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Abstract. High mobility group box | (HMGB1) is a non-
histone nuclear protein which is released from the nucleus of
activated macrophages into the extracellular space in response
to stimuli such as endotoxin or necrosis. The HMGBI
functions as a potent proinflammatory cytokine in the extra-
cellular spaces. Recently, HMGBI1 has been implicated in the
progression of atherosclerosis. However, the association
between HMGBI and the development of atherosclerosis is
poorly understood. Therefore. we examined whether
serotonin (5-HT), a key factor involved in the development
of atherosclerosis, induced HMGB1 release in human
umbilical vein endothelial cells (HUVECs). We found that
5-HT induced the release of HMGBI but not of ERK1/2 and
IJNK from HUVECsS via the 5-HT receptor (5-HT1B)/p38
mitogen-activated protein kinase (MAPK) signaling pathway.
The p38MAPK inhibitor SB203580 and the 5-HTIB
antagonist GR55526 markedly inhibited HMGBI release from
5-HT-stimulated HUVECs. The vascular endothelial growth
factor (VEGF) derived from activated macrophages in
atherosclerotic lesions also plays an important role in the
progression of atherosclerosis. We found that HMGBI
induced VEGF production in macrophage-like RAW264.7
cells. HMGB1 induced the activation of p38MAPK, ERK1/2
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and Akt. The PI3-kinase inhibitor LY 294002 significantly
inhibited VEGF production in HMGB 1-stimulated macro-
phages, while other kinase inhibitors did not. These results
suggest that HMGBI release may contribute as a risk factor in
the development and progression of atherosclerosis.

Introduction

Atherosclerosis is a chronic inflammatory disease and is also
regarded as a progressive disease arising from a combination
of endothelial dysfunction and inflammation (1). Vascular
endothelial cells (ECs) play a major role in maintaining
cardiovascular homeostasis and thus, in preserving good
health. The EC monolayer lining the blood vessels constitutes
a barrier between circulating blood and the vessel wall.
Moreover, ECs secrete many mediators that regulate platelet
aggregation, coagulation, fibrinolysis and vascular tone. In
cases where the defense mechanisms elicited during cardio-
vascular events are insufficient to compensate for the adverse
effects caused by the risk factors, ECs promote the develop-
ment of atherosclerosis; this suggests that the presence of
endothelial dysfunction may be predictive of adverse cardio-
vascular events.

Serotonin (5-HT) is an important neurotransmitter involved
in the development of atherosclerosis (2). Platelets participate
in the development of atherothrombosis: they aggregate at
sites of vessel injury and secrete 5-HT, which is involved in
several vascular phenomena such as thrombus formation and
atherogenesis (2). 5-HT also induces the expression of tissue
factors and plasminogen activator inhibitor-1 in the ECs of
rats and promotes the proliferation, migration, and contraction
of vascular smooth muscle cells (VSMCs) (3-5). This suggests
that 5-HT may contribute to the development of atherosclerosis.

High mobility group box | (HMGBI) protein has two
distinct functions in cellular systems. In the nucleus,
HMGBI functions as an intracellular regulator of the tran-
scription process and plays a crucial role in the maintenance
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of DNA functions (6). HMGBI is released into the extra-
cellular space during necrosis of all eukaryotic cells or via
mitogen-activated protein kinase (MAPK) signaling pathways
during macrophage responses to inflammatory stimuli such as
endotoxin, tumor necrosis factor (TNF)-a and C-reactive protein
(CRP) (7-9,12,25). HMGBI acts as a potent proinflammatory
cytokine through a multiligand receptor for advanced
glycation end products (RAGE). toll-like receptor (TLR)-2,
and TLR-4 (8.10). HMGBI stimulates a number of cells to
release cytokines such as TNF-q, interleukin (TL)-6, and IL-18.
This suggests that extracellular HMGBI plays a critical role
in the development of several inflammatory diseases such as
sepsis, rheumatoid arthritis (RA), disseminated intravascular
coagulation (DIC), and periodontitis and in xenotrans-
plantation (7.8,11,13,14). HMGBI plays a role in the patho-
genesis of plaque formation and in the progression of
atherosclerotic lesions (9,15,16). However, it is widely
accepted that endothelial dysfunction occurs early during the
development of atherosclerosis (1,2,17). Nevertheless, the
association between HMGBI1 and ECs is poorly understood.

Vascular endothelial growth factor (VEGF) is an angio-
genic factor which plays an important role in the progression
of atherosclerotic lesions. Its expression is upregulated not
only under hypoxic conditions but also in the presence of
transforming growth factor-B. angiotensin 11, basic fibroblast
growth factor (bFGF) and IL-18, which are expressed in
newly formed atherosclerotic lesions. Activated macrophages
play a central role in the development of atherosclerosis due
to their ability to produce numerous cytokines and growth
factors. A recent study revealed that angiogenesis and
recanalization can be induced by VEGFs derived from
activated macrophages, functioning in an autocrine or
paracrine manner (18). HMGBI is also an angiogenic factor
because it induces bFGF via RAGE.

The present study aimed to investigate the effects of 5-HT
on the secretion of HMGBI by human umbilical vein
endothelial cells (HUVECs) and to identify the underlying
intracellular signaling pathway involved in these effects.
Furthermore, we also investigated whether HMGBI1 induced
VEGF production in macrophage-like RAW264.7 cells.

Materials and methods

Anribodies. The anti-HMGBI1 antibody was obtained from
Shino-Test Co. (Kanagawa, Japan). Anti-phosphorylated (p)-
ERK1/2, anti-p-p38MAPK, anti-p-Jun-N-terminal kinase
(JNK). and anti-B-actin antibodies were purchased from Cell
Signaling Technology (Beverly, MA).

Cell culrure. HUVECs were purchased from Takara
Biomedical (Shiga, Japan). They were cultured in endothelial
basal medium 2 (EBM2) supplemented with growth factors
(Takara Biomedical) and in fetal bovine serum (FBS, Takara
Biomedical) supplemented with 100 U/ml penicillin and
100 pg/ml streptomycin, The cells were grown to 90%
confluence, and further treatments were performed in EBM2
(Takara Biomedical).

