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Abstract

The receptor for advanced glycation end-products (RAGE) is a multili-
gand pattern recognition receptor implicated in diverse chronic inflamma-
tory states. RAGE binds and mediates the cellular response to a range of
damage-associated molecular pattern molecules (DAMPs) including AGEs,
HMGB1, S100s, and DNA. RAGE can also act as an innate immune sensor
of microbial pathogen-associated molecular pattern molecules (PAMPs) in-
cluding bacterial endotoxin, respiratory viruses, and microbial DNA. RAGE
is expressed at low levels under normal physiology, but it is highly upreg-
ulated under chronic inflammation because of the accumulation of vari-
ous RAGE ligands. Blocking RAGE signaling in cell and animal models
has revealed that targeting RAGE impairs inflammation and progression of
diabetic vascular complications, cardiovascular disease (CVD), and cancer
progression and metastasis. The clinical relevance of RAGE in inflamma-
tory disease is being demonstrated in emerging clinical trials of novel small-
molecule RAGE inhibitors.
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advanced glycation
end-products
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glycation end-product

PRR: pattern
recognition receptor

INTRODUCTION

The receptor for advanced glycation end-products (RAGE) is a transmembrane protein belonging
to the immunoglobulin (Ig) superfamily of receptors (1). Initially identified by its ability to bind
and mediate the effects of advanced glycation end-products (AGEs) that underlie diabetic compli-
cations, RAGE can bind a diverse class of non-AGE ligands. Due to its ability to recognize a range
of structurally unrelated endogenous and exogenous ligands, RAGE was termed a pattern recog-
nition receptor (PRR) (2). RAGE has emerged as a key regulator of the innate immune response.
Under conditions of chronic and sustained inflammation, RAGE signaling is upregulated, leading
to the development and progression of pathological states including diabetic vascular complica-
tions, cardiovascular disease (CVD), cancer, Alzheimer’s disease (AD), and a range of host- and
pathogen-induced inflammatory diseases (3, 4). As RAGE knockout mice are viable and appear
physiologically normal (5), therapeutic targeting of RAGE in humans may be safe and effective.
Recently, a variety of small-molecule RAGE antagonists has become available both for research
and for clinical use (6, 7). This review focuses on the pathobiology of RAGE in inflammatory
disease, and the emergence of clinical and translational studies on RAGE.

THE BIOLOGY OF AGES AND RAGE

RAGE was first isolated from bovine lung in 1992 and named for its ability to act as a receptor
for AGEs (1). AGE formation occurs during aging and at an accelerated rate under conditions
of hyperglycemia and oxidative stress, as in diabetes (3). AGEs are a heterogenous group of
molecules that are formed by the nonenzymatic reaction between reducing sugars and proteins,
and also lipids and DNA (8). Also known as the Maillard reaction, nonenzymatic glycation results
in the formation of early reversible products known as Schiff bases and Amadori products (8). The
first glycation product to be characterized in humans was the Amadori product hemoglobin A1c
(HbA1c), which is now used clinically as an indicator of long-term glycemic control in diabetic
patients (9). Clinical studies including the Diabetes Control and Complications Trial and United
Kingdom Prospective Diabetes Study have demonstrated that when HbA1c levels are maintained
below 7.5%, the risk of developing retinopathy, nephropathy, neuropathy, and CVD is lowered
(10, 11). Amadori products subsequently undergo a series of structural and oxidative reactions to
form the highly stable and irreversibly bound AGEs (8).

AGEs are prevalent in the diabetic vasculature and contribute to microvascular and macrovascu-
lar complications by forming cross-links with structural proteins in the basement membrane and by
engaging RAGE (1, 3). While these extracellular AGEs form at a slow rate in basement membrane
collagens and lens crystallins (8), intracellular AGEs originating from glycolytic intermediates
can form more rapidly (12). Intracellular-formed AGEs include N epsilon-(carboxymethyl)lysine
(CML) and N epsilon-(carboxyethyl)lysine (CEL). CML is the most prevalent AGE in diabetics
and is a proven RAGE ligand (13). RAGE was initially thought to be an AGE scavenger receptor
and act as a clearance and degradation mechanism (1). However, it is now accepted that RAGE
acts as a signaling receptor leading to changes in gene expression and cellular properties (3, 14).

