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Abstract Sustained proinflammatory responses in rheu-
matoid arthritis, atherosclerosis, and diabetic retinopathy,
as well as in cancer, are often associated with increased
angiogenesis that contributes to tissue disruption and dis-
ease progression. High mobility group Bl (HMGBI1) has
been recognized as a proinflammatory cytokine and more
recently, as a proangiogenic factor. HMGBI1 can either be
passively released from necrotic cells or actively secreted
in response to angiogenic and inflammatory signals.
HMGBI1 itself may signal through the receptor for
advanced glycation end products (RAGE), and via toll-like
receptors, TLR2 and TLR4. Activation of these receptors
results in the activation of NFxB, which induces the
upregulation of leukocyte adhesion molecules and the
production of proinflammatory cytokines and angiogenic
factors in both hematopoietic and endothelial cells, thereby
promoting inflammation. Interestingly, HMGB1 seems to
be involved in a positive feedback mechanism, that may
help to sustain inflammation and angiogenesis in several
pathological conditions, thereby contributing to disease
progression. Endothelial cells express HMGBI1, as well as
the receptors RAGE, TLR2, and TLR4, and in diverse
pathologies HMGB1 and its receptors are overexpressed.
Furthermore, HMGBI1-induced signaling can activate
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NFkB, which can subsequently induce the expression of
HMGBI receptors. Thus, HMGB1 can mediate amplifica-
tion of inflammation and angiogenesis through increased
secretion of HMGBI1 and increased expression of the
receptors it can interact with. In this review, we discuss
signaling cascades that HMGBI1 can induce via TLRs and
RAGE, as well as its contribution to pathologies involving
endothelial cells.

Keywords HMGBI1 - Angiogenesis - RAGE - TLR
Abbreviations

EC Endothelial cell

HMGB1 High mobility group Bl

RAGE Receptor for advanced glycation end products
TLR Toll-like receptor

NFxB Nuclear factor ¥ B

VEGF Vascular endothelial growth factor

LPS Lipopolysaccharide

TNF« Tumor necrosis factor o
IL-8 Interleukin-8
Introduction

Angiogenesis contributes to the progression of diverse
diseases, including cancer, rheumatoid arthritis, and dia-
betic retinopathy. Therapies aimed at reducing unwanted
angiogenesis will prove beneficial in treating these dis-
eases; however, for maximal efficiency and minimal side
effects, therapeutics targeted at key players in these pro-
cesses are required.

In the past, diverse efforts have been undertaken to
identify molecules upregulated during tumor angiogenesis
and that can be used as targets for therapy [1]. We have
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recently identified high mobility group B1 (HMGBI) as a
gene overexpressed in endothelial cells in tumors com-
pared to normal endothelial cells [2]. HMGBI1 was first
identified as a non-histone chromosomal protein involved
in DNA binding [3]. A few years later, it was isolated as a
heparin-binding protein that promotes neurite outgrowth in
rat brain and was called amphoterin [4]. In 1999, HMGB1
was recognized as a proinflammatory cytokine that medi-
ates endotoxin lethality in mice [5]. Subsequently, its
cytokine actions on hematopoietic and endothelial cells
became subject to investigation [6, 7], but only recently has
its involvement in angiogenesis been demonstrated [8, 9].

In this review, we will summarize pathways relating to
angiogenesis and inflammation that HMGBI is involved in,
and we will discuss its contribution to angiogenesis in
diverse pathologies.

HMGB1

HMGBI protein has a dipolar structure and is subdivided
in two homologous HMG boxes, A and B, each about 75
amino acids in length, and contains an acidic C-terminal
tail. The N-terminus contains heparin-binding motifs
whereas the B-box confers proinflammatory activity to the
protein and is involved in binding to the receptor for
advanced glycation end products (RAGE) [10] (Fig. 1).
HMGBI is a nuclear protein that is highly conserved
during evolution and is present in most eukaryotic cells
where it stabilizes nucleosome formation and facilitates
transcription [11-13]. However, diverse studies have repor-
ted HMGBI1 to function also extracellularly [4, 5, 14-16],
though it lacks a classical secretion signal. Necrotic cell
death can result in passive leakage of HMGB1 from the cell
as the protein is then no longer bound to DNA [17]. In
addition, HMGB/1 can be actively secreted by different cell
types, including activated monocytes and macrophages
[5, 18], mature dendritic cells [12], NK cells [19], and
endothelial cells [15]. Diverse post-translational modifica-
tions including methylation [20], acetylation [18], and
phosphorylation [21] have been associated with increased
cytoplasmic localization and secretion of HMGB1 through
interference with the nuclear localization signal of the
protein. HMGB1 has been suggested to function as a dam-
age associated molecular pattern molecule (DAMP) or as
an alarmin, molecules that when released extracellularly
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Fig. 1 Domain structure of HMGB1 protein

@ Springer

function as a signal of tissue damage [22]. Indeed, dur-
ing sepsis the serum levels of HMGBI1 are markedly
elevated [5].

In addition to being secreted, HMGB1 has also been
described as a membrane-bound protein that promotes
neurite outgrowth [4] and localizes at the advancing plasma
membrane and filopodia of various migrating tumor cell
lines [14, 23]. At the membrane, HMGB1 can bind plas-
minogen and tissue plasminogen activator (tPA) to
generate active plasmin and matrix metalloproteinases
(MMPs) that facilitate migration by degrading extracellular
matrix components [24, 25]. Thus, HMGBI1 can exert
different functions, depending on its cellular localization.

