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Abstract

The immune system has evolved to respond not only to pathogens, but
also to signals released from dying cells. Cell death through necrosis in-
duces inflammation, whereas apoptotic cell death provides an important
signal for tolerance induction. High mobility group box 1 (HMGBI)
is a DNA-binding nuclear protein, released actively following cytokine
stimulation as well as passively during cell death; it is the prototypic
damage-associated molecular pattern (DAMP) molecule and has been
implicated in several inflammatory disorders. HMGBI1 can associate
with other molecules, including TLR ligands and cytokines, and ac-
tivates cells through the differential engagement of multiple surface
receptors including TLR2, TLR4, and RAGE. RAGE is a multiligand
receptor that binds structurally diverse molecules, including not only
HMGBI, but also S100 family members and amyloid-3. RAGE acti-
vation has been implicated in sterile inflammation as well as in cancer,
diabetes, and Alzheimer’s disease. While HMGB1 through interactions
with TLRs may also be important, this review focuses on the role of the
HMGB1-RAGE axis in inflammation and cancer.
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PAMP: pathogen-
associated molecular
pattern

DAMP: damage-
associated molecular
pattern

HMGBI: high
mobility group box 1

RAGE: receptor for
advanced glycation
end products

AGEs: advanced
glycation end products

INTRODUCTION

Sensing the presence of a pathogen is the first
step for the immune system to mount an effec-
tive response to eliminate an invading organism
and establish protective immunity. Over the last
decade, the molecular and cellular mechanisms
required for efficient microbial detection have
begun to be appreciated following the iden-
tification of a number of pattern-recognition
receptors that detect components of microbes
though pathogen-associated molecular patterns
(PAMPs). The best studied of these pattern
detectors are the Toll-like receptors (TLRs).
TLRs are, however, not alone in this func-
tion; other molecules, including the cyto-
plasmic sensing molecules, the helicases, and
the nucleotide-binding oligomerization do-
main (NOD)- or caspase recruitment domain
(CARD)-containing proteins, also play criti-
cal roles as pathogen sensors. Furthermore,
we now know that, in addition to recogniz-
ing PAMPs, the immune system has evolved
to recognize endogenous danger signals or, by
analogy, damage-associated molecular patterns
(DAMPs), many of which are released by dying
or necrotic cells and contribute to inflamma-
tion in a noninfectious sterile setting. In this
regard, liberation of the nuclear DNA-binding
molecule high mobility group box 1 (HMGB1)
may play a critical role in mediating the immune
responses to damage.

DANGER SIGNALS, DAMPs, AND
STERILE INFLAMMATION

How cells die has profound effects on the im-
mune system. Our current understanding is

that when cells undergo necrosis, necrotic de-
bris leads to inflammation and priming for
adaptive T cell responses, whereas cell death
by apoptosis leads primarily to tolerogenic re-
sponses (Figure 1). The recognition of necrotic
cell death is mediated by DAMPs, a struc-
turally and sequence-diverse family of endoge-
nous molecules, generally intracellular, often
released from necrotic cells, that activate the
innate immune system (1, 2). Our under-
standing of the DAMP superfamily is grow-
ing, such that known members now include
breakdown products of the extracellular ma-
trix such as hyaluronan fragments (3), heat
shock proteins (HSPs), S100 family of pro-
teins (4), fibrils of amyloid-f (5), uric acid
(6, 7), cytokines including IL-1x and IL-33
(8, 9), and nuclear-associated proteins such as
HMGBI.

Unlike the PAMPs, the molecules that de-
tect DAMPs are less fully understood, although
recently an important role for the NALP3 in-
flammasome has been implicated in mediating
the response to uric acid and fibrils of amyloid-
B (5, 10). Some of the responses to DAMPs
are also through TLRs; for example, TLR4
not only responds to LPS, but also is activated
by hyaluronan (11) and S100A8/9 (4). There
is emerging interest in the role of the multili-
gand receptor RAGE, or receptor for advanced
glycation end products. As the name suggests,
RAGE binds advanced glycation end products
(AGEs), but more recently it has been described
to bind to a diverse array of DAMPs, includ-
ing HMGBI1. RAGE activation plays a role in
various diseases, including sepsis, rheumatoid
arthritis, diabetic nephropathy, atherosclerosis,

Figure 1

HMGBI and immune homeostasis during cell death. How cells die has important consequences for the host and immune homeostasis.
Cell death through necrosis is highly proinflammatory (#); cell death through apoptosis is tolerogenic (b); and cell death in situations of
impaired recognition of apoptotic cells can lead to secondary necrosis (¢). All these mechanisms can contribute to disease pathology, but
in different ways. In necrotic cell death, molecules that include HMGBI are released, associate with other molecules (including DNA
or immune complexes), and activate plasmacytoid DCs, myeloid DCs, and macrophages to induce IFN-« and TNF-«, upregulate
costimulatory molecules such as CD80 and CD86, and expand effector T cells (). In contrast, during apoptosis, through the generation
of reactive oxygen species, molecules including HMGB1 are oxidized and deliver tolerogenic signals to dampen immune activation ().
If, however, professional phagocytes have an impaired ability to remove apoptotic cells, cells undergo secondary necrosis and release
nucleosomes associated with HMGBI that can induce inflammatory cytokine production from macrophages and potentially represent
an alternative pathway to immune complex—mediated diseases (c).
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and neurological diseases. The focus of this re-
view is the role of HM GBI and the multiligand
receptor RAGE in inflammation and cancer, al-
though HMGBI1-TLR4 may also be important.

