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SUMMARY

The receptor for advanced glycation endproducts (RAGE) is a pro-inflammatory pattern 

recognition receptor (PRR) that has been implicated in the pathogenesis of numerous 

inflammatory diseases. It was discovered in 1992 on endothelial cells and was named for its ability 

to bind advanced glycation endproducts and promote vascular inflammation in the vessels of 

patients with diabetes. Further studies revealed that RAGE is most highly expressed in lung tissue 

and spurred numerous explorations into RAGE’s role in the lung. These studies have found that 

RAGE is an important mediator in allergic airway inflammation (AAI) and asthma, pulmonary 

fibrosis, lung cancer, chronic obstructive pulmonary disease (COPD), acute lung injury, 

pneumonia, cystic fibrosis, and bronchopulmonary dysplasia. RAGE has not yet been targeted in 

the lungs of paediatric or adult clinical populations, but the development of new ways to inhibit 

RAGE is setting the stage for the emergence of novel therapeutic agents for patients suffering from 

these pulmonary conditions.
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INTRODUCTION TO RAGE BIOLOGY

Structure

RAGE is a 35 kDa protein from the immunoglobulin superfamily [1] and exists in the body 

in two main forms: membrane-bound RAGE (mRAGE) and soluble RAGE (sRAGE) [2]. 

Membrane-bound RAGE has three domains: an extracellular domain that recognizes and 

binds RAGE ligands, a hydrophobic transmembrane domain, and a charged cytoplasmic 

domain that functions in intracellular signaling. Soluble RAGE contains only the 

extracellular domain and is a product of either alternative splicing events [2,3] or the 

proteolytic cleavage of mRAGE [4] by ADAM10 or matrix metalloproteinase 9 [5,6]. 

*Corresponding author. Tel.: +1 412 648 9659; Fax: +1 412 648 9527. 

HHS Public Access
Author manuscript
Paediatr Respir Rev. Author manuscript; available in PMC 2018 June 01.

Published in final edited form as:
Paediatr Respir Rev. 2017 June ; 23: 40–49. doi:10.1016/j.prrv.2017.03.012.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Because it can bind ligands but cannot transduce signals intracellularly, sRAGE is a decoy 

receptor that sequesters RAGE ligands and prevents inflammatory responses.

Expression

Twenty splice forms of RAGE have been identified in the human body, and seventeen exist 

in mice; tissue type dictates what splice form is expressed [7–9]. RAGE is highly expressed 

in many tissues of the developing embryo, but this expression decreases in all tissues except 

the lung as the organism enters adult life [10]. In adult tissues at baseline, RAGE is 

constitutively highly expressed in the lung, while other tissues show little to no RAGE 

expression at all [11–14]. Subsequent studies have localized RAGE expression to the basal 

membrane of type 1 alveolar epithelial (AT1) cells, and RAGE has been defined as a specific 

marker of AT1 cells [15–18]. Some reports have also shown that RAGE may also be 

expressed in type 2 alveolar epithelial (AT2) cells [12]. In addition to expression in the lung 

epithelium, RAGE expression has also been noted in vascular smooth muscle cells [11], 

airway smooth muscle cells [19], endothelial cells [11], neurons [11,20], and immune cells 

such as macrophages [11], dendritic cells [21], eosinophils [22], T cells [23–26], and B cells 

[23]. Many of these cells and tissues induce RAGE expression only when they are activated 

to do so, such as by local expression of RAGE ligands [10]. Notably, RAGE expression is 

upregulated on various cell types in pathological inflammatory states such as diabetes 

mellitus, vascular disease, cancer, and neurodegenerative diseases [27]. However, decreased 

RAGE expression in the lung has been associated with lung cancer and pulmonary fibrosis 

[13,28].