Cytokine function of HMGB1

In 1999, the cytokine function of the presumed nuclear
protein HMGB1 was first appreciated. In an attempt to
identify late mediators of endotoxemia and sepsis, HMGB1
was identified as an inflammatory mediator secreted from
macrophages. Serum levels of HMGBI1 increased markedly
several hours after the initial TNFo peak in LPS-challenged
mice. Moreover, antibodies against HMGBI1 conferred
protection against endotoxemia and sepsis [5].

Proinflammatory stimulation of hematopoietic cells, as
well as endothelial cells, results in the secretion of HMGB1
which in turn functions to sustain a proinflammatory state
[5, 6, 15]. HMGBI itself acts as a proinflammatory stim-
ulus to activate monocytes and endothelial cells to release
proinflammatory cytokines [7, 26]. TNFa and LPS are
potent stimulators of HMGBI1 release from HUVEC [15].
The release of HMGB1 by endothelial cells may function
to attract inflammatory cells to the site of tissue damage.
Indeed, HMGB1 was shown to mediate migration of
monocytes [18]. Stimulation of endothelial cells with
HMGBI1 resulted in the secretion of diverse proinflamma-
tory cytokines, including G-CSF, IL-8, TNFa and MCP1
[7, 26], thus creating a positive feedback loop. Further-
more, the expression of adhesion molecules including
ICAM-1, VCAM-1, and E-selectin were increased after
stimulation of endothelial cells with HMGBI1 [7, 15, 26],
which contributes to the local invasion of leukocytes and
sustains the inflammatory response.

HMGRBI1 in angiogenesis

Recently, HMGBI1 has been recognized as a putative pro-
angiogenic factor [2, 9]. As such, it may act both directly
and indirectly. Activation of macrophages by proinflam-
matory factors, including HMGBI, can result in the
production of angiogenic factors such as VEGF. However,
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HMGBI1 itself was demonstrated to directly induce
sprouting of endothelial cell spheroids in a collagen gel [9].
Furthermore, in vitro, HMGB1 stimulated endothelial cell
proliferation, chemotaxis, and repair of a wounded mono-
layer [8]. Thus, in addition to inflammatory activation of
endothelial cells, HMGBI also increases the angiogenic
properties of endothelial cells.

Another interesting role of HMGB1 in angiogenesis is
its ability to attract endothelial progenitor cells and
hematopoietic stem cells to sites of tissue injury and tumors
to improve neovascularization [27, 28]. Hence, HMGB1
also directly acts on progenitor cells that contribute to
neovascularization.

RAGE signaling

RAGE is a multiligand receptor of the immunoglobulin
superfamily and involved in homeostasis, development and
inflammation, and is one of the primary receptors for
HMGB1 [29]. RAGE interacts with various ligands,
including HMGBI1, AGE (advanced glycation end prod-
ucts), p-amyloids, and S100 proteins [10]. RAGE
expression is detected on monocytes, macrophages, neu-
rons, and endothelial cells, as well as on a variety of tumor
cells [25, 30]. Ligand binding by RAGE can activate two
major pathways, one encompassing CDC42/Rac and the
other diverse MAPKs that finally lead to NFxkB-dependent
transcriptional activity (Fig. 2).

HMGBI1 has been involved in the migratory phenotype
of neurites and cancer cells [25, 31], in which the
CDC42/Racl pathway is involved. Activation of RAGE
by HMGBI1 leads to activation of CDC42 and Racl,
giving rise to cytoskeletal changes. Furthermore, stimu-
lation of RAGE induced NFkB activation measured by
reporter gene expression. Expression of dominant-nega-
tive RAGE eliminated both NFxB activation and neurite
outgrowth. Dominant-negative (dn)CDC42 and dnRacl
but not dnRas inhibited neurite outgrowth induced by
HMGBI1. However, dnRas but not dnCDC42 and dnRacl
inhibited NFkB activation [31]. Thus, HMGB1-induced
activation of RAGE was responsible for both NFxkB
activation and neurite outgrowth, though via separate
signaling pathways.

Alternatively, RAGE can signal through the activation
of p38 MAPK and Erkl1/2 [10, 25], finally leading to the
phosphorylation and degradation of IxB, and NFxB-med-
iated activation of gene expression. Interestingly, the
presence of NF«xB binding sites in the RAGE promoter
creates a positive feedback loop through increasing RAGE
expression [32]. As such, HMGB1-mediated stimulation of
RAGE may amplify this response by upregulating RAGE
expression. Typical NFkB responsive genes are involved in

inflammation, such as adhesion molecules (e.g., ICAM-1,
VCAM-1) and cytokines (e.g., TNFa, IL1J, and ILS8)
(Fig. 2) [7, 33]. Thus, HMGBI1 activation of RAGE can
both initiate and sustain a proinflammatory phenotype.

Toll-like receptor signaling

Though RAGE was first identified as the receptor for
HMGBI1, RAGE alone could not explain all the observed
effects of HMGBI, suggesting additional receptors for
HMGB1 must exist. Subsequently, toll-like receptors 2
(TLR2) and TLR4 have been identified to be involved in
HMGBI signaling [34-36].

Toll-like receptors are a family of evolutionary con-
served proteins that enable cells of the innate immune
system to respond to microbial structures and endogenous
danger molecules. TLR signaling may require co-receptors
and/or oligomerization for proper signal transduction [37].
Endothelial cells express different TLRs, depending on
their vascular bed [38]. TLR4 is the main receptor for
endotoxin, whereas TLR2 responds to Gram-positive
components and fungi [39]. Below we summarize the
signaling initiated by ligation of TLR2 and TLR4, and the
possible roles for HMGBI1 therein.

