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Abstract

The multi-ligand receptor RAGE (Receptor for Advanced Glycation Endproducts) is emerging as a
central mediator in the immune/inflammatory response. Epidemiological evidence accruing in the
human suggests upregulation of RAGE’s ligands (AGEs, S100/calgranulins, HMGB1 and amyloid
B-peptide and B-sheet fibrils) and the receptor itself at sites of inflammation and in chronic diseases
such as diabetes and neurodegeneration. The consequences of ligand-RAGE interaction include
upregulation of molecules implicated in inflammatory responses and tissue damage, such as
cytokines, adhesion molecules and matrix metalloproteinases. In this review, we discuss the
localization of RAGE and its ligand families and the biological impact of this axis in multiple cell
types implicated in chronic diseases. Lastly, we consider findings from animal model studies
suggesting that although tissue-damaging effects ensue from recruitment of the ligand-RAGE
interaction, in distinct settings, adaptive and repair/regeneration outcomes appear to override
detrimental effects of RAGE. As RAGE blockade moves further into clinical development, clarifying
the biology of RAGE garners ever-increasing importance.
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The biology of RAGE — Interactions with Multiple Ligands

The Receptor for Advanced Glycation Endproducts (RAGE) is a multi-ligand receptor of the
immunoglobulin superfamily of cell surface molecules. RAGE was first identified as a cell
surface receptor for the products of nonenzymatic glycation and oxidation of proteins and lipids
which form in such settings as diabetes, renal failure, aging and inflammation, the Advanced
Glycation Endproducts (or AGEs) (1). The observation that RAGE bound non-AGE ligands,
including certain members of the S100/calgranulin family of polypeptides (such as S100A12
and S100B), High Mobility Group Box-1 (HMGB1), amyloid-f peptide and p-sheet fibrils,
and Mac-1 (2-5) provided pivotal insights into integral roles for RAGE in multiple stages of
the inflammatory response. Further, RAGE is expressed on multiple cell types implicated in
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both the earliest to the later and progressive phases of inflammation, including neutrophils,
monocytes/macrophages, T and B lymphocytes, dendritic cells (DCs) and endothelial cells
(ECs). In this review, we shall outline the identified roles for RAGE and its ligands in these
cell types and discuss selected inflammatory-type diseases in which RAGE has been
demonstrated to contribute. Collectively, studies to date suggest a compelling role for RAGE
as a therapeutic target in chronic diseases in which inflammation is a central factor.

RAGE & roles in neutrophil biology

RAGE expression has been detected on neutrophils, both at the mRNA and protein levels.
AGEs bind to RAGE-expressing neutrophils, with Kq~3.7 nM in a manner blocked by ligand-
RAGE decoys and antagonists, including soluble RAGE (sSRAGE, the extracellular ligand-
binding RAGE domain), antibodies to RAGE or antibodies to a specific AGE (carboxy methyl
lysine or CML albumin) (6). Although AGEs are a heterogeneous group of structures, CML-
AGEs have been demonstrated to be specific AGEs that bind RAGE and activate signal
transduction pathways (7).

The first studies probing the role of RAGE specifically in neutrophils focused on diabetes, and
the particular observation that diabetes may be associated with increased susceptibility to
recurrent infections. Compared to control albumin, AGE-albumin inhibited transendothelial
migration of neutrophils and the production of reactive oxygen species (ROS) induced by the
pathogen Staphylococcus aureus (6). Although AGE albumin enhanced phagocytosis of this
pathogen by neutrophils, bacterial killing was suppressed by AGE in a manner dependent on
RAGE (6).

As RAGE is expressed not only on neutrophils, but on molecules with which neutrophils
interact in the inflammatory response, the relationships between RAGE on inflammatory cells
vs. endothelial or epithelial cells have been addressed. It is well-established that RAGE is
highly-expressed on EC (1). RAGE-dependent leukocyte adhesion to EC is mediated, at least
in part, by the B,-integrin Mac-1 (5). In an animal model of thioglycollate-induced peritonitis,
leukocyte recruitment was significantly impaired in mice devoid of RAGE. Further, although
enhanced leukocyte recruitment to the inflamed peritoneum was observed in diabetic mice, it
was markedly reduced in the presence of the ligand decoy SRAGE, or in diabetic RAGE null
mice (5).

Neutrophil responses in diabetes may also be affected by modification of the extracellular
matrix. Toure and colleagues recently employed neutrophils retrieved from healthy human
volunteers; they found that glycoxidation of collagen caused increased adhesion of neutrophils
compared to their behavior on non-glycoxidated collagen (8). The increased adhesion of
neutrophils to AGE-collagen was suppressed by antibodies to RAGE and by inhibitors of PI3-
kinase, but not by inhibitors of MAP kinases (8). These considerations provided further
mechanistic support for the suppression of host defenses that occur in AGE-enriched settings,
such as diabetes.