Ligands

Although RAGE was first identified as a receptor for advanced glycation endproducts 

(AGEs) [1], it can bind a large variety of endogenous ligands, leading to its classification as 

a pattern recognition receptor [29,30]. RAGE identifies ligands based on their three-

dimensional structure rather than a specific amino acid sequence [29,31]. While RAGE has 

the ability to bind many ligands, its ligands also can bind to other receptors, making RAGE-

ligand binding a complex process to study.

Common RAGE ligands include AGEs, S100/calgranulin proteins, and high mobility group 

box 1 protein (HMGB1). AGEs are the result of a non-enzymatic Maillard reaction between 

the carbonyl group on an aldose sugar (commonly glucose) and amino groups on proteins 

[32]. AGEs are found at increased levels in patients with diabetes due to high blood glucose 

levels. Age and oxidative stress also elevate AGE levels.

S100 proteins are small calcium-binding proteins that are often elevated in inflammatory 

states and were first found to interact with RAGE on the endothelium [33]. They usually 

localize to sites of inflammation since they are released by activated inflammatory cells. 

Numerous S100 proteins can activate RAGE in a variety of tissues to initiate an 

inflammatory response [34]. These include S100A4 in pulmonary artery smooth muscle 

cells [35], S100A12 in airway epithelial cells, [36], and S100A9 in keratinocytes. [37],

HMGB1 was discovered as a novel RAGE binding partner that played a role in neurite 

outgrowth in developing embryos [20]. Since then, HMGB1 has been studied as a nuclear 
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protein that is important in chromatin remodeling. However, it can also be passively released 

from damaged cells as a proinflammatory alarmin [38]. Additionally, macrophages, natural 

killer cells, and dendritic cells can actively secrete HMGB1 [39]. In addition to binding 

RAGE, HMGB1 also binds to and activates toll-like receptors [40], demonstrating the 

promiscuity of this molecule and highlighting the potential for HMGB1 to activate non-

specific targets when administered to cells or animals in experimental models.

Other RAGE binding partners include collagen I, collagen IV, and laminin in the 

extracellular matrix [41]. RAGE’s ability to bind extracellular matrix components such as 

collagen have been shown to be important for its role in the spreading of AT1 cells in the 

lung [42]. In Alzheimer’s disease, RAGE has the ability to bind soluble amyloid-β, resulting 

in oxidative stress, release of inflammatory cytokines, and plaque formation in the central 

nervous system [43,44]. Through electrostatic interactions between a positive cavity on 

RAGE and the negative charges on the backbone of nucleic acids, RAGE has been shown to 

bind DNA and RNA to facilitate their uptake into the cell to promote inflammatory 

responses [45,46]. Finally, RAGE has also been shown to bind to Mac-1 integrin (αMβ2, 

CD11b/CD18) on leukocytes to facilitate their recruitment to inflamed tissue [47].

The downstream signaling pathway that is stimulated by RAGE-ligand binding depends on 

the identity of the ligand, how the ligand is bound to RAGE, the tissue type where 

inflammation is occurring, and the ligand oligomerization state. The presence of RAGE 

ligands in the extracellular environment has been shown to frequently induce RAGE 

expression, which leads to further amplification of inflammatory signaling cascades (see 

Section “Functions and signaling pathways”) [48–50]. Importantly, RAGE ligands are not 

degraded or altered to prevent further signaling when they bind and signal through RAGE. 

Therefore, as ligands accumulate, they continuously amplify the inflammatory response by 

pooling in the inflamed region.

Functions and signaling pathways

RAGE has been shown to have a myriad of functions, but its most well-studied role is in the 

amplification of cellular inflammatory responses (Figure 1). Activation of RAGE causes a 

sustained nuclear factor kappa B (NF-κB) response by maintaining a steady pool of newly 

synthesized NF-κBp65 mRNA and protein [51]. A large byproduct of RAGE signaling is the 

formation reactive oxygen species (ROS), which can also activate NF-κB and promote other 

inflammatory mechanisms such as increased vascular cell adhesion molecule 1 (VCAM-1) 

expression or cellular apoptosis [52–54]. Further perpetuation of the inflammatory response 

comes from the fact that NF-κB can directly bind to the gene encoding RAGE to promote 

RAGE expression [48]. This positive feedback loop between RAGE and NF-κB contributes 

to chronic, pathological inflammation in many diseases.