Recent reviews on the importance of RAGE
in diabetes (12), cardiovascular disease (13),
and Alzheimer’s disease (14) are highlighted
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DANGER SIGNALS AND
THE INFLAMMASOME

Recently, interest has focused on mechanisms thatlead to caspase-
1-dependent activation of IL-1§, and the term inflammasome is
now used to describe the assembly of the high-molecular-weight
complex that integrates several extracellular and intracellular sig-
nals required for IL-1 processing. Although the diversity of the
inflammasome has yet to be fully appreciated, the NALP3 in-
flammasome is the best characterized. This system is activated by
danger signals that include monosodium urate crystals, alum, and
silica, as well as ATP and UV exposure, bacterial toxins such as
Staphylococcus aureus, viral DNA, and NOD?2 ligands. The Pyrin
domain of NALP3 interacts with the adaptor molecule ASC
(apoptosis-associated speck-like protein), which contains a cas-
pase recruitment domain and in turn recruits caspase-1 to the
complex. Manipulation of the inflammasome has implications in
vaccine therapy, given that NALP3 deficiency impairs primary
antibody responses. In addition, in diseases such as gout, thera-
peutic approaches to inhibit the inflammasome may be of benefit.

370

HMGB1 STRUCTURE
AND CONFORMATION

HMGBI is a relatively small protein of 215
amino acid residues. Structurally, the protein
is organized into three distinct domains: two
tandem HMG box domains (A box and B box),
which are spaced by a short flexible linker, and
a 30 amino acid-long acidic C-terminal tail.
As structural units, HMG boxes are well con-
served throughout evolution and are character-
ized by three «-helices, which are arranged in
an L-shaped configuration (15). In the nucleus,
HMGBI is a nonhistone DNA-binding pro-
tein and serves as a structural component to
facilitate the assembly of nucleoprotein com-
plexes (16). The unique conformation of the
A and B box domains likely plays an impor-
tant role in the way HMG box proteins inter-
act with chromatin (17). The HMGB proteins
bind DNA in a conformation-dependent but
sequence-independent manner. The A and B
box domains of HMGB1 bind the minor groove
of DNA. HM GBI also binds four-way Holliday
junctions as well as platinum-modified DNA.

Sims et al.

The ability of nuclear, chromatin-associated
HMGBI to bend DNA is likely related to the
function of HMGBI as a transcriptional regu-
lator (17). The nuclear localization of HMGB1
is facilitated by two nuclear localization sig-
nal sequences, one embedded within the A box
and the other located just before the acidic tail
sequence.

Whereas the HMG box domains of
HMGBI1 have been studied in detail, much
less is known about the function of the un-
usual acidic C-terminal tail. Early studies sug-
gested that the C-terminal tail regulates the in-
teraction of HMGB1 with DNA (18). Further
analysis demonstrated that the acidic tail re-
gion can bind both HMG boxes of HMGBI,
although the affinity for the A box appears to
be higher than the affinity for the B box (19).
This intramolecular interaction of the acidic
tail provides the basis for the regulation of
HMGBI binding to DNA. The intra- as well
as extracellular function of HMGBI is further
regulated by post-translational modification of
the protein. More recently, HMGB1 has been
shown to undergo oxidation (20) that may have
the potential to modulate various aspects of
HMGBI function, including subcellular local-
ization, interaction with DNA, cytokine activ-
ity, and proinflammatory activity.

HMGBI1 Release from Cells

For HMGBI to function as a cytokine, it
must be released into the extracellular mi-
lieu. This can be accomplished either by active
secretion or by passive release from damaged
or necrotic cells. In 1999, Wang and col-
leagues first reported that HMGBI was liber-
ated from cells stimulated with cytokines and
that HMGBI played an important role in me-
diating experimental sepsis (21). Subsequently,
it was demonstrated by Scaffidi and colleagues
(22) that HMGBI is released from cells under-
going necrosis, but not from apoptotic cells, be-
cause HMGBI1 is tightly bound to chromatin.
Importantly, the form of HMGBI released
from necrotic mouse embryonic fibroblasts has



cytokine activity and can stimulate monocytes HMGBI released from such cells appears to be
to produce tumor necrosis factor (NF)-(22).  tolerogenic rather than proinflammatory (25)
Recent reports demonstrate that HMGBI can  (Figure 2). During apoptosis, HMGBI is ox-
also be released by apoptotic cells (23, 24). idized on Cysl06 in a process that requires
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Figure 2

HMGBI1-associated molecules and differential interaction with cell-surface molecules. Whether HMGB is released from either
necrotic cells or apoptotic cells or is actively induced by cytokines, HMGB1 can potentially bind to and associate with other molecules.
HMGBI can bind to DNA and RNA and signal through RAGE. HMGB1 can also bind to IL-1§ and signal through the
IL-1R/IL-1RAcP complex or associate with lipopolysaccharide and activate TLR4. When HMGBI is associated with the nucleosome,
released during secondary necrosis, TLR2 is preferentially engaged. HMGBI has also been reported to bind to TREM-1 (triggering
receptor expressed on myeloid cells-1). Thrombospondin and CD24 also bind to HMGBI and may provide important negative
regulatory signals to inhibit HMGBI1-mediated coagulation and inflammation.
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caspase activity and mitochondrial reactive oxy-
gen species (ROS). Interestingly, Cys106 lies
within the B box, which could explain the lack
of inflammatory activity of oxidized HMGB1
from apoptotic cells (25), although whether
Cys106 HMGBI interacts with different bind-
ing partners and/or receptors remains to be
determined.