RAGE is a type 1 transmembrane glycoprotein and a member of the Ig superfamily of recep-
tors due to the presence of multiple Ig-like domains in its extracellular region (Figure 1). The
extracellular region contains three Ig domains including a V-type domain, a C1-type domain, and
a C2-type domain. Binding of ligands has been shown to predominantly occur in the V domain
(14). The extracellular region is followed by a single transmembrane region and a short, highly
charged cytoplasmic domain that is critical for signaling (3, 15). Protein homology studies reveal
that RAGE is present only in mammals and has the highest homology with genes coding for Ig
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Figure 1
Schematic representation of RAGE (receptor for advanced glycation end-products) and its major protein
domains. RAGE is composed of an extracellular region containing three immunoglobulin (Ig) domains, a
single transmembrane domain, and an intracellular cytoplasmic domain. The Ig domains are a V-type,
C1-type, and C2-type. Structural studies have revealed the V and C1 domains are joined together to form
the VC1 domain (shown in light red) and connected to the C2 domain (shown in blue) by a short stretch of
amino acids that act as a flexible linker.
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pathogen-associated
molecular pattern

DAMP:
danger-associated
molecular pattern

cell adhesion molecules (IgCAMs), including ALCAM, BCAM, and MCAM (16). IgCAMs possess
multiple functions, including acting as ligand-binding signaling receptors (17).

The RAGE gene is located on chromosome 6 in the major histocompatibility complex (MHC)
class III region, which contains many genes critical to both the adaptive and innate immune
systems (18). RAGE is composed of 11 exons and is highly conserved across different mammalian
species at both the DNA and protein levels (16). The RAGE gene undergoes extensive alternative
splicing, resulting in more than 20 different splice variants; however, the predominant RAGE
protein isoform in vitro and in vivo is the canonical version (19, 20).

Most studies have focused on the role of RAGE in disease states. The hallmark of RAGE in
disease states is its striking upregulation in chronic inflammation. RAGE is expressed at low levels
in most organs except the lung; it is highly expressed in type I alveolar (AT-1) epithelial cells (21).
In AT-1 cells, RAGE is found at the basolateral membrane, where it acts as an adhesion molecule
to mediate the contact between AT-1 cells and the lung basal lamina, and to contribute to their
flat and spread morphology, which is essential for gas exchange (21). These data suggest that in
addition to mediating the cellular responses to AGEs, RAGE may bind other epitopes.

RAGE Is a Multiligand Receptor

Shortly after RAGE was characterized as an AGE receptor, it was shown to bind a number
of endogenous non-AGE ligands (22–24). RAGE binds diverse classes of ligands based on
charge and multimeric state and is classified as a PRR (2). PRRs are a critical component of
the innate immune system, sensing exogenous pathogenic agents and endogenous “danger”
signals and activating inflammatory responses (25). PRRs include toll-like receptors (TLRs),
nucleotide-binding oligomerization-like receptors, and various other DNA sensors. PRRs
recognize exogenous pathogen-associated molecular patterns (PAMPs) from microorganisms,
as well as danger-associated molecular patterns (DAMPs) released by cells under conditions of
stress, injury, or cellular death (25). Whereas other PRRs recognize specific classes of PAMPs

www.annualreviews.org • RAGE Inhibitors 351



ME69CH25_Lippman ARI 22 December 2017 8:34

Endogenous ligands:
• AGEs (CML-AGE)

• S100s (S100A4, S100A6, S100A7, 
S100A8, S100A9, S100A8/9, 
S100A12, S100B, S100P)

• HMGB1

• Beta-sheet fibrils

• Nucleic acids (DNA, RNA)

Cell adhesion related ligands:
• Collagen I/IV

• Mac-1

Exogenous ligands:
• Bacterial LPS
• CpG DNA
• RSV F-protein
• Tick longistatin

• Dietary AGEs

V domain

C1 domain

VC1 domain

C2 domain

Cell membrane

Receptor for advanced 
glycation end-products

Cytoplasmic domain

Transmembrane 
domain

Figure 2
RAGE (receptor for advanced glycation end-products) is a multiligand pattern recognition receptor. RAGE
binds a diverse class of ligands including those of an endogenous (damage-associated molecular pattern and
adhesion-related proteins) and exogenous (pathogen-associated molecular pattern and dietary AGEs) nature.
RAGE binding for the majority of ligands occurs in the V or VC1 extracellular domain of RAGE.
Abbreviations: AGE, advanced glycation end-product; CML, N epsilon-(carboxymethyl)lysine; HMGB1,
high mobility group 1; LPS, lipopolysaccharide; RSV, respiratory syncytial virus.

and DAMPs, RAGE appears to be able to bind and mediate cellular effects of a diverse group of
endogenous and exogenous ligands (Figure 2).