Murine macrophage-like RAW264.7 cells were obtained
from the American Type Cell Culture Collection (Manassas,
VA) and were maintained in RPMI-1640 medium (Sigma,

KAWAHARA et al: HMGB! RELEASE FROM SEROTONIN-STIMULATED HUVECs

St. Louis, MO) supplemented with 10% FBS and 2 mM
glutamine.

Stimulation of HUVECs with 5-HT. The cultured HUVECs
(2x10° cells per 6-cm dish) were starved for 2 h in a serum-
free Opti-MEM-1 medium (Invitrogen, Carlsbad, CA) and
were stimulated with lipopolysaccharide (LPS)-free 5-HT
(Sigma) in the medium. Following treatment, the HMGBI
levels in the culture media were analyzed by Western blot
analysis.

Stimulation of RAW264.7 cells with MAPK and PI3-kinase
inhibitors. Specific inhibitors of p38 MAPK (SB203580;
Calbiochem, La Jolla, CA), MAP kinase (MEK1/2; U-0126,
Calbiochem), and PI3 kinase (LY294002, Calbiochem) were
used to evaluate the functional role of signaling pathways in
5-HT-induced HMGBI release or HMGB1-induced VEGF
production.

Western blor analysis. The HMGBI levels in the culture
supernatants were analyzed by Western blotting as described
previously (12). In brief, each culture supernatant was
incubated with 50 ul heparin-Sepharose 6B beads for 4 h.
The heparin beads were then washed with 10 mM phosphate
buffer (pH 7.0), mixed with 50 ul sample buffer [62.5 mM
Tris-HCI (pH 6.8), 2% sodium dodecyl sulfate (SDS), 10%
glycerol, and 0.002% bromophenol blue], and boiled for
5 min. These HMGBI1 samples (40 ul) were subjected to 12%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and
the separated proteins were subsequently transferred onto a
nitrocellulose membrane (GE Healthcare Bio-Sciences KK,
Piscataway, NJ). The membrane was blocked with 5% non-
fat dry milk in Tris-buffered saline (TBS, pH 7.4) containing
0.02% Tween-20 (TBST) at room temperature (RT) for 1 h
and was then incubated with 2 pg/ml of the anti-HMGBI
antibody (Shino-Test) in TBST containing 1% non-fat dry
milk at RT for 3 h. The membrane was washed and incubated
with a horseradish peroxidase (HRP)-conjugated anti-rabbit
IgG polyclonal antibody (Invitrogen) diluted 1:3000 in TBST
containing 2 5% non-fat dry milk at RT for 1 h. The membrane
was washed once more, and the immunoreactive bands
formed were visualized using the enhanced chemilumin-
escence (ECL) detection system (GE Healthcare Bio-
Sciences KK).

Immunofiuorescence microscopy. Immunofluorescence
microscopy was performed as described previously (12). In
brief, 5x10* HUVECs per well were cultured on 4-well
BioCoat Collagen I culture slides (BD Biosciences, San Jose,
CA). Following HUVEC stimulation as described above, the
slides were washed with phosphate-buffered saline (PBS)
and fixed with the OptiLyse C reagent (BD Biosciences)
containing 0.1% Triton X-100 (Sigma). The slides were
blocked with 1% bovine serum albumin (BSA) in PBS
containing 0.1% Triton-X 100 (PBST) for 1 h, incubated
with 1 gg/ml of the rabbit anti-HMGB | antibody at RT for 1 h,
and then washed with PBST. Further, they were incubated
with fluorescein isothiocyanate (FITC)-labeled goat anti-
rabbit IgG (Invitrogen) for | h, washed with PBST, and
finally labeled with 4'.6-diamidino-2-phenylindole (DAPI;
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Figure 1. HMGBI release from 5-HT-stimulated HUVECs. (A) Dose-
dependent effect of 5-HT in HUVECs, HUVECS were incubated with S-HT
(0, 25, or 50 uM) for 16 h. The HMGB1 levels were analyzed by Western
blotting. (B) Translocation of HMGB! from the nucleus into the extra
cellular space in response to 5-HT treatment. HUVECs were incubated in
the absence or presence of 5-HT (50 uM) for 16 h. The fixed cells were
incubated with rabbit anti-HMGB1 polyclonal antibody, followed by
incubation with FITC-labeled anti-rabbit IgG. The nuclei were labeled with
DAPL Original magnification, x4)). Arrows indicate the translocation of
HMGBI from the nucleus. (C) Effects of 5-HT on cell viability. HUVECs
were incubated with $-HT (50 uM), and the cell viability was evaluated by
an MTT assay. (D) Effects of 5-HT on TNF-a production. The HUVECSs were
treated with 5-HT (50 uM) for 16 h, following which the TNF-u levels in
the culture supernatants were analyzed by performing ELISA. The values
are presented #s means £ SD. The data shown are the representative values
for 3 independent experiments, “Statistically significam (P<0.05) change.

Wako Chemicals, Japan) to visualize the cell nuclei. Finally,
the slides were washed and examined under an Axioskop
microscope (Carl Zeiss, Oberkochen, Germany).
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MTT assay. Cell viability was analyzed by using the 3-(4.5-
dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide
(MTT) assay kit (Wako Chemicals), as described previously
(13). In brief, the cells were cultured in 96-well plates (100 pl
of medium per well) in the absence or presence of 5-HT
(50 uM) for 16 h. Subsequently, the cells were incubated with
MTT (25 pg/ml per well) for 3 h. The formazan product was
solubilized by treatment with 100 u1 dimethyl sulfoxide for
16 h. The dehydrogenase activity was expressed as the ratio
between the absorbance at the test wavelength of 570 nm and
that at the reference wavelength of 630 nm.

Enzyme-linked immunosorbant assay. The VEGF and TNF-a
levels in the culture supernatants were determined by using a
commercial enzyme-linked immunosorbant assay (ELISA)
kit specific for mouse VEGF and TNF-a (R&D Systems,
MN). All experiments were performed in triplicate.

RAGE small interfering RNA transfection analysis. RAGE
small interfering RNA (siRNA) transfection was carried out
as described previously (12). In brief, RAW264.7 cells
(8x10° cells/ml) were cultured in 6-¢m dishes for 24 h;
washed with the Opti-MEM-1 medium; and transfected with
RAGE siRNA (20 uM) or control siRNA (Santa Cruz
Biotechnology, Inc.. Santa Cruz, CA) for 2 days, using
Oligofectamine (Invitrogen). The transfected cells were treated
with HMGRB1 (10 pg/ml) for 20 h, and the VEGF levels in
the medium were analyzed by performing ELISA.

