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ABSTRACT 
The relationship between cancer progression and 
chronic inflammation is well documented but poorly 
understood. The innate immune system has long 
been recognized as the first line of defense against 
invading pathogens. More recently, endogenous 
molecules released from tissue matrix (Damage 
Associated Molecular Patterns [DAMPs]) following 
tissue injury or periods of active matrix remodeling 
have also been identified as regulators of innate 
immunity. DAMPs have been identified as ligands 
for Toll-like receptors (TLRs), a family of cell-
surface proteins which regulate the immune response. 
TLRs have been identified on resident tissue cells 
as well as most tumor cells. Therefore, dysregulation 
of the innate immune response secondary to 
biochemical and mechanical driven changes in the 
extracellular matrix of the tumor microenvironment 
may be a critical component of the chronic 
inflammation associated with tumor progression. 
Here we review the role of extracellular matrix 
(ECM)-derived DAMPS in the activation of TLR4 
signaling in the context of tumor progression. We 
also explore the various types of topographical 
changes that can lead to ECM-derived DAMPs 
and their contribution to TLR4 activation. 
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Topographical changes in extracellular matrix: Activation of 
TLR4 signaling and solid tumor progression 

INTRODUCTION 
The innate immune system can work efficiently to 
identify and destroy cancer cells ultimately leading 
to suppression of tumor growth. A vast amount of 
evidence from in vitro studies, animal models and 
clinical trials indicates that the host-protective 
action of the innate immune system is critical for 
the body’s defense against cancer [1]. Unfortunately, 
during solid tumor progression the mechanisms 
that drive innate immunity can become dysregulated 
and chronic inflammation often ensues. Changes 
in cytokine profiles and the infiltration of a 
cancer-relevant population of immune cells unique 
to cancer stroma are drivers of tumor growth and 
spread [2, 3]. Changes in ECM mechanics and 
biochemistry are typically found to accompany 
these events in a variety of different cancers,  
and ECM remodeling is currently emerging as a 
major contributor to inflammation-based cancer 
progression [4, 5]. 
The conventional perspective of the ECM is that it 
exists to provide a physical support structure for 
cells. It is also viewed as an intermediary, regulating 
communication between the outside environment 
and intracellular signaling events [6]. However, 
alterations in ECM topography can drastically 
change the dynamic between the cell and its 
microenvironment. Cross-talk between tumor cells 
and surrounding stromal cells results in the 
restructuring of the ECM to benefit the overall 
homeostatic requirements of the tumor. Therefore, 
it is not surprising that there is continuous ECM 
remodeling during tumor progression. Alterations 
in the topography of the ECM arise through changes
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to the generation of these fragments and is a major
hallmark of invasive disease. When proteolysis  
of the ECM occurs, fragments are released  
into the microenvironment as discrete domains 
which maintain secondary structure and biological 
activity. These ECM domains, sometimes termed 
“matrikines”, act in a paracrine manner by functioning 
as ligands for receptors on the surface of cells 
within the microenvironment [12]. For instance, 
certain fragments can act as chemoattractants (i.e., 
recruit monocytes/macrophages), enhance phagocytic 
processes or promote increased inflammatory cell 
protease production [13]. Some of these domains 
can function as endogenous danger signals, 
DAMPs. DAMPs have been shown to influence a 
wide range of inflammatory events by serving as 
ligands for toll-like receptors, the critical regulators 
of the immune response [12, 14].  
The recruitment of inflammatory cells in a tumor 
microenvironment is highly dependent on the 
production of pro-inflammatory cytokines [15]. In 
particular, the production of pro-inflammatory 
chemokines, a chemotactic subset of cytokines, 
can promote the infiltration of immune cells, 
tumor cell proliferation and metastatic dissemination 
[16, 17].  Numerous reports have documented that 
increased cytokine production not only increases 
the risk for tumor development, but can enhance 
the growth rate of tumors, aid in angiogenic 
processes and mediate metastatic invasion [18, 
19]. A few examples of the cytokines commonly 
upregulated in tumors are IL-1, IL-6, IL-8, IL-23, 
and TNF-α, which can be produced by endothelial 
cells, tumor cells, fibroblasts and a wide range of 
immune cells [15, 20]. All of the above cytokines 
are controlled by the transcription factor, Nuclear 
Factor-kappa B (NF-κB), which is consistently 
linked to tumor initiation and inflammation-related 
tumor growth, EMT and invasion [21]. Furthermore, 
chronic activation of NF-κB in cancer-associated 
fibroblasts or other stromal cells is believed  
to provide tumors with a pro-inflammatory 
microenvironment that nurtures tumor growth and 
metastasis [22].  
ECM fragments are directly linked to increased 
cytokine levels and activation of NF-κB. Fibronectin 
fragments in particular have been shown to 
increase the secretion of pro-inflammatory cytokines 
 