Endogenous RAGE ligands.

HMGB1. HMGB1 (high mobility group 1, also known as amphoterin) was the first non-AGE
ligand identified to bind to RAGE (22). Originally described as a DNA-binding protein involved
in chromatin remodeling, HMGB1 is also a DAMP when released by cells (26). HMGB1 is
actively secreted by various immune cells, especially monocytes and neutrophils, in response to
stimulation by endotoxin [lipopolysaccharide (LPS)], CpG DNA, tumor necrosis factor (TNF)-
α, and interleukin (IL)-1 (27). HMGB1 was first described as a proinflammatory cytokine and
late mediator of delayed endotoxin lethality (28). It is passively released by dying cells, where it
acts as a DAMP, stimulating further proinflammatory cascades and recruitment of immune cells
(27). HMGB1 has been shown to activate proinflammatory effects through binding to RAGE on
multiple cell types including monocytes, neutrophils, endothelial cells, smooth muscle cells, and
cancer cells (22, 27). HMGB1 can also mediate proinflammatory effects through binding to other
PRRs including TLR2 and TLR4 (27). Further studies are needed to dissect the overlapping
cross-talk induced by HMGB1 between RAGE and TLRs.
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S100/Calgranulins. The S100 family consists of 21 structurally related members that display
diverse functions and expression patterns (29). S100s are small proteins that are characterized by
two EF-hand motifs and have key roles inside the cell as calcium sensors, cell growth and differ-
entiation modulators, and organizers of the actin cytoskeleton (29). S100s are released by mul-
tiple cell types in inflammatory states, where they act in a cytokine-like manner and as DAMPs.
S100A12, also known as Calgranulin C, was the first S100 to be identified as a RAGE ligand
(24). S100A12 (termed at the time “extracellular newly identified RAGE-binding protein” or
EN-RAGE) was found to bind and activate RAGE signaling, leading to proinflammatory gene
expression and cellular effects (24). RAGE has since been shown to bind and mediate effects of
other S100s, including S100A1, S100A2, S100A4, S100A5, S100A6, S100A7, S100A8, S100A9,
S100A11, S100A13, S100B, and S100P (24, 29–31). Even though they are similar in composition,
not all S100s are ligands for RAGE (30). Protein structural studies of RAGE and S100s have sug-
gested that S100 proteins capable of forming homo- or heterodimers leading to oligomerization
may be required to bind to RAGE (30, 31). It is still not fully clear what the biological functions
of all extracellular S100s are; however, the calgranulin subset of S100s is the best understood
(30, 32). S100 calgranulins are mainly expressed and released by myeloid cell types and include
S100A8 (Calgranulin A, also known as MRP8), S100A9 (Calgranulin B, also known as MRP14),
and S100A12 (Calgranulin C) (32). S100A8 and S100A9 are predominantly present in the extracel-
lular space as a heterodimer (S100A8/9), also known as calprotectin. S100A8/9 is predominantly
expressed by neutrophils and makes up 30% or more of neutrophil cytoplasmic proteins (33).
Calprotectin is highly upregulated in inflammatory bowel disease (IBD), and because of its ex-
treme stability in fecal samples, it can be used as a biomarker of intestinal inflammation (34). As
calprotectin levels are not elevated in irritable bowel syndrome (IBS), measuring fecal calpro-
tectin has been proposed as a noninvasive alternative to endoscopy to differentiate IBS from IBD
(34).

Other endogenous ligands. Other endogenous RAGE ligands have been identified, most of which
are DAMPs that activate inflammatory responses. RAGE binds amyloid-β peptides (Aβ40 and
Aβ42) that form aggregates in the brain and are the main component of amyloid plaques in AD
(23). Thus, RAGE may function as a mediator of disease progression in AD. In endothelial cells
of the blood–brain barrier (BBB), RAGE binds Aβ and facilitates its transport into the brain (35).
In vitro and animal models indicate that, once in the brain, Aβ can induce neuroinflammation
through RAGE (23, 35).

A major function of PRRs is to act as DNA sensors by recognizing host and foreign nucleic
acids (DNA and RNA) (25). RAGE binds extracellular DNA and mediates its uptake into the cell,
where RAGE interacts with the DNA sensor TLR9 in endosomal compartments (36). Unlike
other DNA sensors, which are present in either the cytosol or endosomal compartment, RAGE
appears to be a unique cell-surface DNA sensor (36). Interestingly, RAGE activation by DNA is
stronger and more sustained when HMGB1/DNA complexes bind RAGE than when HMGB1
or DNA acts alone (37).