The role of RAGE in mediating neutrophil migration in distinct settings, such as across the
intestinal epithelium, has also been addressed. RAGE expression was established in intestinal
epithelial cells, primarily at the lateral membranes close to the apical cell junction complexes
(9). In vitro, the expression of RAGE was low in homeostatic conditions, but was increased in
the presence of inflammatory cytokines, such as Interferon-y and/or Tumor Necrosis Factor-
a. Further, intestinal epithelium from subjects with inflammatory bowel disease (a RAGE
ligand-enriched environment) revealed higher levels of RAGE than tissue retrieved from
control individuals without inflammatory bowel disease (9). In an in vitro transmigration assay,
RAGE mediated neutrophil adhesion to, and migration across intestinal epithelial monolayers
in a manner dependent on the binding of RAGE to B, integrin (CD11b/CD18) (9).
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Recent studies suggest that HMGB1 may promote Mac-1-dependent neutrophil recruitment.
HMGBL induced rapid recruitment of neutrophils in an in vivo model; this was prevented in
mice deficient in Mac-1, but not those deficient in a distinct integrin, LFA-1 (10). The effects
of HMGB1 were dependent on the expression of RAGE on neutrophils, but not on EC, as
demonstrated by experiments using bone marrow chimeras (10). These studies reiterated earlier
evidence that a central transcription factor activated by RAGE relevant to stress responses was
NF-kB (10-11).

Interestingly, one of the first-identified S100/calgranulin ligands of RAGE, S100A12, is a
factor produced by inflammatory cells, especially neutrophils. Studies examining levels of
S100A12 in the human (and particularly in neutrophils) suggest that its expression is increased
in plasma and synovial membranes in rheumatoid and psoriatic arthritis (12), in synovial fluid
and serum in juvenile rheumatoid arthritis (13), in pulmonary tissue and bronchoalveolar
lavage fluid in respiratory distress syndrome and lung inflammation (14), in serum and sputum
in infection in cystic fibrosis (15), and in colonic tissue and serum in chronic active
inflammatory bowel disease (16).

Taken together, these findings link RAGE and its ligands to neutrophil-endothelial/epithelial
biology, thereby implicating RAGE in initiating and sustaining events in infection and
autoimmunity.

RAGE & Roles from Monocytes/Macrophages to Micgroglia: Expression and

Function

RAGE is expressed on monocytes/macrophages and some of the first insights into mechanisms
by which the ligands of RAGE mediated their cellular actions were elucidated from studies
performed on monocytes/macrophages. The first demonstration of RAGE’s role in
macrophages was made using human peripheral blood-derived monocytes. Direct binding of
AGE to monocytes was revealed using radiolabelled AGE-albumin with K4 =80 nM in a
manner prevented by antibodies to RAGE (17). Chemotaxis and haptotaxis of monocytes in
response to AGE-albumin were dependent on RAGE and in vivo, when
polytetrafluorethylelene mesh was impregnated with AGE-albumin, a florid mononuclear cell
infiltrate resulted in the graft mesh four days after implantation, compared with much sparser
infiltration when the mesh was incubated with control albumin (17). These studies suggested
that in AGE-enriched environments, monocytes/macrophage activation, in part via RAGE,
might contribute to exaggerated vascular inflammation and stress.

Although these studies were performed with heterogeneous AGEs, later studies, using specific
RAGE ligand CML-AGE species revealed that CML-ovalbumin stimulated monocyte/
macrophage migration and activated NF-kB via RAGE (7). In addition, a form of 8,
microglobulin modified with AGE (and highly relevant to amyloid fibrils which form in
dialysis-related amyloidosis), AGE-B, microglobulin, bound immobilized RAGE and human
mononuclear phagocytes (Kq =~ 50-80 nM) (18). Induction of mononuclear phagocyte RAGE-
dependent chemotaxis and induction of TNF-o by AGE-B, microglobulin, but not by native
B> microglobulin, were shown in these studies (18). These studies suggested potential links of
RAGE to inflammatory conditions characterized by bone and joint destruction.

In addition to AGEs, the RAGE ligand S100A12 mediated chemotaxis of human peripheral
blood-derived mononuclear phagocytes as well. In RAGE-expressing Bv2 microglia-type
cells, SI00A12 stimulated production of IL-1f3 and TNF-o protein and activated NF-kB, in a
manner suppressed in the presence of insertion of a dominant negative (DN) form of RAGE
(3). The construct encoding DN RAGE consists of the ligand-binding extracellular domain and
the membrane spanning domain; solely the cytoplasmic domain is deleted. Thus, ligands may

Ann Med. Author manuscript; available in PMC 2010 September 3.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yan et al.

Page 4

bind to this form of RAGE but are unable to stimulate signal transduction. In addition to
S100A12, HMGB1 stimulates monocyte migration and adhesion in a manner suppressed by
DN RAGE (19).

In addition to induction of cellular migration and generation of cytokines, RAGE-dependent
effects on monocytes may also include delay in apoptosis, and increased production of ROS
(20). RAGE mediates generates of ROS in monocytes/macrophages largely via activation of
NADPH oxidase, as illustrated by studies using mice deficient in gp91phox (21). Compared
to wild-type macrophages, macrophages retrieved from gp91phox-deficient mice showed
blunted responses to AGEs (21).

