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ABSTRACT

The Receptor for Advanced Glycation End Products (RAGE) is expressed by multiple cell types in the brain and spinal cord that are linked to the pathogenesis of
neurovascular and neurodegenerative disorders, including neurons, glia (microglia and astrocytes) and vascular cells (endothelial cells, smooth muscle cells and
pericytes). Mounting structural and functional evidence implicates the interaction of the RAGE cytoplasmic domain with the formin, Diaphanousl (DIAPH1), as the
key cytoplasmic hub for RAGE ligand-mediated activation of cellular signaling. In aging and diabetes, the ligands of the receptor abound, both in the central nervous
system (CNS) and in the periphery. Such accumulation of RAGE ligands triggers multiple downstream events, including upregulation of RAGE itself. Once set in
motion, cell intrinsic and cell-cell communication mechanisms, at least in part via RAGE, trigger dysfunction in the CNS. A key outcome of endothelial dysfunction is
reduction in cerebral blood flow and increased permeability of the blood brain barrier, conditions that facilitate entry of activated leukocytes into the CNS, thereby
amplifying primary nodes of CNS cellular stress. This contribution details a review of the ligands of RAGE, the mechanisms and consequences of RAGE signal
transduction, and cites multiple examples of published work in which RAGE contributes to the pathogenesis of neurovascular perturbation. Insights into potential

therapeutic modalities targeting the RAGE signal transduction axis for disorders of CNS vascular dysfunction and neurodegeneration are also discussed.

1. Introduction

The Receptor for Advanced Glycation End Products (RAGE) was
discovered on account of its ability to bind the products of none-
nzymatic glycation and oxidation of proteins/lipids, termed advanced
glycation end products (AGEs). In addition to AGEs, RAGE binds a
number of distinct ligands, such as those involved in immune/in-
flammatory responses, such as S100/calgranulins and high mobility
group box 1 (HMGB1), and oligomeric forms of amyloid-f3 peptide (AP)
(Lopez-Diez et al., 2016; Ramasamy et al., 2016). The consequent dis-
covery that RAGE was a multi-ligand receptor set the stage for a fuller
understanding of the biology of RAGE in homeostasis and in disease.

Although the highest expression of RAGE in homeostatic states is in
the lung, a plethora of evidence suggests that in both human subjects
and in experimental model systems, the expression of the receptor is
enhanced in settings in which its ligands become more abundant. For
example, in tissues affected by diabetes, aging, neurodegeneration,
ischemia/reperfusion injury (Aleshin et al., 2008; Bucciarelli et al.,
2006, 2008), chronic inflammation and cancer, higher expression of
RAGE has been observed compared to non-affected control tissues
(Cipollone et al., 2003; Juranek et al., 2015; Palanissami and Paul,

2018; Yan et al., 1996). RAGE is expressed on multiples different cell
types, including vascular cells, such as endothelial cells (ECs) and
smooth muscle cells (SMCs); and immune/inflammatory cells, such as
neutrophils, monocytes/macrophages, T and B lymphocytes and den-
dritic cells (Avalos et al., 2010; Daffu et al., 2015; Dumitriu et al., 2005;
Moser et al., 2007; Wautier et al., 1996). Vascular and immune cell
dysfunction exacerbates cellular homeostasis in RAGE-expressing target
cells in chronic diseases, such as neurons, cardiomyocytes, glomerular
epithelial cells (podocytes) and skeletal muscle (Shang et al., 2010;
Sorci et al., 2003; Tanji et al., 2000; Yan et al., 1996).

The fact that RAGE is differentially expressed in various organs and
cell types suggested RAGE-dependent and -independent cell intrinsic
and/or cell-cell communication networks in homeostasis and disease.
This review highlights the role of RAGE in the central nervous system
(CNS) and details how vascular, immune cell, and neuronal interactions
might play important roles in disease pathogenesis and progression, and
how the temporal cues of such cell intrinsic and cell-cell networking vis-
a-vis RAGE may mediate pro-repair and survival vs. pro-inflammatory
and anti-repair signals, leading to cell death. Finally, this review will
provide insight into novel therapeutic approaches targeting RAGE sig-
naling.
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Fig. 1. Schematic of RAGE signal transduction
and examples of inhibition by antagonists. The
extracellular immunoglobin-like (Ig) domains of
RAGE (V, C1, C2) all have been shown to bind RAGE
ligands. Many widely-used receptor antagonists
(Anti-RAGE antibodies, Azeliragon, and FPS-ZM1)
interact with the extracellular domains to prevent
ligand engagement. Soluble RAGE (sRAGE) is pos-
tulated to sequester RAGE ligands and prevent their
engagement with the dimerized full-length receptor.
There are two forms of SRAGE: the first is produced
by extracellular proteolytic cleavage of the full-
length receptor, which liberates the extracellular
domains from the transmembrane domain and in-
tracellular domain, and the second is a product of an
mRNA splice variant. The formin, Diaphanous-1
(DIAPH1), interacts with the cytoplasmic tail of
RAGE and mediates signal transduction. Several
candidate small molecule antagonists have been
generated to prevent the RAGE-DIAPH]1 interaction.
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RAGE signal transduction is cell-type dependent but can include RHO/ROCK, RAC1/CDC42, P38/MAPK, JNK MAPK and JAK/STAT. These events result in changes
to cellular migration, stress responses, and regulation of pro- and anti- inflammatory pathways (NFkB activation) as well as other changes in cellular properties.

2. RAGE structure and soluble forms

RAGE is a member of the immunoglobulin (Ig) superfamily of cell
surface molecules. It is composed of three extracellular domains (one V-
type and two C-type Ig-like domains). These extracellular domains are
followed by a single, hydrophobic transmembrane domain and by a
short, less than 45 amino acid cytoplasmic domain, which is essential
for RAGE ligand-mediated signaling (Fig. 1). The extracellular domains
of RAGE are the sites of known extracellular ligand binding. Although
the V-type domain is the preferential binding site for most of the ligand
families, other reports have indicated that the C-type domains may also
mediate binding of some of the RAGE ligands. The V-type Ig domain
itself is heterogeneous, as distinct binding pockets, characterized by
their charge or hydrophobicity states, exist on this domain for ligand
engagement (Xie et al., 2007, 2008).

