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Abstract

Asthma is a chronic disorder of the airways characterized by cellular infiltration, airway hyper-

responsive and airway inflammation. Innate immune cells are the first line of defense against 

endogenous and exogenous signals in the airways and as such possess a diverse array of pattern 

recognition receptors. Toll-like receptors are crucial sentinels which when activated, can either 

promote or ameliorate the inflammatory response in predisposed individuals. The recently 

discovered triggering receptor expressed on myeloid cells family members are emerging mediators 

of inflammation. These receptors are believed to modulate inflammatory responses by 

collaborating with classic PRRs. Endogenous signals like HMGB-1, signaling through the receptor 

for advanced glycation end products, also promotes inflammation, however, its contribution to 

inflammation in the airways is not well known. Here, we discuss the role of each receptor in 

airway inflammation and highlight potential synergistic mechanisms, which contribute to disease 

pathogenesis in allergic asthma.
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 Introduction

Asthma is a chronic disorder of the conducting airways, which involves the interplay of both 

genetic and environmental factors, and is characterized by reversible airway obstruction, 

cellular infiltration, airway inflammation and airway remodeling [1, 2]. The response in 

asthma involves the activation of structural cells as well as cells of the innate and adaptive 

immune systems. Mediators released from this response result in the recruitment of 

inflammatory cells and causes structural changes to the airways, which ultimately result in 

chronic inflammation [1–3]

According to the Global Initiative for Asthma (GINA), 300 million individuals suffer from 

asthma with approximately 250,000 deaths annually [4]. The prevalence of allergic airway 

diseases in many Western countries has drastically increased over the last 30 years. This 

increase has been credited in part to lifestyle changes, which have resulted in reduced 

bacterial exposure thus promoting the Th2 phenotype associated with allergic diseases [5]. 

Though bacterial infections lead to a Th1 phenotype, several respiratory viral infections have 

been found to exacerbate the immune responses in asthma.

It is now clear that activation of the innate immune system, specifically in predisposed 

individuals, in response to inhaled antigens or respiratory viruses is the basic premise of 

disease pathogenesis in asthma [5]. The lungs are perfectly positioned to facilitate 

interaction with both external environment and internal blood circulation. As a result, the 

lung is constantly exposed to a wide array of infections agents, aeroallergens as well as host 

danger signals [6]. The innate immune system represents the first line of defense against 

pathogens entering the airways. Cells in the lung express diverse pattern recognition 

receptors (PRRs), such as toll-like receptors (TLRs), which enable the recognition of 

exogenous pathogen associated molecular patterns (PAMPs) and endogenous danger 

associated molecular patterns (DAMPs) [6–8]. Upon recognition of these patterns, TLRs 

elicit activation of innate responses that result in the priming and engagement of the adaptive 

immune system, ultimately leading to elimination of pathogens and restoration of 

homeostasis [7, 8]. TLRs are expressed on a host of immune cells and play a role in the 

development and progression of allergic airway diseases. Activation of these receptors on 

the immune cells may promote increased airway inflammation if the endogenous regulatory 

mechanisms are disturbed..

Over the last decade, another family of innate receptors has been identified, triggering 

receptor expressed on myeloid cells (TREM). These receptors play a role in fine-tuning 

innate responses by amplifying or dampening signals induced by TLRs [9]. DAMPs may 

also activate TREM molecules such as high mobility group box (HMGB)-1 [10]. HMGB-1, 

a nuclear factor that enhances transcription, mediates its signaling cascade primarily through 

the receptor for advanced glycation end products (RAGE). It can also signal through TLRs 

leading to the activation of nuclear factor kappa B (NF-κB), thereby inducing cytokine 

production and promoting inflammation [11,12].

Clearly, there is some degree of crosstalk among TLRs, TREM molecules and RAGE. Given 

the role of these receptors in orchestrating and prolonging the immune response, better 
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understanding of their interaction might prove to be pivotal in advancing our knowledge of 

the underlying mechanisms of airway inflammation. This review aims to highlight the role 

of these receptors as well as their ligands in airway diseases and to elucidate potential 

interactions amongst TLRs, TREM and RAGE in promoting airway inflammation associated 

with asthma.

 Toll-like Receptors

Toll-like receptors (TLRs) are pattern recognition receptors critical for both the innate and 

adaptive responses to pathogens. They are composed of an amino terminal leucine rich 

repeat ectodomain, which is responsible for the recognition of PAMPs, as well as a 

transmembrane domain and a cytosolic signaling domain, called the toll-interleukin-1 

receptor homology domain (TIR) [7,8]. To date, 10 human (TLR1-10) and 12 mouse 

(TLR1-9 and TLR11-13) toll-like receptors have been characterized. These receptors are 

capable of recognizing a wide range of microbial components. TLR1, TLR2, TLR6 and 

TLR10 reside in the plasma membrane and recognize lipoproteins and peptidoglycans. 

TLR4 and TLR5 also localize to the plasma membrane and engage bacterial 

lipopolysaccharide (LPS) and flagella, respectively. TLR3 and TLR7-9 are intracellular and 

can be stimulated to initiate anti-viral immunity [7,13,14]. TLR11 is expressed by bladder 

epithelial cells in mice and has been shown to recognize uropathogenic E. coli and a profin-

like molecule from Toxoplasma [14].