RAGE ligands likely contribute to amplification of inflammatory mechanisms by multiple
mechanisms, including those stimulated by HMGB1. HMGBL1 is secreted both by activated
monocytes and macrophages, and by necrotic or damaged cells (22). HMGBL null necrotic
cells fail to promote inflammatory responses, thus illustrating the central role of this molecule
in these processes. It is likely that release of HMGBL1 stimulates inflammation on a range of
neighboring cells (inflammatory, vascular and other cells, depending on the tissue), at least in
part via RAGE. It is possible, however, that such effects are mediated in part by toll receptors
(TLRs 2, 4 and 9 as examples), as these molecules have been shown to bind to HMGBL as
well (23-24).

A recent in vivo study provided support for the role of HMGB1 and RAGE in inflammation
in a rat model of necrotizing enterocolitis induced by hypoxia and formula-feeding in neonatal
rats. After this injury, examination of the distal ileum revealed intestinal inflammation with
upregulation of HMGB1 and RAGE, in parallel with increased expression of apoptosis-related
proteins, inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (cox-2) (25). However,
treatment of the animals with semapimod, a macrophage deactivator, blocked upregulation of
all of these inflammatory mediators and protected the animals against the development of
necrotizing entercolitis (25).

RAGE is also expressed in microglia, monocyte/macrophage like cells of the central nervous
system (4). The brains of human subjects with Alzheimer’s disease (AD) revealed increased
expression of RAGE in neuronal, microglial and endothelial cells when compared to age-
matched subjects without AD (4). The RAGE ligand amyloid- peptide (Ap) bound RAGE on
cultured Bv-2 microglial cells in a dose-dependent saturable manner. AB-RAGE interaction
on cultured microglial cells induced their migration, production of TNF-o and activation of
NF-kB (4).

Relevance to the human in microglial biology was suggested by the work of Lue and colleagues.
These investigators cultured microglia from AD vs. control brain and showed increased
macrophage-colony stimulating factor (M-CSF) production in the presence of AB1-42 in AD-
derived microglia, a process that was dependent on RAGE, as evidenced by blockade in the
presence of anti-RAGE (Fab’), fragments (26). Further, Walker and colleagues performed
gene array studies on microglia retrieved from AD brains and treated with Ap and found
upregulation of multiple proinflammatory cytokines and matrix metalloproteinases (MMPs)
(27). Further, an S100/calgranulin, SI00A8, was also identified as one of the chronically-
activated genes in this study.

In studies distinct from AD, monocytes retrieved from diabetic subjects revealed higher levels
of tissue factor compared to cells retrieved from non-diabetic individuals, and, in vitro,
incubation of monocyte-like U937 cells with AGEs resulted in increased expression of tissue
factor (28). These findings underscore the role of circulating/monocyte inflammatory factors
in diabetes. Other studies in human diabetic mononuclear phagocytes link RAGE to
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phosphorylation of pleckstrin and mechanisms associated with production of inflammatory
mediators (29).

RAGE and Lymphocytes: Priming the Pump in Inflammatory Mechanisms

In addition to monocytes/macrophages, central roles for RAGE in lymphocyte properties of
migration and priming have recently been identified. One of the first studies to test the role of
ligand-RAGE interaction on lymphocytes was performed using the S100/calgranulin
S100A12. Exposure of S100A12 to peripheral blood mononuclear cells resulted in increased
expression of IL-2, in a manner suppressed by excess SRAGE or anti-RAGE 1gG (3).

Murine models of diseases with prominent roles for T lymphocytes were studied in order to
probe the mechanisms by which T lymphocyte RAGE might contribute to inflammatory
responses. Induction of experimental autoimmune encephalomyelitis (EAE) in mouse models
of multiple sclerosis was found to depend importantly on RAGE, as RAGE blockade
suppressed EAE induced either by myelin basic protein (MBP) peptide or encephalitogenic T
lymphocytes, or when EAE occurred spontaneously in T cell receptor (TCR)-transgenic mice
devoid of endogenous TCR-a or TCR-f chains (30). A prominent role for RAGE-dependent
T lymphocyte migration into the CNS was revealed in these studies. RAGE signaling in T
lymphocytes (CD4) was essential in migration responses, as mice expressing DN RAGE in T
lymphocytes (CD4) displayed resistance to MBP-induced EAE (30).

Chen and colleagues showed that both human T and B lymphocytes expressed RAGE, and
they tested the role of this receptor in mechanisms linked to the development of autoimmunity
and type 1 diabetes (T1D) in NOD/scid mice subjected to adoptive transfer of diabetogenic
splenocytes from NOD mice (31). In those studies, compared to vehicle administration,
treatment with SRAGE resulted in increased time to the development of T1D and, in parallel,
suppression of expression of pro-inflammatory cytokines in the islets (including TNF-¢ and
IL-1B) (31). RAGE blockade was associated with increased expression of anti-inflammatory
cytokines IL-10 and TGF-B in the islets, but had no effect when pre-activated CD4+ T cell
clones were administered, suggesting roles for RAGE in the differentiation of T lymphocytes
to more mature and pathogenic phenotypes during the late stages of T1D (31).

