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Abstract

Lung disease is a leading cause of morbidity and mortality worldwide. Innate immune responses 

in the lung play a central role in the pathogenesis of lung disease and the maintenance of lung 

health, and thus it is crucial to understand factors that regulate them. Hyaluronan is ubiquitous in 

the lung, and its expression is increased following lung injury and in disease states. Furthermore, 

hyaladherins like inter-α-inhibitor, tumor necrosis factor-stimulated gene 6, pentraxin 3 and 

versican are also induced and help form a dynamic hyaluronan matrix in injured lung. This review 

synthesizes present knowledge about the interactions of hyaluronan and its associated hyaladherins 

with the lung immune system, and the implications of these interactions for lung biology and 

disease.

Introduction

Understanding lung biology and immunology has become increasingly important in the past 

years. Up to 15% of the US population now suffers from asthma and chronic obstructive 

lung disease (COPD), accounting for an annual total of >16 million lost workdays, 1.5 

million hospitalizations and 120,000 deaths, at a cost of >$50 billion [1–4]. COPD is now 

the third leading cause of death in the US [5]. Globally, COPD and lower respiratory tract 

infections are among the top 10 leading causes of death across all ages [6]. Infectious lung 

disease, as well as asthma and COPD, is defined by the immune response to either invading 

pathogens or inhaled noxious agents such as pollution or cigarette smoke. Thus, the 

mechanisms that regulate the immune response to pathogens or inhaled noxious agents are 

of paramount importance in the understanding and treatment of lung disease.

Hyaluronan is ubiquitous in many tissues, including the lung. Recent research has begun to 

shed light on what appears to be a central role for hyaluronan in the regulation of lung 

immunity, in response to infections and pollution. In this review, we will synthesize 
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available evidence on hyaluronan-innate immune interactions in the lung, discuss ways to 

understand the often-conflicting evidence, and point out directions and opportunities for 

future research. Because there have been several recent reviews on hyaluronan biology, 

including in the lung [7–12], we will not address this area, but rather discuss lung innate 

immunity and hyaluronan interactions with it, a subject that has been comparatively less 

addressed in reviews. We will begin by providing a brief overview of pulmonary innate 

immunity and its components; we will then discuss interactions of hyaluronan with innate 

immune receptors, and the variable effects that hyaluronan has on innate immune signaling; 

we will move on to discuss the interactions of hyaluronan binding proteins, or hyaladherins 

with cellular and humoral innate immunity, highlighting that hyaladherins truly expand the 

spectrum of effects of the hyaluronan matrix on the immune system; finally, we will provide 

a list of still-existing gaps in our knowledge that should be addressed for a more complete 

picture to emerge. This discussion will hopefully provide the reader with a detailed, but also 

integrated view of the complex role the hyaluronan matrix plays in the regulation of innate 

immunity and preservation of lung health.

Lung Innate Immunity: The first line of response to environmental invaders 

and danger signals

Host mucosal surfaces must maintain an effective barrier between the outside world and the 

internal host environment. The mucosal interface is a highly regulated checkpoint since it 

needs to allow a variety of gases, nutrients and cells to transit the barrier in support of 

normal homeostasis, while retaining the ability to respond to irritants and pathogens. The 

lung, which is continuously exposed to the external environment, critically regulates these 

functions. This regulation is physical (epithelial integrity, mucociliary clearance, and cough) 

and immunologic (cellular and humoral). Balanced and targeted pulmonary immunity is 

crucial to direct appropriate defense responses while limiting secondary injury. Dysregulated 

pulmonary immunity leads to either dampened or exacerbated immune function and 

contributes to the pathogenesis of many common diseases. Therefore, understanding how 

this system is regulated offers the opportunity to fine-tune lung immunity and maintain 

appropriate homeostasis.

The pulmonary immune system is divided into innate and adaptive immunity. Innate 

immunity is a highly evolutionary conserved system that mediates initial responses to 

pathogens or irritants, promotes clearance, and initiates initial inflammatory cascades. These 

initial responses are dependent on genetically encoded pattern recognition of pathogens or 

endogenous motifs, which allows the host to respond to injury without the requirement of 

prior exposure. Therefore, the innate immune system is always active to respond to 

pathogens. The adaptive, or acquired immune system, developed in higher-order organisms 

to allow recognition of prior exposures, to generate targeted and augmented subsequent 

responses. Adaptive immunity, therefore, provides immunologic memory, allowing the host 

to adapt and respond to recurrent challenges in the environment. When the immune system 

functions appropriately, there is an immediate innate response to the initial host-pathogen 

reaction, which may be followed by development of an adaptive immune response. 

Tighe and Garantziotis Page 2

Matrix Biol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Communication or cross-talk between the innate and adaptive immune system thus provides 

the foundation for our current understanding of immunity.

Pulmonary Innate Immunity

The initial mechanisms of pulmonary defense are principally driven by the anatomical 

structures of the respiratory tract. These are designed to allow gas exchange while protecting 

against noxious stimuli. Mucociliary clearance removes pathogens and particles deposited in 

the mucous layer. Pathogens or particles that evade this process, or are too small to be 

removed in the mucus layer, end up in the alveolus. To maintain the integrity of the lung in 

this setting, innate immune mechanisms are engaged, and can be divided into cellular and 

humoral components. The main cellular component involves phagocytes (principally 

alveolar macrophages) and epithelial cells, which work in concert with lung- and serum-

derived humoral factors such as the coagulation and complement systems. The generation of 

innate immune responses relies on recognition of pathogens via conserved pathogen 

sequences called pathogen-associated molecular patterns (PAMPs) which are not host-

derived. PAMPs include components such as lipopolysaccharide (LPS) of Gram-negative 

bacteria, lipoteichoic acid of Gram-positive bacteria, β-glucan of fungi, and flagellin of 

flagellated bacteria [13–15]. These PAMPs interact with soluble factors (both in the airspace 

and from the circulation) and specific pattern recognition receptors (PPRs) on cell 

membranes to generate immune responses. Furthermore, initial inflammatory responses also 

release specific host sequences termed danger-associated molecular peptides (DAMPs). 