Signaling through TLRs involve the myeloid differentiation response protein 88 (MyD88)-

dependent or -independent pathways. When the respective ligand binds to a TLR, the 

MyD88 adapter protein is recruited to the TLR complex dimer. This promotes association 

with interleukin-1 receptor associated kinase-4 (IRAK-4) and IRAK-1. Tumor necrosis 

factor associated factor 6 (TRAF 6) is then recruited to IRAK-1. This causes a signal 

transduction cascade leading to phosphorylation of IKBα and allows NF-κB to activate the 

expression of pro-inflammatory genes [7,8,13] (Figure 1). All TLRs utilize the MyD88-

dependent pathway, with the exception of TLR3, which mediates signaling through the TIR-

domain containing adapter inducing interferon-β (TRIF). The mediators released from these 

responses result in neutrophil recruitment and activation of macrophages, which are involved 

in direct killing of pathogens, as well as the maturation of dendritic cells (DCs), which aid in 

the induction of the adaptive immune response [13–15].

 TLRs in airway inflammation

The lungs are constantly being exposed to a plethora of microorganisms. TLRs are 

expressed by essentially all effector cells of innate immunity (Table 1) and are therefore 

centrally involved in orchestrating immune responses towards pathogens. Infections of the 

respiratory tract by microbes activate these receptors resulting in pathogen clearance. 

Allergic airway diseases and bacterial infections affect millions of people worldwide and 

continually contribute to mortality and high economic burden. Infectious diseases have a 

major impact on the development and severity of inflammation associated with allergic 

diseases. Some studies have suggested that certain types of infections may lead to 

predisposition for the development of asthma [3,5].
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Multiple TLRs have been implicated in allergic airway inflammation (Figure 2). Exposure to 

bacterial lysates or administration of large doses of LPS can promote Th1 responses that 

reduce airway inflammation and mucus production. Conversely, low doses have been found 

to exacerbate the asthmatic response [6,16]. TLR2 and TLR4 are believed to be the main toll 

like receptors which are responsible for promoting and sustaining inflammatory responses in 

asthma [17]. House dust mite, a common indoor allergen, increases the development of 

airway hypersensitivity. Der p2, the major allergen in HDM, has been shown to share 

homology with myeloid differentiation 2 (MD2), the LPS binding member of the TLR4 

signaling complex. Wild-type and MD2 deficient mice which were sensitized and challenged 

with Der p2 developed hallmark features of allergic asthma which was absent in the TLR4-

deficient mice [18]. Development of AHR to HDM is dependent upon activation of TLR4/

MyD88 signaling which drives Th2 polarization [19]. Mast cells, which contribute to several 

pathogenic features of asthma, express a number of TLRs. In a study investigating the 

effects of TLR ligand treatment on IgE receptor-induced mast cell activity, it was found that 

prolonged exposure to these ligands promoted mast cell reactivity following IgE receptor 

activation. Activation of TLR4 by LPS produced the most pronounced effects resulting in 

enhanced degranulation, secretion of leukotrienes, cytokines and chemokines [20]. These 

results seem to suggest that mast cells control airway inflammation and may promote 

exacerbations through TLR4-mediated mechanisms.

Triggering of TLR-4 expressed on structural cells in the airways have been shown to 

stimulate the release of thymic stromal lymphopoietin (TSLP), granulocyte-monocyte 

colony stimulating factor (GM-CSF), interleukin (IL)-25 and IL-33. Blockade of TLR4 on 

structural cells was found to abrogate HDM-driven allergic airway inflammation [21]. In 

fatal asthmatic patients the expression of TLR2, TLR3 and TLR4 on cells in the airways was 

higher than those obtained from control groups. TLR-mediated signaling was also believed 

to contribute to inflammation surrounding asthma deaths [22].

Studies have shown that exposure to fungal products promote airway eosinophilia, secretion 

of Th2 cytokines and goblet cell metaplasia. In a murine model of asthma, TLR2 was able to 

modulate the innate and adaptive immune responses during chronic inflammation. TLR2- 

deficient mice sensitized and challenged with Aspergillus fumigatus exhibited significantly 

lower airway hyper-responsiveness, airway inflammation and Th2 cytokine levels when 

compared to their wild type counterparts. Deletion of TLR2 also reduced mucus cell 

hyperplasia and peribronchial fibrosis up to 30 days post challenge [23]. TLR2 activation is 

believed to promote Th2 responses which results in a shift in the Th1/Th2 balance. This shift 

may be due to the production of IL-10 that inhibits Th1 cytokine production [24, 25].

Toll-like receptors also play an important role in the innate recognition of pathogens by 

dendritic cells (DCs). DCs are critical in determining the outcome of an allergen encounter 

in the lung. Inhaled antigens are constantly being sampled by these cells, which are located 

above and beneath the basement membrane of the respiratory epithelium [26]. Inhaled 

pathogens trigger TLRs on epithelial cells and macrophages leading to the production of 

chemokines and cytokines. TLR2 acts in concert with TLR3 to induce the synthesis of 

inflammatory cytokines that promote DC maturation and migration. These pathogens can 
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also be directly processed and presented via MHC II to T-lymphocytes resulting in Th2 

polarization [27].

B-cells express both a B-cell receptor (BCR) and TLRs. Engagement of both receptors can 

fine tune B-cell responses and link the innate and adaptive immune systems. TLR activation 

of B-cells has been shown to enhance proliferation, terminal differentiation to plasma cells 

as well as increase cytokine and immunoglobulin secretion [28,29]. Human basophils 

express TLR2 and TLR4 with the latter believed to be involved in the exacerbation of 

allergic inflammation mediated by infections [30]. Simultaneous triggering of TLR and IgE 

resulted in synergistic production of IL-4, IL-8, IL-13 and RANTES. Interaction mediated 

by IgE and TLR4 led to a pronounced Th2 response [31].

