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High-mobility group box 1 (HMGB1) is released extra-
cellularly upon cell necrosis acting as a mediator in
tissue injury and inflammation. However, the molecular
mechanisms for the proinflammatory effect of HMGBI1 are
poorly understood. Here, we define a novel function of
HMGBI1 in promoting Mac-1-dependent neutrophil recruit-
ment. HMGB1 administration induced rapid neutrophil
recruitment in vivo. HMGB1-mediated recruitment was
prevented in mice deficient in the p2-integrin Mac-1 but
not in those deficient in LFA-1. As observed by bone
marrow chimera experiments, Mac-1-dependent neutro-
phil recruitment induced by HMGBI1 required the presence
of receptor for advanced glycation end products (RAGE) on
neutrophils but not on endothelial cells. In vitro, HMGB1
enhanced the interaction between Mac-1 and RAGE.
Consistently, HMGB1 activated Mac-1 as well as Mac-1-
mediated adhesive and migratory functions of neutrophils
in a RAGE-dependent manner. Moreover, HMGB1-induced
activation of nuclear factor-kB in neutrophils required
both Mac-1 and RAGE. Together, a novel HMGB1-depen-
dent pathway for inflammatory cell recruitment and
activation that requires the functional interplay between
Mac-1 and RAGE is described here.
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Introduction

Leukocyte recruitment as an integral part of inflammatory
processes requires multistep adhesive and signaling events
including selectin-dependent rolling, chemokine-dependent
leukocyte activation, and integrin-mediated firm adhesion
and diapedesis (Springer, 1994). During firm endothelial
adhesion of leukocytes, leukocyte B2-integrins, LFA-1 (aLB2,
CDI11a/CD18), Mac-1 («MB2, CD11b/CD18), and p150,95
(aXB2, CD11c/CD18), as well as Bl-integrins interact with
endothelial counterligands such as ICAM-1, surface-asso-
ciated fibrinogen (FBG) or VCAM-1 (Gahmberg, 1997; Plow
et al, 2000; Hogg et al, 2003). Among leukocyte integrins,
Mac-1 plays an important role in innate immunity, as it may
regulate inflammatory cell recruitment as well as pathogen
recognition, phagocytosis, and neutrophil survival (Ehlers,
2000; Mayadas and Cullere, 2005). Interestingly, Mac-1 liga-
tion on leukocytes may lead to activation of nuclear factor-kB
(NF-xB) (Sitrin et al, 1998) and the activation of the conse-
quent gene expression (Rezzonico et al, 2001), although the
underlying mechanisms are poorly understood. The role of
Mac-1 in innate immunity is in line with its propensity to be
a highly versatile multiligand receptor (Ehlers, 2000) inter-
acting with numerous ligands and counter-receptors. In
addition, the functions of Mac-1 may be regulated by inter-
actions in cis, that is, on the same leukocyte surface with
other receptors, such as the FcyRIII or the urokinase receptor
(Zhou et al, 1993; Tang et al, 1997; Petty et al, 2002; Mayadas
and Cullere, 2005). Interestingly, although Mac-1 is notorious
for interacting in trans with different cellular counter-
receptors or matrix proteins, only a few membrane partners
of Mac-1 in cis are identified that may regulate its activity
(Ehlers, 2000; Petty et al, 2002).

High-mobility group box 1 (HMGB1), also named ampho-
terin, is a nuclear protein loosely bound to DNA that stabi-
lizes nucleosome formation and regulates transcription
(Dumitriu et al, 2005b; Lotze and Tracey, 2005). Emerging
evidence has demonstrated an important role for extracellular
HMGBI as a very potent inflammatory mediator (Wang et al,
1999; Scaffidi et al, 2002; Dumitriu et al, 2005b; Lotze and
Tracey, 2005). HMGBI1 can be secreted into the extracellular
space by activated macrophages and mature dendritic cells
by an active process that may require the acetylation of the
molecule in the nucleus (Bonaldi et al, 2003). Alternatively,
HMGBI is passively released by necrotic, but not apoptotic
cells (Scaffidi et al, 2002), thereby representing a signal for
tissue damage. Extracellular HMGB1 may interact with toll-
like receptors (TLR) and/or RAGE (receptor for advanced
glycation end products) (Dumitriu et al, 2005b; Lotze and
Tracey, 2005). In particular, an interaction between HMGB1
and TLR-2 or TLR-4 has been demonstrated that may mediate
the proinflammatory actions of HMGB1 (Park et al, 2004,
2006). On the other hand, RAGE is a multiligand receptor on
vascular cells that plays a key role in inflammatory processes,
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especially at sites where its ligands accumulate (Schmidt
et al, 2001; Chavakis et al, 2004). RAGE ligation may activate
a range of signaling pathways including MAP kinases, rho
GTPases, as well as activation of NF-xB (Schmidt et al, 2001;
Yan et al, 2003). Recently, we established that endothelial
RAGE interacts also with Mac-1 on leukocytes (Chavakis
et al, 2003).