TLR2

The endothelium is not a passive vascular lining; in con-
trast, it has major functions in the regulation of vascular
tone, coagulation, immune function, and inflammatory
responses. As such, the endothelial cells are targets for
blood-borne pathogens and inflammatory cytokines. The
activation of the endothelium in response to microbial
agents is mediated by TLRs. TLR2 is present in arterial
endothelial cells, as well as in other cells of the hemato-
poietic lineage. TLR2 signaling can be mediated by
different pathways that result in the activation and nuclear
translocation of NFxB (Fig. 2).

Involvement of Racl and PI3K in TLR2 signaling was
demonstrated by stimulation of monocytes with recombi-
nant fimbrillin (rfFimA) from Porphyromonas gingivalis.
Upon TLR2 stimulation with rFimA, active Racl and PI3K
were recruited to the cytoplasmic domain of the TLR for
transduction of the signal. This subsequently resulted in an
increased CD11b/CD18-dependent adhesion to ICAM-1.
Expression of dominant-negative variants of PI3K and
Racl inhibited NF«xB reporter gene expression up to 80%
and adhesion to ICAM-1, implicating an important role for
PI3K and Racl proteins in TLR2 signaling. Subsequently,
Akt is activated that leads to NFxB activation, either by
directly affecting the p65 transcriptional complex or via
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Fig. 2 Convergence of TLR and RAGE signaling. Schematic
representation of signaling events mediated by TLR and RAGE
receptor activation. TLRs can signal via MyD88, IRAK, and TRAF to
NFkB, as well as via Racl and PI3K, and possibly also via ERK1/2
and p38 MAPK. RAGE can also activate the Racl and CDC42, as

IKK [40] (Fig. 2). Thus, TLR2 signaling is mediated by
Racl and PI3K, though a regulatory role for CDC42, fre-
quently found in complex with Racl and PI3K, was not
demonstrated [40] (Fig. 2).

As the cytoplasmic domains of TLRs and IL1-receptors
are homologous, several signaling mediators play a role in
both IL1R and TLR2 activation. Adaptor proteins such as
myeloid differentiation primary response protein 88
(MyD88) and TIR-domain containing adaptor protein
(TIRAP) are bound to this homologous TIR (Toll/IL-1
receptor) domain of TLRs [41]. An early event after TLR2
activation and receptor oligomerization is the recruitment
of IL-1R associated kinase 1 (IRAK1) [41, 42]. Truncated
TLR2 failed to recruit IRAK1 and abrogated NFxB acti-
vation, suggesting oligomerization of the receptor is
necessary for further signal transduction [42]. Furthermore,
TLR2-mediated secretion of TNFo in macrophages was
inhibited by the expression of dominant-negative
(dn)MyD88 and several proteins downstream thereof,
pointing to a MyD88 dependent pathway induced by TLR2
that culminates in NFxB activation [41]. In addition to
dominant-negative MyD88, dnlRAK1 and dnTRAF6
(TNF-receptor associated factor 6) also attenuated NFxB
activation after TRL2 activation, pointing to the involve-
ment of these proteins in TLR2 signaling to NFxB (Fig. 2).
Activation of NFxkB was not blocked by dnIRAK2,
dnTRAF2 and dnRIP [42, 43].
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well as Ras and p38. The common signaling pathway involves
activation of NFxB to induce gene expression. The relative contri-
bution of the different receptors and ligands is likely to differ between
cell types

Interestingly, at several levels the TLR-induced MyD88
signaling cascade may cross-talk directly with p38 MAPK
signaling (Fig. 2) [44, 45]. Indeed, very recently, this third
pathway of TLR2 action was described in neutrophils [46].
Stimulation of neutrophils with the TLR2 agonist
P(3)CSK(4) resulted in the activation of p38 MAPK and
ERK1/2. Pharmacological inhibition of ERK1/2 but not
p38 MAPK inhibited TLR2 induced migration, suggesting
ERK1/2 acts upstream of p38 MAPK in TLR2 signaling
(Fig. 2) [46].

The above-described studies used TLR2 agonists other
than HMGB1. However, a direct interaction of HMGB1
with TLR2 has recently been demonstrated by fluorescence
resonance energy transfer (FRET) and immunoprecipita-
tion in RAW264.7 macrophages [34]. Furthermore,
HMGBI1 stimulation increased TLR2 (and TLR4) mediated
NFxB activation in HEK-293 cells [34]. Expression of
dominant-negative TLR2 in RAW264.7 cells inhibited
HMGBI induced NF«xB driven luciferase activity [35]. In
addition, expression of dominant-negative forms of the
downstream TLR signaling regulators MyD88, TIRAP,
IRAK]1, IRAK?2, TAKI (TGF-§ activated kinase 1), TAB2
(Tak 1 binding protein 2), TRAF6, p38, and IRAK4 also
inhibited HMGB1 induced NFxB activity [35]. These
findings were further substantiated by the observation that
HMGB1-mediated TNFo release from macrophages of
MyD88 —/—, TLR2 —/—, and TLR4 —/— mice was
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compromised in comparison to wild-type mice [36].
Interestingly, anti-TLR2 antibodies were capable of
inhibiting HMGBI1 induced IL-8 and TNFo secretion in
several cell lines [36]. Thus, activation of TLR2 by
HMGBI can induce three major signaling pathways, that
may cross-talk at several levels, but all culminate in the
activation of NFxB (Fig. 2).