Exacerbations of asthma can be due to both aeroallergens as well as respiratory viral 

infections. Respiratory syncytial virus (RSV) and human rhinovirus (HRV) are two well-

known examples with the former believed to play a role in pediatric asthma whereas the 

latter has been associated with asthma later on in life [32,33].

TLR4 is primarily responsible for recognition of infections with RSV. Studies using human 

airway epithelial cells showed that infection with RSV significantly increased IL-8 

production from these cells. Microarray analyses suggested the involvement of a TLR4-

mediated pathway that resulted in activation of transcription factor activator protein (AP)-1 

[34]. Analysis of peripheral blood mononuclear cells (PBMCs) from asthmatic patients 

cultured with HRV, revealed lower expression of type I IFNs when compared to healthy 

subjects. There was also reduced expression of NF-κB family members as well as reduced 

responsiveness to TLR7/TLR8 activation [35]. These results suggest that antiviral signaling 

pathways are impaired in asthmatic patients, which may account for increased exacerbation 

caused by respiratory viral infections.

Exposure to CpG, the ligand for TLR9, has been found to exacerbate airway responses 

associated with asthma. Mice that were sensitized and challenged with ovalbumin and then 

exposed to CpG intranasally showed increased airway hyper-responsiveness and release of 

IL-5 and leukotriene B4 (LTB4) [36]. Collectively, these results highlight a crucial role of 

TLR-mediated signaling in promoting and exacerbating allergic airway inflammation.

TLRs are emerging innate receptors involved in the initiation and progression of airway 

inflammation. Though many TLRs are important in the first line host defenses against 

microbial products, some also play a role in exacerbating the pathogenesis of allergic airway 

inflammation. Understanding the complex roles of TLRs in allergic airway diseases may 

facilitate the development of targeted preventative and therapeutic measures for asthmatic 

patients.

 HMGB-1 and RAGE

 HMGB-1

The high mobility group box (HMGB)-1 protein is a ubiquitously expressed nuclear factor, 

which is an important mediator of inflammation via receptors of the innate immune system. 
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Under homeostatic conditions, HMGB-1 enacts important features in the nucleus, which 

contributes to the maintenance of chromosomal architecture and regulation processes in the 

genome [37,38]. Nuclear HMGB-1 binds without specificity to minor grooves in the DNA 

helix and introduces bends. This enables interaction with various factors including p53, NF-

κB and steroid hormones. HMGB-1 is also present extracellularly where it acts as a necrotic 

marker for immune cells as well as a signal for the production of inflammatory cytokines 

and chemokines through TLRs and the receptor for advanced glycation end products 

(RAGE) (Figure 1) [37–39].

The primary target of extracellular HMGB-1 is TLR4. Binding of ligand to the receptor 

leads to the translocation of NF-κB to the nucleus and activation of interferon regulatory 

factor 3 (IRF3) and activation protein 1 (AP-1) to produce the inflammatory cytokine 

repertoire [39]. Active secretion of HMGB-1 from monocytes and macrophages occurs in 

response to inflammatory stimuli such as LPS, tumor necrosis factor (TNF)-α, interferon 

(IFN)-γ and IL-1β [38].

 RAGE

The receptor for advanced glycation end products (RAGE) is a type I transmembrane protein 

which belong to the immunoglobulin super family. It is comprised of three immunoglobulin 

domains, located in the extra-cellular space, a single membrane spanning domain and a short 

cytoplasmic domain, which is essential for signal transduction [40]. RAGE is expressed at 

low basal levels in the majority of healthy tissues and is upregulated in response to a wide 

range of pathological events. Over the past decade, this receptor has emerged as a key 

pattern recognition receptor capable of binding a number of soluble and cell associated 

molecules involved in the host response to tissue injury, infection and inflammation [40, 41]. 

Ligands of RAGE include amyloid beta (Aβ), Mac-1 (which aids in adhesion of leukocytes 

to the endothelium), and HMGB-1. Recent studies have identified emerging ligands such as 

LPS, heat shock protein (HSP)-70, C3 and CpG DNA oligomers, which are well-known 

contributors to the onset of inflammation [42, 43]. Ligation of RAGE induces activation of 

multiple signaling pathways, depending on the ligand and the cellular milieu. This 

ultimately leads to the activation of transcription factors including AP-1, cAMP response 

element binding (CREB) protein, NF-κB, signal transducers and activators of transcription 

(STAT)-3 and early growth response (Erg)-1 [41, 42] (Figure 1).

 HMGB-1 and RAGE in airway inflammation

In studies using a murine model of asthma, HMGB-1 expression in the lung tissue and 

bronchoalveolar lavage fluid was significantly elevated which correlated to increased airway 

hyper-responsiveness and eosinophilia [44]. In a chronic mouse model of allergic 

inflammation, eliciting both airway neutrophilia and eosinophilia, blockage of HMGB-1 was 

found to ameliorate these effects. It was also observed that there was a decrease in Th1 and 

Th2 lymphocytes and an increase in Th17 cells in the mediastinal lymph nodes and lungs 

[45].

Human bronchial epithelial cells (HBECs) stimulated with HMGB-1 showed increased 

expression and secretion of tumor necrosis factor (TNF)-α, TSLP, matrix metalloproteinases 
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(MMP)-9 and vascular endothelial growth factor (VEGF) in a dose- and time-dependent 

manner. HMGB-1 also induced elevated levels of RAGE protein expression. Secretion of 

pro-inflammatory mediators was significantly decreased by blockade of RAGE and 

inhibition of p38 mitogen-activated protein kinases (MAPK) pathway. Results suggest that 

HMGB-1 binds to RAGE promoting activation of p38 MAPK pathways leading to increased 

expression of mediators that promote inflammation in asthma [46].