They include extracellular matrix (ECM) components such as hyaluronan, fibronectin and 

heparin sulphate; stress response elements such as heat-shock proteins (HSPs), nucleic acids 

and high-mobility group box 1 (HMGB1); and immunomodulary proteins such as surfactant 

protein A/D and β-defensins [16, 17]. These DAMPs interact with specific PPRs and further 

regulate initial immune responses by augmenting [18–20] or dampening pulmonary 

inflammation [21–23] based on local conditions.

Functions of Pattern Recognition Receptors

Given that the innate immune system must respond to a variety of stimuli, it is not surprising 

that a variety of PPRs are required to recognize PAMPs and DAMPs. The prototypical PPRs 

are the Toll like receptors (TLR). At this time, 11 TLRs have been identified in humans [24]. 

Each of these recognize distinct PAMPs to generate immune responses to specific pathogens 

[25, 26]. Despite this specificity, it has become clear that PPRs have overlapping recognition 

to individual pathogens. Traditionally, PPRs are restricted to specific cellular compartments. 

TLR1, 2, 4, 5, 6 and 11 are located on the cell surface, while TLR3, 7, 8, 9 and 10 are in 

endosomes. Typically, the TLRs based on the cell surface recognize bacterial components, 

while endosomal TLRs recognize single- and double-stranded RNA and CpG-DNA [27, 28]. 

Signaling for the TLRs depends on the specific cell type in which it is activated, but 

generally utilizes two principal pathways, activating either the myeloid differentiation gene 

88 (MyD88) [29] or the TIR-domain-containing adaptor-inducing interferon β (TRIF) 

adaptor proteins [30]. Most TLRs activate MyD88. TRIF signaling is activated by TLR3 

[31], and by TLR4 when it is located in the endosome [32], to direct NF-kB activation and 

activation of the interferon response elements to generate the production of Type I 

interferons and induction of inducible nitric oxide synthase.
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Beyond TLRs, other PPRs regulate innate immune responses. These include the retinoic 

acid-inducible gene I (RIG-I)-like receptors (RLRs), the Nucleotide oligomerization domain 

(NOD)-like receptors (NLRs) and the C-type lectin receptors (CLRs) [33]. The best 

characterized pulmonary CLRs are Dectin-1 and -2, which are critical to recognition of 

fungal infection [34]. Other CLRs in the lung include mannose-binding lectin (MBL) and 

surfactant proteins. RLRs and NLRs are organized in the cytoplasm. Their function is 

principally to identify circumstances where pathogens have accessed the cell and are 

subverting cellular functions to support replication [35–39]. The summation of these PPRs 

allows for a diversity of innate immune responses to cover a wide variety of pathogens and 

inflammatory signals.

Pulmonary Cell-Specific Innate Immunity

The diversity of PPRs and their signaling is further regulated by cell-specific expression and 

functions. In the lung, phagocytes (typically neutrophils and alveolar macrophages) are most 

frequently associated with innate immunity. However, PPRs are expressed on other cell 

types including lung structural cells, thus enabling diverse innate immune cellular responses.

Neutrophils are rapidly recruited from circulation in large numbers during acute injury or 

infection. Neutrophils have a broad array of mechanisms for pathogen clearance/killing 

including phagocytosis (frequently followed by cell death), secretion of granules, generation 

of reactive oxygen species, and formation of neutrophil extracellular traps (NETs). Because 

this neutrophil repertoire can also damage the host, PPRs are expressed on neutrophils to 

tightly regulate these responses and assure that they are generated against pathogens and not 

the host (reviewed in [40]). For example, canonical stimulation with TLR2 and TLR4 

agonists results in phagocytosis, degranulation, respiratory burst, and migration of 

neutrophils through the ECM [40, 41]. TLR4, and to a lesser extent TLR2, promote 

neutrophil survival via NF-kB and MAPKs to prolong their function [42]. Alternatively, 

TLRs direct NET formation, which is a form of programed cell death where neutrophils 

extrude their cellular contents to direct further anti-pathogenic functions [43].

Macrophages are critical to pulmonary innate immune responses. Their primary role is to 

maintain homeostasis and protect delicate pulmonary parenchymal structures. This function 

requires the ability to dampen immune responses to benign stimuli and yet retain the ability 

to initiate and propagate pathogen-directed responses. Because of this intricate balancing 

act, abnormal macrophage function is associated with several chronic pulmonary diseases 

such as asthma, COPD, cystic fibrosis and pulmonary fibrosis [44]. Macrophages generally 

express the full complement of PPRs. The diversity of macrophage responses has led to a 

variety of efforts to characterize their function in vivo [45–47]. Alveolar macrophages 

(AMs) continuously sample the airspace and phagocytose pathogens or particulates, remove 

debris and dead cells, clear harmless antigens and perform normal turnover of surfactant. In 

inflammation, AMs generate reactive oxygen species to kill pathogens and produce both 

pro-inflammatory and anti-inflammatory cytokines, chemokines and growth factors to 

coordinate responses with other cells. Beyond release of soluble factors, this coordination 

includes direct cell-cell contacts, e.g. through the formation of gap junctions with respiratory 

epithelium after LPS exposure [48]. In addition to AMs, macrophages are also present in the 
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interstitium, termed interstitial macrophages (IMs) [49]. These IMs demonstrate functional 

diversity to AMs such as increased major histocompatibility class (MHC) II and 

complement receptor expression, which could suggest specific functions in innate immunity 

[50]. During inflammation, macrophages derived from monocytes are recruited from the 

circulation and can exhibit diverse functions in support of inflammation [51, 52] and the 

development of fibrosis [53]. Therefore, macrophages have an essential and complex role in 

pulmonary innate immunity.