The specific signaling pathway that becomes activated by RAGE and ultimately leads to NF-

κB activation is dependent on the identity of the RAGE ligand and the tissue type where the 

receptor is expressed. Studies have identified several of these intermediary players in the 

RAGE signaling cascade and they include extracellular-regulated kinase (ERK) 1/2 mitogen-

activated protein (MAP) kinases [55], p38 MAP kinase [56], Rho GTPases [57,58], 

phosphatidylinositol-3 kinase [54], and JAK/STAT [59], among others. Signaling through 
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RAGE is dependent on expression of full-length RAGE containing the cytoplasmic tail 

[57,60]. Interestingly, the C-terminus of RAGE has no tyrosine kinase activity, suggesting 

that RAGE must interact with other molecules in the cytoplasm to transduce extracellular 

signals [58]. Indeed, studies have shown that the cytoplasmic domain of RAGE contains 

binding sites for ERK 1/2 [60] and diaphanous-1 (a Rho effector protein) [58]. Activation of 

either of these proteins leads to activation of Rac/Cdc42 small GTPases that then control 

cellular migration.

Interestingly, RAGE is only expressed in mammals and its protein composition is closely 

related to that of cellular adhesion molecules (CAMs), suggesting that it evolved to play a 

role in cell-to-cell adhesion [61]. Indeed, multiple studies have shown that RAGE plays both 

a direct and indirect role in leukocyte adhesion and recruitment to inflamed tissues. In an 

animal model of acute peritonitis and subsequent in vitro studies, RAGE was shown to 

directly bind and recruit leukocytes via interactions with Mac-1 on the white blood cell 

surface [47]. In a follow-up study, endothelial RAGE was found to bind Mac-1 in 

conjunction with intercellular adhesion molecule 1 (ICAM-1) to recruit leukocytes into the 

tissue [62,63]. RAGE was also crucial for leukocyte adhesion in studies using blood cells 

from preterm infants, suggesting a role for RAGE in young, developing animals that have 

high receptor expression [64]. RAGE signaling also indirectly promotes adhesion and 

recruitment of inflammatory cells by inducing the expression of VCAM-1 on vascular 

endothelial cells [65] and peritoneal mesothelial cells [66].

RAGE has long been recognized as an important molecule in the initiation and maintenance 

of innate immune responses, but it also has roles in the adaptive immune system [67]. 

Specifically, dendritic cell maturation, T helper 1 (Th1) cell polarization of CD4+ cells, T 

cell priming, and T cell proliferation have all been shown to be dependent on RAGE 

signaling [21,24,25,68,69]. Interestingly, human T cells express RAGE not on the 

extracellular surface as in murine cells, but intracellularly in endosomes [26]. The reasons 

for this altered cellular location are currently unknown.

RAGE IN PULMONARY DISEASES

Asthma

Two genome-wide association studies suggest that RAGE is important in asthma 

pathogenesis in humans. In patients with decreased forced expiratory volume in one second 

(FEV1), an association with a single nucleotide polymorphism (SNP) (rs2070600) in the 

RAGE ligand-binding domain was found [70,71]. This sequence variant results in a glycine 

to serine substitution at amino acid 82 (G82S), which increases RAGE’s affinity for ligands, 

leading to amplified inflammatory responses when compared to wild-type RAGE [72,73]. 

Endogenous and soluble RAGE levels were also increased in sputum samples of adult and 

paediatric asthma patients and correlated with disease severity in some cases [74–76].