The extracellular domains of RAGE, known as soluble RAGE, may
exist in soluble form and in in vitro and in vivo experimentation, appear
to sequester RAGE ligands and block their binding to and activation of
cell surface receptors, including membrane bound RAGE (Schmidt
et al., 1994). There are two forms of soluble RAGEs that have been
identified in human subjects (Schmidt, 2015). The first is cell surface-
cleaved soluble or sRAGE, which is produced via the actions of me-
talloproteases or other molecules, such as ADAM-10 (a disintegrin and
metalloproteinase domain-containing protein 10) (Raucci et al., 2008),
and the second form, called endogenous secretory or esRAGE, is the
result of an RNA splice variant (Yonekura et al., 2003). Research tools
have been employed to measure total SRAGEs (including cell surface
cleaved sSRAGE and esRAGE) or esRAGE alone on human subject serum/
plasma or other tissue fluids (such as cerebrospinal fluid (CSF)) to as-
sess possible relationships to the state and/or the extent of disease. For
example, in diabetes, aging, stroke, subarachnoid hemorrhage (SAH),
and in neurodegenerative disorders, such as Alzheimer's Disease (AD)
or amyotrophic lateral sclerosis (ALS), measurements of SRAGEs have
been reported to distinguish affected vs. unaffected subjects (Emanuele
et al., 2005; Ilzecka, 2009; Loomis et al., 2017; Lue et al., 2009; Saito
et al., 2017; Sokol et al., 2017; Tang et al., 2017). The extent to which
measurements of SRAGEs may serve as reliable and reproducible bio-
markers of RAGE-related chronic diseases, however, is uncertain. Given
the multiple settings in which RAGE appears to be related to patho-
biology, the specificity/sensitivity of soluble RAGEs as a biomarker for
disease onset, progression and/or the response to therapeutic inter-
vention, is uncertain and remains to be tested.
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3. RAGE and mechanisms of signal transduction

The cytoplasmic domain of RAGE lacks endogenous kinase activity
and through a yeast two-hybrid assay, it was discovered that this do-
main of RAGE bound the FH1 (formin homology 1) domain of
Diaphanousl (DIAPH1) (Hudson et al., 2008). Formins such as DIAPH1
play key roles in actin cytoskeleton rearrangements and regulation of
Rho GTPases and serum response factor (SRF)-dependent genes, factors
and pathways that regulate cellular migration, signal transduction and
stress-responsive gene programs (Chesarone et al., 2010; Kiithn and
Geyer, 2014). Collectively, these properties have been shown to be key
consequences of ligand-RAGE signaling. Multiple studies in SMCs, ECs,
macrophages, and cardiomyocytes, for example, indicate that DIAPH1
is required for the effects of RAGE ligands to modulate signal trans-
duction and functional outcomes in these cells (Hudson et al., 2008;
Touré et al., 2012; Xu et al., 2010; Zhou et al., 2018). In vivo, deletion of
Diaph1 protects from cardiac ischemia-reperfusion injury and hypoxia-
related upregulation of Egrl, which encodes a transcriptional regulator
protein highly expressed in the CNS, such as in microglia, (Landis et al.,
1993); diabetes-associated pathologies in the kidney; macrophage in-
flammation; and restenosis after endothelial denudation of the femoral
artery (Manigrasso et al., 2018; O'Shea et al., 2017; Touré et al., 2012;
Xu et al., 2010), all phenotypes that parallel the observations in Ager
(the gene encoding RAGE) null mice in these stress conditions.

Recent work has solved the structure of the RAGE cytoplasmic do-
main and the nature of its interaction with DIAPH1 and has revealed
that mutation of RAGE cytoplasmic domain R5/Q6 amino acid residues
to alanine residues resulted in failure to bind DIAPH1 by NMR spec-
troscopy and failure of RAGE ligand-mediated signal transduction in
cultured SMCs (Rai et al., 2012; Xue et al., 2016).

In the section to follow, this review will consider how systemic
conditions may modulate the levels of RAGE ligands and RAGE, and,
thereby, affect the functions of multiple cell types in the CNS, including
those associated with the blood-brain barrier (BBB).

4. Systemic disorders & modulation of the BBB: A spark that
ignites CNS dysfunction

The BBB is composed of a continuous monolayer of ECs with closely
apposed astrocytic foot processes and pericytes embedded into the
nonfenestrated basement membrane of the border. These ECs are con-
nected by tight junctions, which function to regulate entry of large
macromolecules, cells and pathogens. Although oxygen and carbon
dioxide flow freely, the BBB is responsible for the exclusion of the entry
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Fig. 2. Working model of RAGE-dependent contributions to blood-brain barrier (BBB) dysfunction. Increases in RAGE ligands, blood glucose and/or decreased
blood flow promote the transition from homeostasis to disease by promoting BBB dysfunction, AGE generation, and overall cellular stress within neurons, microglia,
astrocytes and endothelial cells (EC). Depending on the disease and aging condition, RAGE and sRAGE levels may be altered. We posit that age-, diabetes-, or
neurodegenerative disease- induced AGE accumulation within the CNS and the periphery initiates and perpetuates endothelial permeability and BBB dysfunction,

thereby promoting BBB breakdown, at least in part via RAGE signaling.

of species that might cause harm to the vulnerable brain and spinal cord
(Tadecola, 2017; Kisler et al., 2017; Presta et al., 2018) and for mod-
ulating blood flow appropriately in various locations during activities in
which metabolic and oxygenation requirements are altered. Two con-
ditions in which the BBB becomes gradually more compromised include
diabetes and natural aging, both known risk factors for neurodegen-
erative disorders such as AD and other neurodegenerative disorders
(Sweeney et al., 2018) and for ischemic stroke; all settings in which
RAGE ligands accumulate and are plentiful (Fig. 2).

4.1. Diabetes

Glucose is essential for brain metabolism and is normally trans-
ported into the brain by specialized transporters (GLUT). However, in
excess, glucose may directly activate pathways such as Protein Kinase C
and the polyol pathway, thereby activating mechanisms that promote
oxidative stress and inflammation, such as in resident microglia.
Further, if the BBB is compromised, the influx of periphery-derived
immune/inflammatory cells may ensue, thereby augmenting in-
flammation. In addition, high glucose may upregulate levels of hypoxia-
inducible factor-1a (HIF-1a), thereby leading to increased expression of
Vascular Endothelial Growth Factor (VEGF) and, consequently, in-
creased vascular permeability (Van Dyken and Lacoste, 2018).

In addition to such potential direct effects of high levels of glucose,
increased glucose levels may result in the generation of AGEs. AGEs, via
their interactions with their central cell surface receptor, RAGE, may
result in amplification of inflammatory and oxidative stress, at least in
part through the activation of NF-xB. In streptozotocin-induced type 1
diabetic mice, expression of RAGE was shown to be increased at the
BBB (Liu et al., 2009). In non-CNS vascular beds, in diabetic rats, AGEs
mediated vascular permeability in a RAGE-dependent manner and in
coronary arterioles of type 2 diabetic mice, endothelial dysfunction was
reversed by treatment with SRAGE (Gao et al., 2008; Wautier et al.,
1996), thus suggesting that sequestration of RAGE ligands and sup-
pression of RAGE/DIAPHI signaling is beneficial for overall home-
ostasis and BBB integrity.