Studies involving human asthmatic subjects have shown that damage to the airway 

epithelium elicits chemotaxis of eosinophils and HMGB-1 was found to contribute to 

enhanced eosinophil survival and chemotaxis in the lungs [47]. HMGB-1 expression in 

sputum obtained from asthmatic patients was markedly higher when compared to normal 

controls. This correlated to sputum eosinophilia and expression of TNF-α, IL-5 and IL-13 

[44]. Similar studies found increased levels of HMGB-1 and serum RAGE, as well as greater 

percentages of neutrophils in sputum from asthmatic subjects, suggesting that they might 

contribute to the severity of asthma pathogenesis [48, 49].

RAGE is expressed on monocytes/macrophages, B and T lymphocytes. The receptor plays 

an active role in the recruitment of leukocytes across the epithelium to the site of infection, a 

hallmark feature of inflammation. Several subsets of DCs also express RAGE, which upon 

receptor ligation, promotes the maturation and migration of these cells, linking the innate 

and adaptive immune responses [42]. In a HDM mouse model of asthma, the absence of 

RAGE was found to abrogate airway hyper-responsiveness, airway eosinophilia and airway 

remodeling [50]. Similar results were observed in mice exposed to cockroach extracts [51]. 

Studies using ovalbumin immunized mice showed that RAGE plays a role in the activation 

and differentiation of T-cells. RAGE deficient mice showed reduced cellular infiltration in 

bronchoalveolar lavage fluid and impaired T-cell activation in the mediastinal lymph nodes 

when compared to the wild type counterparts. RAGE deficient T-cells cultured in vitro 
demonstrated reduced production of IFN-γ but increased IL-17 production [52].

Recent genome wide association studies have identified single nucleotide polymorphisms in 

the human genome for RAGE ligand binding domain (G82S). This correlated with altered 

forced expiratory volume (FEV1), at test of lung function in asthmatics, and was associated 

with increase incidences of asthma [53, 54]. RAGE was found to drive allergic airway 

inflammation in wild type and knockout mice exposed to allergen extracts by promoting 

IL-33 expression and coordinating the inflammatory response downstream of IL-33. 

Absence of RAGE was shown to impede accumulation of type 2 innate lymphoid cells 

(ILCs) in the airways. Further studies from bone marrow chimeras revealed that pulmonary 

parenchymal RAGE has a central role in promoting allergic inflammation [55]. Studies 

using RAGE sufficient (RAGE+/+) and deficient (RAGE−/−) mice exposed to ovalbumin 

demonstrated that deficiency in RAGE resulted in reduced eosinophilic inflammation and 

goblet cell metaplasia as well as decreased Th2 cytokines and absolute numbers of type 2 

ILCs in the lungs. Conversely, the absence of RAGE on structural cells enhanced AHR 

suggesting contrasting role of the receptor in airway inflammation versus airway hyper-

responsiveness [56].
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Apart from full length RAGE, a number of truncated forms have been identified including a 

soluble form known as sRAGE that acts as a decoy receptor preventing interaction of RAGE 

with its ligands. This is believed to afford some protection against inflammation and cell 

injury [57]. In a study conducted on asthmatic children, it was found that levels of sRAGE 

were significantly lower in asthmatic patients when compared to the healthy controls. 

Uncontrolled and severe asthmatic subgroups showed lower levels of sRAGE with 

significant negative correlation between sRAGE levels and eosinophil count as well as total 

IgE levels [58].

Collectively, these results suggest that HMGB-1 and its receptor RAGE could play 

important roles in the pathological mechanisms underlying chronic inflammation in allergic 

asthma. Both ligand and receptor might prove to be amenable therapeutic targets, however, 

further studies are needed to better understand their underlying mechanisms of action in the 

airways.

 TREM Family Members

TREM-1 and TREM-2 are transmembrane glycoproteins of 25–30 kDa consisting of a 

single extracellular immunoglobulin like domain, a transmembrane region and a short 

cytoplasmic tail [59, 60]. The receptors are located on human chromosome 6p21 and mouse 

chromosome 17c3 [61]. Both TREM-1 and TREM-2 associates by a positive charge with 

DNAX activating protein of 12 kDa (DAP12). In TREM-1 mediated signaling, receptor 

ligation results in phosphorylation of tyrosine residues in DAP12/ITAM by Src kinases. This 

allows spleen tyrosine kinase (Syk) to bind and phosphorylate linker of activated T-cells 

(Lat) and non T-cell activation linker (NTAL) leading to a signal cascade which activates 

Akt, calcium and MAP kinases ultimately leading to cytokine rearrangement and activation 

of several transcription complexes [59–61]. In TREM-2 mediated signaling, phosphorylation 

of ITAM residues in DAP12 lead to the recruitment of Syk and ZAP70. This activates 

phosphatidylinositol 3 kinase (PI3K), which converts phosphatidylinositol 4,5 bisphosphate 

(PIP2) to phosphatidylinositol 3,4,5 trisphosphate (PIP3) leading to downstream activation 

of PDK-1/2, which recruits and activates Akt. Activation of PDK-1/2/Akt pathways 

contribute to the regulation of NF-κB and subsequent expression of inflammatory genes. 

The PI3K/Akt pathway can also inhibit TLR-mediated signaling by blocking the function of 

MAPK signaling pathways [62]. Conversely, activation of the PI3K/ERK pathways by 

TREM-1 signaling is pro-inflammatory and promotes survival of immune cells by 

inactivating pro-apoptotic family members [59] (Figure 1).