secretion of HMGBI
shuttling of the protein from the nucleus into

Active requires
the cytosol or prevention of nuclear import
of newly synthesized HMGBI. Several forms
of post-translational modifications, such as
phosphorylation, methylation, and acetylation,
resultin the accumulation of HMGBI1 in the cy-
tosol (26-28). Because HM GBI does not con-
tain a leader sequence, the proteinis released via
a nonclassical secretory pathway that may in-
volve specialized vesicles of the endolysosomal
compartment (29). The secretion of HMGBI1
can be triggered by different stimuli. For
example, IFN-y can induce HMGBI release
from macrophages that, at least in part, re-
quires induction and signaling through TNF-oc
(30). HMGBI secretion can also be triggered
by endotoxin [lipopolysaccharide (LPS)] and
IL-1B (21). HMGBI release in response to
LPS and TNF-« appears to depend on the
NF-«B pathway and can be blocked by com-
pounds that prevent NF-«B activation (21, 31).
In addition, molecules such as ethyl pyruvate, a
lipophilic pyruvate derivative, and cholinergic
agonists prevent HMGBI release and improve
survival in experimental mouse models of sepsis
(31-33). In contrast, LPS-induced release of
HMGBI1 from macrophages may require
IFN-B signaling via JAK kinases and Stat-1,
but not via NF-kB (34). Differences between
this and previous studies may be, at least in part,
due to differences in the experimental systems
and the pharmacological inhibitors used to
interrogate signaling pathways. Given the
different mechanisms of HMGB1 release and
the variety of post-translational modifications
(and combinations thereof) involved, caution
must be exercised when comparing soluble
forms of HMGBI1 generated under different
conditions.

Sims et al.

In Vitro Functions of HMGB1

HMGBI1 can promote inflammatory responses
by numerous mechanisms. Comparisons of the
necrotic cell debris from HMGBI-deficient
and wild-type cells demonstrate that HMGB1-
deficient cells have a profoundly reduced ca-
pacity to induce cytokines (22). Recombi-
nant HMGB1 also induces cytokine production
from human monocytes but not from lympho-
cytes (35). However, several groups have more
recently shown that highly purified HMGBI
does not induce significant amounts of proin-
flammatory cytokines (36-39). Indeed, the ca-
pacity of HMGBI to bind other molecules
(see below) may be the underlying basis for
these observations. However, it should also be
noted that recombinant HMGBI1 may be dif-
ferent from the native protein, with changes
in the oxidative status having a profound im-
pact on its biological activity (25). HMGBI in-
duces the phenotypic maturation of immature
DCs (iDCs) with upregulation of costimulatory
molecules and MHC class II and the secretion
of proinflammatory cytokines, including IL-12
and IFN-y, that together potently stimulate al-
logeneic T cells, polarizing them toward a Thl
phenotype (40, 41). HMGBI is also implicated
in the maturation of plasmacytoid DCs (pDCs)
(42,43). As DCs mature, they switch their func-
tion from antigen uptake to antigen presenta-
tion. During this process, they reorganize their
cytoskeleton and become more responsive to
chemokines in draining lymph nodes. HMGB1
induces the migration of iDCs butnot of mature
DCs; furthermore, RAGE expressed on iDCs is
necessary for homing to lymph nodes (44, 45).

Stimulation of neutrophils and monocytes
with HMGBI induces cytokine release and
increases the interaction between Mac-1 and
RAGE that enables these cells to adhere to ac-
tivated vascular endothelium and migrate into
inflamed tissue (46, 47). HMGBI also primes
the vascular endothelium by upregulating
TNF-a and monocyte chemotactic protein
(MCP)-1, as well as upregulating intercellular
adhesion molecule (ICAM)-1 and wvascular
cell adhesion molecule (VCAM)-1 to facilitate



the adhesion of inflammatory cells (48). An
additional mechanism by which HMGBI1
may promote inflammation is by interfering
with phagocytosis. If apoptotic cells are not
efficiently removed by phagocytosis, cells
become necrotic, and their contents fuel an
inflammatory response. Interestingly, HMGB1
binds to phosphatidylserine and blocks
phosphatidylserine-mediated phagocytosis of
apoptotic neutrophils (49).

HMGBI Interactions and Receptors

Although the role of HMGBI inside the nu-
cleus is beyond the scope of this review (for a re-
centreview, see Reference 50), itis important to
highlight the vital contribution HMGB1 makes
to nuclear function. DNA was the first molecule
to be described that interacts with HMGBI.
Subsequent work revealed that HMGB1 pref-
erentially binds to altered DNA structures and
can bend DNA upon binding to confer tran-
scriptional stability (51). These traits are central
to the notion that HMGBI acts as a molecular
linchpin facilitating the arrangement of com-
plex nucleoprotein structures (52).

One emerging concept in HMGBI biology
is its ability to interact with other molecules, in-
cluding DNA, RNA, IL-18, and LPS, and also
with nucleosomes that augment or modify the
function of HMGBI itself (Figure 2). Recog-
nition of self-DNA is normally kept in check
by extracellular nucleases and by the endosomal
localization of TLRY. Breakdown of this mech-
anism can occur either when extracellular DNA
is protected from nucleases and/or when DNA
has a means to enter the endosomal pathway
where it can encounter TLR9. A well-studied
example of this mechanism is with pathogenic
DNA-containing immune complexes. These
complexes contain DNA bound to a protein
component (nucleosomes, HMGB1) and can
enter the endosomal pathway of pDCs or B
cells via CD32-mediated uptake (53). Because
HMGBI can directly bind DNA, we hypoth-
esize that extracellular HMGBI-DNA com-
plexes, alone or bound to autoantibodies, may
activate the immune system via RAGE and

TLRY. Indeed, HMGBI1-CpG-A complexes
stimulate greater IFN-« production from
mouse bone marrow—derived pDCs than does
either component alone. In addition, not only
was HMGBI present in DNA-containing im-
mune complexes, it was also essential for induc-
ing cytokine production in a TLR9-mediated
manner (37). Ivanov et al. (39) similarly re-
ported that HMGBI1-deficient immortalized
fetal liver DCs (IFLDCs) produce less IFN-o/3
in response to CpG-DNA than do wild-type
iFLDCs. Interestingly, HMGBI can also inter-
act with TLRY independently of DNA (37, 39).