TLR4

Signaling through TLRs has implicated a major role for
MyD88 and IRAK. To investigate the relative contribution
of the downstream molecules after TLR4 stimulation,
RAW 264.7 macrophages were transduced with a NFxB-
dependent luciferase reporter and subsequently with dom-
inant-negative mutants of MyDS88, TIRAP, IRAKI,
IRAK2, and IRAK4. MyD88 and TIRAP are associated
with TLR2 and TLR4 after receptor activation by HMGB1
[35]. MyD88 recruits members of the IRAK family which
activate the downstream TRAF6 kinase. Dominant nega-
tive MyD88, dnTIRAP, dnIRAK1, and dnIRAK?2 inhibited
both LPS and HMGBI1 induced NFxB reporter gene
activity, suggesting these proteins are key players in the
TLR4 signaling cascade. IRAKI1 activates TRAF6, which
results in the formation of a complex with TAKI and
TAB2. However, though expression of dnTRAF6 clearly
inhibited the NFxB reporter gene expression after stimu-
lation of both LPS and HMGBI, the expression of dnTAB2
and dnTAKI1 was less effective in inhibiting NFxB acti-
vation stimulated by HMGB1 than when stimulated by
LPS. Thus, TAB2 and TAKI seem less important in
HMGBI signaling through TLR4 [35].

There is a partial overlap in genes induced after treat-
ment of neutrophils with either HMGB1 or LPS [33],
suggesting they may be using the same receptor, TLR4.
LPS activates p38 MAPK, PI3K, Akt and Erk1/2. HMGB1
stimulation of neutrophils activated p38 MAPK and to a
lesser extent PI3K, Akt and Erkl/2. Inhibition of these
signaling components led to a decrease in HMGB1-stim-
ulated cytokine expression through a decrease in NFxB
activation [33]. PI3K can also directly interact with TLRs
[47]. Furthermore, a putative PI3K binding site is present
in MyD8S8, and phosphorylation of MyD88 upon LPS
stimulation results in the formation of a PI3K-MyD88
complex [48]. Moreover, MyD88 can directly interact with
the downstream effector Akt [49] (Fig. 2).

The signaling cascades initiated by TLR2 and TLR4
show much overlap. Differentiation of these signaling
pathways may occur at the level of adaptor proteins bound
to the TIR domain of the TLR [44, 45]. Furthermore, TLR4
signaling may be either MyD88 dependent or independent
[44]. Nevertheless, most prominent effect of TLR

activation is the induction of NFxB-dependent gene
expression (Fig. 2). The NFxB family of transcription
factors contains five family members that function as het-
ero- or homodimers. The dimers are sequestered in the
cytoplasm in an inactive form by IxB. NF«xB is activated
when IxB is phosphorylated and subsequently degraded, as
a result of which NFkB can translocate to the nucleus. The
1xB kinase (IKK) complex, consisting of IKKa, IKKf3, and
IKKy (or NFxB essential modulator, NEMO), is the main
activator of NFxkB and is itself activated by diverse
upstream signals (Fig. 2) [50].

Though it is clearly feasible that HMGB1 can signal
through either TLR2, TLR4, or both, data substantiating
this in endothelial cells is limited. Moreover, most of the
data discussed above was generated in rather artificial cell
systems for TLR signaling such as HEK293 cells. The
extensive use of plasmid constructs (e.g., luciferase
reporter gene constructs for NFxB activation, dominant-
negative forms of signaling components) may hamper the
execution of such experiments in hard to transfect primary
cells, including primary endothelial cells. As such, the
precise potential of HMGB1-mediated TLR2 and/or TLR4
activation for modulation of endothelial cell activation
remains to be fully elucidated. Nevertheless, by inference
of the data available regarding the interactions of RAGE,
TLR2 and TLR4 with HMGB1, we will discuss below the
possible roles of HMGBI1 in vasculature-related
pathologies.

HMGBI signaling in vasculature-related pathologies
Cancer

Overexpression of RAGE and/or HMGBI1 has been docu-
mented for diverse cancers [23], including colon cancer
[51, 52], prostate cancer [53] and glioma [25]. RAGE
positively contributes to cancer progression in a number of
ways. First, RAGE expression was correlated with VEGF
expression and microvessel density in oral squamous cell
carcinoma [54]. Moreover, it has been demonstrated that
RAGE activation contributes to (tumor) angiogenesis as
RAGE activation by AGE-induced angiogenesis in vitro
[55]. Second, the homing of EPCs to tumor vasculature in
response to HMGBI1 is mediated by RAGE as anti-RAGE
antibodies inhibited this process; however, anti-TLR anti-
bodies did not [27]. And third, in diverse mouse models, it
was demonstrated that blocking HMGB1-RAGE interac-
tions inhibited tumor progression and metastasis.
Antibodies against HMGB1 and RAGE were both effective
in inhibiting tumor growth, as was soluble RAGE that
scavenges HMGB1. Furthermore, expression of dominant-
negative RAGE in C6 glioma cells also inhibited tumor
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growth [25]. We have recently identified HMGBI1 to be
overexpressed in tumor endothelial cells [2], suggesting it
contributes to tumor angiogenesis and disease progression.
Moreover, anti-HMGB1 antibodies inhibited endothelial
sprouting in vitro and angiogenesis in the chick chorioa-
llantoic membrane in vivo [2], demonstrating the potential
clinical applications of HMGB1 inhibition. Finally, tumor
hypoxia may lead to central necrosis and hence infiltration
with macrophages [9, 56]. HMGB1 passively released from
dead tumor cells can activate macrophages that in turn are
activated to secrete TNFo and VEGF [56]. VEGF can
directly contribute to increased angiogenesis to overcome
tumor hypoxia, and both HMGB1 and TNFa can activate
endothelial cells to in an NFxB-dependent response, con-
tributing to tumor progression [9, 15, 26, 56] (Fig. 3a).