Statistical analysis. Statistical analysis was performed using
the Student's t-test. Statistical significance was accepted at
P<0.05.

Results

HMGBI release from 5-HT-stimulated HUVECs. The aim of
this study was to determine whether 5-HT induced HMGBI
release from HUVECs. The HUVECs were incubated with
5-HT (0-50 uM) for 16 h, and the culture supernatant was
analyzed by performing Western blotting with anti-HMGB1
antibodies. As shown in Fig. 1A, there was a 5-fold increase
in the HMGBI levels in the medium containing 5-HT-
stimulated HUVECs. We assessed whether HMGB1 was
released from the HUVECs into the medium under the
abovementioned conditions by performing microscopy.
HUVECs were incubated in the absence or presence of 5-HT
in 4-well slides for 16 h. As shown in Fig. |B, HMGBI
disappeared from the nuclei (arrows), Next, we examined
whether 5-HT treatment decreased the viability of the
HUVECs. The cells were incubated in the absence or presence
of 5-HT for 16 h, following which the MTT reagent was added
to the medium, As shown in Fig. 1C, 5-HT did not affect cell
viability. Since TNF-a, which induces HMGB1 expression,
stimulates the active pathway for HMGBI release, we
examined whether 5-HT induced TNF-a production in the
HUVECs. As shown in Fig. 1D, 5-HT had no effect on
TNF-a production in the HUVECs,

HMGBI release from 5-HT-treated HUVECs via the
P3ISMAPK pathway. Next, we examined whether the presence
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Figure 2. HMGBI rel in 5-HT-stimulated HUVECs via p38MAPK
signaling. (A) 5-HT actvates MAPKs. HUVECs were incubated with 5-HT
(50 M) for 30 min. The activation of p3ISMAPK, ERK1/2 and JNK was
assayed by performing Western blot analysis with specific antibodies
against p-pI8MAPK, pERK 1/2 and p-INK1/2. (B) The HUVECs were
pretreatad with SB203580 (0, 2.5, and § uM) for 1§ min, followed by
incubation with 5-HT (50 uM) for 16 h. The HMGB | levels in the culture
supernatants were analyzed by using Western blotting. B-actin was used as
the loading control. Each test was perfi d in 3 independ, i

¥

HMGRBI1
- + + + 5-HT
- - + - R55526
- - - + uoxetine

Figure 3, HMGBI1 release via the 5-HT1B pior in 5-HT

HUVECs. The HUVECs were incubated with GR55526 or fluoxetine for 2 h,
following which 5-HT was added to the medium and maintained for 16 h.
The HMGBI levels were analyzed by Westem blotting. Fach test was
performed in 3 independent experiments,

of 5-HT treatment activated MAPKs (ERK1/2, p38MAPK
and JNK) or Akt in the HUVECs. The cells were incubated
in the absence or presence of 5-HT for 30 min, following
which the cell lysates were analyzed by performing Western
blotting with anti-p-ERK1/2, anti-p-p38MAPK, anti-pJNK,
or anti-pAkt antibodies. As shown in Fig. 2A, 5-HT activated
the phosphorylation of p38MAPK. but not the other kinases
in the HUVECs. Moreover, we examined whether the 5-HT-
induced HMGBI release in the HUVECs was mediated via
p38MAPK expression. The HUVECs were incubated with
5-HT alone or supplemented with SB203580 (0-5.0 uM),
which is a specific p38MAPK inhibitor, for 16 h. As shown
in Fig. 2B, SB203580 treatment markedly inhibited HMGBI
release in 5-HT-stimulated HUVECs.

Inhibition of HMGBI release from the HUVECs following
treatment with 5-HTIB antagonists, We examined whether

KAWAHARA ¢t ot HMGB1 RELEASE FROM SEROTONIN-STIMULATED HUVECs

treatment with a 5-HT receptor (5-HT1B) antagonist GR55526
or selective 5-HT reuptake inhibitors (SSRIs) such as
fluoxetine inhibited HMGBI release from 5-HT-stimulated
HUVECs. HUVECs were preincubated with GR55526 or
fluoxetine, following which 5-HT was added to the medium
containing the HUVECs. After incubation for 16 h, the
HMGBI levels in the medium were analyzed by Western
blotting. As shown in Fig. 3, GR55526 but not fluoxetine
markedly inhibited HMGBI release.

VEGF induction in HMGB I-treated RAW264 7 cells. HMGBI
is reported to be an angiogenic factor that might be correlated
with angiogenesis (19), which is an important process
involved in the development of atherosclerosis., We
hypothesized that HMGBI1 stimulates VEGF protein
production in RAW264.7 cells. As shown in Fig. 4A, HMGBI
but not heat-treated HMGBI significantly stimulated VEGF
production in a dose-dependent manner. Further, HMGBI1
treatment did not induce VEGF production in the RAGE
knock-down cells. Moreover, the mechanism of VEGF
production by HMGB1 was found to be mediated via the Akt
signaling pathway (Fig. 4B). Since RAGE is a specific
HMGBI receptor, we examined whether cells in which RAGE
expression was knocked down by siRNA transfection
produced VEGF following stimulation with HMGBI1. As
shown in Fig. 4C. under our experimental conditions, RAGE
protein expression in the siRNA-treated cells was reduced to
75% as compared with the control cells (100%).

Discussion

The present study is the first to demonstrate that 5-HT-treated
HUVECs can actively and selectively release HMGBI via
the 5-HT1B receptor and that this release is specifically
mediated by the p38MAPK signaling pathway. Furthermore,
HMGBI treatment triggered VEGF production via Akt
signaling in RAW264.7 cells; this suggests that HMGB1 may
play an important role in the development of atherosclerosis.

Platelet activation associated with EC dysfunction is the
earliest event that occurs during the development of athero-
sclerosis. It is predicted that EC injury due to increased platelet
activation causes HMGBI1 release via a passive pathway.
However, it is also possible that HMGBI is released via an
active pathway due to EC dysfunction. In fact, endotoxin is
reported to induce HMGBI release via an active pathway in
ECs (17).