The identification of PPRs on epithelial cells has led to the understanding of the importance 

of epithelial innate immunity in support of pathogen clearance (reviewed in [54]). TLR2 and 

4 are expressed on epithelium, and upregulated in response to LPS, respiratory syncytial 

virus, cigarette smoke and Klebsiella pneumoniae [55–58]. Additionally, TLR3 ad RIG-I are 

both expressed in the epithelium and function to support host-defense against respiratory 

viruses [59–61]. Signaling in epithelial cells follows similar MyD88 mediated activation of 

NF-kB and TRIF mediated activation of IFN response elements to produce cytokines and 

type I IFNs respectively. In addition, PPR signaling generates epithelial-specific defense 

responses, including secretion of mucins [62, 63] and antimicrobial peptides such as β-

defensins [64, 65]. Furthermore, the epithelium supports normal functions of innate immune 

cells: epithelial GMCSF is required for normal alveolar macrophage function [66–68] and 

epithelial cytokines recruit neutrophils to sites of lung infection. Much remains to be 

understood about the complex interactions between pulmonary epithelia and immune cells in 

the context of innate immunity.

Humoral innate immunity

The humoral arm of the innate immune system consists of a diverse set of soluble factors 

that recognize pathogens and generate immune responses. The major categories of these 

include the complement, pentraxins, and collectins [69]. These function as primitive 

antibody-like factors that act independently but also support or augment cell-mediated innate 

immune responses.

Complement is a highly conserved network of proteins defined by their ability to rapidly 

develop immune responses to remove microbial pathogens [70, 71]. In addition to microbial 

PAMPs, endogenous DAMPs can also activate complement [72]. The activation of the 

complement cascade is frequently defined by the cleavage of central proteins C3 and C5 into 

the bioactive intermediates C3a and C5a. Complement activation occurs via three distinct 

pathways [73]. The classical pathway is activated when C1q binds to an antigen-antibody 

complex [74]. The lectin pathway is activated when mannose-binding lectin (MBL) binds to 

pathogenic carbohydrate motifs. The alternative pathway can be activated in overlapping 

processes, which result in tagging pathogenic cell surfaces with C3b that activates further 

downstream cascades [70]. The end products generate complement species that support pro-

inflammatory signaling (C3a and C5a), cell lysis via the membrane attack complex (C5b-

C9) and phagocytosis (via C3b). The coagulation cascade can also support complement 

activation via the contact system: Factor XII is cleaved to FXIIa by damaged cells, which 

generates kallikrein from its pro-form. FXIIa, kallikrein, and other contact system 

intermediates can then directly activate complement [75].
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Pentraxins are a superfamily of evolutionarily conserved proteins that recognize and bind 

pathogens and endogenous ligands to facilitate innate immune responses [76–79]. They are 

characterized by the presence of a pentraxin domain at the C terminus [80]. Based on the 

number of additional domains, pentraxins are divided into short and long families. The short 

pentraxins include C-reactive protein and serum amyloid P protein, which are acute phase 

reactants produced by the liver and frequently measured as markers of inflammation. 

Pentraxin 3 (PTX3) is a long pentraxin produced by several cell types and will be discussed 

in more detail below. Pentraxins are recognized by Fcγ receptors on macrophages and other 

immune cells to facilitate phagocytosis and clearance [81, 82]. Additionally, PTX3 has 

binding sites for complement components (C1q and Factor H) [83, 84], and the hyaladherins 

tumor-necrosis factor α-induced protein 6 (TSG-6) and inter-α-trypsin inhibitor (IαI) [85], 

suggesting the ability to link changes in ECM with regulation of immune responses (see 

specific sections below for more detail).

Collectins are a family of proteins which include mannose-binding lectin (MBL) and 

surfactant proteins–A and –D [80]. MBL is produced in the liver and released in the 

circulation. SP-A and SP-D are produced by lung epithelium and submucosal cells, although 

extra-pulmonary production has been described [86–89]. Collectins are defined by a 

common structure, which includes a C-terminal carbohydrate recognition domain, a short α-

helix neck region, a collagenous region, and a cysteine-rich N-terminal region. They form 

large oligomers that can bind microorganisms and other components through the 

carbohydrate-binding domain by recognition of pathogenic carbohydrates and lipids. This 

allows for wide recognition of a variety of bacterial and fungal pathogens and their products, 

including LPS, peptidoglycan and β-glucan [89]. Collectins also recognize glycoproteins on 

the surface of the viral envelop and have broad anti-viral activities [90]. Following 

recognition, collectins interact with cells of the innate immunity through their collagenous 

tail, resulting in recognition and clearance by phagocytes and activation of the lectin 

pathway of the complement system [91, 92]. Collectins also recognize damaged cells and 

facilitate their clearance to maintain homeostasis and resolve inflammation [93].

In summary, lung innate immunity is comprised by a complex system of humoral and 

cellular components, which serve to protect from invading pathogens, restore homeostasis 

after lung injury, and maintain lung function. As we will see below, hyaluronan and its 

associated hyaladherins play a central role in regulating the functions of the pulmonary 

innate immune system. In the following segments, we will discuss evidence that the 

hyaluronan matrix can activate, as well as, inhibit innate immune receptors on cells, the 

complement system and the coagulation cascade. From this discussion, it will become clear 

that hyaluronan-associated hyaladherins are an integral part of the functions of the 

hyaluronan matrix on lung immunity, and that hyaluronan and its associated proteins should 

be viewed as a versatile and adaptable unit supporting the structure and function of the lung. 

Finally, in every segment we will note the implications of these interactions with lung 

disease.
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Innate immune recognition of hyaluronan – role of toll-like receptors

Hyaluronan activates the innate immune system in several ways: first, hyaluronan can 

activate TLR signaling, mainly through TLR2 and TLR4. Second, hyaluronan can induce the 

expression of innate immune receptors, or mobilize them to the cell membrane, and thus 

prime them for subsequent activation by their cognate ligands. Alternatively, hyaluronan can 

inhibit TLR signaling, either directly or indirectly. Finally, hyaluronan and innate immune 

receptors can act as co-factors in the activation of immune pathways via interactions with the 

collectins.