The direct effects of RAGE on T lymphocyte proliferation were studied in murine and human
donor-reactive T lymphocyte priming studies (32). Incubation of murine peripheral blood
mononuclear cells with SRAGE resulted in a significant decrease in lymphocyte proliferation
versus 1gG control-treated cultures and the effects were dose-dependent (32). Further, blocking
antibodies to RAGE, but not nonimmune Ig resulted in a significant decrease in lymphocyte
proliferation. These findings were extended to human lymphocyte proliferation triggered by
alloresponses. Treatment with SRAGE, or pretreatment with antibodies to RAGE, significantly
reduced lymphocyte proliferation (32). In vivo, in a murine model of orthotopic allogeneic
heterotopic heart transplantation, treatment with SRAGE increased survival of the graft and
greatly suppressed infiltration of lymphocytes and macrophages into the allograft (32).

To further probe the role of RAGE in T lymphocyte priming, experiments were performed
using OT 11 T cells as a model of TCR specifically recognizing ovalbumin (OVA) and OVA-
immune complexes (IC) (33). Transfer of RAGE-deficient OT Il cells into OVA-immunized
hosts resulted in reduced proliferative responses that were even further reduced when these
cells were infused into RAGE null hosts (33). In vitro, RAGE null T lymphocytes displayed
markedly impaired proliferative responses to nominal and alloantigens, in parallel with reduced
expression of IFN-y and IL-2 (33).

Specific roles for HMGBL in T cell activation were illustrated by Dumitriu and colleagues.
Human DCs were shown to actively release HMGB1 and via RAGE, mediate clonal expansion,
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survival and functional polarization of naive T lymphocytes (34). Signaling mechanisms linked
to these observations included activation of mitogen activated protein kinases (MAPs) and NF-
kB (34).

RAGE and Dendritic Cell Biology

In addition to release of HMGBL1 by DC, thereby potentially leading to RAGE-dependent
responses, DC themselves express RAGE. However, studies to date are not conclusive on roles
for RAGE in DC properties. Moser and colleagues employed multiple strategies to test these
concepts. RAGE null DC (retrieved from bone marrow) did not display abnormalities in antigen
processing or presentation to T lymphocytes (33). Further, these authors reported that RAGE
was not required for DC migration in vivo or for DC:T cell conjugate stability in vitro (33).

In contrast to these findings, Dumitriu and colleagues showed that plasmacytoid DC express
RAGE and that treatment of these cells with anti-RAGE 1gG suppressed HMGB1-mediated
maturation and production of IFN-y (35). Others showed that HMGB1 mediated migration of
monocyte-derived, immature DCs (but not mature DCs) in a manner suppressed by anti-RAGE
1gG (36). Invitro, blockade of RAGE blocked upregulation of CCL19 and CCL12 in maturing
DC (37). However in vivo, Manfredi and colleagues used both magnetic resonance imaging
(MRI) and immunohistochemistry to demonstrate that RAGE deficient DC injected into mouse
foot pads displayed reduced migration to popliteal lymph nodes compared to RAGE-expressing
DC (38). These studies, in contrast to those of Moser and colleagues (33), suggested that RAGE
is necessary for DC maturation and homing. Future studies are required to resolve these
apparent differences — clearly with meticulous attention to the details of DC source and
treatment conditions.

In this context, fascinating insights into functional roles for RAGE in liver-derived DC are
emerging. In murine models of severe liver injury, such as that induced by massive (85%)
hepatectomy, immunohistochemistry studies revealed that a principal RAGE-expressing cell
type in the liver remnant is the CD11c-expressing DC (39). When wild-type mice were treated
with SRAGE and subjected to massive hepatectomy, improved survival and markers of
regeneration resulted (39). In transgenic mice expressing DN RAGE under control of the
macrophage scavenger receptor type A promoter (MSR), which drives expression of DN
RAGE in cells of mononuclear phagocytic lineage and DC, survival and regeneration of the
remnant were enhanced compared to wild-type littermates (39). Although roles for RAGE in
non-DC might have been the proximate cause underlying these findings, it remains possible
that DC RAGE in the liver critically contributes to failure of regeneration.

Taken together, recent studies probing roles for RAGE in T lymphocytes and DC suggest
seminal roles for this pathway in adaptive immunity. In the sections to follow, we present
evidence that RAGE importantly contributes to immune/inflammatory diseases based on
experiments in animal models, and association studies in human beings.

RAGE & Models of Disease

RAGE & Delayed Type Hypersensitivity (DTH)

A first test of the role of RAGE and its ligand families in non-diabetic mice was explored in
murine models of footpad inflammation. In the first studies, when RAGE ligand S100A12 was
directly injected into murine footpad, an influx of inflammatory cells ensued in a manner
dependent on RAGE (3). Compared to treatment with nonimmune F(ab’), fragments of IgG
or treatment with protein vehicle, murine serum albumin (MSA), CF-1 mice treated with
SRAGE or with F(ab”), fragments of either anti-RAGE or anti-S100A12 IgG revealed
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significantly decreased footpad inflammation after SI00A12 injection, in parallel with
decreased influx of inflammatory cells (3).