The present study shows that in HUVECs, 5-HT triggered
HMGBI release in an active rather than a passive manner.
We believe that HMGBI release triggered by 5-HT treatment
occurs via an active pathway. Our findings can be summarized
as follows. First, under our experimental conditions, 5-HT
reatment did not affect cell proliferation, cell death, and
TNF-a production in the HUVECs. Second, treatment with
the pharmacological inhibitor SB203580 but not U-0126
significantly inhibited HMGBI release; this suggests that the
activation of p3BMAPK but not other kinases plays a crucial
role in 5-HT-induced HMGBI release. p38MAPK induces
the production of key inflammatory mediators including
TNF-« and IL-18, and HMGB1 which plays an important role
in promoting inflammatory diseases (12,20). Our findings
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are consistent with those of a previous study which reported
that HMGBI release is mediated via the p38MAPK signaling
pathway (12). Recent studies have suggested that HMGB1
release can occur through the activity of ERK1/2 or JNK
rather than p38SMAPK (9,17). The discrepancy between these
results and those of our study might be attributed to the
differences in cell types and the stimulants examined. Third,
HUVECs have 5-HTI1B and transporter (21). In the
HUVECs, the 5-HT-induced HMGB1 release was inhibited
by the 5-HT1B antagonist GR55526, but not fluoxetine; this
suggests that 5-HT directly triggers HMGBI release via the
active pathway in these cells.

Recent studies have demonstrated the presence and
distribution of VEGF in the macrophages of atherosclerotic
arteries (22). In non-atherosclerotic arteries, only weakly
positive VEGF staining was observed in the intima of some
sections and in the adventitia. In newly formed athero-
sclerotic lesions, VEGF staining was frequently observed in
the subendothelial regions abundant in macrophages: this
indicates that macrophages function as a potential source of
VEGF (22).

We also demonstrated that HMGBI1 induces VEGF
mRNA expression (data not shown) and enhances VEGF
protein levels in the culture supernatanis of macrophage-like
RAW264.7 cells via the Akt signaling pathway. Our data
appear to support previous evidence in this regard (22,23).
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Figure 4, VEGF production in HMGB I-treated RAW264.7 cells, (A) HMGBI
induces VEGF production in a dose-dependent manner. The RAW264.7
cells were incubated in the absence or presence of HMGB1 (0,0.1, und 10 pg/
ml} for 16 h. The levels of VEGF protein released into the supernatants were
analyzed by using ELISA. (B) VEGF expression following HMGB | -induced
Akt activation. RAW264.7 cells were incubated with HMGB1 (10 ug/ml)
for 30 min. Activation of p38MAPK, ERK 172, INK and Akt was assayed by
performing Western blot analysis with specific antibodies against p-
p3IBMAPK, pERK1/2, p-JNK1/2 and p-Akt. The RAW264.7 cells were
pretreated with SB203580 (5 pM), U-0126 (5 uM), SP6002S (5 uM) or
LY 294002 (5 M) for 15 min, followed by incubation with HMGB1 (10 pey/
mi) for 16 h, The levels of VEGF protein released into the supernatants were
analyzed by using ELISA. (C) Inhibition of HMGB | -induced VEGF release
by RAGE siRNA, RAW264.7 cells were transfected with control siRNA or
RAGE siRNA, followed by incubation with HMGB1 (10 pg/ml) for 20 h
The levels of VEGF in the sup and the exp of RAGE were
analyzed by performing Western blotting with anti-RAGE antibody. 8-actin
was used as the loading control. The values are presented as means + SD.
The data shown are the representative values for 3 independent experiments,
“Stansucally significant (P<0.05) change,

First, as mentioned above, HMGBI treatment directly induces
VEGF production in RAW264.7 cells but not in both HUVECs
and VSMCs (data not shown). Second, to confirm the
specificity of direct HMGB1 stimulation, we examined the
effects of heat-treated HMGBI and found that it did not
induce VEGF production in RAW264.7 cells. Third, HMGBI
treatment did not induce VEGF production in cells wherein
RAGE, a specific HMGBI inhibitor, was knocked down. This
suggests that HMGBI directly induces VEGF production,
mainly by macrophages. Fourth, VEGF production is mediated
via the MAPK or Akt signaling pathway. Although in the
inhibitor experiments, we found that HMGRBI activates both
the MAPK and Akt signaling pathways, it mediates VEGF
production via the Akt signaling pathway. Our data are
consistent with a recent report stating that HMGBI acts as a
proangiogenic factor due to the induction of fibroblast growth
factor (FGF), and that the inhibition of RAGE expression by
siRNA eliminates VEGF production (19,24). Thus, HMGBI
may contribute to the development of atherosclerosis by
enhancing VEGF production.

To the best of our knowledge, this is the first study to
demonstrate that 5-HT triggers active HMGBI1 release via
the 5-HT1B and p38MAPK signaling pathways in ECs. Our
findings suggest that 5-HT may play an important role in
inducing, amplifying, and prolonging the inflammatory
processes, including atherosclerosis, by inducing the release of
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a key inflammatory mediator, HMGB1. Moreover, HMGB1
treatment induced VEGF production via the RAGE and Akt
signaling pathways in RAW264.7 cells. This suggests that
cross-talk between 5-HT and HMGB1 may be involved in the
development and progression of atherosclerosis.
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Proteolytic Cleavage of High Mobility Group Box 1 Protein
by Thrombin-Thrombomodulin Complexes

Takashi Ito, Ko-ichi Kawahara, Kohji Okamoto, Shingo Yamada, Minetsugu Yasuda, Hitoshi Imaizumi,
Yuko Nawa, Xiaojie Meng, Binita Shrestha, Teruto Hashiguchi, Ikuro Maruyama

Objective—High mobility group box | protein (HMGBI1) was identified as a mediator of endotoxin lethality. We
previously reported that thrombomodulin (TM), an endothelial thrombin-binding protein, bound to HMGBI, thereby
protecting mice from lethal endotoxemia. However, the fate of HMGB1 bound to TM remains to be elucidated.

Methods and Resulis—TM enhanced thrombin-mediated cleavage of HMGBI. N-terminal amino acid sequence analysis
of the HMGB1 degradation product demonstrated that thrombin cleaved HMGBI1 at the Argl0O-Glyll bond.
Concomitant with the cleavage of the N-terminal domain of HMGBI, proinflammatory activity of HMGB1 was
significantly decreased (P<<0.01). HMGBI1 degradation products were detected in the serum of endotoxemic mice and
in the plasma of septic patients with disseminated intravascular coagulation (DIC), indicating that HMGBI could be
degraded under conditions in which proteases were activated in the systemic circulation.