Exogenous RAGE ligands. The hallmark of PRRs is their ability to bind and activate the innate
immune system in response to foreign molecules from bacteria, viruses, and parasites (25). RAGE
also possesses the ability to recognize and respond to various PAMPs, including bacterial LPS, bac-
terial DNA, and viral and parasitic proteins (36, 38–40). LPS released by Gram-negative bacteria
is the major cause of septic shock (38). RAGE can directly bind LPS and activate proinflammatory
signaling independent of the major receptor for LPS, TLR4 (38). Although no studies have been
performed on RAGE with bacterial or viral DNA, RAGE is able to bind and mediate effects of
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the synthetic single-stranded DNA molecules [CpG oligodeoxynucleotides (CpG ODN)] that are
used as artificial mimics of unmethylated microbial DNA (36). RAGE has been shown to bind and
aid in the infection of AT-1 cells by respiratory syncytial virus (RSV), a major cause of respiratory
tract infections in humans (39). RAGE binds the RSV fusion (F) protein, which allows RSV to
infect airway epithelial cells (39).

Anisuzzaman et al. (40) demonstrated that longistatin, a protein secreted in the saliva of the
Haemaphysalis longicornis tick, suppresses the host immune response through binding RAGE. An-
tagonism of RAGE by longistatin prevents endogenous DAMP ligands, including S100A8/9, from
binding to RAGE. This suppresses RAGE inflammatory signaling in response to tissue injury in-
duced by tick bites, and thereby helps the tick feed on the host’s blood (40).

There is emerging evidence that exogenous dietary AGEs play a role in AGE-related pathology
(41). AGEs are particularly abundant in foods that are processed and cooked. Indeed, the Maillard
reaction and its products are known to be responsible for food colors and flavors. Therefore, heavily
processed, burnt, and sugar-cured foods could be a major source of AGEs (41). Rodent studies
show consumption of AGE-rich diets is associated with vascular inflammation and accelerated
atherosclerosis (42, 43). However, it is not fully understood how dietary AGEs are absorbed or
metabolized, or how they accumulate after ingestion. Long-term clinical studies are also needed
to establish whether dietary AGEs impact subjects at risk of AGE-related disease states.

Protein structure studies reveal the multiligand function of RAGE. Understanding how
RAGE binds and initiates signaling is critical in order to design effective therapeutics against the
receptor. With such a repertoire of different ligands, knowledge of the protein structure of RAGE
may not only provide vital information for rational drug design but also shed light on how RAGE
acts as a PRR. Most protein structure studies of RAGE have focused on the extracellular or ligand-
binding domain, in part due to the difficulty of crystallizing the transmembrane and intracellular
highly charged signaling regions (14, 31, 44). Structural analyses have revealed that the extracellular
region can be divided into two major subdomains: a structural unit formed between the V and
C1 domains (VC1), connected to the C2 domain by a flexible linker of seven amino acids. The
VC1 domain displays a net positive charge due to the high content of lysine and arginine residues
in the V domain. These form a positive patch on the surface of VC1 (44). Indeed, the V domain
of RAGE contains more arginine and lysine than any other Ig-V-containing protein (14, 44). In
contrast, the membrane extracellular proximal region C2 domain is composed of acidic amino
acids and displays a negative charge on its surface (14, 44).

The major common features of RAGE ligands are that they contain regions of high negative
charge and can form multimeric forms. It is therefore no surprise that most RAGE ligands bind the
positively charged VC1 domain (14). Contradictory reports exist as to whether S100A6 interacts
with C2 or VC1 (45, 46).