in the composition, structure and organization  
of ECM molecules [4]. These topographical 
changes are achieved through a combination of 
biochemical and mechanical mechanisms. In the 
context of tumor growth and invasion, proteolysis 
is a hallmark biochemical event that allows cells 
to break through the basement membrane and 
move throughout the tissue stroma. As tumors 
progress, the stiffness of the surrounding 
microenvironment increases [7, 8]. Mechanical 
remodeling is seen when increased physical 
stiffness of the ECM couples with increased 
cellular contractile forces to induce changes in 
protein structure and organization [9]. Three 
aspects of biochemical remodeling typically occur 
during solid tumor progression: 1) changes in the 
composition of ECM 2) generation of ECM 
fragments and 3) ECM crosslinking. These three 
events are emerging as drivers of dysfunctional 
inflammation that can result in tumor growth, 
metastasis and angiogenesis.  
 
1. Changes in ECM topography drive 
dysregulated innate immunity 
Constant remodeling of the ECM can be important 
for basic cellular processes and movement. However, 
the increased deposition of ECM components, as 
well as the synthesis of new proteins is a 
characteristic feature of fibrotic diseases, chronic 
inflammation and the desmoplastic reaction 
associated with tumor growth [4]. In fact, the 
extent of desmoplasia within the tumor stroma can 
be indicative of the aggressiveness of solid tumors. 
Type I collagen and fibronectin are the most 
highly expressed ECM components associated with 
tumor progression, leading to alterations in ECM 
structure, function and rigidity [8]. Additionally, a 
wide variety of other proteins and proteoglycans, 
such as tenascin-C and biglycan, can be deposited 
[10, 11]. The role of these ECM components in 
tumor progression, particularly the contribution of 
their biochemically and mechanically remodeled 
structures to dysregulated innate immunity and 
chronic inflammation, represents an understudied 
but important area of cancer research.  
Solid tumor progression is accompanied by 
extensive remodeling that generates bioactive ECM 
fragments. Increased proteolysis is a major contributor 
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in fact, dependent on the presence of IL-1, 
underscoring the important contribution of these 
cytokines to tumor angiogenesis [37, 38]. Metastatic 
dissemination is also under the influence of pro-
angiogenic cytokines. Inhibition of the NF-κB-
dependent cytokines, CXCL1 and CXCL2, blocks 
infiltration of inflammatory cells and angiogenesis, 
which results in decreased breast and prostate 
cancer metastasis in vivo [39, 40]. Ultimately, the 
aberrant induction of cytokines by ECM fragments 
not only results in chronic pro-inflammatory 
responses but also drives angiogenic processes 
that feed tumor growth and facilitate metastasis. 
Furthermore, the growth of new blood vessels 
around a tumor is often associated with increased 
deposition of ECM and increased levels of 
angiogenesis-associated matrix metalloproteases 
(MMPs). Thus, MMP-mediated remodeling continues 
to generate bioactive ECM fragments that support 
angiogenic-associated inflammation and further 
tumor vascularization [41]. 
Mechanical remodeling specifically alters the 
physical relationship between cells and the 
surrounding ECM proteins. ECM crosslinking is 
an enzymatic event that changes compliance of 
the ECM and can have a significant impact on 
solid tumor growth [7, 42, 43]. Elevated levels of 
tissue stiffening agents, such as lysyl oxidase 
(LOX) and tissue transglutaminase, are often 
associated with increased inflammation [44-46]. 
Excessive exposure to pro-inflammatory cytokines 
such as TNF-α was shown to stimulate LOX 
expression in a variety of cells [47]. A more rigid 
tissue microenvironment can enhance Rho-
dependent cytoskeletal tension, integrin clustering, 
disruption of adherens junctions and the promotion 
of cell growth [48]. This response to changes in 
tissue compliance results in a shift toward a more 
malignant phenotype, thus highlighting the 
dangers of tissue rigidity and its effect on cellular 
behavior. In an example of breast oncogenesis, 
collagen crosslinking via LOX induces integrin 
clustering, PI3Kinase activity, premetastatic niche 
formation and invasion of premalignant epithelium 
[7, 49]. Additionally, LOX activity was shown to 
control vascular permeability in vitro and in vivo, 
suggesting that tissue stiffening can synergize 
with inflammatory factors (IL-2, TNF-α) to drive 
inflammation [50]. However, a direct link between 