Conclusions—TM not only binds to HMGBI but also aids the proteolytic cleavage of HMGBI1 by thrombin. These
findings highlight the novel antiinflammatory role of TM, in which thrombin—TM complexes degrade HMGBI to a less
proinflammatory form. (Arterioscler Thromb Vasc Biol. 2008;29:000-000)

Key Words: high mobility group box | m sepsis m disseminated intravascular coagulation m thrombin
m thrombomodulin

epsis is a life-threatening disorder that results from systemic

inflammatory and coagulatory responses to infection.' Hy-
peractivation of the inflammatory system is the most important
feature of sepsis and has been the most common target of
therapeutic strategies. So far, diverse therapies directed against
proinflammatory mediators, such as tumor necrosis factor
(TNF)-a and interleukin (IL)-1, have revealed dramatic effects
in animal models of sepsis.>’ However, in humans, most of
these strategies have failed to improve the survival of septic
patients.** In part, this is because classical proinflammatory
mediators, such as TNF-a and 1L~ 1, are released within minutes
of endotoxin exposure; thus, even a minimal delay in treatment
may result in treatment failure.

High mobility group box 1 (HMGBI; also known as
amphoterin), a mediator of endotoxin lethality, is a promising
therapeutic target for sepsis. During septic conditions, serum
HMGBI levels are elevated in both humans and animals.%?
The accumulation of HMGBI in the systemic circulation
occurs considerably later than that of classically early proin-
flammatory mediators such as TNF-a and IL-1,%* and this
delayed kinetics of HMGB 1 makes it an attractive therapeutic
target with a wider window of opportunity for treatment.

Indeed, blockade of HMGBI, even at later time points after
onset of endotoxemia, has been shown to rescue animals from
lethal endotoxemia ®7.9-10

Disseminated intravascular coagulation (DIC) is found in
25% to 50% of patients with sepsis and seems 10 be a strong
predictor of mortality.!"'2 It has been shown that the plasma
HMGBI levels are increased in patients with DIC and thar
HMGB] in the systemic circulation promotes development of
DIC in rats.'*!* In a recent clinical trial, recombinant human
soluble thrombomodulin (TM) significantly improved DIC,'?
T™M can bind o HMGB! as well as thrombin, thereby
dampening the inflammatory and coagulatory respons-
es. 101617 However, the binding of TM to HMGBI is revers-
ible,'? and therefore may not permanently block inflamma-
tory responses. In the present study, we examined the end
results of this binding and found that thrombin-TM com-
plexes efficiently cleave HMGBI to a less proinflammatory
form.

Methods

In Vitro HMGB1 Degradation Assays
HMGBI (Shino-Test Corporation, Sagamihara, Japan) was prepared
from bovine thymus by the method of Sanders, as described
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Figure 1. Proteolytic cleavage of HMGB1 by thrombin. A, Silver-staining (left) and immunoblot (right) analyses of HMGE1 and its degra-
dation product. HMGB1 (400 nmol/L) was incubated with thrambin (0, 5, 10, or 20 UW/mL) for 4 hours. B, N-terminal amino acid
sequencing of the HMGB1 degradation product yielded a sole peptide beginning from Gly11 of HMGB1,

previously.'%1 HMGBI has 99% amino acid sequence identity
among all mammals.*® Protein purity was confirmed by sodium
dodecyl sullate (SDS)-polyacrylamide gel electrophoresis (PAGE)
followed by silver-staining (supplemental Figure 1, available online
at hitp//atvb.ahajournals.org). HMGB 1 (400 nmol/L) was incubated
with () to 20 U/mL of bovine thrombin (Mochida Pharmaceutical) or
human thromhbin (Sigma-Aldrich) with or without 400 nmol/L
recombinant soluble T™M (Asahi Kasei Pharma Corporation), TM-
derived peptide D1, D23, or D1 + D23 for 15 to 240 minutes at 37°C
in 50 mmol/L Tris-HCI (pH 8.0), 2 mmolL CaCl,, and 0.1 mol/L
NaCl in a total volume of 50 pl. Bovine and human thrombin
cleaved HMGB1 in the same way (Figure | and supplemental Figure
II), and we used bovine thrombin in most experiments unless
otherwise indicated. These samples were then assessed by SDS-
PAGE followed by silver-staining or immunoblot as described
previously.”t A rabbit polyclonal antibody against peptide Lys167-
Lys180 of HMGBI (Shino-Test Corporation) was used as a primary
antibody for immunoblot analyses, This antibody recognizes human,
rabbit, bovine, pig, rmt, and mouse HMGBI1 but not HMGB2
Densitometry was performed using National Institutes of Health
(NITH) Image software.

N-Terminal Amino Acid Sequence Analysis of the
HMGBI1 Degradation Product

The HMGBI degradation products were subjected to SDS-PAGE,
transferred to a polyvinylidene fluoride (PVDF) membrane, and
analyzed on an sutomated amino acid sequencer, Procise 494 HT
Protein Sequencing System (Applied Biosystems).

Analysis of Proinflammatory Activity of the
HMGBI1 Degradation Product

HMGB1 preparations were tested for endotoxin content by the
Limulus assay, and confirmed to contain 40 pg or less of endotoxin

quantitative reverse-transcription polymerase chain reaction
(RT-PCR).

RT-PCR

Total RNA was extracted from cells using the RNAgueous kit
(Ambion Inc). RNA was reverse-transcribed using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosysiems). Relative
expression levels of mRNA were determined using an Applied
Biosystems 7300 Real-Time PCR System with a TagMan Universal
PCR Master Mix (Applied Biosystems) and gene-specific primers
(TNF: Mm00443258_ml, NOS2: Mm00440485_m1). Expression
levels were calculated as the ratio of mRNA level for a given gene
relative to the mRNA level for glyceraldehyde-3-phosphate dehy-
drogenase (Mm99999915_gl) in the same ¢cDNA sample.