It appears that multimeric RAGE is the predominant form of RAGE to mediate ligand binding,
and this occurs predominantly by the RAGE VC1 domains. The RAGE VC1 domain facilitates
ligand binding through a combination of the positively charged residues and a hydrophobic pocket
created by the RAGE VC1 homodimer (14, 44) (Figure 3). RAGE dimerization occurs in a
multimodal manner depending on amino acid residues in the V and transmembrane domains (47,
48). RAGE apparently preassembles to form constitutive multimers at the cell surface consisting
of four or more RAGE molecules, prior to ligand presence and binding (4, 14). As monomeric
RAGE displays relatively weak affinity for monomeric ligands, it has been proposed that the
multimerization of RAGE is necessary to bind aggregates of ligands seen in inflammation (4, 14).
Due to the strong electrostatic nature of RAGE ligand multimers, it has been proposed that these
receptor–ligand complexes are tightly bound and lead to sustained activation of RAGE ligand
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Figure 3
Activation of RAGE (receptor for advanced glycation end-products) signaling. Preassembly of RAGE into dimers and multimers is
necessary for RAGE to activate downstream signaling pathways leading to changes in gene expression and cellular function. RAGE
activates intracellular signaling by preassembling into dimers and multimers at the cell surface, prior to ligand binding. Multimeric
RAGE binds ligands through electrostatic interactions between the positively charged (shown as +) VC1 domain of RAGE and the
negatively charged (shown as –) property of ligands. Upon ligand binding, conformational changes in the intracellular domain of
RAGE allow interaction with its intracellular partners including mDia1 (shown in brown). RAGE signaling occurs through Rho
GTPases (shown in green) and kinases (shown in blue) that activate transcription factors (shown in yellow). RAGE activation of these
signaling pathways leads to changes in gene expression and altered cellular function including migration, survival, inflammation, and
upregulation of RAGE expression itself. Abbreviations: PI3K, phosphoinositide 3-kinase; ERK, extracellular signal–regulated kinase;
SAPK/JNK, stress-activated protein kinases/Jun amino-terminal kinases; JAK, Janus kinase; NF-κB, nuclear factor kappa-light-chain
enhancer of activated B cells; Egr-1, early growth response protein 1; STAT3, signal transducer and activator of transcription 3.

signaling (4, 14). These studies reveal that RAGE inhibition may work not only by preventing
ligand binding but also by preventing the assembly of RAGE multimers at the cell surface.

RAGE Ligand Signaling

RAGE signaling pathways are governed by many factors, including the ligand and the cell type
involved, the ligand concentration, multimeric forms of ligands, the presence of multiple RAGE
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ligands, and the presence of other PRRs that can also bind these ligands (3, 4). RAGE activates
various intracellular signaling pathways, including mitogen-activated protein (MAP) kinases (ERK
1/2, p38, SAPK/JNK), STAT3, Akt, and Rho GTPases (Rac1, Cdc42). These in turn activate
downstream transcription factors, including NF-κB, EGR-1, and SP-1 (3, 4, 49). The pathways
result in the expression of a range of proinflammatory genes, including VCAM-1, IL-6, TNF-α,
and other immune modulators (3, 4, 49) (Figure 3).

Elegant molecular studies have established RAGE’s involvement in cell signaling by express-
ing a genetically engineered isoform of RAGE lacking the cytoplasmic domain. This so-called
dominant-negative or DN-RAGE impairs downstream signal transduction and also blocks cel-
lular induced effects of RAGE ligands in vitro and in vivo (15, 24, 50, 51). We recently showed
that an endogenous isoform of DN-RAGE occurs in normal biology due to alternative splicing
of RAGE mRNA (52). This endogenous truncated isoform of RAGE (RAGE�ICD), which lacks
most of the cytoplasmic domain, inhibits RAGE signaling and cellular function and may therefore
act as a negative endogenous regulator of RAGE signaling (52).

The cytoplasmic domain of RAGE is a short 43-amino-acid region that shares no homology
with other receptor cytoplasmic domains and does not harbor endogenous receptor tyrosine
kinase activity (15). RAGE appears to activate signaling through the binding of adaptor proteins
that include diaphanous-1/mDia1, ERK1/2, PKCζ, TIRAP, and DOCK7 (15, 53–55). Currently,
the only direct binder to the RAGE cytoplasmic domain is mDia1. Identified by yeast-2-hybrid to
bind to the RAGE cytoplasmic domain, mDia1 mediates downstream signaling through activation
of MAP kinase activation and Rac-1/Cdc42 (15, 56). Crystal structure of RAGE/mDia1 revealed
that RAGE amino acids R366 and Q367 interact with the FH1 domain of mDia1 (56). The
RAGE cytoplasmic domain can be phosphorylated by PKCζ at S391, which regulates activation
of downstream kinases (54). However, little is known of the functional consequences of this post-
translational modification.

THE ROLE OF RAGE IN INFLAMMATORY DISEASE

RAGE and its ligands are a major inflammatory driving mechanism in the pathogenesis of diabetic
complications, CVD, neurodegenerative conditions, cancer, and a range of other inflammatory
states.