in a variety of cell types [23-25]. Elastin fragments 
were shown to induce NF-κB-dependent cytokine 
synthesis in cancer cells via the elastin receptor, 
S-Gal (spliced galactosidase) [26]. A peptide derived 
from a prominent basement membrane component, 
laminin-α5, was also implicated in pro-inflammatory 
responses, as it was shown to induce TNF-α 
secretion in neutrophils and macrophages [27]. 
Release of cytokines into a tumor microenvironment, 
whether it is by the tumor cells or surrounding 
stromal cells, will produce a pro-inflammatory 
feed-forward loop. For example, the NF-κB-
mediated interleukin-8 (IL-8) production, as well 
as production of other pro-inflammatory chemokines, 
recruit neutrophils and other inflammatory cells to 
the site of tumor growth. At high levels, these 
tumor-associated neutrophils are associated with 
poor prognosis in cancer patients [28]. Furthermore, 
the tumor-associated neutrophils possess an 
arsenal of proteases that continue to alter the 
ECM topography as the cells infiltrate the tumor. 
Ultimately, the up-regulation of proteases causes 
the generation of more ECM fragments and the 
subsequent increase in cytokines, thus establishing 
a feed-forward inflammatory loop [29]. Deletion 
of tumor-associated neutrophils has long been 
known to inhibit tumor growth, metastasis and 
angiogenesis [30-32]. However, blocking the 
production of the cytokines that attract them to the 
site of tumor growth may provide an alternative 
therapeutic opportunity. 
ECM fragmentation has also been linked to new 
blood vessel formation, particularly under conditions 
of inflammation-related tumor growth. Many pro-
inflammatory cytokines, such as CXCL1,-2, IL-1, 
IL-6, IL-8, GM-CSF and TNF-α, have a dual 
function and are also considered to be pro-angiogenic 
factors. Tumor-derived TNF-α was shown to recruit 
monocytes to the site of cancer growth and induce 
their differentiation to a myeloid/endothelial 
phenotype in mouse models of melanoma, and 
lung and breast cancer [33]. TNF-α is also a well-
documented activator of NF-κB, leading to 
continued upregulation of pro-inflammatory/pro-
angiogenic cytokines [18]. Similarly, IL-1α and 
IL-1β up-regulate pro-angiogenic factors IL-8 and 
VEGF in cancer and inflammatory cells [34-36]. 
A variety of studies have demonstrated that tumor 
angiogenesis and increased levels of VEGF are, 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TLR4 signaling in tumors can often arise from  
the presence of DAMPs that are generated during 
disease progression in response to ECM remodeling 
and tissue stiffening [58]. DAMPs are markers of 
sterile injury because they are non-microbial, while 
pathogen-associated molecular patterns (PAMPs) 
are markers of microbial, non-sterile injury. The 
consequences of sterile injury are quite similar to 
non-sterile inflammation: pro-inflammatory cytokines 
are produced and neutrophils and macrophages 
are recruited to the site of injury [59]. Our 
understanding of the TLR4 signaling pathway 
comes from studies on its activation by the canonical 
ligand, lipopolysaccharide (LPS). While LPS is 
recognized as a PAMP, the molecular mechanisms 
that drive DAMP-induced signaling are often 
compared to LPS’ activation of TLR4 (Figure 2). 
The TLR4 signaling cascade begins in a somewhat 
complex and unique manner. Signaling, initiated 
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tissue stiffening and increased inflammatory 
cytokine production has not yet been demonstrated. 
Due to the fact that innate immunity plays a 
crucial role in protecting hosts against cancer, 
scientists have begun looking at ways to block 
unwanted, while promoting protective, immune 
responses in tumors. The ability to selectively regulate 
positive and negative aspects of the immune response 
within tumors requires a further understanding  
of the mechanisms driving dysregulated immune 
responses and chronic inflammation. The endogenous 
danger signals that arise from tumor-associated 
ECM remodeling represent attractive therapeutic 
targets. Below we review the ECM-driven 
mechanisms that mediate dysfunctional innate 
immune signaling and cytokine production. By 
identifying and targeting the ECM components 
that drive immune dysfunction, it may be possible 
to break the feed-forward loop and intercede in 
inflammation-driven tumor growth (Figure 1).  
 