Patients

In total, 8 septic patients with DIC, 4 colon cancer patients with
metastasis, and 8 healthy volunteers were enrolled in this study.
Diagnosis of sepsis was made according to the guideline of the
Society of Critical Care Medicine Consensus Conference Commit-
tee, and diagnosis of DIC was made according to the criteria
established by the Jag Ministry of Health and Welfare. None of
the patients with DIC had taken anti-DIC or anticoagulant therapy
before blood sampling. All the colon cancer patiems had received
chemotherapy but had not undergone operations for at least 3 months
before blood sampling. Plasma or serum samples were obtamed at
the University of Occupational and Environmental Health, Sapporo
Medical University, Fuji Hospital and Kagoshima University accord-
ing to the recommendations of the Medical Ethics Committees of
each mstitution. All patients and healthy volunteers gave informed
consent for participation in this study.

Systemic Endotoxin Challenge in Mice
This | study was approved by the Institutional Animal Care

per microgram of bovine thymus HMGBI. This dose of end 1
was completely neutralized by 10 pg/mL of polymyxin B sulfate in
the culture media (data not shown). Endotoxin-free bovine serum
albumin (BSA, Calbiochem) and thrombin were coupled to separate
HiTrap NHS-activated HP 1-mL columns (GE Healthcare) according
to the manufacturer’s rece dations, Next, bi T™ was
added 10 the thrombin-conjugated columns and incubated for 30
minutes at 37°C. After washing each column with 8 column volumes
of washing buffer (0.05 mol/L. phosphate buffer, pH 7). they were
designated as control col (BSA j d columns) and TTM
columns (thrombin-conjugated columns in which 9.14 nmol TM was
noncovalently bound to thrombin). HMGBI1 (100 pg in 1 mL of
saline) was incubated in control and TTM columns for 15 minutes at
37°C, before samples were collected by injection of another | mL of
saline, The protein concentrations of HMGBI1 samples from cach
column were adjusted to 100 pg/ml, and these samples were
individually added to RPMI-1640 medium (1% fetal bovine serum,
10 pg/mL polymyxin B sulfate) at a dilution of 1:40 (100 nmol/L),
and were used to stimulate RAW 264.7 cells (4% 10° cells per well).
The TNF-or concentrations in the cell supernatants afier 15-hour
stimulation were determined using an ELISA kit for mouse TNF-a
(R&D Systems). The messenger RNA (mRNA) levels of TNF-o and
nitric oxide synthase 2 (NOS2; also known as iNOS) in RAW 264.7
cells after 3 hours of stimulation were determined by real-time

and Use Committee of Kagoshima University. Male C57TBL/6)
mice were divided into 3 groups: a saline group (n=2, body
weight=32.421.6), a lipopolysaccharide (LPS) group (n=3,
body weight=32.1+4.4), and an LPS + TM group (n=4, body
weight=32.3%2.2), Mice in the LPS and LPS ~ TM groups were
exposed to LPS (E coli serotype O111:B4, 5 mg/kg, intraperitone-
ally) in the absence or presence, respectively, of binant soluble
TM (100 nmol/kg, intraperitoneally at 0 and 12 hours afier LPS
exposure). Sixteen hours after LPS exposure, blood samples were
collected from ether-anesthetized mice.

Immunoblot Analyses of the HMGBI1 Degradation
Product in Critically Ill Patients and in
Endotoxemic Mice

Plasma samples from septic patients and serum samples from
endotoxemic mice, cancer patients, and healthy volunteers were
analyzed by immunoblot. HMGBI in plasma and serum (250 plL)
was immunoprecipitated using ExactaCruz F (Santa Cruz Biotech-
nology) and a rabbit polyclonal antibody against peptide Lys167-
Lys180 of HMGBI. After that, immunoprecipitated HMGBI1 was
analyzed by immunoblot as described previously.*' Whether we used
plasma or serum made little or no difference to the immunoblot
analysis (data not shown). The positive control (PC) consists of




[ balt2/zhg-atv/zhg-atv/zhq00908/2hq8328-08z | xppws | S=1 | 7/2/08 [ 10:46 | Art: 150631 | Input-sb |

Ito et al

Thrombin 2 Liml Thrombin 2 Liml+ TV

hd iS5 ¥ o0 in 15 W 0 10 (min)

mn:alh-——-! —_——=

L L] 28 139 ase a9 520 a I-2.| (" degradation)

Figure 2. Thrombomedulin enhances thrombin-mediated cleav-
age of HMGB1. HMGE1 (400 nmol/L) was incubated with
thrombin (2 U/mL) in the absence or presence of TM (400
nmol/L) for 15, 30, 60, or 120 minutes. Then, samples were ana-
lyzed by immunoblot. The numbers at the bottom of the lanes
refer to the relative parcentages of the degraded form.

bovine HMGBI (175 ng/mL) mixed in vitro with whole blood from
a healthy volunteer. Of the 8 healthy volunteers examined, results
from 2 representative volunteers are shown in Figure SA. Of the
eight septic patients examined, results from 3 representative patients
ure shown in Figure 5B,

Statistical Analyses
Data are presented as means*SD, Statistical analyses were per-
formed using Student r test.

Results

First, we examined whether thrombin could cleave HMGBI.
A computational analysis identified a possible thrombin
cleavage site (Arg10-Gly11) in HMGBI. Thrombin displays
a marked preference for certain amino acid side chains of
substrates, including an arginine at the P1 position (nomen-
clature of Schechter and Berger®), a proline at P2, a hydro-
phobic residue at P4, and a small residue ar P1'.2324 Pro9,
Argl0, and Glyll of HMGBI seem to be applicable to
thrombin’s preferred P2, Pl, and P1' amino acids, respec-
tively, although Lys7 of HMGBI1 is not hydrophobic. To
confirm whether thrombin cleaves HMGB1, we performed in
vitro experiments. As shown in Figure 1A, thrombin cleaved
HMGB] in a dose-dependent manner. N-terminal amino acid
sequence analysis of the HMGB1 degradation product dem-
onstrated that thrombin cleaved HMGBI at the Argl0-Gly11
bond (Figure 1B). The cleavage of HMGBI depended on the
proteolytic activity of thrombin, since the reaction was
completely blocked in the presence of antithrombin (supple-
mental Figure II1A).

