting of the TLR4-DAMP pathway might have therapeutic 

potential to manage intractable fibrosis. In summary, this review highlighted an emerging 

paradigm implicating TLR4-DAMP signaling in persistent fibroblast activation as a key 

pathogenic mechanism in SSc, appealing opportunities for targeted therapeutic intervention 

and novel approaches for defining molecular classifiers to identify SSc patients who might 

be optimal responders to TLR4 inhibition.
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Highlights

• Triggering the innate immune system in resident stromal cells elicits fibrotic 

responses

• In the fibrotic microenvironment, “damage-associated molecular patterns” act 

as endogenous ligands for pattern recognition receptors such as TLRs 

expressed in myofibroblasts

• Persistent DAMP activation of myofibroblasts, coupled with impaired 

downregulation of innate immune signaling, underlies constitutive 

myofibroblast activation and failure of fibrosis resolution in SSc

• The novel paradigm of fibrosis persistence driven by sustained innate immune 

activation by DAMPs presents translational and clinical opportunities for the 

development of fibrosis biomarkers and treatments.
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Figure 1. Elevated HMGB1 expression and cytosolic localization in SSc skin biopsies
Immunohistochemistry of lesional skin biopsies from SSc patients with early-stage disease 

(n=6) and site-matched biopsies from age-matched healthy controls (n=4) using anti-

HMGB1 antibodies; representative images. Note increased dermal HMGB1 expression 

(brown) and cytosolic localization in SSc biopsies. Nuclei are blue. Scale bar, 50 μm; inset, 

10 μm.
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Figure 2. The endogenous TLR4 ligand FnEDA induces TLR4-dependent myofibroblasts 
differentiation via TLR4
Skin fibroblasts were incubated with fnEDA for 72 h in absence or presence of the novel 

MD2-TLR4 inhibitor T5342126. Immunofluorescence using antibodies to ASMA 

demonstrating increased myofibroblasts differentiation and stress fiber formation which was 

completely abrogated by T5342126 treatment. Representative images. Scale bar, 10 μm.
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Figure 3. DAMP-driven self-amplifying cycle of fibrosis in systemic sclerosis: a proposed model
Tissue damage from sustained injury activates inflammatory cells to secrete cytokines and 

growth factors which in turn generate damage-associated endogenous TLR ligands 

(DAMPs) and pro-inflammatory mediators. Proinflammatory mediators and DAMPs trigger 

tissue damage leading to further increasing DAMPs levels. At the same time DAMPs 

activate innate immune signaling pathway in resident mesenchymal cells that 

transdifferentiate to myofibroblasts, enhancing fibrogenic responses and converting self-

limited tissue repair into intractable scarring.

Bhattacharyya and Varga Page 22

Immunol Lett. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	Damage-associated endogenous ligands
	TLR4 is implicated in SSc: elevated levels in lesional skin and lung
	TLR4 sensitizes fibroblasts to profibrotic stimulation by TGF-β
	Sustained TLR4 activation by endogenous DAMPs underlies nonresolving tissue fibrosis in SSc
	Alternatively spliced fibronectin EDA isoform drives intractable fibrotic response via TLR4
	Tenascin-C induced TLR4-dependent fibrotic responses
	The endogenous TLR4 ligand HMGB1, a DAMP, is elevated in SSc skin
	S100 proteins as endogenous TLR4 ligands in SSc
	DAMPs involved in regulation of TLR folding and trafficking
	Limiting the TLR response: negative TLR regulation in SSc
	Targeting TLR4 in SSc: potential therapeutic approaches
	Pharmacological strategies to block pathogenic TLR4 signaling
	Summary and future perspective

	References
	Figure 1
	Figure 2
	Figure 3