Diabetes
AGE are non-enzymatical adducts of proteins, lipid and

nucleic acids which form in a pro-oxidant environment and
the formation of AGE increases with age [57, 58]. In

A

Hypoxia

EC migration
EC proliferation

Necrotic HWGB1

NFxB—» HMGB1

J/

TNFa
HMGB1

Fig. 3 Signal amplification mediated by HMGBI1 in cancer and
inflammation. Schematic and simplified visualization of HMGBI1
signaling and its contribution to cancer and inflammation. (a) Growing
tumors can become hypoxic and subsequently start to secrete VEGF
that induces angiogenesis. When tumor cells die, HMGBI1 is released
in the extracellular space, and this can activate macrophages as well
as endothelial cells. Activation of macrophages by HMGBI1 leads to
the secretion of proinflammatory and proangiogenic cytokines.
Activation of endothelial cells by HMGB1 leads to NFxB activation
that in turn can upregulate inflammatory cytokine production,
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addition, the hyperglycemic conditions found in diabetes
contribute to enhanced generation of AGE. Treatment of
endothelial cells with AGE-BSA increased cell prolifera-
tion and tube formation and was accompanied by
upregulation of VEGF and VEGF receptors through acti-
vation of NFxkB and APl [55, 59], demonstrating the
proangiogenic potential of these compounds. Hence, AGE-
RAGE interactions can contribute to diabetes-associated
retinopathies caused by increased angiogenesis. Indeed,
increased expression of AGE, RAGE, and HMGB1 was
found in retinas of patients with retinopathy [60].

Arthritis

In rheumatoid arthritis, new blood vessels invade the joint
and destroy articular cartilage, even in the absence of a
causative factor, usually Gram-positive bacteria [61].
TLR2, IL-8, and VEGEF are increased in arthritic joints, and
administration of anti-TLR2 antibodies to chondrocytes
inhibited VEGF and IL-8 expression, linking TLR2 to
angiogenesis in arthritis [60, 62]. Furthermore, stimulation

Leukocyte
23 infiltration

Bacterial pathogens
Danger molecules

HMGBI secretion, and HMGBI1 receptor expression. The Racl/
CDC42 pathway can be activated by both RAGE and TLRs and can
contribute to cell migration. (b) Bacterial pathogens and danger
molecules can initially activate TLRs which results in NFxB-induced
gene expression. Adhesion molecules such as ICAMI1 are induced,
that mediate the infiltration of leukocytes which contribute to
inflammation by secreting proinflammatory cytokines. In addition,
NFxB mediates the upregulation of HMGBI receptors and the
production of cytokines including HMGB1
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of synovial fibroblasts with a TLR2 agonist resulted in the
activation of MyD88, IRAKI, IRAK4, and TRAF6.
Blocking antibodies to TLR2 inhibited the upregulation of
these proteins. Moreover, the expression of IL-8 and VEGF
was NFxB activation dependent as NFxB inhibitors
decreased TLR2 stimulated expression of these proangio-
genic cytokines [62]. Currently, there is no direct evidence
on the role of HMGB1-mediated TLR2 stimulation in the
progression of arthritis. However, HMGBI1 has been
detected in synovial macrophages [63, 64], suggesting it
may contribute to TLR2-induced VEGF and IL-8 release.

Atherosclerosis

Endothelial cell injury is central to the initiation of ath-
erosclerosis as this results in the attraction of macrophages,
and the progression of atherosclerosis is accompanied by a
sustained proinflammatory response [65]. In atherosclerotic
lesions, HMGB1 and RAGE are expressed in endothelial
cells, smooth muscle cells, and macrophages. Here, dif-
ferent proinflammatory cytokines stimulated the secretion
of HMGBI1, which was inhibited by inhibitors of ERK1/2,
PKC, and PI3K [66]. Thus, upregulation and secretion of
HMGB1 may contribute to amplify the inflammatory
response in atherosclerosis.

Endothelial cells express both TLR2 and TLR4, though
the expression levels depend on the vascular bed they
reside in. HUVEC and HMEC express only minimal levels
of TLR2, whereas arterial HCAEC expressed higher levels
of TLR2; all endothelial cells express TLR4 [38, 67].
TLR2 expression is upregulated under disturbed flow
[20, 65]. In these regions of low shear stress, lesion sus-
ceptibility is greatest, hence, the ability of TLR2 ligands to
activate endothelial cells is greatest in these atherosclero-
sis-prone arterial branches [65].

TLR2 and TLR4 expression are increased in human
atherosclerotic lesions [68]. In combination with increased
HMGBI1 and RAGE expression, this is likely to contribute
to a sustained inflammatory response. A primary event in
initiating atherosclerosis may hypothetically be endothelial
cell activation through TLRs by bacterial pathogens. This
would lead to endothelial cell activation of NFxB and the
concomitant increase in leukocyte adhesion molecules and
the secretion of cytokines, as well as HMGBI1. Subse-
quently, leukocytes and macrophages invade the vessel
wall. Activated infiltrating cells then also secrete cytokines
that sustain the inflammatory state of the endothelium.
HMGBI1 may be released from infiltrated cells or from
endothelial cells and in turn stimulate inflammatory mole-
cule expression, thereby amplifying the inflammatory
response and leading to progression of the disease (Fig. 3b).