Autoantibodies, particularly autoantibodies
to nuclear antigens, are a common feature in
many systemic autoimmune diseases, especially
systemic lupus erythematosus (SLE), and
impairment of apoptotic cell clearance likely
contributes to disease pathogenesis (55-57).
Recently, Urbonaviciute et al. (58) implicated
HMGBI1-containing nucleosomes  derived
from secondary necrotic cells as potent proin-
flammatory activators of macrophages and
DCs (Figure 1). To elucidate the mechanism
of action, a series of activation experiments
were performed on macrophages defective
in RAGE and several TLR pathways. Sur-
prisingly, the deletion of MyD&8 or TLR2
inhibited activation (58). Thus, if HMGBI is
associated with DNA, then the complex signals
through RAGE/TLRY, whereas if HMGBI1
is associated with the nucleosome, signaling is
strictly TLR2 dependent (Figure 2).

HMGBI1 also has the potential to bind to
other PAMPs, including LPS (59). HMGBI,
like LPS-binding protein, can actively desta-
bilize LPS aggregates and present LPS
monomers to CD14, thus increasing the over-
all sensitivity of the TLR4/MD-2 receptor
complex. As with HMGBI1-DNA complexes,
HMGBI1 and LPS synergize for optimal cy-
tokine production (59). Whether this is due to
the LPS transfer properties of HMGBI or is a
direct result of HMGBI signaling remains to
be determined.

HMGBI1 administration to LPS-resistant
C3H/HeJ mice can induce lethality, suggest-
ing a TLR4-independent pathway (21). A
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clue to this outcome came in 2007 with the
identification of TREM-1 (triggering receptor
expressed on myeloid cells-1) as a potential
detector of HMGB1-mediated cytokine induc-
tion (60). In this case, investigators employed
neutralizing antibodies to identify HMGBI1
and HSP70 as key danger signals present in
necrotic cell lysates and to implicate TREM-1
as their receptor on exposed cells. However,
no direct binding of HMGB1 to TREM-1 has
been demonstrated thus far. More recently,
investigators have explored the interaction
of HMGB1 with various cytokines and
chemokines. First, purified HMGBI from cells
treated with doxycycline and either TNF-«,
IFN-y, or IL-1p acquired enhanced proin-
flammatory activity (38). Biochemical studies
uncovered the ability of HMGBI and IL-1p
to form a reversible complex. Furthermore,
studies with blocking antibodies to IL-1f or
using IL-1RA completely abrogated this newly
acquired activity of HMGBI. Interestingly, a
common theme emerged in this study as well:
the capacity of HMGBI to synergize with
normally inert amounts of a compound and,
by doing so, exert proinflammatory effects
(Figure 2).

Yet another binding partner of HMGB1 is
CXCL12 (also known as stromal cell-derived
factor-1). As described by Campana et al. (61),
HMGBI secretion is required for CXCLI12-
dependent migration of DCs and to a lesser
extent migration of macrophages. In addi-
tion, HMGBI1 protects the conformation of
CXCL12 in a reducing environment, a state ex-
isting in the draining lymph node. However, ex-
periments using the HMGB1 specific inhibitor
HMGB1 A box and a CXCL12 inhibitor only
partially inhibited DC migration, suggesting
that multiple receptors are responsible for me-
diating the response to the HMGB1/CXCL12
complex.

Several negative regulators of HMGBI1
have also been identified. CD24-deficient
mice exhibit increased responsiveness to
acetaminophen-mediated liver necrosis. Using
a series of biochemical approaches, investi-
gators demonstrated that CD24 is associated

Sims et al.

with HMGBI (62). Anti-HMGB1 antibody re-
versed the increased lethality seen in CD24-
deficient mice, leading to the hypothesis that
CD24 recognition of HMGBI suppresses its
proinflammatory effects. Further experiments
identified Siglec-10 as the signal transducer of
the CD24-HMGBI1 interaction, and similar re-
sults were obtained for endogenous danger sig-
nals HSP70 and HSP90. Thus, the CD24 and
Siglec-10 receptor complex appears to provide
a molecular break for endogenous danger sig-
nals without compromising responses to infec-
tious agents (62). This mechanism would pro-
vide the host a unique way of sensing damage
to inflamed tissues during sterile inflammation,
but it would also allow an appropriate response
to invading organisms.

Lastly, thrombospondin also inhibits
HMGBI1. Thrombospondin is a cell-surface
glycoprotein, predominately expressed on
endothelial that

thrombin-dependent activation of protein C,

vascular cells, mediates
which has critical anticoagulant activity (63).
The N-terminal lectin-binding domain of
thrombospondin binds HMGB1 and blocks
its interaction with RAGE (64). Binding pro-
motes the cleavage of the N-terminal domain
of HMGBI, thereby reducing its proinflam-
matory potential (65). Thrombospondin may
therefore act as a natural negative regulator of
HMGB1 and modulate vascular inflammatory
responses (Figure 2).

HMGB1 AND DISEASE
HMGBI and Sepsis

Sepsis is induced by infectious organisms
that enter the blood stream and disseminate
throughout the body. Despite advances in an-
tibiotics and supportive care, the incidence of
sepsis syndromes is increasing and is responsi-
ble for over 200,000 deaths in the United States
annually (66). Sepsis syndromes result from
an exaggerated systemic inflammatory response
characterized by a massive release of mediators
such as TNF-« and IL-1 that drives a largely
uncontrolled proinflammatory response.