Diabetes and Cardiovascular Disease

Uncontrolled hyperglycemia in diabetes leads to the accumulation of AGEs, which drive vascular
complications including nephropathy, retinopathy, neuropathy, and accelerated CVD. As RAGE
was first identified as a receptor for AGEs, most preclinical and clinical studies on RAGE are
focused on the diabetic state. One of the first studies tested the impact of RAGE inhibition on
vascular permeability (57). Vascular leakage as a result of increased vessel permeability is a predictor
of future vascular complications in diabetes. Two different approaches were used to block RAGE:
blocking antibodies raised against the extracellular region of RAGE, and a recombinant form
of RAGE comprising the extracellular region, termed soluble RAGE (sRAGE). In a rat model
of type 1 diabetes, administration of anti-RAGE antibodies or sRAGE blocked the increased
vascular permeability (57). These studies demonstrate the feasibility of RAGE inhibition as a
means of avoiding diabetic complications.

In patients with diabetes, accelerated atherosclerosis leading to CVD is the major cause of
mortality. To test the role of RAGE in this setting, atherosclerosis-prone apoE-null mice made
diabetic with streptozotocin were treated with sRAGE (58). sRAGE treatment strikingly re-
duced the size and complexity of atherosclerotic lesions, as well as the accumulation of AGEs
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and S100s in the vessel wall (58). These experiments have been replicated in type 2 diabetic
models (59). Further, in both diabetic and nondiabetic apoE-null mice, RAGE gene knockout is
protective against atherosclerosis development (59–61). RAGE drives atherosclerosis by partici-
pating in mechanisms that drive inflammation and plaque progression. RAGE mediates inflam-
matory cell recruitment to the atherosclerotic plaque through release of DAMPs at the plaque
site (3). Further, through the binding of leukocytes to the endothelium via a Mac-1/RAGE inter-
action, RAGE is directly involved in leukocyte transmigration across the vessel wall (2). RAGE
inhibition by sRAGE or RAGE gene ablation is protective in a range of CVD states including
arterial restenosis, abdominal aortic aneurysm, cardiac injury after ischemia, and heart failure
(50, 62).

The major microvascular complications of diabetes affect the kidneys, eyes, and peripheral
nerves. In diabetic nephropathy models and in human clinical specimens, RAGE and its ligands
are upregulated in podocyte cells of the glomerulus (63). Blocking RAGE activation with either
sRAGE or gene knockout impaired renal injury and development of nephropathy (64). In murine
models of retinopathy, RAGE blockade with sRAGE reduced the development of capillary le-
sions in the retina and impaired neuronal dysfunction (65). In neuropathy, RAGE inhibition or
gene knockout attenuated electrophysiological and morphological changes in diabetic mice (66).
Administration of sRAGE to mice restores impaired wound healing in diabetes (67), thus demon-
strating a role for RAGE in multiple facets of diabetic complications where RAGE and its ligands
accumulate.

Neurodegenerative Conditions

RAGE protein expression is elevated in human brain tissue in many inflammatory neurodegen-
erative states including AD, familial amyloid polyneuropathy, Parkinson’s disease, inflammation
following spinal cord injury, and diabetic neuropathy (23, 35, 68). Targeting RAGE may be an
effective therapeutic approach in AD as RAGE drives neuroinflammation in response to Aβ accu-
mulation in the brain. Either sRAGE or RAGE knockout that impairs RAGE signaling improves
cerebral blood flow, cognitive decline, and neuroinflammation (68).

Cancer

RAGE has been implicated in the pathogenesis of a variety of cancer types including breast, glioma,
bladder, melanoma, liver, pancreatic, prostate, colorectal, gastric, and lung (51, 69–72). Increased
RAGE protein expression has been associated with increased tumor histological grade and poorer
outcomes in a similar set of cancers (70, 73–76). RAGE alters properties associated with the
malignant process, including increased cell migration and invasion, proliferation, and resistance
to apoptosis (15, 51, 69, 71, 72). Blocking RAGE signaling in cancer cells reduces tumor growth
both in vitro and in murine models, and therefore represents an attractive therapeutic target
in cancer (15, 51, 70, 72). Importantly, RAGE inhibition and gene knockout have been shown
to impair tumor metastasis (51, 69, 71), revealing a major new target for treating metastatic
disease.