PI3K-mediated signaling pathways that promote airway inflammation are regulated by src 

homology 2 domain (SH2)-containing inositol phosphatase (SHIP) and SH2 containing 

protein tyrosine phosphatase 1/2 (SHP1/2) [63]. SHP1 has been shown to negatively 

modulate PI3K/Akt signaling pathways [64]. The phosphatase was found to inhibit 

TREM-2- and DAP12-induced signaling by binding to DAP12 and preventing PI3K from 

being recruited [65]. In the immune cells, downstream activation of STAT3 by PI3K is 

regulated by suppressor of cytokine signaling (SOCS) family members [66].
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TREM-1, found highly expressed on monocyte/macrophage and neutrophils, play a role in 

augmenting inflammatory responses whereas TREM-2, expressed on macrophages, dendritic 

cells, osteoclasts and microglia is often associated with anti-inflammatory responses [10].

 TREM-1

TREM-1 is expressed on both human and mouse monocyte/macrophages and polymorphic 

nuclear neutrophils (PMNs). Though its ligand is still unknown, several studies to ascertain 

its mechanism of action have relied on the use of agonistic antibodies, which induce receptor 

crosslinking leading to amplification of immune responses [60]. Its role as an amplifier of 

pro-inflammatory responses have been confirmed primarily in studies involving sepsis but it 

has been implicated in several other diseases including rheumatoid arthritis, cancers and 

inflammatory bowel syndrome [10, 67]. Though research is currently ongoing, much less is 

known about the role of TREM-1 in airway disease (Figure 2).

Activation of TREM-1 on neutrophils and monocytes results in the production of pro-

inflammatory cytokines and chemokines, including IL-1β, IL-2, IL-6, IL-8, TNF-α, MIP-α1 

and GM-CSF [9, 68]. These cells also express other pattern recognition receptors that play 

essential roles in innate responses to lung infection [5]. Studies using a mouse model of 

pneumococcal pneumonia found that infection with Streptococcus pneumonia resulted in 

rapid recruitment of TREM-1 positive neutrophils into the bronchoalveolar space [69]. In 

order to model the effects of TREM-1 blockade in humans, a TREM-1/3 deficient mouse 

was developed since the functional overlap of TREM-1 and TREM-3 seen in mice does not 

exist in humans [70, 71]. TREM-1/3 deficiency in mice led to increased mortality and a 

reduction in pro-inflammatory cytokines and chemokines released locally. TREM-1/3 

deficient alveolar macrophages were also incapable of phagocytosing the pathogen [69]. 

TREM-1 expression has also been found to be strongly upregulated by LPS exposure. 

Studies using human neutrophils and monocytes showed that TREM-1 interacted with 

TLR-4 receptor complex to amplify inflammation [68]. Similar results were found using the 

murine macrophage cell line, RAW 264.7 [72].

In a house dust mite mouse model of asthma, injection with Aspergillus fumigatus resulted 

in increased TREM-1 levels in the lungs. Analysis of bronchoalveolar lavage fluid revealed 

significant increases in pro-inflammatory mediators. Results suggest that TREM-1 may play 

a role in modulating the immune response during fungal asthma [73].

In addition to amplifying inflammatory signals, TREM-1 is also involved in transepithelial 

migration of neutrophils in the airways. Studies using TREM-1 knockout mice demonstrated 

increased mortality and decreased neutrophil in the airways of these animals following 

Pseudomonas aeruginosa challenge. Neutrophils were found in the primary endothelium cell 

monolayer but failed to migrate to the airway epithelia indicating a defect in this mechanism 

[74].

 TREM-2

The TREM-2/DAP12 pathway may provide both inhibitory and activating signals depending 

on the cellular and cytokine milieu. Under inflammatory conditions, TREM-2 promotes 

differentiation of macrophages, dendritic cells and microglial cells [62]. TREM-2 was found 
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to promote macrophage survival and lung disease after respiratory viral infection. The 

mechanism believed to be driving this observation was decreased macrophage apoptosis 

mediated by intracellular and cell surface TREM-2 [75]. Studies using human monocyte 

derived DCs showed that TREM-2, in association with DAP12, promoted upregulation of 

CC chemokine receptor 7 (CCR7), a key mediator in homing of dendritic cells to the 

secondary lymphoid organs [76].

Conversely, other studies have highlighted an anti-inflammatory role of TREM-2. TREM-2 

deficient bone marrow derived DCs were shown to have increased production of pro-

inflammatory cytokines and type I IFNs in response to TLR ligation. These cells also 

showed increased TLR induced maturation and greater efficiency at inducing antigen 

specific T-cell responses upon CpG stimulation when compared to the wild type. The 

increase in IL-12 and TNF-α secretion from these cells suggests a possible Th1 polarization 

with TREM-2 deficiency. A potential TREM-2 ligand is expressed on the surface of BMDCs 

suggesting that inhibitory signals transduced by the TREM-2 receptor were due to 

recognition of an endogenous ligand [77]. In another study, TREM-2 expression was 

abrogated when macrophages were stimulated with LPS. Studies using TREM-2 deficient 

mice showed that TREM-2 functions to inhibit cytokine production by macrophages in 

response to LPS, zymosan and CpG. Results suggest that TREM-2 is expressed on newly 

differentiated or alternatively activated macrophages and play a role in reducing activation 

[78]. TREM-2 has recently been shown to play a role in attenuating inflammatory responses 

in alveolar macrophages. Silencing of TREM-2 on these cells enhanced the expression of 

TLR4, TNF-α and IL-10 following LPS stimulation [79].

 sTREM-1 as a diagnostic marker

Proteolytic cleavage of membrane bound TREM-1 produces a soluble mediator, 

sTREM-1[10]. sTREM-1 has been detected in biological fluids of human and animals 

suffering from a number of infectious and inflammatory diseases such as inflammatory 

bowel disease (IBD), pneumonia and rheumatoid arthritis [9,10]. Most studies related to 

sTREM-1 have been done in relation to sepsis where it has been found to be a valuable 

diagnostic marker [9, 80]. Other studies have shown that there are elevated levels of 

sTREM-1 in bronchoalveolar lavage fluid and serum of patients with bacterial, viral and 

fungal infections [81–83].