2.  TLR4 signaling and activation in tumors 
Toll-like receptors (TLRs) are an integral part of 
the cellular response to invading pathogens or 
endogenous danger signals that arise from damage 
and disease. They are a family of pattern recognition 
receptors on the surface of tumor cells, as well  
as resident stromal cells, that activate the major 
inflammatory pathways: NF-κB, mitogen-activated 
protein kinases (MAPKs) and interferon-regulatory 
factors 3, 5 and 7 (IRF3, 5, 7). Activation of these 
signaling pathways which lead to the release of 
inflammatory mediators occurs downstream of 
ligand binding to TLRs [51]. TLR4 was the first 
toll homologue to be discovered and since then its 
pro-inflammatory effects have been found to be 
wide ranging, leading to the activation of over 
1000 genes [52]. Most recently, TLR4 has emerged 
as a principle regulator of the innate immune 
response in a variety of solid tumors [53]. TLR4 
activation has been shown to promote the anti-
cancer effects of chemo and radiotherapy, as 
TLR4 activation on the surface of immune cells 
boosted anti-tumor immunity [54-56]. In contrast, 
the expression and activation of TLR4 on tumor 
and/or stromal cells during the initiation and 
progression of tumor growth has been linked to 
increased evasion of immune surveillance [57]. 
 

Figure 1. ECM-derived DAMPs modulate an inflammatory 
loop. Topographical changes within the ECM lead to 
the generation of ECM-derived DAMPs that drive 
TLR-4 signaling. Chronic activation of TLR-4 drives 
dysregulated innate immunity and inappropriate 
inflammation, characterized by excessive pro-inflammatory 
cytokine production. In turn, the pro-inflammatory 
mediators can generate more ECM-derived DAMPs, as 
well as directly contribute to solid tumor progression.  
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resulting in the activation of several transcription 
factors: NF-κB, AP-1 and IRF5. The MyD88-
mediated activation of NF-κB results in rapid pro-
inflammatory cytokine gene expression [62]. 
Conversely, MyD88-independent signaling results 
in induction of type I interferons and interferon-
inducible genes, which are mainly responsible for 
eliciting an anti-viral response [63]. For the 
MyD88-independent signaling to begin, the 
adaptor proteins TRIF (TIR-domain containing 
adaptor protein inducing interferon β) and TRAM 
(TRIF-related adaptor molecule) are recruited. 
This event leads to the activation of IRF3, as well 
as AP-1 and late-phase activation of NF-κB [64]. 
Interestingly, recent evidence has also implicated 
IRF3-mediated gene expression in the late and 
sustained activation of NF-κB. The MyD88-
dependent cascade acts to rapidly activate NF-κB 
and initiate a pro-inflammatory cytokine response,
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