HMGB1-mediated signal amplification

At several levels HMGBI1 signaling may sustain either
autocrine or paracrine positive feedback loops. First,
HMGBI stimulation of endothelial cells and macrophages
leads to TNFa secretion [6, 7, 26]. In turn, TNFa can
induce HMGB1 secretion from macrophages and endo-
thelial cells [5, 15]. Second, activation of RAGE, TLR2,
and TLR4 by HMGBI results in NFxB activation. NFxB
activation results in the expression of proinflammatory and
proangiogenic genes, as well as in an increased expression
of RAGE and TLR2 due to NFxB binding sites in their
promoters [10]. Third, TLR2 signaling leads to an NFxB-
dependent increase in expression of ICAM-1 on endothelial
cells. In leukocytes, TLR2 signaling activates the ICAM-1
receptor CD11b/CD18. Interaction between CD11b/CD18
and ICAM-1 again results in NFxB activation [69]. In
addition to TLR2, RAGE also contributes to the activation
of CD11b/CD18 on neutrophils [70]. Hence, the interplay
between the RAGE and TLR signaling pathways may
occur at different levels but all seem to hold a crucial role
for NFkB.

Concluding remarks

All the complex signaling pathways HMGB1 may be
involved in seem to affect NFkB activity. Hence, thera-
peutic modulation of HMGBI1 expression will result in
altered NFxB signaling and NFxB-induced gene expres-
sion. However, because of the complexity of the signaling
pathways involved, the effect of such modulation may not
be easily predicted. For instance, in tumor angiogenesis
and other angiogenesis-related pathologies, at first glance it
seems beneficial to reduce sustenance of a proinflammatory
loop mediated by active NFxB. However, it has recently
been postulated that NFxB activation is required for the
activity of diverse anti-angiogenic compounds, and hence
should not be inhibited in endothelial cells [71].

In addition to its downstream effector NFxB, HMGB1
itself has been postulated a therapeutic target, not only for
cancer [2, 25] but also for the treatment of sepsis [5]. Thus,
pathologies characterized by a continuous proinflammatory
or proangiogenic state may benefit from therapeutic inter-
ference to dampen HMGB1 and the feedback mechanisms
it promotes (Fig. 3).

References

1. van Beijnum JR, Griffioen AW (2005) In silico analysis of
angiogenesis associated gene expression identifies angiogenic
stage related profiles. Biochim Biophys Acta 1755:121-134

@ Springer



98

Angiogenesis (2008) 11:91-99

10.

11.

12.

13.

14.

17.

19.

20.

21.

22.

van Beijnum JR, Dings RP, van der Linden E et al (2006) Gene
expression of tumor angiogenesis dissected: specific targeting of
colon cancer angiogenic vasculature. Blood 108:2339-2348

. Javaherian K, Liu JF, Wang JC (1978) Nonhistone proteins

HMGI1 and HMG?2 change the DNA helical structure. Science
199:1345-1346

. Rauvala H, Pihlaskari R (1987) Isolation and some characteristics

of an adhesive factor of brain that enhances neurite outgrowth in
central neurons. J Biol Chem 262:16625-16635

. Wang H, Bloom O, Zhang M et al (1999) HMG-1 as a late

mediator of endotoxin lethality in mice. Science 285:248-251

. Andersson U, Wang H, Palmblad K et al (2000) High mobility

group 1 protein (HMG-1) stimulates proinflammatory cytokine
synthesis in human monocytes. J Exp Med 192:565-570

. Fiuza C, Bustin M, Talwar S et al (2003) Inflammation-promot-

ing activity of HMGB1 on human microvascular endothelial
cells. Blood 101:2652-2660

. Mitola S, Belleri M, Urbinati C et al (2006) Cutting edge:

extracellular high mobility group box-1 protein is a proangio-
genic cytokine. J Immunol 176:12-15

. Schlueter C, Weber H, Meyer B et al (2005) Angiogenetic sig-

naling through hypoxia: HMGBI:
molecule. Am J Pathol 166:1259-1263
Huttunen HJ, Rauvala H (2004) Amphoterin as an extracellular
regulator of cell motility: from discovery to disease. J Intern Med
255:351-366

Bianchi ME, Beltrame M, Paonessa G (1989) Specific recogni-
tion of cruciform DNA by nuclear protein HMGI. Science
243:1056-1059

Lotze MT, Tracey KJ (2005) High-mobility group box 1 protein
(HMGBI): nuclear weapon in the immune arsenal. Nat Rev
Immunol 5:331-342

Stros M, Ozaki T, Bacikova A et al (2002) HMGB1 and HMGB2
cell-specifically down-regulate the p53- and p73-dependent
sequence-specific transactivation from the human Bax gene
promoter. J Biol Chem 277:7157-7164

Merenmies J, Pihlaskari R, Laitinen J et al (1991) 30-kDa heparin-
binding protein of brain (amphoterin) involved in neurite out-
growth. Amino acid sequence and localization in the filopodia of
the advancing plasma membrane. J Biol Chem 266:16722-16729

an angiogenetic switch

. Mullins GE, Sunden-Cullberg J, Johansson AS et al (2004)

Activation of human umbilical vein endothelial cells leads to
relocation and release of high-mobility group box chromosomal
protein 1. Scand J Immunol 60:566-573

. Rouhiainen A, Kuja-Panula J, Wilkman E et al (2004) Regulation

of monocyte migration by amphoterin (HMGBI1). Blood
104:1174-1182

Scaffidi P, Misteli T, Bianchi ME (2002) Release of chromatin
protein HMGBI1 by necrotic cells triggers inflammation. Nature

418:191-195

. Bonaldi T, Talamo F, Scaffidi P et al (2003) Monocytic cells

hyperacetylate chromatin protein HMGBI to redirect it towards
secretion. EMBO J 22:5551-5560

Semino C, Angelini G, Poggi A et al (2005) NK/iDC interaction
results in IL-18 secretion by DCs at the synaptic cleft followed by
NK cell activation and release of the DC maturation factor
HMGBI. Blood 106:609-616