These studies were extended to a model of delayed type hypersensitivity in CF-1 mice. Mice
were sensitized by injections of methylated BSA (mMBSA, not a RAGE ligand); three weeks
later, MBSA was injected into the footpad and in a typical DTH response, elicited influx of
inflammatory cells, development of footpad swelling and erythema and in many sites,
formation of granulomata. Administration of SRAGE or F(ab’), fragments of anti-RAGE or
anti-S100A12 IgGs greatly suppressed footpad inflammation in terms of erythema, edema and
influx of inflammatory cells compared to respective vehicle treatments (3).

Examination of the underlying mechanisms shed first light on key roles for RAGE in
inflammatory signaling. In those studies, we focused on NF-kB and the inflammatory cytokine,
TNF-a in vivo. Compared with the contralateral footpad (the latter subjected to sensitization
with mBSA, but without local challenge), nuclear extracts from the mBSA-injected footpad
revealed an 6-fold increase in activation of NF-«xK, as detected by electrophoretic mobility
shift assays (EMSA). In the presence of SRAGE, the intensity of the gel shift band was
substantially reduced as contrasted with results using nuclear extracts from footpads
appropriately prepared/challenged with mBSA but treated only with the vehicle. Consistent
with the protective effect of interrupting RAGE interaction with S100A12, administration of
anti-RAGE/anti-S100A12 F(ab’), to mBSA-sensitized/challenged mice caused an 70%
decrease in activation of NF-xB versus nonimmune F(ab’),. An important consequence of
RAGE ligation by S100A12 was increased expression of inflammatory mediators, likely due,
at least in part, to NF-xB. Compared with DTH mice receiving vehicle (MSA), animals treated
with SRAGE displayed an 3.1-fold decrease in levels of TNFa. protein in footpad tissue. Similar
beneficial effects were observed upon treatment with anti-S100A12 or anti-RAGE F(ab’),

3).

RAGE & Colitis

The ligand families of RAGE have been shown to accumulate in human colitis and indeed
represent markers of the degree of inflammation (16). Interestingly, more than one class of
RAGE ligands has been demonstrated in colitis tissue. Gut tissue retrieved from subjects with
inflammatory bowel disease revealed extensive accumulation of S100/calgranulins and CML-
AGE-modified proteins (40). In parallel with increased expression of RAGE in these colitis
tissues, activation of NF-kB was noted. In vivo, CML-madified proteins, including CML-
modified S100s, retrieved from human colitis tissue activated NF-kB and increased
inflammation when injected, by rectum, into wild-type but not RAGE null mice (40). In
vitro, incubation of endothelial cells with these RAGE ligands activated NF-kB in a manner
suppressed in the presence of SRAGE or inhibitors of p44/42 or p38 MAP kinase (40). Other
studies in human and murine colitis-associated carcinogenesis suggested roles for SLO0A8/
S100A9, via RAGE, in the development of tumors in a mouse model (41). In addition to AGEs
and S100/calgranulins, distinct studies illustrated roles for HMGBL1 in colitis. A marked
increase in serum levels of HMGB1 was identified in mice subjected to chemically-induced
colitis (42). Although these studies did not specifically address the role of RAGE, they
illustrated that blocking antibodies to HMGB1 reduced inflammation and, in parallel, the
number of tumors (42). These studies linked HMGB1-dependent colonic inflammation to the
development of tumors.

Roles for RAGE ligands in colitis in murine models were further supported by earlier
experiments in mice deficient in IL-10. These animals, susceptible to intestinal inflammation,
revealed marked decreases in activated NF-kB in colonic tissue and inflammatory markers
when treated chronically with SRAGE compared to vehicle (3).
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RAGE & Arthritis

In addition to epidemiological evidence identifying RAGE ligands such as S100/calgranulins
and HMGBL1 in human arthritis tissue and/or joint fluid (12-13,43), murine models of arthritis
have been studied using bovine type Il collagen (44). Mice immunized and challenged with
bovine type Il collagen develop clinical and histological evidence of arthritis. When treated
with SRAGE compared with vehicle, joint swelling/erythema scores were reduced, in parallel
with reduced joint levels of cytokines and MMPs (44). Of interest, a specific polymorphism
of human RAGE, G828, is in linkage disequilibrium with HLA-DRA4, thereby linking RAGE
and this variant to rheumatoid arthritis in the human (44).