in response to LPS, is facilitated by the accessory 
molecule, CD14, which transfers LPS from the 
bacterial membrane to a TLR4/MD-2 complex. 
MD-2, myeloid differentiation factor-2, is the 
ligand-binding constituent of the receptor complex 
[60]. Crystallography studies show that when LPS 
is presented to MD-2 by CD14, two copies of the 
TLR-4/MD-2 complex unite symmetrically at the 
cell surface. LPS interacts with the hydrophobic 
pocket in MD-2 and links the two TLR-4/MD-2 
units, resulting in dimerization [61]. When LPS 
recognition occurs, the cytoplasmic TIR (Toll-
interleukin-1 receptor) domain of TLR4 initiates 
two distinct signaling cascades: MyD88-dependent 
and MyD88-independent cascades. In MyD88-
dependent signaling, MyD88 and TIRAP (TIR-
domain containing adaptor protein) recruit death 
domain (DD)-containing proteins, IRAKs (IL-1 
receptor-associated kinases), to the TLR4 scaffold,
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Figure 2. TLR4 Signaling Pathway. LPS-induced activation of TLR4 is mediated by CD14. CD14 
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with the development of inflammatory disorders 
which often accompany tumorigenesis [73, 74] 
and correlates with enhanced malignant phenotypes 
in colorectal and gastric cancer patients [10, 68].  
Recent data now suggests that the role of biglycan 
as a DAMP is context-sensitive; when biglycan is 
bound to the ECM it does not appear to behave as 
a DAMP [69]. It functions to activate TLR4 
signaling only when it is in a soluble form, 
indicating that increased tissue remodeling will 
boost soluble levels of this ECM-derived DAMP 
as it is freed from the matrix.  
Similarly, the proteoglycan decorin functions as  
a TLR4-activating DAMP when presented to  
cells from solution phase. Decorin does not elicit 
an inflammatory response when present as an 
integral part of the ECM, suggesting that 
proteolytic cleavage of decorin from the matrix 
regulates the activation of TLR4. Decorin induced 
the TLR4-dependent activation of p38, ERK and 
NF-κB, leading to the induction of an array of 
pro-inflammatory mediators in macrophages. 
Interestingly, and in contrast to biglycan, the 
induction of these mediators resulted in the 
decreased growth of established tumor xenografts 
in mice [75]. This evidence would suggest that  
the presence of decorin mediates anti-cancer 
inflammation, as opposed to inflammation that 
drives tumor growth. Accordingly, several reports 
have also documented an inhibitory effect of decorin 
on tumor growth in models of squamous cell 
carcinoma and mammary carcinoma [76-78]. The 
molecular basis for the pro- and anti-tumorigenic 
functions of these proteoglycan ligands for TLR4 
is not known. However, the identification of possible 
co-receptors involved in the regulation of TLR4 
signaling by decorin and biglycan may provide 
some important clues.  
Heparan sulfate (HS) molecules are 
glycosaminoglycan (GAG) chains that can be 
cleaved from proteoglycans, such as syndecans 
and glypicans, and float freely through the 
extracellular environment. The release of HS into 
the microenvironment can be regulated by the 
enzymes, heparanase and elastase. Heparanase is 
secreted during inflammatory responses, trauma 
and tumor progression [79, 80]. Elastases are also 
upregulated in tissues that are chronically inflamed 
or have undergone some type of trauma [81].

while the sustained activation of NF-κB can be 
maintained through the MyD88-independent cascade. 
The activation of the TLR4-NF-kB signaling axis 
is an example of an enhanced transcriptional program 
that utilizes two different signaling cascades to 
sustain gene transcription. The adaptor proteins 
that are recruited to the dimerized TLR4 complex 
facilitate dual activation of NF-κB in a MyD88-
dependent- and independent-manner, contributing 
to the chronic expression of cytokines [65].  
 
3.  ECM-derived DAMPs as emerging 
activators of aberrant TLR4 signaling 
The DAMPs that are generated within the tumor 
microenvironment are emerging as potent activators 
of TLR4 signaling [66]. ECM-derived DAMPS 
develop early in tumor progression in response to 
increased proteolysis and changes in matrix 
composition. These DAMPs lead to activation of 
pro-inflammatory signaling pathways, cytokine 
production and ultimately inflammation-associated 
tumor growth. The matrix components that are 
typically altered in structure and function fall into 
two groups: proteins/peptides and proteoglycans/ 
glycosaminoglycans [5]. Here we focus on these 
two groups and their role as ECM-derived DAMPs 
that arise during cancer progression. We examine 
their potential interactions with TLR4 and the co-
receptors that dictate downstream signaling. 