Activation of lung TLR by hyaluronan

Innate immune activation by hyaluronan involves primarily TLR2 and TLR4. Although the 

conserved repeating disaccharide structure of hyaluronan fulfills criteria for being a 

pathogen- or danger-associated molecular pattern, hyaluronan does not share biochemical 

homology with the respective TLR2 and TLR2 cognate ligands peptidoglycan/lipoteichoic 

acid and lipopolysaccharide (LPS), and its precise interaction with these receptors is unclear. 

For many interactions, a signaling complex with CD44 and an innate immune receptor may 

be necessary, whereby CD44 “captures” the hyaluronan molecule while the TLR is 

activated. For example, in sterile skin injury, a unique complex of TLR4, MD-2, and CD44 

was described, which recognizes hyaluronan [94]. However, TLR4-mediated hyaluronan 

signaling can also occur in the absence of CD44, even when reasonable precautions were 

taken to exclude LPS contaminating effects [95]. Therefore, CD44 is not necessarily 

required for hyaluronan-innate immune interactions. A possible explanation for this 

observation is that there are many hyaluronan receptors beyond CD44. Thus, if TLRs can 

interact with hyaluronan in the absence of a hyaladherin remains to be clarified. Additional 

research will be required to address this question.

The variability in hyaluronan formulation in scientific reports requires consideration when 

we attempt to interpret the evidence on hyaluronan-innate immune interactions. The major 

differing characteristic of hyaluronan formulation are the fragment size, and whether 

individual discrete sizes (usually commercially obtained) or mixtures of sizes (usually 

generated through degradation in the laboratory) are being used [96]. In general, it appears 

that hyaluronan of 500 kDa or lower molecular weight (including oligosaccharides) induces 

TLR-mediated inflammation [95, 97, 98], while hyaluronan of >500 kDa molecular weight 

is inert in terms of inflammation. A recent report provided some insights into the potential 

molecular interaction of hyaluronan with TLRs, showing that the N-acetyl groups on 

hyaluronan are important for TLR4 signaling, while partial de-acetylation or selective 

butyrylation of hyaluronan created molecules that were either inert, or even anti-

inflammatory along the TLR4 axis [99]. High-molecular weight hyaluronan inhibits the pro-

inflammatory activity of lower molecular weight hyaluronan [100, 101], but in some 

contexts can also activate TLR signaling. For example, overexpression of hyaluronan 

synthase 2 (HAS2), generally thought to express high molecular weight hyaluronan [102, 

103], promotes epithelial resiliency to injury through NFκB activation, an effect that 

requires TLR4 and TLR2 [95]. TLR4 activation through HAS2-generated hyaluronan also 

supports alveolar progenitor cell renewal, possibly via IL-6 expression [104]. Thus, both 
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higher and lower molecular weight hyaluronans appear able to activate lung TLR signaling, 

albeit with different effects (inflammation vs. epithelial resilience). The reasons and 

mechanisms underlying these differences remain unclear.

Increased concentrations of lower molecular weight hyaluronan are found in the lungs in 

virtually every disease [7, 8] and are generated during acute lung inflammation [97, 100, 

101]. TLR induction is also observed in lung diseases like asthma [105], thus creating 

favorable conditions for TLR-hyaluronan interactions. For example, hyaluronan-induced, 

TLR4-mediated lung inflammation and hyperresponsiveness is a major pathway after lung 

exposure to the pollutant gas ozone [97, 100]. Importantly, formation of a hyaluronan matrix 

through hyaluronan interactions with TSG-6 and inter-α-inhibitor heavy chains are a crucial 

step in this physiologic response [97, 106]. This suggests that proper conformation or 

presentation of hyaluronan to TLR4 may be dependent on its incorporation in an ECM 

milieu (more about this below).

Among all TLRs, TLR4 is the most commonly described receptor that can be activated by 

hyaluronan. In some instances, TLR2 may contribute to signaling – for example, in murine 

macrophages, combined TLR2 and TLR4 deficiency abolished the inflammatory response to 

low molecular weight hyaluronan (as did MyD88 deficiency), while single TLR2 or TLR4 

deficiency merely reduced this response [95]. This would suggest that both TLR2 and TLR4 

cooperate in hyaluronan signaling, and their pathways converge through the MyD88 adaptor 

protein. A similar observation was made in another model system, i.e. pro-catabolic 

responses in mesenchymal cells [107], suggesting that this signaling pathway may be 

conserved in other organ systems. However, in the lung TLR2 did not appear to be necessary 

for the protective role of hyaluronan in progenitor cell recovery after injury [104]. 

Furthermore, depending on the mode of injury, other TLRs may be involved in hyaluronan 

signaling: we described recently that TLR5 participates in the TLR4 complex in response to 

in vivo ozone or hyaluronan exposure and modulates the signaling response towards 

MyD88-mediated cytokine production [108]. Depending on cell type, the downstream 

signaling pathway after hyaluronan exposure may diverge. For example, murine alveolar 

macrophages express IFNβ after exposure to hyaluronan fragments; independent of MyD88 

but dependent on TLR4 and TRIF [109].

Finally, hyaluronan-TLR interactions may also contribute as a co-factor along other 

signaling pathways. For example, Foley et al. determined that TLR2, hyaluronan receptor 

RHAMM (but not CD44) and hyaluronan are required for alveolar macrophage chemotaxis 

after stimulation by the collectin, surfactant protein A [110]. Thus, it appears that different 

TLRs and adaptor molecules may participate in hyaluronan signaling depending on injury 

(and perhaps cell) type. It is likely, that TLR receptor complexes, or converging signaling 

pathways from other cell receptors, determine the ultimate response to hyaluronan-TLR 

engagement.