Elevated levels of sTREM-1 have also been observed in patients with non-infectious 

inflammation such as COPD and asthma [84]. Higher levels of sTREM-1 were found in 

patients with exacerbated asthma and respiratory tract obstruction compared to non-

exacerbated patients. Increased levels of sTREM-1 also correlated with number of 

neutrophils infiltrating the airways [85].

TREM family members play important roles in both the innate and adaptive immune 

systems. Identification of ligands for these receptors is crucial for a better understanding of 

the mechanisms, and thus contributing to the stimulation or amelioration of airway 

inflammation. The emergence of sTREM as a potential diagnostic marker may prove to be a 

useful tool in both infectious and non-infectious diseases.
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 Interactions

 TLRs, HMGB-1 and RAGE interaction

There exists some degree of crosstalk among HMGB-1, RAGE and TLRs (Figure 1). RAGE 

was the first described receptor of HMGB-1, however TLR2 and TLR4 have also been 

identified as receptors. TLRs and RAGE may co-operate with each other as essential 

partners in strengthening the inflammatory response through the recruitment and assembly 

of homo and hetero-oligomers [86]. A number of TLR ligands such as CpG DNA and LPS 

form complexes with HMGB-1. These complexes elicit stronger inflammatory responses, 

compared to HMGB-1 alone, through mechanisms that seem to involve co-activation of TLR 

and RAGE signaling. RAGE also appears to interact with TIRAP and MyD88, both of which 

are intracellular adaptor proteins used by toll like receptors [86, 87].

In recent studies, HMGB-1 was found to induce neutrophil extracellular traps (NETs) 

formation through interaction with TLR4. TLR4 deficient mice showed diminished capacity 

of neutrophils to induce NET formation. Neutrophils isolated from mice exposed to LPS and 

HMGB-1 showed consistently greater ability to produce NETs than control groups [88]. 

These results provide a novel mechanism through which HMGB-1 may contribute to the 

severity of neutrophil inflammation associated with airway diseases like allergic asthma. 

Studies using recombinant human HMGB-1 (rhHMGB-1) to induce acute lung injury in rats 

showed that there were significant increases in IL-1β and TNF-α levels in treated animals. 

Cultured alveolar macrophages activated by rhHMGB-1 also showed increases in the release 

of these cytokines. TLR-4 expression was upregulated by rhHMGB-1 and blockade of the 

receptor or neutralization of HMGB-1 resulted in an attenuated inflammatory response both 

in vitro and in vivo. These finding suggest that HMGB-1 has the ability to activate alveolar 

macrophages to produce pro-inflammatory mediators through a TLR dependent manner. 

Alveolar macrophages have been shown to orchestrate inflammation through the release of 

chemokines that attract leukocytes to the airways thus promoting the development and 

progression of allergic airway diseases [89].

Taken together TLRs, HMGB-1 and RAGE seem to play a role in coordinating the 

inflammatory response as well as contributing to pathogenesis observed in acute and chronic 

airway inflammation (Figure 2). Our knowledge on the crosstalk between these receptors 

and ligand is still limited and more research is needed to ascertain the factors that enable 

discrimination or promote collaboration among the three. Further understanding of the 

molecular mechanism and pathways involved in these interactions will facilitate future 

studies aimed at identifying their collective roles in allergic airway inflammation.

 TLRs and TREM family members

There is an increasing body of evidence to suggest that there are shared interactions between 

TREM family members and TLRs (Figure 1). TREM-1 has been found to be significantly 

upregulated by various TLR ligands, such as LPS (TLR4 ligand), lipoteichoic acid (TLR2 

ligand) and polycytidylic acid (TLR3 ligand) leading to increased pro-inflammatory 

responses [68, 74]. Studies using bone-marrow derived macrophages from TLR2 and TLR4 

knockout mice showed that these cells failed to induce expression of TREM-1 mRNA and 
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protein in response to their respective ligands. TREM-1 expression in response to LPS was 

not altered in the MyD88 knockout macrophages suggesting that a downstream MyD88 

independent pathway was active. Inhibition of TRIF decreased TREM-1 expression in 

response to LPS. Results suggest that TREM-1 expression in response to TLR ligands can 

occur by both MyD88 dependent and independent pathways, both of which require TLRs 

[90]. TLR4 and TREM-1 synergistic signaling has been shown using LPS stimulation. 

TREM-1 is strongly upregulated by LPS exposure which has been found to interact with the 

TLR4 receptor complex to amplify inflammation. Blockade of TREM-1 inhibited LPS 

induced TNF-α production and blocking TLR4 led to down regulation of TREM-1 

crosslinking, suggesting that there may exist a TLR4/TREM-1 co-localization in human 

neutrophils [68]. In a model of fungal asthma, Pam3Cys (TLR2 agonist) and soluble 

Aspergillus antigens were shown to induce TREM-1 transcript expression in macrophages in 

a TLR2-dependent manner [73].