Although thrombin-mediated cleavage of HMGBI1 did
occur, it required rather high doses of thrombin (5 to 20
U/mL) and a long duration of time (4 hours). This led us to

A
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speculate that there could be a cofactor in this reaction. We
recently reported that TM, a cofactor for thrombin-mediated
activation of anticoagulant protein C,'® bound to HMGB1 via
its lectin-like domain.'® Therefore, we examined whether TM
also acted as a cofactor for thrombin-mediated cleavage of
HMGBI. As shown in Figure 2 and supplemental Figure II,
TM at a physiologically relevant concentration found in
capillaries® significantly enhanced thrombin-mediated cleav-
age of HMGBI1. Neither TM per se nor activated protein C
(APC) cleaved HMGB1 at all (supplemental Figure IIIB).
The cleavage of HMGB1 by thrombin-TM complexes is
Ca™" independent (supplemental Figure IIIB). Kinetic anal-
ysis showed that the estimated Km and kcat of thrombin-TM
for the cleavage of HMGBI1 were 1.89 pmol/L and 2.28
minutes™', respectively (supplemental Figure 1V). The
keat/Km of thrombin-TM for the cleavage of HMGBI was
approximately equivalent to or within one order of magnitude
lower than that for protein C activation, using the same
recombinant soluble TM.?¢ Cofactor activity assays using
various TM-derived peptides revealed that both the lectin-like
domain (D1) and the epidermal growth factor (EGF)-like
domain plus the proteoglycan-like domain (D23) of TM were
essential for efficient cleavage (Figure 3). These findings are
consistent with previous reports that the lectin-like domain
binds to HMGB1 and the EGF-like domain binds to throm-
bin, 3 and indicate the possibility that the lectin-like domain
of T™ binds o HMGBI, positioning HMGBI so that
thrombin-TM complexes can effectively degrade it.

Next, we examined the functional consequences of
HMGBI1 degradation. HMGBI1 incubated in the throm-
bin—=TM column (TTM column) was degraded (Figure 4A).
Because the N terminus of HMGBI contains a consensus
sequence for heparin-type glycan recognition,?” we examined
the binding affinity of HMGBI to heparin. As shown in
supplemental Figure V, the HMGBI degradation product
showed reduced heparin-binding affinity. Concomitant with
the degradation and the loss of heparin-binding affinity, the
proinflammatory activity of HMGB1 was significantly de-
creased (Figure 4B and 4C, P<(.01). A minor fraction of
TM, which could be contaminated in HMGB1 samples from
the TTM column, was not responsible for the decrease in
proinflammatory activity, because (1) HMGB1 samples from
the thrombin column, which did not comain TM ar all,

+ o+ + + o+ + -
- 123 1 23 1423 123 —
- - -— p— —_— + =
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Thrombin

D1: lectin-like domain T™ (domain)
Antithrombin

APC

D2: EGF-like domuin HMGBI
D3: proteoglycan-like domain  HMGBI >

D4: transmembrane domain

D5: evtoplasmic domain

Figure 3. Both D1 and D23 of thrombomodulin are essential for efficient cleavage of HMGB1, A, The domain structure of TM (D1 to
D5). B, HMGB1 was Incubated with thrombin {2 U/mL) in the absence or presence of 400 nmoVL TM (D123), TM-derived peptide D1,
D23, or D1 + D23 for 30 minutes. Thesa samples ware then assessed by immunobiot.
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Figure 4. Thrombin-TM complexes degrade HMGB1 to a less
proinflammatory form, A, Silver-staining analyses of HMGB1
that passed through the columns. Control column: BSA colummn;
TTM column: thrombin-TM column. B, TNF-a secretion by RAW
264.7 cells. C, Relative expression levels of TNF-a mRANA and
iINOS mRNA in RAW 284.7 cells. n=3.

exhibited decreased proinflammatory activity if sufficient
thrombin to degrade HMGB| was conjugated to the column;
and (2) an abundant supply of T™M (400 nmol/L) 1o HMGBI1
samples from the control column did not cause a decrease in
proinflammatory activity (relative expression of TNF-a
mRNA in RAW 264.7 cells stimulated by HMGB1 from
control columns =4.22+0,34; stimulated by HMGBI1 from
thrombin columns=1.72+0.04; stimulated by HMGBI
from control columns plus 400 nmol/L. TM=4.16+0.19). The
inhibitory effect of thrombin-TM complexes on HMGBI-
mediated inflammation was completely diminished in the
presence of a serine protease inhibitor (supplemental Figure
VI, suggesting that the inhibitory effect was dependent on
the proteolytic activity of thrombin, The binding affinity of
the HMGB! degradation product to macrophages (RAW
264.7) was similar to that of intact HMGB! (supplemental
Figure VII). The binding affinity to receptor for advanced
glycation end-products receptor (RAGE, a receptor for
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HMGBI1) was also similar between the HMGB1 degradation
product and intact HMGBI (supplemental Figure VIII).
These findings suggest that the decreased proinflammatory
activity of the HMGBI1 degradation product was attributable
not to decreased binding affinity for its receptor, but rather to
decreased signaling after binding to its receptor. To confirm
this idea, we analyzed proinflammatory signaling pathways in
RAW 264.7 cells. HMGB] signaling through RAGE leads to
activation of the nuclear factor-xB pathway, as well as to
signal transduction through extracellular signal regulated
kinase (ERK) and p38, which promotes cytokine production.”
HMGBI activated these signaling pathways within 30 min-
utes, and the activation was sustained for at least 2 hours
(supplemental Figure IX and data not shown). However, the
HMGBI degradation product did not activate the proinflam-
matory signaling pathways in RAW 264.7 cells (supplemen-
tal Figure IX). Thus, thrombin-TM complexes can alter the
function of HMGBI, including proinflammatory activity and
heparin-binding affinity, through the proteolytic cleavage of
HMGBI.

Finally, we examined the expression pattern of HMGB1 in
critically ill patients and in endotoxemic mice. In critically ill
patients, including patients with advanced cancer and patients
with DIC. a lower molecular-weight HMGBI band was
detected along with the conventional HMGB1 band (Figure
5). In endotoxemic mice, a lower molecular-weight HMGBI
band was also detected (supplemental Figure X). A similar,
lower molecular-weight HMGB 1 band has also been found in
the synovial fluid of patients with rheumatoid arthritis,®' in
which high levels of thrombin and TM are present.* It
seems highly probable that these bands correspond to
HMGBI degradation products, rather than homologous pro-
teins of the 3-hydroxy-3-methylglutaryl (HMG) protein fam-
ily. because we used an antibody against the Lys167-Lys180
sequence, which represents the most distinctive feature of
HMGBI. Collectively, HMGBI could be degraded in criti-
cally ill patients and in endotoxemic mice, indicating a possible
relevance of HMGBI1 degradation in clinical settings.