3.1. Proteoglycans/GAGs 
Biglycan is a proteoglycan which binds to type I 
and II collagen. It is ubiquitously expressed in 
most tissue microenvironments. However, when 
cleaved from the matrix during remodeling or 
expressed during infiltration of immune cells, 
biglycan behaves as a DAMP, ultimately influencing 
inflammation-related tumor growth [67-69]. Biglycan 
was found to interact with TLR4 and MD-2 via 
CD14, resulting in the activation of the pro-
inflammatory pathways p38, ERK and NF-κB and 
the induction of pro-inflammatory factors such  
as TNF-α, CXCL2 and CXCL13 [70, 71]. These 
inflammatory factors function as chemo attractants, 
which further recruit macrophages and neutrophils, 
thus perpetuating the inflammatory response, as 
these cells carry out de novo synthesis of biglycan 
[72]. Increased expression of biglycan corresponds 
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3.2. Proteins/peptides 
The presence of fibrinogen (FBG), a plasma 
glycoprotein, has been identified in breast cancer 
tissue, metastatic brain tumors and prostate cancer 
[94-96]. Similar to other ECM proteins, FBG can 
incorporate into the ECM when plasma FBG 
exudes from the vasculature. FBG can also be 
locally synthesized and secreted by a variety of 
different cells to act as support or provisional 
structure for growth factor and cytokine binding 
[94]. The presence of FBG has been shown to 
enhance inflammation-related tumor growth, 
migration and invasion into surrounding tissues 
[97, 98]. Addition of FBG to macrophages results 
in the release of macrophage inflammatory 
proteins, MIP1α, MIP1β and MIP2, as well as a 
monocyte chemoattractant protein, MCP1, in a 
TLR4-dependent manner [99]. A later study 
demonstrated that the mutations in TLR4, D229G 
and T399I, which normally render cells LPS-
unresponsive, had no effect on FBG signaling 
through TLR4 [100]. This finding suggests that 
fibrinogen and LPS may bind to different sites on 
the TLR4 receptor complex, or possibly utilize 
distinct co-receptor molecules. The molecular 
mechanisms underlying the differential response 
initiated by LPS and FBG are yet to be elucidated, 
but these findings do indicate that the TLR4 receptor 
complexes discriminate among various ligands.  
Tenascin-C is an ECM glycoprotein that is 
expressed only under conditions of tissue remodeling 
or wound healing. It is found in most solid tumors 
and its presence has most recently been correlated 
with increased invasion and migration of tumor 
cells [101, 102]. Cancer cells themselves can 
produce large amounts of tenascin-C, as can 
myofibroblasts and other stromal cells [11]. The 
multimodular structure of tenascin-C, consisting of 
an assembly domain, a series of EGF-like repeats, 
a series of FNIII domains, and a C-terminal fibrinogen 
globe, provides numerous cellular-interaction sites 
[103]. Tenascin-C was identified as an endogenous 
activator of TLR4 on macrophages and synovial 
fibroblasts, leading to the induction of pro-
inflammatory cytokines. Tenascin-C interacts with 
TLR4 through its fibrinogen globe and the induction 
of cytokines does not require CD14 or MD2 [104]. 
These data point to the involvement of distinct  
co-receptors in the TLR4 signaling initiated by