RAGE & Sepsis

Key questions regarding the feasibility of RAGE-directed therapy in chronic diseases in
humans revolve around the potential impact of RAGE antagonism on innate responses to
overwhelming infections (such as sepsis) and specific infections. Multiple studies in mice have
established that chronic blockade of RAGE (using SRAGE or rat anti-murine RAGE
monoclonal antibody) or genetic deletion of RAGE prolongs survival compared to respective
vehicle or littermate control animals upon cecal ligation and puncture-induced sepsis (45—
46). These studies suggest that RAGE is involved in later stages of hyperinflammation upon
stimulation with infectious pathogens or overwhelming polymicrobial gut inflammation.
Importantly, tissue colony counts of Gram-positive and Gram-negative bacteria in this model
did not differ between vehicle vs. RAGE antibody treated animals (45-46).

Consistent with this concept, mice infected with Listeria monocytogenes displayed decreased
lethality when treated with antibodies to RAGE vs. vehicle (46). Similarly, RAGE null and
RAGE heterozygous null (+/-) mice demonstrated increased survival compared to RAGE-
expressing animals subjected to infection with this organism (46).

These findings in distinct models of massive infection/inflammation do not rule out primal
roles for RAGE in mediating clearance of specific pathogens, but, nevertheless, but do add to
the growing body of evidence that RAGE mounts exaggerated tissue-damaging responses to
pathogens and not the initial phase of immune attack or clearance.

Heart Failure — Linking RAGE to Cardiac Damage via Inflammatory Signaling

In sepsis, the release of RAGE ligands may target multiple cell types and tissues. Among these
is the heart and, in particular, cardiomyocytes. In vivo (injection of massive doses of
lipopolysaccharide into mice) and in vitro, using cultured cardiomyocytes, roles for SI00A8/9,
via RAGE, in cardiac failure linked to septic type conditions were illustrated (47). This ligand-
receptor interaction was associated with suppression of cardiac contractility by modulation of
intracellular calcium fluxes and the association of S100A8/9 with SERCAZ2a and ryanodine
receptor 2 complex (47). In those studies, SLT00A8/9 were shown to be products of
inflammation-challenged cardiac cells, thus suggesting that release of RAGE ligand from
injured cells perpetuates organ damage.

In the heart, RAGE plays critical roles in the response to inflammatory signals, such as that
induced by ischemia/reperfusion (I/R) in the absence or presence of diabetes. I/R in the heart
generates AGEs, S100/calgranulins and HMGB1 and, in a RAGE-dependent manner,
stimulates upregulation of oxidative and inflammatory stresses, coupled with pro-apoptotic
forces (48-51). In the isolated perfused heart and/or model of transient occlusion and
reperfusion of the left anterior descending coronary artery, administration of SRAGE, inhibitors
of HMGB1 or genetic deletion of RAGE results in significantly reduced infarct size, together
with preservation of cardiac function and metabolic integrity (levels of ATP). Key roles for
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MAP kinase, particularly INK MAP kinase, and STAT signaling, via RAGE, in cardiac injury
in I/R were demonstrated in these studies (48-51).

Additional noteworthy experiments in these reports implicated RAGE itself in the production
of AGE ligands (particularly CML-AGE) in cardiac I/R. Thus, at least in part by oxidative
stress or yet to be identified mechanisms, RAGE-dependent cellular stresses provide a milieu
conducive for ongoing generation of ligand in I/R. Specifically, in the isolated perfused heart
in diabetic mice, levels of AGEs, particularly CML AGEs, were higher in wild-type mice hearts
after I/R vs. RAGE deficient hearts (49).

Taken together, these studies suggest strongly that I/R generates RAGE ligands that signal to
initiate damage in the heart. Further general support for RAGE-dependent mechanisms in I/R
injury was evident from studies in the liver, in which RAGE blockade greatly attenuated I/R
injury in C57BL/6 mice (52). Although RAGE null mice were not assessed in that study, it
was shown that in liver I/R, administration of SRAGE significantly improved survival, in
parallel with diminished tissue-damaging inflammation and apoptosis (52).

RAGE & Inflammation — Front Row Seats in Chronic Disease

RAGE-dependent signaling appears to significantly contribute to chronic diseases in which
inflammation plays a key role. A specific example of such a chronic disease setting is diabetes
— both types 1 and 2. Multiple reports are accruing to suggest that hyperglycemia exerts both
direct and indirect damage. Among hyperglycemia’s many actions is the production of AGEs.
The actions of AGEs may result from multiple underlying etiologies; included among these
are formation of cross-links and damage to basement membrane and cellular structures, as well
asactivation of RAGE. Earliest studies suggested that AGE-RAGE interaction on EC provoked
rapid production of ROS and activation of inflammatory signaling cascades, together with
upregulation of cytokines, adhesion molecules and permeability factors in these cells (1,7,11,
53).

Recent experiments in coronary arterioles reaffirmed the strong link between diabetes and
vascular inflammation. Abnormal dilation of vessels in db/db type 2 diabetic mice in response
to acetylcholine was reversed in the presence of SRAGE (54). Coronary arterioles from diabetic
mice revealed increased expression of TNF-a, and increased mRNA and protein expression of
NADPH oxidase subunits NOX-2, p22(phox) and p40 (phox) (54). Administration of SRAGE
reduced expression of this cytokine and the key components of the NADPH oxidase enzyme
(54).