Priming of lung innate and adaptive immunity by hyaluronan

The effect of hyaluronan in lung immunity starts at the level of cell survival. Recently, it was 

shown that hyaluronan promotes survival and function of alveolar macrophages through 

CD44 [111]. Although an interaction with a specific TLR was not discussed in that work, 
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TLR4 activation does support macrophage survival [112], and thus it is entirely possible that 

TLR4-hyaluronan interactions play a role in immune cell survival similar to their effect on 

epithelial cells [95]. Regardless, hyaluronan supports survival of alveolar macrophages, 

which is a prerequisite for lung innate immune responses. Beyond this, hyaluronan 

fragments released during lung injury (e.g. after ozone exposure), induce the mobilization of 

TLR4 to the cell membrane, and thus prime the lung for a subsequent response to TLR4 

activators like lipopolysaccharide [113]. Induction of TLR4 expression by hyaluronan has 

not been described in the lung, but has been identified in mesenchymal cells [114, 115], and 

therefore it is possible that in addition to trafficking, TLR4 expression could be increased in 

lung injury.

Hyaluronan priming of innate and adaptive immunity has been recently described in the 

solid organ transplant field. Lung allograft rejection is a major cause of morbidity and 

mortality after lung transplantation [116, 117], and innate immune activation plays a 

significant role in the pathogenesis of lung allograft rejection [117, 118]. There is significant 

accumulation of hyaluronan in diseased lung tissue in lung allograft rejection [119–122], 

which has led scientists to question a potential role of hyaluronan in its pathogenesis. 

Dendritic cells, which are potent presenters of antigens that induce alloimmunity, can be 

activated by hyaluronan through TLR4 [123, 124]. Further priming of alloimmunity by 

hyaluronan-activated dendritic cells requires TLR4 signaling and the presence of TIRAP, a 

TLR adaptor downstream of TLR2 and TLR4, but not MyD88 or TRIF [122]. Furthermore, 

neutralization of hyaluronan through administration of peptide pep-1, or removal from the 

lung though the lymphatic system, improved outcomes in lung rejection [119, 121]. Thus, 

hyaluronan fragments seem to promote allograft rejection through activation of 

alloimmunity. This process is clearly TLR dependent. Todd et al. showed that TLR2/4 and 

MyD88 were necessary for the reduction in immune tolerance and activation of the 

alloimmune process [120]. Interestingly, in the same report high molecular weight 

hyaluronan antagonized the lower molecular weight hyaluronan effects [120], suggesting 

that the signaling process leading to alloimmune activation is size-specific.

Inhibition of lung TLR signaling by hyaluronan

Potential inhibitory effects of hyaluronan on TLR activation in the lung have not been well 

investigated. We previously demonstrated that ozone-induced airway inflammation and 

hyperresponsiveness was mediated by low molecular weight hyaluronan and TLR4, and that 

high molecular weight hyaluronan antagonized the effects of ozone and low molecular 

weight hyaluronan [97, 100]. This effect was observed in other types of oxidative lung injury 

as well [101]. Thus, high-molecular weight hyaluronan inhibits TLR4 activation induced by 

low-molecular weight hyaluronan. This suggests a possible homeostatic effect of native, 

steady-state hyaluronan in competition with lower molecular weight hyaluronan fragments 

released during inflammatory conditions.

In LPS-induced TLR4 activation, pre-treatment with hyaluronan (of mixed sizes, up to 500 

kDa) inhibited subsequent LPS-induced sepsis in a CD44-dependent manner, possibly 

through the induction of innate immune suppressor gene A20/Tnfaip3; this induction was 

both CD44- and TLR4-dependent [125]. In another study, CD44 protected from (high-dose) 
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LPS-induced severe lung inflammation, and was associated with induction of anti-

inflammatory molecules IL-1R-associated kinase-M, Toll-interacting protein, and A20 

[126]. However, the role of CD44 in LPS-induced lung injury is not entirely resolved, since 

in another model of (lower dose) LPS-induced milder inflammation, CD44 promoted 

inflammatory cell influx and inflammatory cytokine expression [127]. The different models 

utilized, i.e. severe vs. mild lung inflammation, may explain the conflicting results between 

these two studies.

TLR4 activation by hyaluronan may also lead to inhibition of other innate immune 

receptors. In murine alveolar macrophages, TLR4 activation by hyaluronan oligosaccharides 

suppressed subsequent activation of TLR3 by its agonist polyI:C [128]. This trans-inhibitory 

effect was mediated by A20, similar to the cis-inhibitory effect described above in LPS-

induced lung inflammation [125]. The findings of hyaluronan-induced, TLR4-mediated 

suppression of inflammation in the lung are supported by research in other tissues. In 

fibroblasts, high molecular weight hyaluronan inhibited TLR4-induced expression of the 

ligand for the receptor activator of nuclear factor-κB (RANKL) [129], and also inhibited 

TLR4-dependent expression of cathepsin K and MMP-1, in a manner that was CD44 

dependent, and partially ICAM-1 dependent [130]. Furthermore, hyaluronan upregulated 

IL-1R-associated kinase-M (IRAK-M) to deactivate human monocytes, an effect mediated 

by CD44 and TLR4 [131].

In summary, available data suggest a multifaceted and diverse or at times conflicting roles of 

hyaluronan in its interactions with innate immune receptors. Research supports two broad 

conclusions: first, high molecular hyaluronan antagonizes lower molecular weight 

hyaluronan in TLR4-mediated inflammation, but can also activate TLR4 signaling in support 

of cell survival; second, hyaluronan-induced TLR4 signaling may lead to both activation and 

inhibition of innate immunity. These data strongly suggest that other, unknown co-factors 

must be involved in hyaluronan-TLR4 interactions to bias responses towards pro- or anti-

inflammatory pathways. Receptor clustering is affected by hyaluronan size [132], as is 

hyaluronan uptake and possible intracellular signaling [133]. It is probable that hyaluronan 

size, the presence of co-activating or - inhibiting factors, and cell-specific signaling 

characteristics (i.e. membrane receptors, adaptor molecules and kinases) influence 

hyaluronan-signaling effects and underscore the versatility of hyaluronan as an immune 

mediator in the lung.