In a model of murine sepsis, systemic ad-
ministration of LPS induces a lethal proinflam-
matory response. Within the first few hours,
LPS triggers TNF-o« and IL-1f production
followed by the delayed release of HMGBI, all
of which induces cellular damage. HMGBI an-
tibodies inhibit endotoxin lethality in mice (67,
68) and also inhibit lung inflammation follow-
ing airway LPS exposure (69). RAGE-deficient
mice are also protected from endotoxemia,
suggesting that HMGBI1-induced lethality is
mediated through RAGE signaling (64). RAGE
expression on the endothelium appears to be es-
sential and sufficient to mediate lethality (70).
The important roles of HMGB1 and RAGE in
mediating pathological innate responses in sep-
sis have been confirmed in the cecal ligation and
puncture (CLP) model, a lethal polymicrobial
insult (70-72). The C5a-HMGBI axis is impor-
tant in the development of sepsis, and C5L2,
rather than C5AR, appears to play a key role in
HMGBI release (73). TLR9-deficient mice are
also protected in the CLP model, which is as-
sociated with increased numbers of peritoneal
DCs and neutrophils, reduced bacterial dis-
semination, and reduced circulating proinflam-
matory cytokines. Transfer of TLR9-deficient
DC:s to wild-type mice conveys protection (74)
and suggests that HMGB1-DNA complexes re-
leased from dying cells may reduce phagocytic
activity and cellular recruitment in a TLR9-
dependent manner. HMGB1 also mediates the
secretion of plasminogen activator inhibitor-1
and tissue plasminogen activator from endothe-
lial cells (48). This finding, in conjunction with
the release of tissue factor from monocytes, sug-
gests that HMGB1 plays a key role in the mi-
crovasculature and in the initiation of the coag-
ulation cascade in the pathophysiology of sepsis.

HMGBI1, Trauma, and Sterile
Inflammation

In the absence of pathogens, severe trauma
and hemorrhagic shock can also induce sys-
temic autoinflammatory reactions with clin-
ical manifestations similar to those in sep-
sis syndrome, indicating commonality in the

pathophysiology. HMGBI levels are elevated
in patients with mechanical trauma, strokes,
acute myocardial infarction, acute respiratory
distress, and liver transplantation (75-79). In
a model of hepatic ischemia-reperfusion in-
jury, HMGBI levels are increased as early as
1 h after reperfusion and are sustained for
at least 24 h (79). Administration of soluble
RAGE or neutralizing anti-HMGB1 anti-
body decreased liver damage (79, 80). TLR4-
deficient mice are also protected during hep-
atic ischemia-reperfusion injury. Compelling
evidence using TLR4-defective mice also sup-
ports a role for a HMGBI1-TLR# axis in hem-
orrhagic shock/resuscitation-induced injury,
systemic inflammation, and end-organ damage
induced by bilateral femur fractures (81, 82).
Improved survival and liver regeneration in
RAGE-deficient mice following partial hepec-
tomy is associated with reduced apoptosis and
IL-6 production (83). RAGE-deficient mice
also exhibit less damage following ischemia-
reperfusion injury in the heart (84). Interest-
ingly, in addition to being one of the potential
receptors for triggering HMGB1-mediated in-
flammation, TLR4 is also responsible for the
secretion of HMGBI. Early after ischemia-
reperfusion, hypoxia induces the active release
of HMGBI from hepatocytes, a process regu-
lated by TLR4-dependent ROS production and
downstream calcium-dependent kinase signal-
ing (80). In marked contrast to these studies,
investigators have also shown that precondi-
tioning with HMGB1 prior to hepatic insult
protects mice from injury in a TLR4-
dependent manner (85). Which cells are
responsible for mediating this effect and
whether this phenomenon occurs in other
ischemia-reperfusion models are still unclear.
Nevertheless, outcome of HMGBI-TLR sig-
naling likely depends on other signaling events
and may be context dependent.
Accommodating all these findings into a
simple unifying hypothesis is challenging. Most
probably, multiple receptors mediate HMGB1
responses, and their relative importance may
depend on the levels of HMGBI, the expres-
sion of the receptors in the target organ, and
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the ability of HMGBI to interact with other
molecules, as shown in Figure 2. Potentially,
there is significant cross-talk between recep-
tors, and the deficient or defective receptor may
influence the function of other receptors. The
use of specific ligand-blocking antibodies may
help clarify the roles of the individual receptors.

HMGBI in Chronic Inflammatory
and Autoimmune Diseases

HMGBI1 may also play a role in chronic autoim-
mune disorders (86). In this regard, increased
levels of HMGBI and increased numbers of
HMGB1-secreting cells have been identified at
specific sites of inflammation, including in the
inflamed synovium of patients with rheumatoid
arthritis. Antd-HMGBI antibodies inhibit the
development of synovial inflammation and
joint swelling in experimental models of arthri-
tis (87, 88), and this appears to be independent
of the TNF-« pathway (88). Moreover,
anti-TNF-a monoclonal antibody therapy
in patients with rheumatoid arthritis had no
notable effect on HMGB1 expression (89).
Thus, TNF-a may not be the main inducer
of extranuclear HMGBI1. Rather, HMGBI
may represent a TNF-a-independent pathway
for possible future therapeutic intervention in
arthritis.