Thus, it was not surprising that diabetes-accelerated progression of atherosclerosis in mice
devoid of apolipoprotein E was attenuated by administration of SRAGE, or by genetic deletion
of the receptor in models of type 1 and/or type 2 diabetes (55-59). Particularly noteworthy in
these studies was the observation that inflammation, oxidative stress and activation of NF-kB
were significantly increased in diabetic vasculature compared with non-diabetic vasculature
in the apolipoprotein E null background. However, in the presence of blockade/deletion of
RAGE, the reduction in atherosclerosis was accompanied by marked reduction in vascular
inflammation (55-59).

It is important to note that RAGE ligands, AGEs, S100/calgranulins and HMGB1, accumulate
even in non-diabetic aortas of apolipoprotein E deficient mice and that SRAGE and/or genetic
deletion of RAGE exerts benefit in reducing both vascular inflammation, endothelial
dysfunction (aortic rings) and atherosclerosis (57,60). In primary murine EC retrieved from
the aortas of wild-type but not EC retrieved from EC DN RAGE (driven by the pre-
proendothelin-1 promoter) or RAGE deficient mice, incubation with either S100B or AGE-
containing oxidized LDL upregulated VCAM-1 in a manner dependent on JNK MAP kinase
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signaling (60). Similar key roles for RAGE in inflammation in human aortic EC were
demonstrated as well by the effects of SIRNA designed to reduce RAGE expression (60).

Beyond frank atherosclerosis, vascular inflammation most certainly contributes to other
complications of diabetes as well. For example, in the isolated perfused heart, introduction of
DN RAGE in EC (PPET-1 promoter) in diabetic and non-diabetic mice exerted protection
against the adverse consequences of I/R (49).

RAGE & Signaling to Key Transcription Factors — Targeting NF-kB and Egr-1 to the
Inflammatory Response

The diverse effects of RAGE in distinct cell types may be explained, at least in part, by the
multiple signaling pathways activated by RAGE ligand-RAGE interaction. Multiple members
of the MAP kinase family may be activated by RAGE; ligand-RAGE interaction activates p44/
p42 (ERK, extracellular-regulated kinase) MAP kinase, p38 MAP kinase, and INK MAP
kinases (60-61). Further, AGE-mediated activation of ras and src kinase via RAGE in smooth
muscle cells (SMC) is a key step in activation of NF-kB (62-63). The specific signaling
pathways triggered by RAGE are influenced by the context of stimulatory signals; in the setting
of arterial injury, for example, RAGE-mediated activation of JAK/STAT pathways critically
impacts on SMC proliferation and migration (64). In monocytes/macrophages, NF-kB is a
central target of ligand-RAGE. Recent studies suggested that in cultured microglial cells,
RAGE-mediated upregulation of cycloxygenase-2 required recruitment of cdc42/rac and INK
MAP kinase signal transduction (65). Cdc42/rac also play key roles in neurite outgrowth in
neuroblastoma cells in a manner dependent on RAGE (66).

In addition to NF-kB, which plays central roles in proinflammatory signaling stimulated by
RAGE ligands, recent studies have uncovered the novel finding that regulation of Early growth
response-1 (Egr-1) in hypoxic mouse hearts and primary EC is dependent on RAGE signaling
(67). Mice deficient in RAGE failed to upregulate Egr-1 mRNA and protein in response to
hypoxia in these organs/cells, and EMSA revealed that RAGE deficient hearts or EC did not
display increased Egr-1 activity in hypoxia (67). In these studies, RAGE-dependent
upregulation of Egr-1 in hypoxia was dependent on rapid activation of Protein Kinase C,
particularly the BlI isoform, via stimulation of INK MAP kinase signaling (67). Of note,
although S100/calgranulin nor HMGB1 could be identified in the supernatants of primary EC
in hypoxia, rapid (within 10 mins) increase in AGE epitopes was observed (67).

These findings suggest that multiple small biochemical species produced rapidly in acute
cellular stress (hypoxia) or chronically (atherosclerosis) likely serve to trigger signaling, at
least in part via RAGE, to stimulate mechanisms that enhance vascular inflammation and
mediate tissue damage.

Summary and Hypotheses

What might be deduced from these data is the conclusion that RAGE action is purely damaging.
Emerging evidence suggests that this is an oversimplification. Analogous to beneficial and key
roles for NF-kB in survival of hepatocytes (68), blockade of RAGE and in specific phases and
contexts of immune responses may be deleterious. Thus, although in models of severe sepsis,
infection with Listeria monocytogenes and massive hepatectomy, blocking or deleting RAGE
is advantageous, distinct RAGE contexts reveal contrary results.