Humoral innate immunity and hyaluronan: role of matrix hyaladherins in the 

regulation of lung inflammation

Although often overlooked, humoral innate immunity is a crucial component of the initial 

response to invading pathogens or sterile tissue injury. The complement and coagulation 

cascades, in particular, are often the first lines of defense against invading pathogens as 

immune-activating agents. These factors are in close contact with the ECM, and interactions 

of matrix components with humoral innate immunity are increasingly recognized. 

Hyaluronan-binding matrix components are thus an important component of the non-cellular 

innate immune response.
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Inter-α-inhibitor (IαI) and tumor necrosis factor stimulated gene 6 (TSG-6)

IαI and TSG-6 are hyaladherins, which support the deposition of a hyaluronan-based ECM. 

IαI is a family of composite proteins comprised of a common light chain and several closely 

related heavy chains (HCs). The light chain consists of a chondroitin 4-sulfate domain and a 

core protease inhibitory moiety, bikunin, which lends IαI its name. One bikunin molecule is 

usually linked to 1 or 2 HCs via a unique ester bond, producing pre-α-trypsin inhibitor (Pαl, 

HC3-bikunin in humans) and lαI (HC1·bikunin-HC2 in humans) [134–136]. HC 1–3 have 

been well characterized [136] and exhibit considerable sequence homology (40–60% of the 

amino acid sequence). Typically, they are produced in the liver and coupled with bikunin 

before release into the circulation, but also can be produced in other organs, including the 

lung [137]. In lung inflammation, IαI HCs are transferred to hyaluronan, which is catalyzed 

by tumor necrosis factor-stimulated gene 6 (TSG-6), a 35-kDa secreted ECM hyaladherin. 

TSG-6, as its name implies, is strongly induced by TNFα, and secreted by a number of 

immune and structural cells [138, 139]. Thus, during inflammation, induction of TSG-6, and 

extravasation (as well as local de novo production) of IαI set the stage for interaction with 

hyaluronan and the deposition of a “pathological” hyaluronan matrix [106, 140, 141].

There are interesting (and very similar) paradoxical effects of TSG-6 and IαI in the 

pathogenesis of lung inflammation. Both proteins are increased in lung diseases such as 

asthma [140–143] and cystic fibrosis [144, 145], and after lung injury [101, 106]. Both 

proteins are necessary for the generation of a pathological hyaluronan matrix, and both are 

necessary for the development of airway inflammation and hyperresponsiveness in allergic 

and TLR4-mediated lung injury [100, 101, 106, 141]. On the other hand, both have 

prominent anti-inflammatory activities in other lung disease models. TSG-6 protects from 

lung inflammation after endotoxin [146] and bleomycin exposure [147]. In fact, TSG-6 is 

believed to be the determining factor for beneficial effects of stem cells [148–150] when 

these are applied with regenerative intent. The ?beneficial? TSG-6 effect may, in some cases, 

come through downregulation of CD44, i.e. indirectly affecting hyaluronan binding and 

signaling [151]. IαI binds strongly to coagulation factor IX [152] and is a strong factor XI 

inhibitor [153]. The bikunin moiety inhibits plasma- and cell-bound plasmin [154], 

supporting intravascular and tissue injury roles for IαI. Indeed, IαI significantly ameliorates 

disseminated intravascular coagulation and lung injury in LPS-induced sepsis [155]. 

Furthermore, IαI inhibits complement activation [156–158] and prevents complement-

induced lung injury [156]. IαI interactions with the ECM do not affect its ability to inhibit 

complement, thus implicating IαI as an important complement inhibitor in local 

inflammatory processes once enriched in the matrix [158]. Finally, IαI may directly bind 

invading pathogens. For example, dengue infection leads to severe IαI deficiency, which 

predicts disease severity [159]. The domain of the dengue viral envelope glycoprotein has 

been shown to bind to several IαI heavy chains [160]. This binding was attributed to the HC 

chain gamma-carboxyglutamic (Gla) domain, which also binds other viruses such as 

adenovirus and HIV [161, 162]. Beyond pathogen binding, shotgun proteomic analysis of 

histone-spiked plasma showed that histones bind to IαI [163], and can neutralize histone-

induced adverse effects [164]. Thus, IαI may sequester infectious and danger-associated 

molecular patterns in plasma and tissue and thereby inhibit lung inflammation.
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Pentraxin-3 (PTX3)

IαI heavy chains in the hyaluronan matrix are crosslinked through PTX3 [165]. PTX3 itself 

can be induced via TLR activation [166] and has a role in lung injury repair [167], 

antimicrobial lung defense [168, 169], and allograft survival in lung transplantation [170]. 

PTX3 in the lung lavage fluid is increased during microbial infections and may protect from 

the development of bacterial pneumonia [171–175] and invasive aspergillosis in lung 

transplant patients [176], suggesting that PTX-3 plays a role in microbial defense. In fact, 

genetic variability in PTX3, leading to decreased PTX3 function, is associated with 

increased susceptibility to invasive aspergillosis in stem cell transplant patients [168]. PTX3 

further contributes to lung health by suppressing the development of allergic lung 

inflammation [177], ameliorating LPS-induced lung injury (like TSG-6 and IαI) [178], and 

promoting lung injury repair, fibrin deposition and fibrosis in a lung injury model of acid 

aspiration [167]. However, there are also reports of adverse PTX3 effects in lung disease. In 

human lung transplant patients, increased PTX3 levels are associated with graft dysfunction 

(i.e. ischemia reperfusion injury) [179] and genetic variability in PTX3, leading to increased 

serum PTX3 levels, predisposes to graft dysfunction [170]. Like IαI, PTX3 can bind viral 

antigens, such as the influenza hemagglutinin [76]. Also like IαI, PTX3 interacts with the 

complement, but with conflicting effects on activation [180][181].