Elevated levels of HMGBI1 have also been
reported in patients with SLE. The autoanti-
bodies that form against double-stranded DNA
and nucleosomes are characteristic of SLE.
Evidence suggests that impaired phagocytosis
of apoptotic cells and subsequent secondary
necrosis may contribute to disease pathogen-
esis (90). As discussed above, HMGBI1, when
released from apoptotic cells, remains bound to
nucleosomes and can be detected in the plasma
of SLE patients (58, 91). Notably, HMGBI is
also part of immunostimulatory complexes that
bind to and activate autoreactive B cells (37).
Finally, HMGB1-DNA complexes induce cy-
tokine secretion from mesangial cells in vitro
(92). Serum HMGBI levels are higher in pa-
tients with scleroderma and correlate with skin
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fibrosis and impaired lung function (93). The
association with fibrosis is not restricted to au-
toimmune disorders, given that elevated levels
of HMGB1 occur in patients with idiopathic
pulmonary fibrosis (IPF) (94). The potential
pathogenic role of HMGB1 in IPF is supported
by experimental animal model studies demon-
strating that anti-HMGBI1 antibodies prevent
bleomycin-induced lung fibrosis (94).

HMGBI1 and Cancer

The involvement of HMGBI in cancer is com-
plex, and intracellular/nuclear and extracellu-
lar forms of HMGBI have been implicated
in tumor formation, progression, and metasta-
sis and in the response to chemotherapeutics.
Elevated expression of HMGBI1 occurs in sev-
eral solid tumors, including melanoma, colon
cancer, prostate cancer, pancreatic cancer, and
breast cancer (20, 95, 96). In gastrointestinal
stromal tumors, the overexpression of HMGB1
is closely associated with gain-of-function mu-
tations in c-kit (97). Importantly, HMGBI in
cancer is associated with invasion and metasta-
sis (95, 98). HMGBI may be directly involved
in tumor cell metastasis through its ability to
promote cell migration, to modulate the ad-
hesive properties of cells, and to modify com-
ponents of the extracellular matrix. In cer-
tain cases, however, the effect may be indirect,
and, by enhancing the activity of NF-«kB p65,
HMGBI1 leads to the induction of melanoma
inhibitory activity (MIA) (99, 100), an 11-kDa
secreted protein, which binds to fibronectin as
well as to certain integrins and enhances mi-
gration and invasion of tumor cells (99). Thus,
HMGBI! does not necessarily have to be se-
creted by tumor cells to enhance their invasive
and metastatic potential.

One rate-limiting step in tumor growth and
progression is neoangiogenesis. As the grow-
ing tumor exceeds the capacity of the exist-
ing vasculature, hypoxia results in necrotic cell
death within the tumor. As a cytokine, HMGB1
not only stimulates inflammatory cells, but also
can activate vascular endothelial cells. HMGB1



can stimulate endothelial cell proliferation and
sprouting in vitro and neovascularization in
vivo (101). The importance of this pathway
in vivo is suggested by the observation that
blockade of HMGB1 and RAGE suppresses tu-
mor growth and metastasis in a murine model
of lung cancer (102). Van Beijnum and col-
leagues (103) analyzed the gene expression pro-
file of tumor-associated endothelium compared
with normal tissue endothelium. HMGB1 was
one of several genes specifically overexpressed
in tumor endothelium. Furthermore, an anti-
HMGBI antibody inhibited angiogenesis in the
chick chorioallantoic membrane assay (103).
Together, these data suggest that HMGBI is
a proangiogenic cytokine that may contribute
to tumor growth and progression by promot-
ing neoangiogenesis. Whether HMGB1 needs
to be associated with other cellular components
to mediate the proangiogenic effect is currently
unknown.

Dying tumor cells can, in some circum-
stances, induce an effective antitumor response
if cells die in such a manner as to induce matura-
tion of DCs that can promote a cytotoxic T lym-
phocyte response through cross-presentation of
tumor antigens. HMGBI1 has been shown to
be released from both irradiated and doxoru-
bicin treated tumor cells (104). In this context,
HMGBI plays an important role in activation
of DCs through TLR4 for the efficient pre-
sentation of tumor antigens liberated by dying
cells (104). Notably, the role of HMGB1 in this
process appears to be independent of the con-
tribution of HMGBI1 to DCs’ maturation and
migration, which primarily involves RAGE ac-
tivation (41), but appears to modulate process-
ing and cross-presentation of tumors through

TLR4 (104).

THE RECEPTOR FOR ADVANCED
GLYCATION END PRODUCTS
(RAGE)

The loci (AGER) encoding RAGE is located on
chromosome 6 near MHC class IIT in humans
and mice, close to the genes encoding TNF-«,

lymphotoxin, and HOX12 (105). RAGE is
a type I transmembrane protein composed
of three extracellular immunoglobulin-like
domains (V, Cl, and C2), a single trans-
membrane domain, and a short cytoplasmic
tail (106). A combination of biochemical ap-
proaches revealed that the V and C1 domains
form an integrated structural unit, separated
from a fully independent C2 domain by a flex-
ible linker (107). Interactions between RAGE
and its ligands are mapped to the V/C1 domain,
with the amino-terminal V domain providing
the major contribution (107, 108).

RAGE has two potential N-glycosylation
sites, both located in the V domain. Carboxy-
lation of these N-glycans enhances the bind-
ing of HMGBI1 and AGEs and subsequent
signal transduction (109). Because the carbohy-
drate groups are easily removed from the native
protein by PNGase F (109), they are not pre-
dicted to alter the conformation of the protein.
The surface exposure of the carboxylated glycan
groups may influence ligand binding directly.

Numerous human RAGE mRNA species
have been isolated from different cell types
(110). Most mRNA species, including the N-
truncated isoform, are likely to be targeted to
the nonsense-mediated mRINA decay pathway
or to otherwise fail to generate the protein.
Some rare mRNA species with alterations in
the V/C1 domain could be interesting because
they could differentially bind ligands; however,
their roles remain speculative in the absence of
extensive functional characterization. Only two
functionally relevant spliced isoforms are cur-
rently known: the abundant full-length trans-
membrane form, which can initiate signaling
through its intracellular tail, and a soluble iso-
form (known as esRAGE, C-truncated RAGE,
and RAGE_v1), which can act as a decoy re-
ceptor. The transmembrane form of RAGE
may also be proteolytically cleaved proximal to
the membrane to generate a soluble form of
RAGE that will have the same decoy capacity as
esRAGE (111).