Additional studies have also shown associations between RAGE ligands and asthma. One 

report showed that HMGB1 promotes the recruitment of eosinophils to the lungs in asthma, 

and that levels of HMGB1 positively correlate with the expression of TNF-α, IL-5, and 

IL-13 in human sputum samples [77]. This same study demonstrated that HMGB1 levels are 
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elevated in the sputum of asthmatics and positively correlate with the severity of the disease 

and the number of inflammatory cells in the lungs. This result was confirmed in a second 

study that showed elevated HMGB1 levels in the sputum of asthmatic patients when 

compared to healthy controls [74]. S100A8/A9, a heterodimer complex that binds to RAGE, 

has also been implicated in airway remodeling and inflammation in asthma [78]. 

Additionally, S100A12 from eosinophils signals through RAGE to promote mast cell 

degranulation and IgE-mediated responses in the lung [79]. Notably, asthmatic patient 

sputum contains elevated levels of S100A12, and asthmatic patient lungs possess greater 

numbers of S100A12+ eosinophils when compared to non-asthmatic controls [79].

In the past few years, mouse models of asthma have been utilized to better understand the 

molecular mechanisms by which RAGE promotes asthma pathogenesis [80–83]. In one 

study, wild-type and RAGE knockout (KO) mice were treated with house dust mite (HDM) 

extract. This led to airway eosinophilia, goblet cell hyperplasia, and impaired pulmonary 

function after methacholine challenge in wild-type mice [80]. In the absence of RAGE, 

however, the mice were completely protected against this asthma-like phenotype, as the 

airway was normal both physiologically and histologically. IL-4, which is important for 

activation of T cells, was increased normally in both wild-type and RAGE KO mice treated 

with HDM. IL-5 and IL-13, which direct eosinophil recruitment and mucus secretion, 

respectively, were increased in wild-type mice, but remained at baseline levels in RAGE KO 

mice, suggesting that RAGE is important for the production of these type 2 cytokines. 

Eotaxins also were not elevated in RAGE KO mice, but were increased in wild-type mice. 

All of these studies were recapitulated using an ovalbumin (OVA) model with similar results 

[80]. These studies demonstrated that RAGE is necessary for AAI.

Work is ongoing to determine the exact molecular mechanism by which RAGE promotes 

type 2 immune responses in the lung. Because RAGE KO mice produced normal amounts of 

IL-4 in response to HDM, but had attenuated IL-5 and IL-13 responses [80], attention turned 

toward group 2 innate lymphoid cells (ILC2s). ILC2s have emerged as important new 

players in the pathogenesis of allergic asthma [84–86] due to their ability to secrete large 

amounts of IL-5 and IL-13 after activation by the epithelial-derived cytokines IL-25, IL-33, 

and TSLP [87,88]. RAGE was recently shown to be necessary for the accumulation of ILC2s 

in the lung of mice in response to allergens [83]. More work is needed to determine if RAGE 

is involved in the recruitment of ILC2s to the lung or if it is important in the expansion and 

growth of resident ILC2 populations within the lung itself during an allergic airway 

response. Further studies using RAGE KO mice also showed that RAGE promotes 

expression of IL-33 in the lung and is important in orchestrating IL-33’s downstream 

inflammatory signaling effects [83]. Therefore, RAGE appears to be an important player in 

the early initiation of AAI (Figure 2).

Further research into the timing of RAGE’s role in asthma pathogenesis has shown that it 

can act as early as the sensitization phase of allergic airway responses. Ullah et al. found 

that, during HDM- or cockroach-induced AAI, airway sensitization to allergens relied on 

intact RAGE signaling and was mediated by the RAGE ligand, HMGB1 [81]. Another group 

demonstrated a role for RAGE in T cell activation in OVA-induced allergic airway 
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sensitization [82], suggesting that RAGE is important in both the early innate and adaptive 

immune responses to allergens.

More studies are needed to fully characterize all of RAGE’s effects in the complex pathways 

that contribute to asthma pathogenesis, but at this point in time, RAGE does appear to be a 

key early mediator of allergic airway responses in both mouse models and human patients.