4.2. Aging

It is well-established that aging is the chief risk factor for vascular
disorders of the brain and for neurodegenerative processes. Reduced
blood flow, disruption of microvascular integrity and BBB dysfunction
accompany aging (Farkas and Luiten, 2001; Montagne et al., 2015; Park
et al., 2018). Recent work, using CSF biomarkers and dynamic contrast-
enhanced magnetic resonance imaging in human subjects, has shown
that breakdown of the BBB around the hippocampus is a very early
marker of cognitive impairment and that these pathologies are in-
dependent of AP deposition or tau aggregation (Nation et al., 2019). In
this context, AGEs increase even in euglycemic aging, based on the
nonenzymatic glycation/oxidation of long-lived proteins whose ex-
posure to even normal levels of glucose may, ultimately, result in for-
mation of AGE adducts. In the aortas of aged Fischer 344 rats, the
concentration of the key AGE precursor, methylglyoxal (MG), was sig-
nificantly increased compared with aortas from young Fischer rats.
Impaired aging-associated endothelial-dependent relaxation in aortic
rings from aged animals was reversed by treatment with sRAGE
(Hallam et al., 2010).

Collectively, these considerations suggest that one of the compo-
nents of BBB dysfunction in key settings linked to neurodegeneration
and vascular damage to the CNS is the ligand-RAGE pathway. The ex-
tent to which DIAPH1 may, or may not, contribute to the maintenance
or dysfunction of the BBB remains to be determined. However, it is
conceivable that DIAPH1 perturbation may contribute importantly to
endothelial dysfunction and loss of BBB integrity given the roles of this
molecule in actin cytoskeleton organization and the observation that
ligand stimulation of the RAGE/DIAPH1 axis generates oxidative stress,
through NADPH oxidases, and promotes inflammation (Touré et al.,
2012). Recent work showed that DIAPH1 is expressed in human aged
AD brain to a greater extent than that in age-matched controls and in
multiple cell types (Derk et al., 2018a). In the sections to follow, this
review will consider settings of CNS dysfunction in which roles for the
RAGE axis have been postulated and probed.
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5. CNS vascular disorders and the RAGE axis

In human subjects, investigators have studied whether genetic
variations in AGER might contribute to risk of various forms of vascular
disorders in the CNS. In the Sahlgrenska Academy Study on Ischaemic
Stroke, 732 Caucasian subjects with first-ever and 112 Caucasian sub-
jects with recurrent ischemic stroke were compared with 668 Caucasian
controls. Of three tested AGER single nucleotide polymorphisms (SNP),
one SNP, rs1035798 (maps to the third AGER intron), showed a sig-
nificant association with small vessel disease subtype of stroke, which
was independent of hypertension, diabetes and smoking. However,
none of these SNPs demonstrated significant associations with overall
ischemic stroke (Olsson and Jood, 2013). In a Chinese population, 384
subjects with ischemic stroke and 425 healthy control subjects were
enrolled and three different AGER SNPs were examined (82G/S,
—429T/C and —374T/A). Only the 82G/S AGER SNP (rs2070600) was
associated with the risk for ischemic stroke. Of the homozygote carriers
(82S/S), there were generally higher levels of inflammation, as evi-
denced by lower serum sRAGE levels, and higher levels of serum IL6,
hsCRP and PAI1 (Cui et al., 2013). In contrast, the SNPs at —374 and
—429 loci demonstrated no association with stroke risk or the levels of
inflammatory markers. In a distinct study examining risk for hemor-
rhagic stroke in a Chinese population, it was found that in subjects less
than or equal to 50 years of age, the rs1035798 AGER SNP (homo-
zygote) was associated with increased risk of hemorrhagic stroke (Liu
et al., 2015). Further, in a Chinese population, AGER rs2070600 and
HMGBI1 2249825 were found to bear relationships to stroke (Li et al.,
2017b).

Finally, Montaner and colleagues probed whether measurement of
RAGE ligand S100B and sRAGE levels (as well as other markers) might
aid in differentiating ischemic vs. hemorrhagic stroke. Admission blood
samples obtained from 915 patients (776 with ischemic stroke and 139
with hemorrhagic stroke) within 24 h of the event onset revealed that in
samples obtained within the first 6h (or even in the first 3h after
symptoms) of stroke, increased S100B levels and decreased SRAGE le-
vels were found in hemorrhagic vs. ischemic stroke. The authors
speculated that measurement of these SI00B and sRAGE markers might
aid in differentiation of the two forms of stroke (Montaner et al., 2012).
Experiments in animal models tested if the RAGE pathway exerted
mediating roles in these disorders.

5.1. Ischemic stroke

In a murine model of focal cerebral ischemia, the effects of neuronal
RAGE expression on ischemic stroke were tested in transgenic mice
expressing either a full-length form of RAGE or a cytoplasmic domain-
deleted form of RAGE in neurons. Compared to normal control animals,
neuronal RAGE overexpressing mice displayed significantly increased
stroke volume while a trend towards decreased stroke volume was
observed in the animals with cytoplasmic domain-deleted RAGE, in
which RAGE signaling was reduced (Hassid et al., 2009). In a model of
global cerebral ischemia induced by bilateral common carotid artery
occlusion, wild-type mice, global Ager null mice and transgenic mice
expressing esRAGE (as decoy receptor) were tested. A time course study
in that model was first performed in wild-type mice, which revealed
that increased expression of RAGE was first noted in vascular cells
within 12h of injury and later, between 24 h and 7 days after injury,
RAGE expression was increased in glial cells in the hippocampus.
Compared to the wild-type mice, mice globally devoid of Ager or mice
expressing esRAGE displayed higher numbers of surviving neurons in
the CA1 region of the hippocampus, in parallel with lower degrees of
oxidative stress. After 12h, the expression of inflammatory markers,
such as TNFa and iNOS was lower in the Ager null and the esRAGE mice
vs. the wild-type, consistent with reduced glial inflammation (Kamide
et al., 2012).

Others probed the effects of RAGE and its ligand HMGB1 in
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ischemic stroke in a mouse model. After the authors demonstrated that
HMGB1 was elevated in human stroke patients, they reported that
HMGB1 was released from ischemic brain tissue in a murine model of
cerebral ischemia. Mediating roles for HMGBI1 in stroke were demon-
strated by reduction of brain damage in mice treated with either anti-
bodies to HMGB1 or an antagonist to this RAGE ligand. As in vitro
studies suggested that microglia RAGE contributed to the toxic effects
of HMGBI1, wild-type mice were subjected to lethal irradiation and
transplantation with either Ager null or wild-type bone marrow. Those
studies revealed that recipients of Ager null bone marrow demonstrated
reduced infarct size compared with those mice receiving wild-type bone
marrow and subjected to ischemic stroke (Muhammad et al., 2008). In
distinct studies, it was shown that in murine ischemic stroke, RAGE
drives a pro-inflammatory and blunting of anti-inflammatory polar-
ization in diabetic mice (Khan et al., 2016). Interestingly, type 1 dia-
betic rats treated with Niaspan, a cholesterol-lowering agent, during
transient middle cerebral artery occlusion, displayed diminished
HMGB1-RAGE-dependent inflammatory profiles (Ye et al., 2011). Given
that RAGE has previously been implicated in regulating the cholesterol
efflux protein, ABCG1 (Daffu et al.,, 2015), those data suggest that
RAGE may drive inflammatory dysregulation of CNS cells during stroke,
at least in part, through impairment of cholesterol homeostasis. More
work, however, is required to elucidate the precise mechanisms and
connections. Collectively, these studies in ischemic stroke models sug-
gest roles for RAGE in exacerbating the pathogenesis of stroke damage
and implicate RAGE actions in vascular, immune/inflammatory and
neuronal cells, perhaps in a time-dependent manner.