RAGE has been shown to affect tumor malignancy through other cells of the tumor microen-
vironment (77–79). In both chemically induced skin carcinogenesis and colitis-associated cancer
models, RAGE gene knockout reduced tumor inflammatory cell recruitment and tumor progres-
sion (78, 79) by decreasing recruitment of myeloid precursor cells and macrophage polarization
(77, 79). RAGE therefore is a highly attractive therapeutic target in cancer, as inhibiting RAGE
affects not only the tumor cells but also numerous cell types of the tumor microenvironment that
are critical for tumor progression and metastasis.

www.annualreviews.org • RAGE Inhibitors 357



ME69CH25_Lippman ARI 22 December 2017 8:34

Other Inflammatory Disease States

RAGE signaling and RAGE ligands are upregulated in a range of other inflammatory conditions.
Various groups have investigated the role of RAGE in rheumatoid arthritis, endotoxemia and
septic shock, inflammatory bowel disease, and other pathological states (38, 80, 81).

RAGE AS A BIOMARKER FOR INFLAMMATORY DISEASE

RAGE and its ligands have been shown to be a potential biomarker in serum and tissue for disease
progression and severity. These studies are beyond the scope of this review and are reviewed in
depth elsewhere (3).

The major variants in the RAGE gene include a single-nucleotide polymorphism (SNP) encod-
ing a protein coding change in the V domain (Gly82Ser) and two promoter variants (–374T/A and
–429T/C) (3). Genome-wide association studies have linked the Gly82Ser variant with impaired
airflow in people with chronic obstructive pulmonary disease (82, 83). The –374A allele, which has
been shown to affect gene transcription, has been associated with lower incidence and lower risk
of CVD (3). There are no known examples of genetic inactivation or, in cancer, the loss or gain
of the chromosomal regions containing RAGE. In mice, deletion of the RAGE gene is not lethal,
and knockout mice are developmentally normal (5). Although RAGE is highly expressed in the
adult lung, RAGE knockout does not affect lung development or alter the life expectancy of mice
(5). In fact, in aged-mice studies, RAGE knockout appears to extend the lifespan, as knockout mice
reached the age of 24 months and older at a higher number than their wild-type littermates (84).

Soluble RAGE occurs endogenously and is formed by both alternative splicing and ectodomain
shedding of cell-surface RAGE (85, 86). It is measurable in human serum and has been shown to
be inversely correlated with CVD (87), diabetic complications, and a range of inflammatory states
(3). A better understanding of the major isoforms and sources of sRAGE is still needed.

RAGE INHIBITORS

Unlike other PRRs, such as TLRs, which are highly conserved from insects to vertebrates and
critical for regulation of immunity, RAGE is evolutionarily recent and present only in mammals
(16). It therefore would appear RAGE evolved as an adhesion molecule and subsequently be-
came a PRR immune sensor. The fact that RAGE gene knockout mice appear to be healthy and
developmentally normal suggests RAGE inhibition to be a safe therapeutic approach.

Extensive studies in mice with various inhibitors of RAGE, predominantly excess levels of
sRAGE decoys, have not shown any detrimental effects of RAGE inhibition. However, admin-
istration of sRAGE in humans may not be the ideal method to therapeutically target RAGE. As
sRAGE is a large recombinant protein, production of therapeutic usable levels would be difficult
and expensive. Additionally, because sRAGE is a ligand decoy, sRAGE administration would pre-
vent ligand binding to receptors that share ligands with RAGE. As a consequence of these caveats,
small-molecular inhibitors have been developed that target either the extracellular ligand-binding
site or, more recently, the intracellular signaling domain of RAGE.

Extracellular Inhibitors of RAGE

TTP488 and derivatives. TTP488 is an orally bioavailable small-molecule inhibitor of RAGE.
It is also known as PF-04494700 or azeliragon, and its chemical name is 3-[4-[2-butyl-1-[4-(4-
chlorophenoxy)phenyl]imidazol-4-yl]phenoxy]-N,N-diethylpropan-1-amine (88). The majority
of published information on TTP488 comprises human clinical studies (6, 88–90). Preclinical