How can we synthesize these data? We believe that the conflicting reports on the role of 

TSG-6, IαI and PTX3 in lung inflammation are explained by the inflammatory mechanism 

underlying the diseases. I.e. when pathological HA matrix formation is necessary for the 

development of disease, as is the case with airway hyperresponsiveness after ozone or in 

asthma [97, 100, 141–143], IαI and TSG-6 promote disease by mediating the formation of 

pathological hyaluronan matrix. However, in endotoxin lung inflammation, and other non-

hyaluronan-mediated processes [146, 148], TSG-6 and IαI-supported hyaluronan matrices 

may promote an anti-inflammatory role, by providing a lattice for complement- or 

coagulation factor inhibiting properties. Thus, TSG-6 and IαI are pro-inflammatory in 

oxidative lung injury and asthma (where hyaluronan is the primary agonist), but anti-

inflammatory in LPS, bleomycin, sepsis (where hyaluronan is not the pro-inflammatory 

agonist). The conflicting activities of PTX3 in lung disease, although slightly different, also 

harken back to the above-described duality of IαI and TSG-6 effects: PTX-3 protects from 

lung infection and allergic lung inflammation, but promotes the development of allograft 

dysfunction, a process in which a pathological hyaluronan matrix has been prominently 

implicated [119–121]. The interaction of PTX3 with the coagulation system also has 

interesting parallels to IαI, and suggests that hyaluronan matrix components may play a 

central role in tissue-based coagulation cascade activation. Moreover, the observation that 

TSG-6, IαI and PTX3 have very similar effects in similar models of lung injury may suggest 

that in fact, these are not parallel, but interrelated actions; i.e. we are observing the effects of 

a hyaluronan-linked IαI/PTX3 matrix facilitated by TSG-6. In aggregate, these data support 

the hypothesis that a hyaluronan-based matrix, which includes cross-linked PTX3 and IαI 

heavy chains, modulates innate immune activation in the lung; furthermore, the process of 

hyaluronan matrix deposition itself (through the involvement of TSG-6 and the release of 

bikunin) additionally modifies innate immune responses.
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Versican

Lung hyaluronan is also decorated by proteoglycans like versican. An excellent review of 

versican in lung inflammation was published recently [182], thus here we will summarize 

versican effects specifically on lung innate immune activation. Versican deposition is 

increased in airways of patients with idiopathic pulmonary fibrosis [183], severe ARDS 

[184], asthma [185, 186] and in animal asthma- or viral infection models of lung 

inflammation [187, 188]. Several cell types in the lung are able to express versican. In 

allergic asthma models and ex vivo examined cells from asthma patients, airway epithelia 

expressed versican, and may contribute to the subepithelial deposition of versican in 

asthmatic airways [187].

Undoubtedly, mesenchymal cells are major versican producers, and their versican 

production is further induced in disease; for example, increased versican production was 

described in fibroblasts from mild asthmatics [189], moderate to severe COPD [190] and 

transplanted lungs [191]. The mechanisms of this induction can be innate-immune triggered: 

versican production by mesenchymal cells was induced by innate immune activation through 

the TLR3 ligand polyI:C [192]. Mesenchymal versican production modulates immune 

responses during inflammation. Versican interacts with, and regulates the availability and 

thus activity of several chemokines [182]. Furthermore, in an in vitro model of 

mesenchymal-immune cell interaction, mesenchymal-expressed versican supported retention 

of T-lymphocytes through polyI:C-induced hyaluronan cable-like structures laid down by the 

mesenchymal cells [192]. Versican also promoted TLR3-dependent lung inflammation [188] 

via a dual mechanism of enhancing CCL2-mediated chemotaxis and promoting retention of 

inflammatory cells within hyaluronan cables [188, 192]. Interestingly, in another study by 

the same group, versican downregulation also promoted retention of immune cells among 

the hyaluronan cables [193]. The experimental conditions were not identical between these 

studies; it appears that polyI:C-generated hyaluronan cables and versican generally promote 

immune cell adhesion, while in the second instance T-lymphocytes led to a degradation of 

versican in the hyaluronan matrix, but may have promoted other matrix factors that were not 

examined. These data suggest that we are still missing critical pieces of information about 

the interaction between hyaluronan, proteoglycans, mesenchymal cells and immune cells 

during inflammation.

Immune cells can be also induced to express versican, for example via LPS (TLR4) [194] or 

polyI:C (TLR3) [195] stimulation, in gram-negative bacterial pneumonia [194] or by 

hypoxia [196]. Versican expression by alveolar macrophages depends on TRIF, but not 

MyD88 activation, and requires intermediary expression of type I interferons [194]. 

Interestingly, genetic deficiency in macrophage versican expression exacerbated lung 

inflammation to instilled polyI:C in vivo, which was associated with decreased macrophage 

expression of the anti-inflammatory cytokines IL-10 and IFN-β [195]. Thus, versican 

appears to exhibit anti-inflammatory (through macrophage expression) or pro-inflammatory 

(through mesenchymal ell expression) properties in lung disease dependent on cell-specific 

production. Clearly, much remains to be understood about versican biology and its 

interactions with the innate immune system in lung disease. It is possible, that macrophage-

derived versican acts in an autocrine or paracrine fashion, and inhibits macrophage 

Tighe and Garantziotis Page 13

Matrix Biol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activation via interferon induction, whereas mesenchymal-derived versican acts as a 

chemotactic and cell-retaining matrix. Furthermore, versican is also a direct TLR agonist, 

and activates TLR2/6-dependent signaling to induce TNF-α, IL-6 and IL-1β expression in 

tumor-associated macrophages [197, 198]. It is not clear, however, if versican-TLR 

interactions involve hyaluronan, a known TLR2 agonist [198]. This interaction adds another 

layer of complexity in the role of versican in immune cell functions.