5.2. Intracerebral hemorrhage (ICH)

An antagonist of RAGE, FPS-ZM1, which blocks binding of ligands
such as HMGB1 and S100B to the V-type Ig extracellular domain of
RAGE, was employed in a rat and murine model of ICH. In a rat model
of ICH, induced by collagenase, it was shown that release of HMGB1
results in expression of VEGF, thereby increasing pathological angio-
genesis. In that model, a time-dependent increase in expression of
RAGE and HMGB1 was noted in the ipsilateral striatum after induction
and up to 14 days later. Treatment with FPS-ZM1 suppressed expression
of VEGF and vessel density after induction of hemorrhage in this model
(Yang et al., 2015). In a distinct species (mice) and with the use of
autologous arterial blood injection into the basal ganglia, ICH was in-
duced in wild-type mice. By 12h after the injury, expression of RAGE
and HMGB1 was increased, in parallel with increased expression of NF-
kB p65 and increased permeability of the BBB, brain edema, motor
dysfunction and neve fiber injury. Paralleling these markers of damage,
local levels of IL1f, IL6, IL8R, and MMP9 were also elevated. In mice
treated with FPS-ZM1, however, all of these pathological markers were
reduced compared to vehicle-treated mice undergoing ICH (Lei et al.,
2015). Together, these findings highlight the importance of ligand-
RAGE signaling in the pathophysiology of ICH.

5.3. Subarachnoid hemorrhage (SAH)

In contrast to ICH, SAH is characterized by bleeding between the
brain and the skull. Once blood accumulates in that region within the
CSF, it causes inflammation in the surrounding brain tissue and in-
creases pressure onto the brain as a result of edema. In model systems,
such as the rat, SAH may be induced by injection of autologous blood
into the prechiasmatic cistern. Induction of hemorrhage by this method
in rats was shown to be associated with increased inflammation, as
evidenced by increased expression of RAGE ligands HMGB1 and S100
proteins. In this rat model, expression of RAGE and nuclear NF-kB p65
was significantly increased, particularly in neurons and in microglia,
but not in astrocytes (Li et al., 2014). The effects of the RAGE an-
tagonist FPS-ZM1 were tested in this model. These studies revealed that
at one day after SAH, the mice treated with the RAGE antagonist
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displayed reduced brain edema and better neurological score vs. ve-
hicle. However, by 3 days after hemorrhage, the RAGE antagonist-
treated mice displayed increased neuronal cell death with higher levels
of apoptosis and diminished autophagy (Li et al., 2017a). These data
suggested that, at least in mice and in this model system, RAGE may
play both damaging and protective roles, perhaps based on its actions in
distinct cell types and on the timing of the post-SAH response. Although
the work in that study did not provide insight into potentially contrary
cell type-specific roles for RAGE, it is nevertheless important to note
that neurons and microglia prominently expressed RAGE after the in-
duction of the SAH.

Finally, in distinct work in the rat model of SAH, the specific effects
of RAGE ligand HMGB1 were addressed. In that study, the authors
found that the highest expression of HMGB1 occurred on day 14 after
the hemorrhage. The rats undergoing SAH were treated with two dif-
ferent inhibitors of HMGBI secretion (ethyl pyruvate or glycyrrhizin) or
the RAGE antagonist, FPS-ZM1. These treatments resulted in reduced
expression of growth factors and reduced proliferation of cortical
neurons. The authors hypothesized that the redox status form of the
HMGB1 might regulate its damaging vs. protective effects. Indeed,
compared to administration of recombinant HMGB1, administration of
oxidized HMGB]1 failed to stimulate pro-inflammatory cytokine pro-
duction and exhibited protection in the brain, as neurotrophin expres-
sion was increased, in parallel with brain recovery (Tian et al., 2017).
The authors speculated that in late stages after SAH, HMGB1 may be
protective, particularly in the oxidized form.

In summary, RAGE and its ligands appear to contribute to the re-
sponse to ischemic stroke and to stroke induced by various forms of
hemorrhage (intracerebral vs. subarachnoid). The finding that the ad-
ministration of inhibitors to RAGE ligands or to RAGE itself is not
uniformly beneficial or deleterious underscores the possibility that
RAGE plays differential roles depending on whether the cells are vas-
cular cells (EC and SMC), immune/inflammatory cells such as micro-
glia, astrocytes and infiltrating immune cells, or neurons. Further, the
effects of RAGE actions may be protective and/or deleterious, perhaps
depending on the timing in the post-stroke or post-hemorrhage period.
In order to provide support for RAGE as a potential target for ther-
apeutic intervention in these disorders, it will be necessary to test these
concepts using cell type- and time-dependent deletion of Ager, which
can be achieved, for example, by using the cre-lox recombinase tech-
nique. Further, more extensive time course studies with RAGE or ligand
inhibitors are essential, that is, varying the time post-stroke event at
which the inhibitors are begun/terminated. Also, further elucidation of
the concentrations of these compounds that may be detrimental vs.
beneficial in stroke subjects will be important to delineate. Only by
such meticulous approaches may the full roles for RAGE and its ligands
in these disorders be uncovered and the potential for targeting this axis
in stroke and hemorrhage of the CNS be potentially realized.

In the sections to follow in this review, the role of the RAGE sig-
naling axis in disorders of neurodegeneration will be discussed.

6. The RAGE axis and neurodegeneration

The RAGE axis has been implicated in a number of neurodegen-
erative disorders (Derk et al., 2018b). In this review, the influence of
this pathway on AD, amyotrophic lateral sclerosis (ALS) and Parkinson's
Disease will be considered. Of note, however, although not covered in
this review, work has been published suggesting links of RAGE to
Huntington's disease and Creutzfeldt-Jakob disease (Anzilotti et al.,
2012; Sasaki et al., 2002).