358 Hudson · Lippman



ME69CH25_Lippman ARI 22 December 2017 8:34

in vitro and mouse model studies have been hampered by the lack of commercial availability of
TTP488. Although most preclinical studies on RAGE have focused on diabetic complications,
CVD, and cancer, the majority of clinical trial work with TTP488 has been in AD cohorts (6,
88, 89). TTP488 inhibits binding of multiple RAGE ligands, including AGEs, HMGB1, S100B,
and Aβ. In a mouse model of AD, TTP488 administration inhibited inflammatory signaling,
neuronal Aβ accumulation, and neurocognitive function (6, 88–90). A phase II double-blind trial
in mild to moderate AD focused on the safety and tolerability profile of TTP488 (88). In 2007,
a larger 18-month phase II trial assigned 399 mild to moderate AD subjects (NCT00566397) to
a low-dose, high-dose, or placebo group (6, 89). The study was discontinued at six months as the
high-dose group displayed worsening cognitive measures (6, 89). However, follow-up analysis of
the low-dose group showed a clinical benefit of slowing cognitive decline (6). As a result, a phase
III trial (NCT02080364, the STEADFAST Study) is currently under way in a mild AD cohort of
800 subjects and should be completed in 2017 (6).

Various groups have developed new TTP488 derivatives by modifying the imidazole ring, the
hydrophobic side groups, and the aromatic core (91, 92). These studies have shown the aminoalkyl
linker is necessary for effective inhibition of RAGE ligand binding and signaling. Most studies
testing derivatives of TTP488 have been performed in preclinical models of AD, where inhibition
of disease was seen (91, 92). None of these derivatives have progressed to human clinical studies
to date.

FPS-ZM1. To generate a novel class of RAGE inhibitors, Deane et al. (7) screened a library of
5,000 small molecules for their ability to inhibit interaction of RAGE-Aβ. Once lead compounds
were identified, a second-generation library of 100 structurally related compounds was screened
for RAGE-Aβ inhibition and ability to cross the BBB. A number of candidates were then tested.
A compound named FPS-ZM1 blocked inflammatory signaling in the mouse brain, reduced Aβ

accumulation, and improved cognitive performance. Importantly, FPS-ZM1 did not cause toxic
side effects in mice, even at doses as high as 500 mg/kg (7).

FPS-ZM1 has been explored in other mouse models of neuropathology (71, 93–98). Using a
rat model of neuroinflammation with intrahippocampal injection of AGEs, FPS-ZM1 reduced
brain inflammation and Aβ production and improved cognitive function (96). In a rat stroke
model of intracerebral hemorrhage, FPS-ZM1 reduced the BBB dysfunction and nerve fiber injury
associated with early brain injury after stroke (94, 95). In primary cultured rat microglia, FPS-ZM1
impaired AGE-induced inflammation and reactive oxygen species (93). In heart failure induced by
transverse aortic constriction in mice, eight weeks of FPS-ZM1 administration inhibited cardiac
hypertrophy and reduced inflammation in cardiac tissues (97). In a mouse model of asthma induced
by toluene diisocyanate, FPS-ZM1 administration impaired airway reactivity, inflammation, and
aberrant β-catenin signaling (98).

Most recently, our group has demonstrated that small-molecule inhibitors of RAGE including
FPS-ZM1 impair cancer progression and metastasis (71). In vitro studies with highly metastatic
breast cancer cells revealed that FPS-ZM1 abrogated the excess invasion caused by RAGE. No
effect was seen on cell viability with FPS-ZM1, suggesting that inhibiting RAGE with FPS-ZM1
affects its migratory and invasive properties. In a mouse xenograft model, intraperitoneal injection
of FPS-ZM1 or vehicle control impaired tumor growth and metastasis to lung and liver, compared
to vehicle treated controls (71).

Intracellular Inhibitors of RAGE

As the intracellular region of RAGE is critical in engaging signaling partners and inducing down-
stream effects (15, 56), small-molecule inhibitors were identified that interfere with RAGE–mDia1
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interaction (99). Lead compounds inhibit AGE–RAGE proinflammatory signaling and decrease
cardiac injury in an ischemic mouse model (99). Further work is needed in other cell systems and
in vivo models to test whether these compounds are effective therapeutics.

CONCLUSIONS

RAGE is clearly an important molecule in the innate immune system and in propagating the
inflammatory response to a variety of endogenous DAMPs and exogenous PAMPs. As a result,
RAGE has been implicated in major inflammatory disease states including diabetes, CVD, cancer,
and neurological disease. Animal models of these disease states show that therapeutically targeting
RAGE inhibits chronic disease. Studies are required to translate these promising findings to human
clinical trials now that small-molecule inhibitors of RAGE have been shown to be well tolerated
in humans. Targeting RAGE, with complementary combinational approaches, could yield novel
therapies for chronic inflammatory disease.
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