Cystic fibrosis

Polymorphisms of the AGER gene have been associated with increased disease severity in 

patients with cystic fibrosis (CF). AGER −429T/C is associated with decreased FEV1 and 

increased AGER promoter activity, leading to increased RAGE expression and worsening 

lung function in CF patients [89]. The AGER −374T/A variant was also associated with 

increased RAGE expression and resulted in increased IgE levels in the lungs of CF patients 

[90]. The authors hypothesized that CF patients with this RAGE-mediated increase in 

allergic airway inflammation were more susceptible to sensitization by environmental 

allergens and pathogens such as

Aspergillus

RAGE-mediated inflammation in the CF lung creates an environment that is prone to 

infection, and these damaging cycles of opportunistic infections lead to further activation of 

RAGE inflammatory pathways. Interestingly, CF lungs are also deficient in the anti-

inflammatory decoy receptor sRAGE [91], leaving ligands free to bind and signal through 

RAGE. Patients with CF were found to have higher levels of the neutrophil-secreted RAGE 

ligand S100A12 in their sputum than healthy controls, and CF patients with acute 

exacerbations of their disease had the highest levels of the ligand [92]. Treatment with 

antibiotics resulted in a significantly decreased S100A12 level in the sputum of CF patients, 

demonstrating that eliminating inciting bacteria can temper RAGE-mediated inflammatory 

signaling. S100B-RAGE signaling was also upregulated in CF mice suffering from acute 

fungal infections [90]. This increased expression of s100 B and RAGE was thought to be 

triggered by hypoxia, and both fungal burden and inflammation were decreased after 

administration of exogenous sRAGE. Therefore, overexpression of RAGE and RAGE 

ligands in combination with defective sRAGE production appear to drive inflammatory 

responses and worsen lung function in patients with cystic fibrosis.

ALI/ARDS

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are characterized 

by epithelial barrier disruption, endothelial permeability, and impaired alveolar fluid 

clearance. One of the major hallmarks of ALI/ARDS is alveolar epithelial cell injury, for 

which RAGE has been suggested as a biomarker [18]. Because RAGE is highly expressed 

on AT1 cells, it was thought that damage to alveolar cells would result in release of sRAGE 

into pulmonary fluid. Indeed, in multiple mouse models of ALI and in patients with ALI/

ARDS, sRAGE levels were increased in bronchoalveolar lavage fluid and correlated with the 

degree of lung injury [18].

Oczypok et al. Page 6

Paediatr Respir Rev. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Interestingly, mice lacking RAGE were protected from hyperoxia-induced ALI and mortality 

[93], suggesting that intact RAGE signaling promotes lung inflammation and destruction in 

ALI. RAGE KO mice were also partially protected from injury following gram-negative 

(Escherichia coli)[94] or gram-positive (Streptococcus pneumoniae)[95] bacterial 

challenges. However, lipopolysaccharide-induced ALI was similar in both wild-type and 

RAGE KO mice, suggesting that RAGE-mediated inflammation is induced by bacterial-

associated molecular pattern molecules other than lipopolysaccharide [94].

In humans, systemic and alveolar levels of HMGB1, S100A12, and sRAGE from damaged 

AT1 cells are increased in patients with ARDS [96], and plasma sRAGE levels correlate 

with severity of lung injury and increased mortality [97,98]. As the ALI/ARDS resolves in 

patients, plasma sRAGE levels also fall, suggesting that sRAGE can act not only as a marker 

of disease severity and prognosis but also as a marker of resolving disease [99,100].

Bronchopulmonary dysplasia (BPD)

While the pathogenesis of BPD remains poorly understood, it is thought that pulmonary 

inflammation, oxygen toxicity, and mechanical stress/volume trauma disrupt proper lung 

development, leading to under-developed airways and vasculature [101]. A number of 

developmental studies have shown that RAGE expression is crucial to proper lung 

development. Comparison of neonatal and adult rat lungs shows that pulmonary RAGE 

expression increases with development, and this increase can be hindered by exposure to 

chronic hyperoxia [102]. The induction of RAGE expression in the lung is a delicate 

process: overexpression of pulmonary RAGE too early in development is lethal due to 

airway hypoplasia [103] and overexpression of RAGE at the time of weaning leads to 

airspace enlargement with characteristics of COPD in mice [104]. High levels of the RAGE 

ligand, HMGB1, in tracheal aspirates of neonates were correlated with an increased 

incidence of BPD, suggesting that RAGE signaling may play a role in the pathogenesis of 

this disease [105].