6.1. Alzheimer's disease
RAGE is expressed in multiple cell types germane to the pathogen-

esis of AD, including neurons, microglia, astrocytes and ECs; in recent
work, the expression of the RAGE cytoplasmic domain binding partner,
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DIAPH1 has been assessed in AD as well. In that work, the medial
temporal cortices of AD patients and aged-matched controls were tested
for DIAPH1 expression patterns in multiple cell types, including en-
dothelial cells, oligodendrocytes, neurons, astrocytes, pericytes and
myeloid cells. In the case of endothelial cells, the expression of the
endothelial marker, Claudin-5, was significantly higher in the AD brain
compared to the non-demented brain, but there was no change in re-
lative DIAPH1 intensity within endothelial cells. In oligodendrocytes,
marked by expression of myelin basic protein (MBP), no changes were
observed for DIAPH1 and total MBP expression within non-demented
aging and AD brains. In the case of the marker for neurons, micro-
tubule-associated protein 2 (MAP2), a relative decrease of MAP2 ex-
pression in the AD brain was noted compared to the non-demented
brain. However, there was no associated change in DIAPH1 intensity. In
the case of astrocytes, although an increase in GFAP-positive area was
observed in the AD brain, as the area of GFAP positivity increased, so
did DIAPH1-positive/GFAP-positive overlap area. Thus, there was no
specific change in astrocyte DIAPHI1 noted in AD versus the non-de-
mented control brain. Testing for pericyte colocalization with DIAPH1
through the use of an a-Smooth Muscle Actin (a-SMA) antibody re-
vealed that there was no colocalization in either the non-demented or
AD brain.

In contrast to the above cell types, however, in the case of myeloid
cells, using CD68 as a marker, a significant increase in overlap area
between DIAPH1 and CD68 and a significant increase in DIAPH1 in-
tensity within CD68 * cells in the AD brain relative to the non-de-
mented control brain was observed. Thus, unlike the other cell types
noted above, DIAPH1 expression patterns within myeloid cells were
found to be significantly increased in AD. Notably, DIAPH1 expression
in myeloid cells correlated with increased lipid staining and in-
flammatory morphology (Derk et al., 2018a).

Genome wide association studies (GWAS) implicated aging
(Chauhan et al., 2015) and inflammatory pathways and activation of
microglia in the pathogenesis of AD (Guerreiro et al., 2013; Jonsson
et al., 2013; Villegas-Llerena et al., 2016; Zhang et al., 2015). Hence,
given the roles for RAGE in inflammatory mechanisms, potential ge-
netic links between AGER and AD were studied. As AGER is one of the
genes in the Human Leukocyte Antigen (HLA) Class III region of the
Major Histocompatibility Complex (MHC), the potential implications of
AGER SNPs with AD were studied in 194 Italian patients with AD and
454 healthy controls. The —374 and —429 AGER SNPs were studied,
along with those for TNFA and the results of haplotype reconstruction
studies suggested that the HLA Class III region might be implicated in
AD susceptibility (Maggioli et al., 2013), which was affirmed in a
follow-up study in which HSP70 SNPs were also considered (Boiocchi
et al., 2015). In another study of the Alzheimer's Disease Neuroimaging
Initiative (ADNI), AGER rs2070600 (G82S) was found to be associated
with the atrophy rate of the right hippocampus CA1l over two years
(Wang et al., 2017c). In a Japanese population, 4 AGER SNPs were
studied (rs1800624, rs1800625, rs184003 and rs2070600) in 288
subjects with AD, 76 with Lewy body dementia and 105 age-matched
controls. In that study, AGER rs184003 was associated with an in-
creased risk of AD and haplotype analyses detected genetic associations
between AD and the AGER gene (Takeshita et al., 2017). In a European
cohort, the AGER SNP G82S (rs2070600) was associated with an in-
creased risk of AD in 316 AD patients and 579 controls, but there was
no interaction between this AGER SNP and the APOE4 or with mini-
mental examination scores (Daborg et al., 2010).

On account of the demonstrated association between diabetes and
AD and mild cognitive impairment (MCI) (Cukierman et al., 2005;
Huang et al., 2014; Ruiz et al., 2016; Xu et al., 2004), the AGER G82S
SNP (rs2070600) and levels of AGEs and soluble RAGE were examined
in 167 hospitalized type 2 diabetic subjects, of whom 82 were diag-
nosed with MCI and the other 85 were considered non-MCI controls.
Patients with MCI demonstrated significantly lower levels of sSRAGE and
higher levels of serum AGE-peptide compared to control subjects. In
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that study, the AGER SNP G82S bore no relationship to MCI in the type
2 diabetic subjects (Wang et al., 2016). Collectively, these data suggest
that at least in certain populations, RAGE may affect genetic risk for AD
or MCI and that in diabetes, the levels of the decoy receptor, SRAGE, are
lower in individuals with cognitive dysfunction. Hence, components of
the RAGE pathway may hold promise as biomarkers and/or predictors
of AD and MCI. Experimental models have probed the cell type specific
effects of RAGE using murine models of pathology.

Roles for RAGE in neurons in animal models of AD were directly
tested in the commonly used transgenic mouse models of over-
expression of mutant amyloid precursor protein (APP) in combination
with either full-length or cytoplasmic domain-deleted Ager selectively
in neurons. Overexpression of neuronal Ager accelerated behavioral
abnormalities and altered activation of markers of synaptic plasticity
and neuropathological abnormalities; these pathologies were observed
at time points at which the mutant APP mouse control had yet to ex-
hibit any pathologies. In contrast, in the mutant APP mice expressing
the cytoplasmic domain-deleted Ager, and thus with suppressed ligand-
RAGE signaling, attenuation of behavioral, and neuropathological
changes was observed compared to the control mutant APP mice
(Arancio et al., 2004). Additional studies suggested that one of the
mechanisms by which neuronal RAGE expression activated distinct
cells in the AD brain and in AD-like mouse models was through neu-
ronal expression of macrophage colony stimulating factor (MCSF),
which consequently triggered activation of microglia (Du Yan et al.,
1997).

Other studies focused on expression of RAGE in microglia in neu-
ronal-specific mutant APP mice. In transgenic mutant APP mice ex-
pressing either full-length Ager or cytoplasmic domain-deleted Ager in
myeloid cells, whereas overexpression of RAGE increased neuroin-
flammation (IL13 and TNFa), microgliosis and astrocytosis, accumu-
lation of A and behavioral abnormalities, deletion of the RAGE cyto-
plasmic domain in microglia in this model exerted protection against
these abnormalities compared to those observed in the mutant APP
mice (Fang et al., 2010). Of note, the promoter used to drive the ex-
pression of RAGE and cytoplasmic domain-deleted RAGE forms in these
animals also impacted expression in peripheral myeloid cells and
through the development of the organism, which may alter the profile
of these cells irrespective of the mutant APP background. Hence, the
findings observed in these transgenic mice cannot be solely attributed
to the effects of RAGE in adult and aged microglia. In distinct experi-
ments, others tested microglia (myeloid)-cytoplasmic domain-deleted
Ager in entorhinal cortex dysfunction in mutant APP mice. Early ab-
normalities in long term potentiation (LTP) in the entorhinal cortex and
in associative behavior tasks in vivo were also observed in these mice.
Evidence of activated stress related kinases (p38 MAPK and JNK
pathway) was also attenuated in the transgenic vs. mutant APP alone
mice (Criscuolo et al., 2017). These studies specifically examined a
highly vulnerable region of the brain early in the course of neuronal
deficits in an AD-like mouse model and implicated roles for myeloid/
microglia RAGE in the pathogenesis of AD.