Ito I, Fukazawa J, Yoshida M (2007) Post-translational methyl-
ation of high mobility group box 1 (HMGBI1) causes its
cytoplasmic localization in neutrophils. J Biol Chem 282:16336—
16344

Youn JH, Shin JS (2006) Nucleocytoplasmic shuttling of
HMGBI is regulated by phosphorylation that redirects it toward
secretion. J Immunol 177:7889-7897

Bianchi ME (2007) DAMPs, PAMPs and alarmins: all we need to
know about danger. J Leukoc Biol 81:1-5

@ Springer

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Parkkinen J, Raulo E, Merenmies J et al (1993) Amphoterin, the
30-kDa protein in a family of HMGI-type polypeptides.
Enhanced expression in transformed cells, leading edge locali-
zation, and interactions with plasminogen activation. J Biol Chem
268:19726-19738

Parkkinen J, Rauvala H (1991) Interactions of plasminogen and
tissue plasminogen activator (t-PA) with amphoterin. Enhance-
ment of t-PA-catalyzed plasminogen activation by amphoterin. J
Biol Chem 266:16730-16735

Taguchi A, Blood DC, del Toro G et al (2000) Blockade of
RAGE-amphoterin signalling suppresses tumour growth and
metastases. Nature 405:354-360

Treutiger CJ, Mullins GE, Johansson AS et al (2003) High
mobility group 1 B-box mediates activation of human endothe-
lium. J Intern Med 254:375-385

Chavakis E, Hain A, Vinci M et al (2007) High-mobility group
box 1 activates integrin-dependent homing of endothelial pro-
genitor cells. Circ Res 100:204-212

Palumbo R, Sampaolesi M, De Marchis F et al (2004) Extracel-
lular HMGBI, a signal of tissue damage, induces mesoangioblast
migration and proliferation. J Cell Biol 164:441-449

Hori O, Brett J, Slattery T et al (1995) The receptor for advanced
glycation end products (RAGE) is a cellular binding site for
amphoterin. Mediation of neurite outgrowth and co-expression of
rage and amphoterin in the developing nervous system. J Biol
Chem 270:25752-25761

Yang H, Wang H, Czura CJ et al (2005) The cytokine activity of
HMGBI. J Leukoc Biol 78:1-8

Huttunen HJ, Fages C, Rauvala H (1999) Receptor for advanced
glycation end products (RAGE)-mediated neurite outgrowth and
activation of NF-kappaB require the cytoplasmic domain of the
receptor but different downstream signaling pathways. J Biol
Chem 274:19919-19924

Yan SD, Schmidt AM, Anderson GM et al (1994) Enhanced
cellular oxidant stress by the interaction of advanced glycation
end products with their receptors/binding proteins. J Biol Chem
269:9889-9897

Park JS, Arcaroli J, Yum HK et al (2003) Activation of gene
expression in human neutrophils by high mobility group box 1
protein. Am J Physiol Cell Physiol 284:C870-C879

Park JS, Gamboni-Robertson F, He Q et al (2006) High mobility
group box 1 protein interacts with multiple Toll-like receptors.
Am J Physiol Cell Physiol 290:C917-C924

Park JS, Svetkauskaite D, He Q et al (2004) Involvement of toll-
like receptors 2 and 4 in cellular activation by high mobility
group box 1 protein. J Biol Chem 279:7370-7377

Yu M, Wang H, Ding A et al (2006) HMGBI1 signals through
toll-like receptor (TLR) 4 and TLR2. Shock 26:174-179
Lentschat A, Karahashi H, Michelsen KS et al (2005) Mastopa-
ran, a G protein agonist peptide, differentially modulates TLR4-
and TLR2-mediated signaling in human endothelial cells and
murine macrophages. J Immunol 174:4252-4261

Faure E, Equils O, Sieling PA et al (2000) Bacterial lipopoly-
saccharide activates NF-kappaB through toll-like receptor 4
(TLR-4) in cultured human dermal endothelial cells. Differential
expression of TLR-4 and TLR-2 in endothelial cells. J Biol Chem
275:11058-11063

Faure E, Thomas L, Xu H et al (2001) Bacterial lipopolysac-
charide and IFN-gamma induce Toll-like receptor 2 and Toll-like
receptor 4 expression in human endothelial cells: role of NF-
kappa B activation. J Immunol 166:2018-2024

Arbibe L, Mira JP, Teusch N et al (2000) Toll-like receptor 2-
mediated NF-kappa B activation requires a Racl-dependent
pathway. Nat Immunol 1:533-540

Underhill DM, Ozinsky A, Smith KD et al (1999) Toll-like
receptor-2 mediates mycobacteria-induced proinflammatory



Angiogenesis (2008) 11:91-99

99

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

signaling in macrophages. Proc Natl Acad Sci USA 96:14459—
14463

Yang RB, Mark MR, Gurney AL et al (1999) Signaling events
induced by lipopolysaccharide-activated toll-like receptor 2.
J Immunol 163:639-643

Zhang FX, Kirschning CJ, Mancinelli R et al (1999) Bacterial
lipopolysaccharide activates nuclear factor-kappaB through
interleukin-1 signaling mediators in cultured human dermal
endothelial cells and mononuclear phagocytes. J Biol Chem
274:7611-7614

Akira S, Takeda K (2004) Toll-like receptor signalling. Nat Rev
Immunol 4:499-511

Kawai T, Akira S (2007) Signaling to NF-kappaB by Toll-like
receptors. Trends Mol Med

Aomatsu K, Kato T, Fujita H et al (2008) Toll-like receptor
agonists stimulate human neutrophil migration via activation of
mitogen-activated protein kinases. Immunology 123:171-180
Koyasu S (2003) The role of PI3K in immune cells. Nat Immunol
4:313-319