Thus, it is not surprising that the presence of free 
floating or “shed” HS is increased in inflammation-
related cancers and corresponds to poor patient 
outcome [82, 83]. Johnson et al. [84] demonstrated 
that HS can interact with TLR4 and mediate 
dendritic cell maturation. Later it was demonstrated 
that HS induced the expression of pancreatic pro-
inflammatory mediators in vivo in a TLR4/MD-2-
dependent manner. In fact, cells treated with elastase 
exhibited increased activation of TLR4 signaling, 
most likely as a result of increased levels of soluble 
HS [85]. However, it remains unclear whether HS 
can directly bind to TLR4/MD-2 or whether a co-
receptor molecule is required for HS signaling 
[86]. Ultimately, it is emerging that HS functions 
as a DAMP in a soluble form to activate TLR4 
signaling. 
Hyaluronan or hyaluronic acid (HA) is a 
prevalent, linear, high MW GAG within the ECM. 
During the course of ECM remodeling, HA is 
broken down into smaller forms through the 
action of hyaluronidases resulting in the release of 
low MW, soluble HA fragments (LMWHA) into 
the microenvironment. During the progression of 
inflammation-related disease, the levels of 
hyaluronidases (HYAL1/2) become increased [87, 
88]. LMWHA, specifically HA that is < 80 kDa, 
can trigger inflammatory responses in a variety of 
cells via activation of TLR4 [89-92]. A pro-
inflammatory response by unfragmented, high 
MW HA has not been documented. The activation 
of TLR4 signaling by HA appears to be similar to 
that of decorin and biglycan in that only the 
soluble LMW form of HA acts as a DAMP to 
promote inflammation. LMWHA has been shown 
to activate the TLR4-dependent signaling pathways 
(i.e., p38, ERK, NF-κB) in dendritic cells leading 
to the induction of the pro-inflammatory cytokine, 
TNF-α [90]. Later studies demonstrated that there 
were differences in the cytokine profile induced 
by LMWHA vs. LPS, suggesting that the mechanisms 
for receptor activation may be different. Consistent 
with this idea, Taylor et al. [93] demonstrated that 
LMWHA activates TLR4 signaling via a novel 
co-receptor complex involving TLR4, MD-2 and 
CD44. The use of CD44 as a TLR4 co-receptor  
to mediate LMWHA signaling is in contrast to 
LPS signaling, where CD14 functions as the  
co-receptor.   
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a strong correlation with metastatic spread, neo-
vascularization and sustained cancer stem cell 
populations [113, 114]. Although Fn-EDA is 
highly expressed in tumor stroma, its contribution 
to tumor inflammation and metastatic progression 
is unknown. 
Another region of fibronectin, the first type III 
domain (FnIII-1), has a well established role in 
regulating fibronectin polymerization due to its 
ability to unfold in response to cell-generated 
tension [115-117]. A peptide, FnIII-1c or anastellin, 
derived from the FnIII1 domain was shown to 
activate inflammatory gene expression in a TLR4-
dependent manner in human dermal fibroblasts 
[118]. Steered molecular dynamics and atomic 
force microscopy studies predict that the FnIII1 
domain can partially unfold in response to cell-
mediated tension to form a stable intermediate 
structure similar to FnIII-1c [109]. Forced unfolding 
experiments predict that the intermediate FnIII-1c 
structure remains after the first two β-strands  
(A and B) completely unfold from the remaining 
protein [119, 120]. Interestingly, recent proteolytic 
studies identify a functional MMP-2 cleavage  
site within the FnIII-1 domain, 631XNAPQ [121]. 
Cleavage at this site will remove the A and B 
strands from FnIII-1, thereby biochemically releasing 
fragments containing the FnIII-1c structure from 
the ECM. In this context, FnIII-1c functions as a 
DAMP to activate TLR4-dependent inflammatory 
responses. These findings suggest that fibronectin 
has two separate domains which can interact with 
TLR4 to generate an immune response. This activity 
may be cryptic within the matrix until exposed 
through the action of proteases, changes in alternative 
splicing or force-induced unfolding. 
The signaling mechanisms downstream of TLR4 
are fundamentally understood. However, the field 
has yet to fully identify all of the TLR4 co-receptors 
that control TLR4 activation and signaling in 
response to ECM-derived DAMPs (Table 1). The 
identification and classification of these co-receptor 
molecules may help to delineate the molecular 
events leading to ligand and/or cell-type specific 
responses to ECM-derived DAMPs. Tenascin-C, 
for instance, induces a fairly different pro-
inflammatory gene signature in human macrophages 
compared with synovial fibroblasts. While 
tenascin-C induced the synthesis of TNF-α, IL-6
 