Conversely, TREM-2 interaction with TLRs plays a role in dampening immune responses. 

TREM-2 deficient bone-marrow dendritic cells showed increased production of 

inflammatory cytokines and type I IFNs in response to TLR ligation. These cells also 

showed increased TLR-induced maturation and were better equipped to induce antigen 

specific T-cell proliferation when compared to wild type cells [77]. TREM-2 has also been 

shown to attenuate macrophage activation by decreasing cytokine production essential to 

these cells [78]. Exposure to Streptococcus pneumonia following airway exposure to HDM 

becomes fatal due to impaired neutrophil recruitment. This is caused by desensitization of 

TLRs, upregulation of endogenous negative regulators of TLRs (A20, IRAK) as well as a 

preference of TREM-2 expression to inhibit TLR signaling [91].

Though much less data is available, other TLRs are believed to interact with TREM 

molecules. Flagellin, a TLR5 ligand, combined with TREM-1 engagement has led to the 

production of higher levels of TNF-α when compared to stimulation by flagellin alone. 

Stimulation with R-848, a TLR7/8 agonist, increased respiratory burst and degranulation of 

neutrophils by a TREM-1 and TLR mechanism [68]. CpG-ODN was found to abrogate 

TREM-1 LPS-induced upregulation in mouse peritoneal macrophages treated with both 

CpG-ODN and LPS [92]. Further research is needed to completely elucidate the interactions 

between TLRs and TREM molecules. The synergistic effects in either strengthening or 

dampening immune responses may provide new avenues for therapeutic intervention.

 Expert Commentary and Five-Year View

The mechanisms of airway diseases like asthma arise from both genetic predisposition as 

well as exposure to environmental allergens that lead to activation of innate and adaptive 

immune responses. Although there have been many advances in the field over the last 

decade, there is still no cure for this heterogeneous disorder. Toll-like receptors have 

received a great deal of attention due to their possible immunomodulatory properties with 

regards to allergy and asthma. Several studies have been directed at shifting the Th2 

response associated with the allergic phenotype towards the generation of a Th1 response by 

TLR association [93]. Viruses, which are common triggers of asthma, are recognized by 

TLR7 and TLR9. These receptors have emerged as amenable therapeutic targets. Activation 
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of TLR7 triggers a rapid immune response which favors a subsequent Th1 phenotype. In a 

recent study, allergic Tlr7−/− mice infected with rhinovirus 1B (RV1B) displayed impaired 

IFN release, increased virus replication and airway hyper-responsiveness as well as 

exaggerated eosinophilic inflammation. Adoptive transfer of TLR competent pDCs was 

shown to block these exaggerated inflammatory responses and increase IFN-γ release [94]. 

Studies using synthetic TLR7 ligands (R837 and R848) have shown that activation of the 

receptor prevented airway hyper-responsiveness, eosinophilic infiltration and goblet cell 

hyperplasia in an ovalbumin model of asthma [95]. There were also decreased levels of IL-5 

and LTB4 in bronchoalveolar lavage fluid, suggesting that TLR7 dampens allergic airway 

responses [36]. Investigators doing studies using TLR2 agonist, Pam3Cys, observed a 

significant reduction in eosinophil infiltration and increase production of T regulatory 

(Tregs) cells in the lungs of mice sensitized and challenged with ovalbumin [96].

TREM-1 plays a role in amplifying inflammatory responses and act as a direct link to the 

adaptive immune system. Modulation of this receptor might be crucial to dampening the 

inflammatory response associated with diseases like allergic asthma. Several groups are 

currently developing antagonists of TREM-1. A TREM-1 polypeptide, consisting of one or 

more sequences of the TREM-1 protein, has been shown to have anti-septic shock and anti-

sepsis properties. This polypeptide was shown to down-regulate pro-inflammatory cytokines 

cascade associated with infection thus inhibiting hyper-responsiveness and death in animals 

[97]. Another group has described methods of treating inflammatory diseases by 

antagonizing TREM expression, signal cascade as well as DAP12 activity and/or expression 

[98]. This could potentially be useful in the treatment or respiratory diseases like asthma.

Although manipulation of the receptor might prove beneficial in augmenting inflammatory 

responses, it is important to ensure that this modulation does not alter its ability to function 

in bacterial clearance. Future research is definitely needed to identify the ligands for TREM 

family members as this will be a critical step towards gaining a better understanding of their 

signaling pathway and drive targeted inhibition geared at decreasing inflammation.

RAGE and HMGB-1 are emerging as contributors to the inflammatory response associated 

with airway diseases. Better understanding of these mechanisms is needed to clearly 

elucidate the role of this receptor and its ligand in asthma pathogenesis. Research to date has 

highlighted that there exist some degree of cross talk among these molecules. We now have 

the challenge of determining what factors influence collaboration of RAGE, TREM family 

members and TLRs and how this collaboration dictates the immune response, whether pro or 

anti-inflammatory.
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Key Issues

• Asthma is a chronic disorder of the airways affecting approximately 

300 million people globally. There is currently no cure for the disease.

• PRRs on innate immune cells enable them to act as the first line 

defense against pathogens (viral, bacterial and fungal) that exacerbate 

the inflammatory response in atopic individuals.

• Several TLRs have been implicated in coordinating the innate immune 

response and activating adaptive responses driving airway 

inflammation in asthma. These receptors have also been shown to be 

amenable targets for therapeutic intervention.

• TREM-1 and −2 collaborate with TLRs to promote (the former) and 

dampen (the latter) inflammation.

• Endogenous signals like HMGB-1 can signal through RAGE and/or 

TLRs. Collaborative signaling through both receptors exacerbates 

inflammation through MyD88-dependent pathways.