For example, key roles for RAGE in T lymphocyte priming may have implications for natural
and adaptive responses to vaccination — as well as to exaggerated immune or autoimmune
responses. This remains to be tested. Further, inflammatory responses are central to certain
forms of tissue repair. Intriguingly, although blockade of RAGE did not negatively impact
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cutaneous wound healing in diabetic or non-diabetic animals (69), or liver regeneration after
massive hepatectomy (39), in non-diabetic mice subjected to unilateral crush of the sciatic
nerve, blockade of RAGE or its ligands caused delays in regeneration, as measured by motor
and sensory conduction velocities and myelinated fiber density regeneration (70). Direct and
beneficial roles for RAGE signaling in cells of mononuclear phagocyte lineage or in peripheral
neurons (using DN RAGE transgenic mice) were demonstrated, as regeneration was impaired
in these animals compared with wild-type littermate mice (71).

What might explain these findings? One possibility is the pattern and/or chronicity of ligand
upregulation may directly impact the RAGE-dependent outcome, as in chronic diabetic
peripheral nerve damage (neuropathy), blockade or deletion of RAGE suppresses functional
and pathological indices of damage (72-73). Further, the generalized or localized distribution
of RAGE ligand in distinct settings may be a central factor. For example, Limana and
colleagues administered HMGBL1 locally to the injured myocardium in a rodent model
beginning 4 hours after the infarction and in this setting, augmented repair to the infarcted heart
resulted, in part via accelerated recruitment of stem cells (74). Although these authors did not
demonstrate that these actions were via RAGE, many investigators have illustrated key roles
for RAGE in mediating the impact of HMGB1. More recently, transgenic mice expressing
HMGB1 on the a-myosin heavy chain promoter subjected to myocardial infarction
demonstrated reduced necrosis and smaller infarct size (75). In this specific setting, the
expression of transgenic HMGB1 was specifically limited to the heart and, indeed, the
cardiomyocyte. Thus, as opposed to wild-type mice in which HMGBL action in
macrophages was deemed to be the infarct-provoking culprit (51), via RAGE, in these distinct
studies, local, cardiac-specific benefit of HMGBL1 in healing the heart was observed.
Importantly, however, it remains to be seen if these adaptive effects of HMGBL in the heart
occurred due to RAGE action.

The situation in the adaptive immune response is clearly more complex, involving multiple
cell types both recruited to and in situ in vulnerable tissue as the immune response is initiated,
sustained, and, usually, terminated. In this context, much evidence suggests that in autoimmune
or chronic inflammatory diseases in which RAGE blockade has shown benefit in animal models
(such as colitis, arthritis, EAE), striking and sustained upregulation of RAGE ligands is a
prominent feature.

It is important to note that in the overall context of RAGE biology, it was not possible in this
review to cover every cell type expressing RAGE and the biological impact of ligand-RAGE
interaction. For example, the specific actions of RAGE on endothelial cells play critical roles
in immune modulation. Thus, Table 1 illustrates a partial summary of the cell types expressing
RAGE and the consequences of ligand-stimulated RAGE action.

Collectively, the wide-ranging and sometimes paradoxical effects of RAGE signaling highlight
the need to gather definitive evidence on the pros and cons of RAGE (fig. 1). What must emerge
from such investigations is a picture of the biological “safety” profile of blocking RAGE,
particularly in chronic and unrelenting disorders such as diabetes, Alzheimer’s disease, and
autoimmunity. Such data will provide essential information for the design of RAGE-directed
therapy in the clinic.

Key messages

1. Epidemiological evidence accruing in the human suggests upregulation of RAGE's
ligands (AGEs, S100/calgranulins, HMGB1 and amyloid b- peptide and b-sheet
fibrils) and the receptor itself at sites of inflammation and in chronic diseases such
as diabetes and neurodegeneration.
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2. The consequences of ligand-RAGE interaction include upregulation of molecules
implicated in inflammatory responses and tissue damage, such as cytokines,
adhesion molecules and matrix metalloproteinases.

3. Insights from studies in animal models suggest key roles for RAGE in vascular
and inflammatory stresses that contribute to the pathogenesis and complications
of chronic diseases, such as diabetes, autoimmunity and inflammation, and
neurodegeneration.
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Figure 1. RAGE & Inflammatory Responses — Repair vs. Injury?

Evidence suggests that the ligand families of RAGE are generated by both acute and chronic
stresses. RAGE is expressed by key cell types linked to inflammatory responses, such as
neutrophils, T lymphocytes, monocytes/macrophages and dendritic cells (DC). Activation of
RAGE in these cell types stimulates inflammation mechanisms, and, via RAGE ligand-
stimulated upregulation of adhesion molecules and chemokines on endothelial cells (ECs), sets
the stage for vascular inflammation and perturbation — harbingers of tissue damage. In acute
stress, such as in injury to the peripheral nervous system, rapid and self-limited upregulation
and release of RAGE ligands stimulates inflammatory mechanisms that contribute to tissue
repair. In marked contrast, in chronic disease settings such as diabetes, autoimmunity, aging
and neurodegeneration, the long-term and sustained accumulation of RAGE ligands in the
tissues crosses a threshold at some level, thereby triggering mechanisms that mediate chronic
stress and, ultimately, tissue damage. A key challenge in the translational biology of RAGE is
the identification of strategies to block the maladaptive consequences of RAGE ligation while
preserving innate adaptive repair pathways.
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