tenascin-C and LPS. More recently, tenascin-C 
was shown to promote an LPS-response in an 
experimental model of sepsis by post-transcriptionally 
controlling TNF-α levels indicating an alternative 
mode of pro-inflammatory action by tenascin-C [105]. 
Thus, tenascin-C within a tumor microenvironment 
acts both directly and indirectly to regulate TLR4 
signaling by direct binding to the TLR4 receptor 
complex and by priming immune cells to TLR4 
activation by LPS. This type of cellular-
sensitization to TLR4-ligands would be expected 
to enhance inappropriate inflammation within tumors. 
Fibronectin is one of the most abundant ECM 
proteins within the tumor microenvironment and 
it has wide ranging effects on almost all aspects of 
cellular behavior. Structurally, the protein is 
organized into different domains, identified as the 
type I, II and III.  These different regions can bind 
to various ECM molecules or act as ligands for 
receptors on the surface of cells [106].  During 
tumor progression, fibronectin undergoes biochemical 
changes as additional type III repeats, extra 
domain A (EDA) and extra domain B (EDB) are 
induced in the molecule by alternative splicing 
[107]. Cleavage of fibronectin within the tumor 
stroma also occurs as fibronectin is highly sensitive 
to a variety of proteases [108]. Furthermore, 
changes in tissue compliance lead to alterations in 
fibronectin secondary structure. The type III 
domains, which unlike the type I and II domains 
are not stabilized by disulfide bonds, easily unfold 
under cell-generated forces in response to 
increased tissue stiffening [109].  
Two regions of fibronectin have been identified as 
activators of TLR4 signaling (Figure 3). Fn-EDA 
was identified as an endogenous ligand for TLR4 
[110]. Activation of TLR4 by Fn-EDA led to  
the nuclear translocation of NF-κB, which was 
shown to be dependent on the presence of MD-2. 
Recently Fn-EDA was shown to induce inflammatory 
brain damage in vivo by upregulating pro-
inflammatory mediators such as COX-2 and TNF-
α, via TLR4 [111]. Fn-EDA has recently been 
identified as a TLR4 activator in mesenchymal 
uterine cells, resulting in the release of pro-
inflammatory mediators and the induction of pre-
term labor [112]. Furthermore, the presence of the 
EDA domain in tumor-associated fibronectin has
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   
 
 

Figure 3. Schematic of the TLR4 ligands within the fibronectin monomer. The fibronectin type III domains 
are organized into a beta-sandwich structure consisting of seven beta strands (A-G) that are arranged in two 
anti-parallel beta sheets consisting of the AGE and BFCD strands. The first type III (FnIII-1) domain is of 
interest because it has been shown to unfold in response to mechanical force into a stable intermediate 
structure consisting of strands c-g.  The A and B strands can also be proteolytically cleaved from FnIII-1 by 
MMP-2 to generate the same structure, termed FnIII-1c. Extra Domain A (EDA) is a type III module which is 
alternatively spliced into the fibronectin during periods of active matrix remodeling. It is very prominent in 
the stroma of most solid tumors. Both FnIII-1c and EDA are activators of TLR4.  
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Table 1. TLR4 co-receptors and accessory molecules that mediate ECM-derived DAMP 
recognition and signaling. 

ECM-derived DAMPs TLR4 co-receptors or accessory molecules Source 

Fn-EDA MD-2 110 

Biglycan MD-2, CD14 70 

HA fragments MD-2, CD44 93 

Heparan sulfate fragments MD-2 85 

Decorin MD-2 75 

FnIII-1c Unknown  

Fibrinogen Unknown  

Tenascin-C Unknown  
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and IL-8 in macrophages, it only induced the 
synthesis of IL-6 in the fibroblasts [104]. Conversely, 
FnIII-1c induced expression of both TNF-α and 
IL-8, but not IL-6, in human fibroblasts [118]. 
The variance in pro-inflammatory gene signature 
may result from changes in ligand binding to the 
TLR4 complex due to co-receptor specificity or 
availability. Identification of specific co-receptor-
ligand pairs will provide the foundation for future 
pre-clinical studies designed to target these co-
receptors to control dysfunctional immune responses 
without sacrificing host defense. TLR4 co-receptors 
are expected to be attractive therapeutic targets  
for the design of reagents to treat dysregulated 
inflammation.  
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