• Identification of TREM ligands as well a better characterization of the 

mechanism driving collaboration of these PRRs is crucial for the 

development of targeted therapy for asthma patients.
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Figure 1. Signal Transduction of TLRs, TREM family members and RAGE
Pattern recognition receptors such as TREM-1 and TLR4 can recognize both exogenous 

(LPS) and endogenous (HMGB-1) signals. Signaling through TLR4/2 involves activation of 

the MyD88 dependent pathway leading to the translocation of NFkB into the nucleus. 

Signaling through TREM-1 involves ligation of the DAP12 adaptor protein leading to a 

downstream signaling cascade, which results in the activation of pro-inflammatory 

transcription factors. HMGB-1 signals through its receptor RAGE, as well as TLR4 and 

TREM-1, which also contributes to the activation of NFkB to induce gene expression. The 

end result of signaling through all three pathways is the transcription of inflammatory genes, 

resulting in the production of mediators that contribute to increased airway inflammation. 

The TREM-2/DAP12 pathway may provide both inhibitory and activating signals. 

Phosphorylation of DAP12 leads to downstream activation of PDK-1/2, which recruits and 

activates Akt. Activation of PDK-1/2/Akt pathways leads to NFκB activation as well as 

inhibition of TLR signaling by blockade of MAPK signaling pathways.

TREM – Triggering Receptor Expressed on Myeloid Cells, TREM-L – Putative TREM 

ligand, TLR – Toll-like receptor, RAGE – Receptor for Advanced Glycation End-products, 

HMGB – High Mobility Group Box, LPS – lipopolysaccharide, Syk - spleen tyrosine 

kinase, IRAK - interleukin-1 receptor associated kinase, TRAF - Tumor necrosis factor 

associated factor, PI3K - phosphatidylinositol 3 kinase, PKC – protein Kinase C, PIP2 - 

phosphatidylinositol 4,5 bisphosphate, PIP3 - phosphatidylinositol 3,4,5 trisphosphate, PDK 

– phosphoinositide-dependent kinase, PLC- phospholipase C, JAK – Janus Kinase, STAT – 

Signal Transducer and Activator of Transcription, SOS – Son of Sevenless, GRB – Growth 

factor Receptor Binding, IKK – I kappa B Kinase, ERK – Extracellular signal regulated 

kinase, AP - activation protein, NFAT – nuclear factor of activated T-cells, CREB - cAMP 

response element binding
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Figure 2. Interaction of TLRs, TREM-1, RAGE and HMGB-1 in airways
The airway epithelium is exposed to a wide array of allergens and microbial products. 

Allergens, such as house dust mite (HDM), activate TLR4 located on airway epithelial cells. 

This leads to the production of TSLP, GM-CSF, IL-25 and IL-33, which activates dendritic 

cells and mast cells and promotes Th2 polarization. Proteases produced from allergens can 

also directly activate TLRs on eosinophils and neutrophils resulting in release of chemokines 

and cytokines leading to increased leukocyte recruitment to the airways. Allergens and 

microbial products can also cause epithelial damage leading to the release of DAMPs like 

HMGB-1. HMGB-1 binds to receptors on epithelial cells and causes further release of 

DAMPs, which can activate and recruit neutrophils and macrophages to the airways. The 

end result is increase in pro-inflammatory mediators and cellular infiltration, leading to 

airway inflammation and disease pathogenesis.

HDM – House dust mite, TSLP - thymic stromal lymphopoietin, GM-CSF – granulocyte 

monocyte colony stimulating factor, IL- interleukin, DC- dendritic cell, Th- T helper cell, 

DAMP - danger associated molecular patterns, Neu – neutrophil, Mac – macrophage, Eos - 

eosinophil
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Table 1

TLR Expression on Cells in the Airways associated with Allergic Asthma

TLRs Ligand Cellular expression in the airways Role in the airway References

1 Triacylated lipopeptides Monocyte
B-cells
DCs
T-cells

Works in conjunction with TLR2 [8,99]

2 Viral protein envelops
Lipoteichoic acid
GPI anchors of protozoan
Peptidoglycan

Macrophages
DCs
T-cells
B-cells
Neutrophils

Control of Gram positive bacterial 
infections

[7,8]

3 dsRNA Innate immune cells except neutrophils 
and pDCs

Mediate the establishment of the anti-viral 
state

[8,99]

4 LPS Neutrophils
Macrophages
DCs

Control of Gram negative bacterial 
infection

[6,8]

5 Flagellin Alveolar macrophages
DCs
Epithelial cells
Eosinophils

Recognition and control of bacterial 
infections (particularly Pseudomonas 
aeruginosa)

[6,100]

6 Diacylated lipopeptides Monocytes/macrophages
B-cells
T-cells
DCs

Works in conjunction with TLR2 [99]

7 ssRNA B-cells
pDCs

Mediate the establishment of the anti-viral 
state

[6,8]

8 ssRNA Monocyte/macrophages
Myeloid DCs

Mediate the establishment of the anti-viral 
state

[8]

9 CpG motifs pDCs
macrophages
B-cells
cDCs

Control of infections caused by DNA 
viruses

[7,8]

10 Triacylated lipopeptides B-cells
pDCs

Works in concert with TLRs 1 and 2 [99]

TLR-Toll like receptor; LPS-lipopolysaccharide; pDC-plasmacytoid dendritic cell; cDC-conventional dendritic cell; dsRNA-double stranded 
ribonucleic acid; ssRNA-single stranded ribonucleic acid; GPI-glycophosphatidylinositol
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