RAGE is constitutively expressed at high
levels in the lung. Expression is localized to
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alveolar type II cells (112) and on the basolat-
eral membranes of the alveolar type I epithe-
lial cells (113). The physiological relevance of
the high expression in these cells is unknown.
Elsewhere, there is widespread but relatively
low expression of RAGE on vascular endothe-
lial cells, neutrophils, monocytes/macrophages,
lymphocytes, DCs, cardiomyocytes, and neu-
rons (114, 115). RAGE expression increases
in circumstances when ligands, such as AGEs,
and inflammatory mediators accumulate (106,
116). Because the RAGE promoter contains
multiple functional NF-kB and SP-1 tran-
scription factor-binding sites (117, 118), lig-
ands and proinflammatory cytokines can pro-
mote the expression of RAGE, potentially
triggering a receptor-dependent autoinflam-
matory loop.

DNA
RNA

AGEs

Figure 3

RAGE AS A MULTILIGAND
RECEPTOR

As its name suggests, the receptor for advanced
glycation end products was initially identified
as a receptor for AGEs (106). Since then, we
have learned that this receptor has various bind-
ing partners. Rather than binding to a single
specific ligand or even a group of closely re-
lated ligands, RAGE binds to several classes
of molecules that lack sequence similarities
(Figure 3). These ligands include HMGBI,
several members of the calcium-binding S100
family of proteins, some species of AGEs,
and B-sheet fibrillar material such as amyloid-
B, serum amyloid A, immunoglobulin light
chains, transthyretin, and prions, among others
(Figure 3). Consequently, RAGE can be con-
sidered a pattern-recognition receptor that

B-sheet fibrils
Serum amyloid A
Ig light chains
Amyloid
Transthyretin
Prion protein

S100 proteins
ST100A1
S100A2
S100A4
S100A6
S100A7
S100A8

S100A9
S100A11
ST00A12
ST00A13
S1008B
S100P

RAGE is a multiligand receptor and the prototypic DAMP receptor. RAGE can bind to structurally diverse
molecules that include not only AGEs, but also DNA and RNA that bind in a sequence-independent manner,
HMGBI, an array of S100 family member proteins, and fibrillar proteins that include amyloid-f. The
association of ligands with RAGE results in a complex signal transduction cascade leading to cell activation.
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binds predominately endogenous molecules
thatare either generated or released during cel-
lular or physiological stresses.

RAGE SIGNALING

Although there are compelling data to sup-
port the hypothesis that RAGE is central to
many inflammatory disorders, the structural
features (or lack thereof) at the C terminus
of RAGE raise questions as to whether RAGE
is a signal transducer. Insight into this ques-
tion was gleaned through the use of a RAGE
construct lacking the intracellular tail. In these
studies, this RAGE construct behaved like a
dominant negative, supporting the notion that
RAGE canindeed function as a bona fide signal-
ing molecule (102, 116, 119). RAGE engage-
ment by a myriad ligands is linked to an ar-
ray of signaling pathways. These include the
activation of NF-kB (120-122), MAPKs (122-
124), PI3K/Akt (125), Rho GTPases (126),
Jak/STAT (127), and Src family kinases (128),
among others. This variety of reported RAGE
signal transduction pathways is quite extraordi-
nary. However, the diverse nature of the RAGE
ligands, and possibly their contaminating
elements, coupled with the broad expression
pattern of RAGE may account for such an as-
sortment of signals.

The predicted cytoplasmic domain of
RAGE consists of a short 43 amino acid tail
with no obvious signaling domains or motifs.
Hence, a major question in the field was how
RAGE transduces signals from the cell sur-
face to the nucleus. Several papers have tried
to address this question by searching for di-
rect binding partners using the cytoplasmic tail
of RAGE as bait. Ishihara et al. (129) iden-
tified both extracellular signal-related kinase-
1 and -2 (ERK1/2) as direct RAGE-binding
partners. Further truncation of the cytoplas-
mic domain unveiled a putative ERK dock-
ing site at the membrane-proximal region.
HMGBI1 stimulation of RAGE-transfected
HT1080 cells induced the interaction of RAGE
and ERK1/2. Hudson et al. (126) employed
a yeast two-hybrid system to explore possible

cytoplasmic-binding partners of RAGE. Re-
sults from this study indicate that the FH1 do-
main of mammalian Diaphanous-1 (mDia-1)
interacts with RAGE. A functional link between
the relationship of mDia-1 and RAGE was il-
lustrated in mDia-1 siRNA knockdown assays
that impaired the GTPase activity of Rac-1 and
Cdc42, two Rho GTPases involved in cellular
migration (130, 131). Interestingly, mDia-1 had
previously been implicated in cytokinesis and
Src signal transduction (132).

OTHER RAGE LIGANDS

Advanced Glycation End
Products (AGEs)

AGEs result from the nonenzymatic reaction
between reducing sugars and cellular compo-
nents, including proteins, lipids, and nucleic
acids. Glycation of proteins usually occurs at
the N terminus and at particular amino acid
side chains (133). The reaction, also known as
the Maillard reaction, is initiated by the interac-
tion between the sugar carbonyl moiety and the
primary amino group of the protein (in the case
of N-terminally modified proteins). The result-
ing Schiff base is transformed into a more stable
Amadori product. Next, a series of lesser under-
stood oxidation and dehydration reactions lead
to the formation of AGEs. Furthermore, AGEs
can cause extensive cross-linking of proteins,
leading to their deposition. Recently, alterna-
tive pathways leading to AGE formation have
been uncovered (134, 135).