In cultured BV2 microglia-like cells, the effects of RAGE ligand AGEs
on signal transduction were probed. AGEs activated Rho-associated
protein kinase (ROCK) in a manner suppressed by the ROCK inhibitor
fasudil or by the RAGE inhibitor FPS-ZM1. AGE-mediated upregulation
of ROS, iNOS, COX2, NLRP3 and nuclear NF-kB p65 was attenuated in
the BV2 cells by fasudil or FPS-ZM1. AGEs increased expression of pro-
inflammatory “M1”-like markers in BV2 cells and decreased expression
of anti-inflammatory “M2”-like markers, in a RAGE- and ROCK-de-
pendent manner (Chen et al., 2017). Although “M1” and “M2” markers
of the state of inflammation reflect solely in vitro designations, these
experiments nevertheless suggested that RAGE ligands might affect
pro/anti-inflammatory gene programs in BV2 cells. Further, the extent
to which BV2 cells truly model in vivo microglia must also be considered
in interpreting such studies.

In addition to neurons and microglia, RAGE is also prominently
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expressed in ECs and studies using AD-like mouse models demonstrated
the prominent role of RAGE in transporting A across the BBB and via
upregulation of inflammatory mediators and endothelin-1 (ET1), RAGE
contributed to AB-mediated vasoconstriction and suppression of cere-
bral blood flow (CBF). In mutant APP transgenic mice, administration
of sSRAGE blocked the adverse effects of the AB-RAGE interaction
(Deane et al., 2003). In other studies, RAGE was shown to downregulate
expression of low density lipoprotein receptor-related protein 1 (LRP1)
(Deane et al., 2004). As LRP1 is responsible for AP clearance from the
brain, such findings strongly suggest that RAGE plays key roles in
overall A transport and load in the brain, at least in part through
perturbation of the BBB, CBF and expression of LRP1.

In other studies, the effect of hypertension, which is associated with
AD, was assessed on the brain vasculature in the context of AfB. In
C57BL/6 mice, hypertension was induced by transverse aortic coarc-
tation (TAC); in that model, by four weeks post-procedure, cerebral
amyloid deposition is noted. In parallel, immunohistochemistry studies
noted an early (within hours of TAC) and sustained upregulation of
RAGE in brain blood vessels in the cortex and hippocampus after TAC.
Impaired learning and memory was also observed in the TAC-treated
animals. However, in mice globally devoid of Ager, evidence of sig-
nificant protection was noted as follows: 1) reduced cerebral amyloid
deposition; 2) improved performance in behavior studies; and 3) re-
duced oxidative stress; these effects were recapitulated by treatment of
wild-type mice undergoing TAC and treated with FPS-ZM1 (Carnevale
et al., 2012). Interestingly, in that work it was shown that induction of
TAC increases levels of another RAGE ligand, AGEs. Collectively, these
studies suggest that in hypertension, multiple RAGE ligands may be
generated, which, at least in part via RAGE, aggravate pro-in-
flammatory and pro-oxidative pathways leading to cellular stress and
organ damage.

The effects of RAGE on the BBB have also been addressed in in vitro
models. For example, in a monolayer BBB model composed of murine
ECs (bEnd.3 cells), AB(1-42) was shown to increase “BBB leakage” and
result in reduction of tight junction scaffold proteins ZO1, claudin-5 and
occludin. Incubation of these cells with AB(1-42) significantly upre-
gulated their expression of RAGE; when these cells were treated with
anti-RAGE IgG or when siRNAs were employed to reduce Ager expres-
sion, the effects of AB(1-42) on expression of scaffold proteins was
blocked as well as the upregulation of MMP2 or MMP9. Further, an
inhibitor of MMPs (GM6001) also prevented the detrimental effects of
AB(1-42) on BBB leakage and on expression of tight junction proteins
(Wan et al., 2015). In other studies performed in bEnd.3 cells, treatment
with AB(1-42) increased permeability, disrupted ZO1 expression and
increased secretion of intracellular calcium and MMPs, which was
prevented by anti-RAGE antibodies (Kook et al., 2012).

6.2. Amyotrophic lateral sclerosis (ALS)

ALS is a complex disorder in which the primary target for dys-
function and death is the motor neuron. Multiple hypotheses have been
put forth with respect to the cause of ALS, such as but not limited to
increased toxicity from glutamate, increased oxidative stress (increased
ROS and reactive nitrogen species (NOS)), protein aggregation and
disruptions in proteostasis, defects in RNA processing, endoplasmic
reticulum and mitochondrial stress, dysfunction of axonal transport
mechanisms, and environmental factors, such as toxins or certain
classes of infections (Lyon et al., 2019). Yet, multiple cell types, such as
microglia, peripheral monocytes/macrophages, astrocytes and T and B
lymphocytes have been postulated to play contributing roles to ALS
pathology, especially to its progression and motor neuron death, con-
tributing to the overall presumption that ALS is not a cell-autonomous
disease. In this context, RAGE is expressed on many of these cell types
and has been studied in both human and animal models of ALS.

In human subject spinal cord, compared to healthy control subjects,
ALS spinal cord demonstrated higher levels of RAGE and its ligands,
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particularly carboxy methyllysine (CML)-AGE, S100B and HMGB1
(Juranek et al., 2015). Other studies addressed expression patterns of
RAGE as well as toll-like receptors 2 and 4 (TLR2 and TLR4) and ligand
HMGBI1 in 12 sporadic ALS and 6 control subjects. In ALS subjects,
TLR2, TLR4 and RAGE were found to be highly expressed in reactive
glial cells in the ventral horn and white matter; TLR2 was shown to be
predominantly expressed in microglia, whereas RAGE and TLR4 were
strongly expressed in astrocytes. By real-time qPCR, levels of HMGB1
mRNA were also shown to be increased in ALS vs. control spinal cord
and the protein signal was specifically noted in the cytoplasm of re-
active glial cells (Casula et al., 2011). Others examined patterns of
SRAGE levels in 20 ALS patients and in 20 control subjects and reported
that sRAGE levels were significantly lower in serum of the ALS vs.
control individuals and that there was no correlation between the levels
of serum sRAGE and disease clinical parameters in the ALS patients;
however, it is notable that only 20 ALS patients were examined in the
study and whether the work was powered to address such correlations
is not clear (Ilzecka, 2009).