One can hypothesize that ventilation-induced pulmonary stress may activate RAGE 

signaling, leading to increased RAGE expression, disruption of lung development, and BPD. 

Alternatively, hyperoxia may inhibit RAGE expression, thus preventing AT1 cell 

differentiation and alveolarization. While RAGE’s role in BPD is still being investigated, its 

critical role in early lung development and susceptibility to inflammatory signals make it an 

attractive target for future research studies.

Interstitial lung disease

Interstitial lung disease (ILD) is rare in the paediatric population, but instances of 

parenchymal disease causing impaired gas exchange, usually from congenital disorders, do 

exist [106–108]. While RAGE has not been specifically studied in paediatric ILD, it has 

been shown to play a role in adult populations with ILD. It is likely that similar mechanisms 

are at play in paediatric patients.

Pulmonary fibrosis results from improper remodeling, repair, and regenerative processes in 

response to tissue injury. In pulmonary fibrosis, contrary to other pulmonary inflammatory 

diseases, RAGE protein levels are decreased in human lung homogenates [13,109,110] and 
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bronchoalveolar lavage fluid [111] when compared to levels in healthy controls. RAGE gene 

expression is also attenuated in lungs from patients with idiopathic pulmonary fibrosis and 

during acute exacerbations of the disease. [13,112] In aged mice, the absence of RAGE leads 

to spontaneous fibrosis-like alterations in the lungs [13], suggesting a role for RAGE in 

protection against pulmonary fibrosis.

RAGE expression is significantly reduced in the lungs of mice in multiple experimental 

models of pulmonary injury/fibrosis including bleomycin [14], asbestos [13], and silica 

[113]. However, the role of RAGE in the development of fibrosis appears to be divergent 

among these models. Lack of RAGE was found to have no effect in silica-induced fibrosis 

[113], an adverse, worsening effect on asbestos-induced fibrosis [13], and a protective effect 

on bleomycin-induced fibrosis [114,115].

It is unclear why there are differences in the role of RAGE among these models, but it may 

have to do with RAGE’s functions in cellular adhesion and regeneration. Invitro, RAGE KO 

alveolarcellsare able to re-epithelialize better than wild-type cells after bleomycin-induced 

injury, likely due to improved migration and reparative processes in RAGE KO cells [115]. 

Aspreviously discussed, RAGE on AT1 cells binds to collagen to facilitate cell 

spreading[42]; lack of RAGE impairs alveolar adherence to the basement membrane and 

may allow for increased alveolar cell migration. RAGE is also involved in the trans-

differentiation of AT1 cells from AT2 cells[17] and is found at decreased levels in AT2 cells 

isolated from fibrotic human and murine lungs [109]. Lack of RAGE in alveolar epithelial 

cells impaired cellular adhesion and promoted cell proliferation and migration in vitro [109]. 

These changes may lead to cellular dysfunction or improved repair processes, and whether 

lack of RAGE is harmful or protective for the cell may be dependent upon the type of injury 

the cell is exposed to.

RAGE has also been suggested to play a role in epithelial to mesenchymal transition (EMT), 

which has emerged as a key mechanism in ILD for promoting a profibrotic environment 

[116]. RAGE KO mice are protected from bleomycin-induced injury, and AT2 cells from 

RAGE KO mice do not undergo HMGB1-induced EMT as wild-type cells do [114]. On the 

other hand, stimulation of AT2-like cells (A549) with TGF-β and proinflammatory 

cytokines, induced cytoskeletal rearrangements characteristic of EMT, and decreases RAGE 

expression [110,117]. The role of RAGE in EMT remains a question, as it is unclear if it is 

required for EMT or if its deficiency promotes EMT. Data suggest this may depend on the 

driving factors associated with experimental models used, namely, HMGB1 or TGF-β.