Opverall, the accumulation of AGEs in the
body increases with time and in certain disease
states such as diabetes and Alzheimer’s, with dis-
ease progression linked to higher AGE levels
(136, 137). AGEs can also bind to other recep-
tors, including AGE-R1 and lysozyme, that fa-
cilitate the degradation and clearance of AGEs
(138). The binding of AGEs to RAGE appears
to be proinflammatory, however, and upreg-
ulates TNF-«, IL-6, and nitric oxide (124).
Thus, the stimulation of RAGE through AGEs
may contribute to several pathological condi-
tions and diseases.
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$100 Family Members

The S100s are a family of over 20 related
calcium-binding proteins that are exclusively
expressed in vertebrates, where their expression
patterns are tissue- and cell-type specific (139).
These small, acidic proteins (10-12 kDa) are
characterized by two calcium EF-hand motifs: a
C-terminal canonical EF-hand, common to all
EF-hand proteins, and an N-terminal pseudo
EF-hand, characteristic of S100 proteins, con-
nected by a central hinge (140). Calcium bind-
ing to the EF-hand motif occurs in response to
increased intracellular calcium concentrations
and triggers conformational changes that ex-
pose a wide hydrophobic cleft that interacts
with target proteins. The structural homology
of the S100s permits the formation of active het-
erodimers, such as ST00A1/A4 and S100A8/A9
(141). S100A4, S100A8/9, S100A12, and S100B
can generate tetramers, hexamers, and higher-
order multimeric structures that alter binding
properties and physiological responses (108,
142). S100s modulate an array of intracel-
lular functions, including calcium homeosta-
sis, cytoskeletal organization, cell cycle pro-
gression, and cell growth and differentiation
(139, 140). Besides their intracellular functions,
S100s released from different cell types during
inflammation serve as useful markers of disease
activity (143, 144).

S100A12 [also known as extracellular newly
identified RAGE-binding protein (EN-RAGE)
or Calgranulin C] and S100B were the first
identified S100 RAGE ligands (120, 121). Sub-
sequently, ST00A1, S100A2, S100A4, SI00AS,
S100A6, S100A7, S100A8 (MRP8, Calgranulin
A), S100A9 (MRP14, Calgranulin B), SI00A11,
S100A13, and S100P have also been shown to
bind to RAGE (145). The extracellular func-
tions of all the S100 proteins have not been
completely delineated. Some S100s, such as
S100A1, S100A7, and S100B, are primarily as-
sociated with inflammation in the heart, skin,
and brain, respectively, whereas a subset of
the S100s known as the calgranulins, S100A8
(Calgranulin A, MRPS), S100A9 (Calgranulin
B, MRPI14), and S100A12 (Calgranulin C,
EN-RAGE), are predominately expressed by
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granulocytes and monocytes and have a broad
role in inflammatory responses (4). The
S100A8/A9 heterodimer and S100A12, re-
leased from activated phagocytes, mediate the
recruitment of leukocytes (146, 147). The im-
portance of S100 proteins in inflammation
is also demonstrated by the fact that mi-
gration of neutrophils and monocytes during
monosodium crystal-mediated gouty arthritis
is inhibited by anti-S100 antibodies (147).

S100A12 and S100A8/A9 also increase the
expression of the proinflammatory cytokines
IL-1p and TNF-« (120, 148). Using anti-
RAGE antibodies and a DN-RAGE signaling—
deficient construct, investigators observed that
the S100A12-induced response is mediated by
RAGE. However, despite the sequence simi-
larity of S100A12 with S100A8 and S100A9,
S100A8-mediated cytokine induction was me-
diated by TLR4, not by RAGE (148). Interest-
ingly, S100A9 and the S100A8/A9 heterodimer
failed to activate macrophages in the absence
of LPS, suggesting that ST00A9 modulates the
activity of its partner (148).

Much remains to be understood regarding
the role of S100s in inflammation. These proin-
flammatory S100 proteins are almost always up-
regulated at inflammatory lesions and in the
blood of patients with a range of inflammatory
and autoimmune disorders (4, 144). Whether
they are molecular patterns that may be use-
ful diagnostic markers or whether they actively
contribute to disease pathogenesis remains to
be determined. Recently, investigators reported
that a quinoline-3-carboxamide derivative that
inhibits S100A9 interaction with RAGE and
TLR4 suppresses inflammation in an experi-
mental model of autoimmune encephalomyeli-
tis. This finding provides a proof of concept
in early clinical evaluation in multiple sclero-
sis and type 1 diabetes, suggesting that SI00A9
may indeed be an important mediator of inflam-
matory disorders (149).

CONCLUSIONS AND
FUTURE PERSPECTIVES

HMGBI is undoubtedly an important effector
molecule and plays an important role in many



pathological settings from acute sepsis to ster-
ile inflammation during trauma, as well as in
chronic inflammatory diseases from rheuma-
toid arthritis to SLE. In addition, HMGBI is
implicated in other diseases characterized by
cell death and damage including diabetes and
Alzheimer’s disease. Despite this key role, many
questions remain to be addressed. Given that
highly purified recombinant HMGB1 possesses
little if any inflammatory properties, what is the
true nature of the pathological form of HMGB1
in disease? Do post-translational modifications
of HMGBI influence biological activity? In-
deed, given the growing number of HMGB1-
binding partners, are there different types of
HMGBI1 complexes that are formed in the con-
text of different pathological situations, as has
been reported in SLE, where HMGBI nucleo-
somes are believed to be pathogenic? Oxida-
tive stress of the cell also has important im-
plications for the role of HMGBI and pre-
sumably switches the ability of HMGBI to
activate DCs and prime T cells to a molecule
that promotes tolerance. Whether the oxidized
form of HMGBI mediates tolerance through
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