Hyaluronan-immune interactions in lung health and disease: Future 

directions and outstanding questions

Innate immunity plays a pivotal role in response to environmental threats and tissue injury. 

The above data highlight the complex role of hyaluronan in modulating the innate response. 

Hyaluronan can directly activate, prime, or inhibit, pulmonary innate immunity. Moreover, it 

is becoming increasingly clear that hyaluronan innate immune signaling should be viewed in 

the context of the ECM, where it interacts with other proteins and proteoglycans, such as 

inter-α-inhibitor, TSG-6, PTX3 and versican. These factors influence hyaluronan signaling 

directly, by altering its conformation and availability to receptors, but also greatly expand its 

signaling repertoire, by enabling interactions with coagulation and complement factors, 

cytokines and chemokines, and cell receptors (Figure 1). On the cellular side, there is a 

versatile array of receptor complexes and adaptor molecules, which modulate the cellular 

response to hyaluronan (Figure 2). Clearly, much remains to be understood about the innate 

immunology of hyaluronan. Several outstanding questions deserve our attention:

• What mechanism underlies the signaling differences of high and lower molecular 

weight hyaluronan? Does size modulate receptor clustering or affinity, 

compartmentalization of hyaluronan or interactions with IαI, TSG-6 and 

versican? Does the hyaluronan size mixture generated in airway disease affect 

signaling, and is it possible that a dynamic shift in hyaluronan sizes during the 

response to injury dictates signaling effects?

• What is the mechanism of hyaluronan-mediated promotion of cellular 

homeostasis and survival? We now have evidence that hyaluronan promotes 

survival of differentiated lung cells, e.g. epithelial [95, 104] and immune cells 

[111]. The role of innate immunity, mediated through factors such as NFκB [95] 

and IL-6 [104] has been described, but many gaps remain to be filled. NFκB and 

IL-6 are commonly induced after TLR4 activation, yet most TLR4 ligands do not 

promote cell survival. Thus, cofactors or other signaling pathways must be 

contributing to this effect.

• Is there a difference between hyaluronan matrix produced in an autocrine 

manner, and hyaluronan that the cell encounters as it navigates the extracellular 

space? The regulatory effects of high molecular weight hyaluronan in epithelia 

[95, 104] and versican in macrophages [195] were not observed when HAS2 or 

versican were expressed by fibroblasts [188, 193, 199, 200]. Is cell-associated 

hyaluronan directly tethered to the cell [201] inducing different signaling 

pathways than receptor-associated hyaluronan [9]?
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• Are unique tissue compartments different in their hyaluronan bioactivity? The 

temporary laying down of hyaluronan and versican matrix after injury has been 

termed “provisional matrix” [202] and this concept could be expanded to 

describe a temporarily and spatially highly dynamic modification of hyaluronan, 

both by expression, degradation and interaction, that guides the immune response 

and cell fate after injury. In support of this, a recently published proteomic 

investigation of the ECM after bleomycin lung injury revealed that IαI heavy 

chains 1–3 peaked 7 days after injury and were in the relatively soluble (i.e. not 

fibrotic, fraction of the matrix), while heavy chain 5 peaked after day 14 and was 

found in the insoluble (i.e. fibrotic) fraction [203]. Thus, the hyaluronan matrix 

becomes a canvas, which can be woven and unraveled, and decorated by ever-

changing patterns of hyaladherins to dictate hyaluronan-specific effects and roles 

after injury.

• Are there other classes of effects of hyaluronan on the lung innate immune 

system? In the gut, oral administration of human milk-derived hyaluronan 

induces defensins and protects from bacterial colitis [204]. Could hyaluronan 

expression in the lung have similar effects? Hyaluronan is easily found in the 

airway lining fluid [144]. Does it have such activity?

The above are only some of several outstanding issues that investigators in this field are 

attempting to answer. Ongoing research in many labs will help address these and other 

questions and enable us to translate our insights into medical advances. The payback, with 

regard to improvement in lung health and decreased human morbidity and mortality, will 

certainly be substantial.
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Highlights

• Hyaluronan and lung-related hyaladherins (IαI, TSG-6, PTX3, versican) are 

highly expressed in lung tissue and respond dynamically to lung injury

• Hyaluronan and its hyaladherins activate and modulate the lung innate 

immune system in response to injury

• Hyaluronan-innate immune interactions in the context of lung injury are 

highly variable and suggest that the hyaluronan matrix is a major regulator of 

the lung innate immune response.
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Figure 1. 
Formation of an extracellular hyaluronan matrix and interactions with the humoral and 

cellular innate immune system. In lung injury, extracellular hyaluronan is bound to IαI 

heavy chains through TSG-6, and the matrix is interconnected by heavy chain binding to 

PTX3. Heavy chains and PTX3 facilitate interactions with humoral innate system such as 

the complement, coagulation factors, collagen and other matricellular proteins (e.g. 

fibronectin, vitronectin). Versican finds to hyaluronan and facilitates chemokine and 

cytokine release. Both versican and IαI participate in the retention of immune cells in the 

“sticky” hyaluronan matrix. In addition, hyaluronan interacts with innate immune receptors 
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TLR2, TLR4 and TLR5, and versican interacts with TLR2 and TLR4 to activate intracellular 

signaling. CD44 and other membrane hyaluronan receptors may participate in the signaling 

cascade.

Tighe and Garantziotis Page 27

Matrix Biol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Intracellular activation of innate immune signaling by hyaluronan matrix. Activation of 

innate immune receptors TLR2, 4 and 5 leads to the activation of the MyD88 pathway, 

resulting in NFκB activation and inflammatory cytokine release (e.g. IL-6, TNFα). 

Activation of kinases (examples shown: ERK, RhoA, Rho kinase, myosin light chain) lead 

to additional pro-inflammatory responses, cell migration and contraction. Signaling by 

intracellular hyaluronan signaling by intracellular receptors or the inflammasome is also 

possible but less well understood and not shown here.
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