Experiments in cultured cellular models for ALS have also assessed a
potential role for RAGE in this disease. Prompted by the observation
that post-translationally modified forms of nerve growth factor (NGF)
were observed in the spinal cord of murine ALS models, these concepts
were tested in cellular models. In vitro glycation of NGF promoted its
oligomerization and resulted in the generation of modified NGF as a
RAGE ligand, which induced motor neuron death in culture and as-
trocyte-mediated motor neuron toxicity and similar findings were ob-
served for nitrated NGF (Kim et al., 2018). In NSC-34 motor neuron like
cells, transfection with mutant SOD1 resulted in production of exo-
somes by those cells, which led to increased expression of microRNA
(miRNA) 124 and HMGB1 mRNA and protein. When exosomes from
mutant SOD1-transfected NSC-34 cells vs. control were incubated with
N9 microglia-like cells, highly significant upregulation of IL10, Argi-
nase 1, TREM2, RAGE and TLR4 was noted. Further, increased ex-
pression of HMGB1, miR124, miR146a and miR155 and an increase in
inflammatory markers, such as activated NF-kB, was observed as well
(Pinto et al., 2017). Strikingly, in N9 cells exposed to the mutant SOD1-
transfected NSC-34 cell exosomes, a loss of phagocytic ability and in-
duction of senescence (as noted by senescence-associated [3-galactosi-
dase staining) was noted (Pinto et al., 2017). Although direct roles for
RAGE in these experiments were not tested, its upregulation in the cells
treated with the mutant SOD1-related exosomes suggest that one of the
responses of microglia to these apparently toxic species is upregulation
of receptors such as RAGE, in parallel with its ligands.

In addition, roles for S100B in ALS were considered, particularly as
S100B is released from astrocytes. In a rat model of ALS, SOD1%%34
modified rats demonstrated a time dependent significant increase in
S100B expression in spinal cord astrocytes, which colocalized with in-
creased expression of RAGE. In primary astrocytes from mouse pup
cortices, siRNA-knockdown of S100B resulted in a suppression of genes
known to be upregulated in ALS, including GFAP, TNFa, CXCL10, and
CCL6 (Serrano et al., 2017).

In other studies, potential neuroprotective roles for HMGB1 were
tested. Spinal motor neurons from wild-type and SOD1?*# mice dis-
played differential intracellular expression patterns of HMGB1; an in-
crease in HMGBI shuttling from the nucleus to the cytoplasm of these
cells was observed in the mutant vs. wild-type mice, suggesting, per-
haps, that HMGB1 in the SOD1°°** mice might play protective vs. de-
leterious roles. Only the astrocytes from wild-type but not the SOD19934
mice were able to increase BDNF and GDNF levels upon stimulation
with HMGB1, in a RAGE-dependent manner, suggesting that a bene-
ficial role for astrocyte HMGBI in neuronal growth factor expression
may be dysregulated in ALS (Brambilla et al., 2018).

In vivo studies, to date, testing the role of RAGE in murine models of
ALS are limited. In one study, sSRAGE was administered to male
SOD1%%** mutant mice (B6/SJL background) beginning at age 8 weeks
and continued until sacrifice. Compared to vehicle-treated animals, life
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span was extended and progression of ALS symptomatology was de-
layed by sRAGE treatment. At sacrifice, in the spinal cord tissue,
SRAGE-treated animals displayed significantly higher numbers of neu-
rons and lower number of astrocytes vs. the vehicle-treated group
(Juranek et al., 2016). In that study, however, the mechanisms by
which sRAGE exerted its benefit were not addressed, nor were distinct
time courses for initiation of SRAGE administration tested.

Indeed, other studies, in an unrelated model of spinal cord injury
(SCI), complex roles for RAGE in repair were uncovered in mice and
rats. In a murine model of SCI, it was shown that RAGE expression rose
within 12 h after the injury in WT mice; in Ager null mice subjected to
the same degree of SCI, repair was improved, as evidence by improved
functional outcomes, reduced expression of GFAP, and reduced in-
flammation, as indicated by lower levels of IL1j, TNFa, IL6, and NF-kB
activation (Guo et al., 2014). Yet, in a rat model of SCI, animals un-
dergoing the injury received an injection of anti-RAGE antibody di-
rectly into the central site of the injury. In contrast to induction of pro-
repair mechanisms, the anti-RAGE antibody treatment resulted in re-
duced neuronal survival, disruption of Wnt/B-catenin signaling, and
higher levels of autophagy (Mei et al., 2019; Wang et al., 2017a, 2018).
Of course, the species under study are different and the mode of RAGE
antagonism was dramatically different, that is, global deletion of Ager
through development to adulthood in mice or treatment of adult rats
with an antibody to RAGE. In any case, however, these studies under-
score the pleiotropic roles that RAGE appears to play in neuronal
system repair in the spinal cord.

Given the temporal, cell-type and complexity of cell intrinsic vs.
cell-cell communications in the pathobiology of ALS and SCI, these
studies raise many important questions. For example, it is not clear if
SRAGE crosses the BBB. If the principal site of action of this agent was in
the periphery, such as on the phenotype of peripheral monocytes and/
or on activities at the neuromuscular junction (NMJ), remains an open
question that can certainly be addressed experimentally. Also, in light
of its close link to RAGE, future studies must examine if there are roles
for DIAPH1 in the ALS. In addition, potential roles for breakdown of the
blood-spinal cord barrier and roles for vascular cells in ALS, such as in
the context of RAGE, require further investigation.

6.3. Parkinson's disease

Increasing evidence links RAGE to Parkinson's disease in human
subjects and in animal models (Jiang et al., 2018). For example, pa-
thological analyses were performed in human subject brains of
asymptomatic Parkinson's disease with incidental Lewy body disease-
related changes versus healthy age-matched controls. Increased ex-
pression of RAGE ligand AGEs was identified in the substantia nigra,
amygdala, and frontal cortex. In parallel, increased expression of RAGE
was noted in the substantia nigra and frontal cortex in human subject
cases with early stages of parkinsonian neuropathology (Dalfo et al.,
2005). Furthermore, in human subjects, AGER gene polymorphisms
were studied in 285 Parkinson's Disease patients versus 285 healthy
control subjects in the Chinese Han population. The only AGER SNP
that showed a significant difference between the Parkinson's Disease
patients and the controls was the 429T/C polymorphism. The carriers of
the —429C allele exhibited a decreased risk of Parkinson's Disease,
thereby suggesting that the —429T/C SNP may be a protective factor
for Parkinson's Disease, at least in the Chinese Han population (Gao
et al., 2014).