In summary, RAGE expression is down-regulated in humans with and in experimental 

animal models of pulmonary fibrosis. The decrease in RAGE in the lungs may be due to 

down-regulation of the gene and/or a result of trans-differentiation of AT2 cells to AT1 cells 

or loss of AT1 cells secondary to a lack of proper adherence. Such cellular detachments and 

changes in cellular differentiation patterns may be fueled by processes such as EMT, which 

promote improper repair mechanisms leading to matrix deposition and impaired epithelial 

regeneration.
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Lung cancer and COPD

While the focus of this review is on pulmonary diseases affecting the paediatric population, 

it is important to at least mention RAGE’s emerging role in lung cancer and chronic 

obstructive pulmonary disease (COPD). Mechanisms at play in these disease states may 

have important implications for the treatment of the aforementioned paediatric diseases.

Several studies have shown that RAGE signaling contributes to chronic inflammation, 

impaired cell communication, as well as aberrant activation of cell survival pathways, thus 

promoting tumorigenesis [27,118,119]. Interestingly, RAGE seems to play an opposite role 

in lung malignancies. Studies have found that RAGE expression is significantly down-

regulated in lung cancers, namely non-small cell carcinomas and adenocarcinomas 

[28,120,121]. Moreover, it has been demonstrated that over-expression of RAGE in lung 

cancer cells reduces proliferation and tumor growth [28,122]. Paradoxically, although RAGE 

is decreased in lung cancer, its ligands, which are often associated with proliferative effects, 

are increased [123–126] and are predictors of poor prognosis [127]. This may be due in part 

to the fact that the predominant cell-type in lung cancers is the bronchial epithelial cell, 

which does not typically express RAGE. The apparent decrease in RAGE expression is 

likely due to the expansion of these non-RAGE expressing cells. Therefore, a bronchogenic 

tumor may appear to have less RAGE when compared to an entire healthy lung with 

numerous ATI cells with high RAGE expression, but there may actually be an increase in 

RAGE expression in the tumor cells compared to non-malignant bronchial epithelial cells. 

Thus, RAGE ligands may actually still promote tumorigenic processes in lung cancer similar 

to other non-pulmonary tumors. Further studies may solidify the potential use of RAGE 

expression as a biomarker in diagnosis and prognosis of lung cancers. In addition, targeting 

RAGE ligands may represent a promising avenue for new potential lung cancer therapeutics.

COPD is a heterogeneous respiratory disease associated with exposure to various pollutants, 

most notably cigarette smoke, resulting in a chronic inflammatory response leading to 

airflow obstruction. The RAGE axis appears to play a role in the development of COPD. 

Enhanced expression of RAGE and its ligands [19,128–135], and decreased sRAGE 

expression in the lungs [135–140] suggests RAGE signaling contributes to the chronic 

inflammatory response in COPD. Activation of RAGE signaling in response to smoke likely 

initially evolved as a protective mechanism to promote an inflammatory response against 

inhaled pollutants; in smokers who are constantly exposed to smoke, however, there is a 

“tipping point,” at which this response goes unchecked, possibly due to genetic 

susceptibility factors [141,142].

DIRECTIONS FOR FUTURE RESEARCH

RAGE is clearly an important inflammatory mediator in many pulmonary diseases and is an 

attractive therapeutic target.

sRAGE normally circulates in the blood at low levels, and sRAGE levels increase in patients 

with inflammatory diseases, highlighting a potential role for sRAGE as a biomarker [143]. 

Administration of sRAGE as a therapeutic agent to block RAGE signaling has shown 
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promising results in studies of asthma [80], chronic hypoxia [144], and cystic fibrosis [90]. 