Ojaniemi M, Glumoff V, Harju K et al (2003) Phosphatidylino-
sitol 3-kinase is involved in Toll-like receptor 4-mediated
cytokine expression in mouse macrophages. Eur J Immunol
33:597-605

Li X, Tupper JC, Bannerman DD et al (2003) Phosphoinositide 3
kinase mediates Toll-like receptor 4-induced activation of NF-
kappa B in endothelial cells. Infect Immun 71:4414-4420

Karin M, Ben-Neriah Y (2000) Phosphorylation meets ubiquiti-
nation: the control of NF-[kappa]B activity. Annu Rev Immunol
18:621-663

Kuniyasu H, Chihara Y, Takahashi T (2003) Co-expression of
receptor for advanced glycation end products and the ligand
amphoterin associates closely with metastasis of colorectal can-
cer. Oncol Rep 10:445-448

Sasahira T, Akama Y, Fujii K et al (2005) Expression of receptor
for advanced glycation end products and HMGB 1/amphoterin in
colorectal adenomas. Virchows Arch 446:411-415

Kuniyasu H, Chihara Y, Kondo H et al (2003) Amphoterin
induction in prostatic stromal cells by androgen deprivation is
associated with metastatic prostate cancer. Oncol Rep 10:1863—
1868

Sasahira T, Kirita T, Bhawal UK et al (2007) The expression of
receptor for advanced glycation end products is associated with
angiogenesis in human oral squamous cell carcinoma. Virchows
Arch 450:287-295

Yamagishi S, Yonekura H, Yamamoto Y et al (1997) Advanced
glycation end products-driven angiogenesis in vitro. Induction of
the growth and tube formation of human microvascular endo-
thelial cells through autocrine vascular endothelial growth factor.
J Biol Chem 272:8723-8730

Zeh HJ 111, Lotze MT (2005) Addicted to death: invasive cancer
and the immune response to unscheduled cell death. J Immun-
other (1997) 28:1-9

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Bierhaus A, Humpert PM, Morcos M et al (2005) Understanding
RAGE, the receptor for advanced glycation end products. J Mol
Med 83:876-886

Kim W, Hudson BI, Moser B et al (2005) Receptor for advanced
glycation end products and its ligands: a journey from the com-
plications of diabetes to its pathogenesis. Ann NY Acad Sci
1043:553-561

Okamoto T, Yamagishi S, Inagaki Y et al (2002) Angiogenesis
induced by advanced glycation end products and its prevention by
cerivastatin. FASEB J 16:1928-1930

Pachydaki SI, Tari SR, Lee SE et al (2006) Upregulation of
RAGE and its ligands in proliferative retinal disease. Exp Eye
Res 82:807-815

Firestein GS (1999) Starving the synovium: angiogenesis and
inflammation in rheumatoid arthritis. J Clin Invest 103:3—4

Cho ML, Ju JH, Kim HR et al (2007) Toll-like receptor 2 ligand
mediates the upregulation of angiogenic factor, vascular endo-
thelial growth factor and interleukin-8/CXCL8 in human
rheumatoid synovial fibroblasts. Immunol Lett 108:121-128
Kokkola R, Sundberg E, Ulfgren AK et al (2002) High mobility
group box chromosomal protein 1: a novel proinflammatory
mediator in synovitis. Arthritis Rheum 46:2598-2603

Taniguchi N, Kawahara K, Yone K et al (2003) High mobility
group box chromosomal protein 1 plays a role in the pathogenesis
of rheumatoid arthritis as a novel cytokine. Arthritis Rheum
48:971-981

Mullaly SC, Kubes P (2004) Toll gates and traffic arteries: from
endothelial TLR2 to atherosclerosis. Circ Res 95:657-659
Kalinina N, Agrotis A, Antropova Y et al (2004) Increased
expression of the DNA-binding cytokine HMGBI in human
atherosclerotic lesions: role of activated macrophages and cyto-
kines. Arterioscler Thromb Vasc Biol 24:2320-2325

Erridge C, Spickett CM, Webb DJ (2007) Non-enterobacterial
endotoxins stimulate human coronary artery but not venous
endothelial cell activation via Toll-like receptor 2. Cardiovasc
Res 73:181-189

Edfeldt K, Swedenborg J, Hansson GK et al (2002) Expression of
toll-like receptors in human atherosclerotic lesions: a possible
pathway for plaque activation. Circulation 105:1158-1161
Harokopakis E, Albzreh MH, Martin MH et al (2006) TLR2
transmodulates monocyte adhesion and transmigration via Rac1-
and PI3K-mediated inside-out signaling in response to Por-
phyromonas gingivalis fimbriae. J Immunol 176:7645-7656
Orlova VV, Choi EY, Xie C et al (2007) A novel pathway of
HMGB 1-mediated inflammatory cell recruitment that requires
Mac-1-integrin. EMBO J 26:1129-1139

Tabruyn SP, Griffioen AW (2007) A new role for NF-kappaB in
angiogenesis inhibition. Cell Death Differ 14:1393-1397

@ Springer



	Convergence and amplification of toll-like receptor (TLR) �and receptor for advanced glycation end products (RAGE) signaling pathways via high mobility group B1 (HMGB1)
	Abstract
	Introduction
	HMGB1
	Cytokine function of HMGB1
	HMGB1 in angiogenesis
	RAGE signaling
	Toll-like receptor signaling
	TLR2
	TLR4

	HMGB1 signaling in vasculature-related pathologies
	Cancer
	Diabetes
	Arthritis
	Atherosclerosis

	HMGB1-mediated signal amplification
	Concluding remarks
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