Studies in animal models have also begun to probe the role of the
RAGE axis in the pathogenesis of Parkinson's Disease-like pathologies.
Examples of some of these findings in animals with Parkinson's Disease-
like pathologies are as follows: In the classical model for Parkinson's
disease induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), deletion of Ager afforded protection in nigral dopaminergic
neurons from cell death. Further, as NF-xB has been implicated in the
pathogenesis of neuronal injury in this disease, the activation of this
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Fig. 3. Working model of RAGE-dependent cross-
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factor was tested in Ager null and Ager expressing mice after MPTP
treatment. In the absence of Ager, the nuclear translocation of the NF-xkB
subunit p65 in dopaminergic neurons and glial cells was significantly
inhibited, thereby suggesting roles for RAGE in activation of this pro-
injury factor. Consistent with this premise, the increased apoptotic cell
death induced by MPTP was attenuated in mice devoid of Ager
(Teismann et al., 2012).

In other work, Gasparotto and colleagues reported that rats treated
with 6-hydroxydopamine (6-OHDA) demonstrated increased expression
of RAGE in the substantia nigra, in parallel with increased activation of
NF-kB, astrocytosis and microgliosis. In rats treated with 6-OHDA and
the RAGE inhibitor FPS-ZM1, these adverse effects were reduced and
the locomotion and exploratory deficits in the rats induced by 6-OHDA
were also attenuated (Gasparotto et al., 2017).

Recently, umbilical cord blood-derived mesenchymal stem cells
were CRISPR/Cas9-edited to secrete SRAGE on the premise that local
sequestration of RAGE ligands, such as AGEs, might mitigate
Parkinson's like pathology. These sSRAGE-edited cells were then injected
into the corpus striatum of rotenone-treated mice, a Parkinson's
Disease-like model. It was reported that neuronal death in the corpus
striatum and substantial nigra was significantly reduced in the presence
of the SRAGE-expressing injected cells, in parallel with reduced move-
ment abnormalities in the rotenone-treated animals (Lee et al., 2019).

Collectively, these examples of in vivo studies targeting the RAGE
axis in models of Parkinson's Disease link this receptor and its ligands to
this disease. This work therefore suggests that testing RAGE antagonism
in subjects with Parkinson's Disease may be logical and timely. In the
section to follow, a novel strategy to target the RAGE axis will be
considered.

7. Targeting RAGE signal transduction — A novel therapeutic
approach

A small molecule antagonist of RAGE, Azeliragon, which targets the
binding of RAGE ligands to the extracellular domains of RAGE, failed to
show benefit compared to placebo in human subjects with mild AD
(VTV Therapeutics, 2018). Multiple experiments have shown that the
extracellular domains of RAGE, particularly the V-type Ig domain, are
heterogeneous with respect to ligand binding; ligands may bind to
distinct pockets on the V-domain such as in hydrophobic or charged
sites and certain ligands may preferentially bind at the C-type Ig do-
mains (Koch et al., 2010; Kumano-Kuramochi et al., 2009; Leclerc et al.,
2009; Park et al., 2010; Xie et al., 2007, 2008). Such data suggest that
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and nitric oxide (NO), thereby further promoting
wide-spread cellular stress. We posit that targeting
pathological RAGE-dependent signaling by proper
timing of therapeutic intervention will be key to re-
ducing cellular stress in the CNS, without impacting
the homeostatic RAGE-dependent signaling.

targeting the extracellular domains of RAGE might not be an effective
strategy to suppress RAGE activity in these disorders, especially given
that there is no evidence that individual RAGE-related diseases may be
influenced by only one or a very small number of ligands. Rather,
multiple cellular stress-related RAGE ligands appear to populate dis-
eased tissues, such as AGEs and S100 molecules in human diabetic
atherosclerosis (Burke et al., 2004).

In contrast, strategies that target the intracellular domain of RAGE
may be effective, given that the cytoplasmic domain of RAGE is small
(less than 45 amino acids) and is essential for RAGE ligand-mediated
cellular signaling. As discussed above, the discovery of DIAPH1 as a
putative effector of RAGE signaling has unveiled a potentially more
strategic therapeutic target. Early work has identified small molecules
that block the binding of the RAGE cytoplasmic domain to DIAPH1 and
have shown efficacy against the effects of RAGE ligands on signal
transduction and changes in gene and functional expression endpoints
in in vitro and in vivo studies (Manigrasso et al., 2016).

If and how such a strategy may be beneficial in RAGE/DIAPH]1-re-
lated neurovascular and neurodegenerative disorders remains to be
tested.

8. Perspectives and future directions

Studies in human subjects and animal models are steadily linking
RAGE to the vulnerability to and pathogenesis of neurovascular and
neurodegenerative disorders, particularly with respect to driving in-
creased inflammation and barrier dysfunction coincident with aging.
No doubt the biology of RAGE is complex and much needs to be learned
about the homeostatic/pathobiological roles of this receptor and its
downstream effector, DIAPH1. Insights into RAGE's innate functions
have emerged from the observations that stress-related inflammation
accompanies acute environmental and metabolic cues that shape host
defenses. Recent work in primates and rodents has suggested that
conserved amino acid residues on the extracellular ligand- and in-
tracellular adaptor-binding regions and receptor oligomerization-re-
lated surfaces might convey “adaptive fitness,” that is, such sites on
RAGE might confer advantages for host defense and rapid responses to
challenge (Wu et al., 2015). Hence, in neurovascular and neurodegen-
erative disorders, it is plausible that RAGE and its ligands play both
beneficial/adaptive and deleterious roles (Fig. 3).

How may such complexities be rectified? Experiments using trans-
genic mice to imbue tissue-specific and temporally-regulated modula-
tion of RAGE (and DIAPH1) expression, as well as inhibitors of RAGE/
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DIAPH]1 that may be administered at early onset, mid-progressing phase
and at late, end-stage of disease, will be essential to dissect the innate
vs. deleterious roles of RAGE and DIAPH1 and to identify the optimal
conditions for therapeutic interruption of RAGE signaling. Further, as
some studies suggest that post-translational modifications of key RAGE
ligands in the CNS, such as HMGB1, may dictate their adaptive vs.
deleterious functions, consideration of the physical state of the RAGE
ligands will be important. Finally, as a mountain of evidence suggests
that RAGE-dependent physiologic vs. pathologic roles in the CNS may
be both cell intrinsic and/or dependent on cell-cell networking and
communication in vascular and neurodegenerative disorders, experi-
ments testing such concepts in vitro and in vivo utilizing methods that
consider RAGE-dependent cell-cell communication in mixed cultures
and, possibly, organoid models (Wang et al., 2017b), will be essential.
In this context, complimentary experiments using transcriptomic, pro-
teomic, and metabolomic approaches may aid in uncovering how RAGE
and DIAPH1 respond to toxic and detrimental cues in the CNS.

As there is mounting experimental evidence that there are scenarios
in which blocking RAGE exerts benefit in the CNS pathology, identi-
fying and harnessing the precise conditions for effectively targeting
RAGE will be essential to treat chronic disorders of the CNS, especially
those that accompany aging, cerebral ischemia, and diabetes.
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