Further work here in clinical trials is warranted.

Other methods of blocking RAGE specifically in the lung have not yet been tested. These 

other inhibitors, such as anti-RAGE antibodies and small molecule inhibitors of RAGE 

(pyrazole-5-carboxamides; TTP488, azeliragon from Trans-Tech Pharma, LLC; FPS-ZM1) 

have shown promise in other tissues and disease models [24,145–149] and are just beginning 

to make their way into human clinical trials for treatment of Alzheimer’s disease [150,151] 

(ClinicalTrials.gov Identifier: NCT02080364).

Use of sRAGE, a RAGE blocking antibody, or a small molecule inhibitor to interfere with 

RAGE signaling may become a novel therapeutic approach to inhibit RAGE-mediated 

inflammation in patients suffering from pulmonary disease.
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Abbreviations

AAI allergic airway inflammation

AGE advanced glycation end-product

ALI acute lung injury

ARDS acute respiratory distress syndrome

AT1/2 type 1/2 alveolar epithelial cells

BPD bronchopulmonary dysplasia

CAM cellular adhesion molecule

COPD chronic obstructive pulmonary disease

CF cystic fibrosis

EMT epithelial to mesenchymal transition

FEV1 forced expiratory volume in one second

HDM house dust mite

HMGB1 high mobility group box 1 protein

ICAM-1 intercellular adhesion molecule 1

IL interleukin

ILC2 group 2 innate lymphoid cell
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ILD interstitial lung disease

KO knockout

mRAGE membrane receptor for advanced glycation endproducts

NFκ-B nuclear factor kappa B

OVA ovalbumin

PRR pattern recognition receptor

RAGE receptor for advanced glycation endproducts

SNP single nucleotide polymorphism

sRAGE soluble receptor for advanced glycation endproducts

TGFβ transforming growth factor beta

Th1/2 T helper 1/2

TLR toll-like receptor

VCAM-1 vascular cell adhesion molecule 1
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EDUCATIONAL AIMS

The reader will come to appreciate:

• The structure and function of the receptor for advanced glycation endproducts 

(RAGE).

• How RAGE has been implicated in numerous paediatric and adult respiratory 

diseases.

• How RAGE research may steer clinical care in the next decade.
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Figure 1. Schematic diagram of RAGE signaling pathways
A) RAGE structure is depicted showing its variable domain (V), two constant domains (C), 

and cytoplasmic tail. B) RAGE ligands are depicted as orange diamonds, and include AGEs, 

HMGB1, S100/calgranulins, amyloid β, etc. C) Upon ligand binding, intracellular signaling 

cascades are initiated (see Section “Functions and signaling pathways” for detailed 

description), which leads to D) transcriptional activation of NF-κB- and STAT-dependent 

gene transcription. RAGE-dependent activation of NF-κB induces a positive feedback loop 

by inducing RAGE and NF-kB gene transcription. E) RAGE binds type I and IV collagen, 

resulting in cell adhesion and cell spreading. F) RAGE binds Mac-1 integrins on leukocytes 

and RAGE-signaling induces ICAM1/VCAM1 expression, all of which promote leukocyte 

adhesion.
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Figure 2. Summary of RAGE’s known and hypothetical roles in allergic airway inflammation
A) Allergens trigger release of RAGE ligands, which bind to and activate RAGE on type 1 

alveolar (AT1) epithelial cells. B) This signaling is suspected to trigger release of IL-33 from 

type 2 alveolar (AT2) epithelial cells (dotted line). C) IL-33 can activate resident immune 

cells in the lung and is also released into the circulation to activate ILC2s in the bone 

marrow. Activated pulmonary Th2 cells and ILC2s produce large amounts of IL-5 and IL-13 

to exacerbate allergic airway inflammation and airway hyperresponsiveness. D) RAGE may 

potentially bind to and recruit ILC2s directly into the lung via interactions with integrins on 

ILC2s (not yet studied).
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