Discussion
QOur results, in combination with those of previous stud-
ies,'™'7 suggest that the lectin-like domain of TM binds 1o
HMGBI, positioning HMGB1 so that thrombin-TM com-
plexes can effectively degrade it to a less proinflammatory
form. These findings highlight the novel antiinflammatory
role of TM, in which TM can sequester and degrade HMGB1,
thereby preventing HMGB/ from exacerbating inflammation,
In a series of these TM-mediated HMGBI1 inactivation steps,
the first step may be binding of TM to HMGB 1.'° By binding

Figure 5. HMGB1 degradation
products in critically ill patients.
Immunobiot analyses of serum
and plasma samples from
patients with advanced cancer
(A) and patients with sepsis
and DIC (B). H1 and H2:
healthy volunteers 1 and 2,

C1 through C4: colon cancer

Sepals + DIC

8 s 52 a1

patients 1 through 4; S1 through S3: patients with sepsis and DIC 1 through 3. Deg: HMGB1 degradation product.
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to HMGBI, TM can suppress the proinflammatory effects of
HMGBI in a thrombin-independent manner.'? However, the
binding is noncovalent and reversible, causing insufficient
suppression of HMGBI1 in some cases. In such conditions,
thrombin=TM complex-mediated HMGB Idegradation may
be important for the inactivation of HMGB1. Because T™
expression is decreased on the endothelium of patients with
sepsis, ™ its replacement with recombinant T™M could aid in
the inactivation of HMGBI and offer a therapeutic value for
sepsis or DIC.'? In the present study, however, the reason
why HMGBI lacking its N-terminal domain lost its proin-
flammatory activity was unclear. One possibility is that
HMGBI lacking its N-terminal domain is unable to bind to
heparin-type glycans, such as syndecans, leading to the loss
of its proinflammatory activity. HMGB l/amphoterin was
reported to bind to the heparan sulfate side chains of
syndecan-1, a transmembrane proteoglycan.’’ Syndecans
bind to some growth factors and growth factor receptors, and
thereby regulate their assembly into signaling complexes, **3
Similarly, syndecan-HMGB I-RAGE binding may also be
important in formation of proinflammatory signaling com-
plex.?” Because HMGB 1 lacking its N-terminal domain lost
binding affinity to heparin, it might no longer induce forma-
tion of the intracellular signaling complex, thereby losing its
proinflammatory activity.

It will be important to address the mechanism by which
TM enhances thrombin-mediated cleavage of HMGB1. In the
cofactor activity assay using various TM-derived peptides
(Figure 3), both the lectin-like domain (D1) and the EGF-like
domain plus the proteoglycan-like domain (D23) of TM were
essential for the efficient cleavage of HMGB 1. Furthermore,
compared with D23 peptide alone, addition of D1 peptide to
D23 peptlide tended to promote the thrombin-mediated cleav-
age of HMGBI, although this did not reach statistical
significance. These findings indicate the possibility that
DI-bound HMGBI1 may be cleaved by thromhin associated
with adjacent TM (rrans), rather than with the same TM (cis)
to which the HMGBI is simultancously bound. It is not yet
known whether endogenous cell-associated TM can enhance
HMGBI cleavage as effective as recombinant soluble TM.
however, HMGB1 was degraded in endotoxemic mice (sup-
plemental Figure X) and in patients with advanced cancer and
DIC (Figure 5), suggesting that endogenous TM might also
play a role in enhancing the cleavage of HMGBI1.

Another important feature of this study is that HMGBI
could be degraded in DIC patients. During DIC, thrombin
generation would be expected to be increased, whereas TM
expression would be decreased. In such conditions, HMGB1
might be insufficiently degraded (Figure 5), presumably
because of a lack of sufficient TM on endothelial cells, and
replacement with recombinant TM would promote the deg-
radation of HMGBI1 (supplemental Figure X). It is probable
that not only thrombin-TM complexes, but also other pro-
teases, may contribute to the degradation of HMGBI in these
patients and animals. For example, plasmin can degrade
HMGB l/amphoterin  in  the filopodia of neuroblastoma
cells,* suggesting that plasmin can also degrade HMGBI1 in
the systemic circulation,

Proteolytic Cleavage of HMGEB1 by Thrombin-TM 5§

Ouwr findings indicate the need for caution in interpreting
the significance of the HMGBI degradation product in
clinical samples. HMGBI can be degraded under crinically ill
conditions, such as DIC or other conditions in which pro-
teases are systemmically activated. Therefore, HMGBI degra-
dation products may reflect poor prognosis attributable to
deleterious protease activation, even though the degradation
of HMGB] itself may be protective. In contrast, if the
degradation of HMGBI is achieved by replacement with
recombinant TM, it may indicate improved prognosis. Re-
combinant T™M can suppress inflammatory and coagulatory
responses at least in part through sequestration of thrombin
and HMGBI1 and subsequent degradation of HMGBI1 by
thrombin=TM complexes, and should be a promising thera-
peutic option against DIC or sepsis.

Serum samples from patients with advanced cancer contain
many protein fragments and could be a rich source of
cancer-specific diagnostic information.”**" The terms “pep-
tidome™ and “degradome” are now proposed to describe the
low molecular weight range of the circulatory proteome. The
HMGBI1 fragment found in this swdy in patients with
advanced cancer or DIC may be one aspect of the degradome.
However, in vitro experiments suggested that this fragment
would probably be more meaningful than a diagnostic
marker, because the function of HMGBI1 could be changed
through the proteolytic cleavage. HMGBI lost its proinflam-
matory activity and heparin-binding ability. It is not yet
known whether HMGB1 gains new functions via this proteo-
Iytic cleavage. Further investigations are therefore required to
determine the physiological and pathological importance of
HMGBI degradation. These studies will provide new insights
into how HMGB! is metabolized and how the roles of
HMGBI1 are regulated.

Recent studies have implicated HMGB1 as a possible
contributor to atherogenesis.* - Endothelial cell-associated
TM might play an important role in regulating atherogenesis
through promoting proteolytic cleavage of HMGBI1 by
thrombin.
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