Extracellular HMGB1 evokes a strong inflammatory res-
ponse; it stimulates the release of multiple proinflammatory
cytokines such as tumor necrosis factor (TNF) and interleu-
kins in macrophages and neutrophils (Andersson et al, 2000)
and induces the expression of adhesion molecules on endo-
thelial cells, such as VCAM-1 and selectins, as well as it
enhances dendritic cell maturation (Dumitriu et al, 2005a, b;
Lotze and Tracey, 2005). Robust leukocyte recruitment is
a prominent hallmark associated with HMGB1-mediated
inflammation (Dumitriu et al, 2005b; Lotze and Tracey,
2005). As observed in studies that entailed HMGBI1 blockade
in vivo, HMGBI is important in the pathogenesis of sepsis
(Wang et al, 1999; Yang et al, 2000), as well as in arthritis
(Yang et al, 2005). Recent studies also indicated that HMGB1
may mediate inflammatory cell recruitment in acute hepatic
necrosis (Tsung et al, 2005) and in acute lung injury (Kim
et al, 2005; Lin et al, 2005). However, the molecular mechan-
isms underlying this proinflammatory function of HMGBI1
remain to be clarified. In particular, it is not established yet
whether HMGB1 affects extravasation-related functions of
leukocytes, such as adhesion and migration. Here, we identi-
fy a novel pathway for HMGB1-mediated neutrophil recruit-
ment that requires the functional interplay between RAGE
and the B2-integrin Mac-1.

Results

HMGB1-mediated neutrophil recruitment in vivo
requires Mac-1

We first studied whether HMGB1 administration can elicit
rapid inflammatory cell recruitment in vivo. Interestingly,
intraperitoneally (i.p.) injection of HMGBI1 resulted in a
rapid (4h) recruitment of leukocytes (mostly neutro-
phils) into the peritoneum (Figure 1A). As a comparison,
we studied thioglycollate-induced peritonitis (Figure 1B)
(Chavakis et al, 2002, 2003). The HMGB1-mediated effect
on neutrophil recruitment was reduced in RAGE-deficient
mice (Figure 1A). In addition, HMGB1-induced neutrophil
emigration to the peritoneum was blocked by systemic pre-
treatment of wild-type mice with soluble RAGE 1h before
HMGBI1 injection (data not shown). Whereas thioglycollate-
induced neutrophil infiltration was blocked by blocking
monoclonal antibody (mAb) against LFA-1 and, to a less
extent, by blocking mAb against Mac-1, HMGB1-mediated
neutrophil emigration to the peritoneum was only blocked by
blocking mAb to Mac-1, but not affected by antibody against
LFA-1 (Figure 1B). To define further the underlying mechan-
isms of HMGBI-mediated neutrophil extravasation, we
engaged mice deficient in Mac-1 or LFA-1. Consistent with
the antibody inhibition studies, HMGB1-induced neutrophil
emigration was decreased in Mac-1-deficient mice but not in
LFA-1-deficient mice (Figure 1C). In contrast, thioglycollate-
induced peritonitis was prevented in LFA-1-deficient mice
(Figure 1D), consistent with previous reports showing an
important role of LFA-1 in thioglycollate-induced peritonitis
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(Coxon et al, 1996; Lu et al, 1997; Berlin-Rufenach et al, 1999;
Ding et al, 1999). Together, these findings suggest that
HMGBI1 stimulates neutrophil recruitment in vivo and that
this process requires Mac-1 as well as RAGE.

RAGE is expressed on both endothelial cells and hemato-
poietic cells including neutrophils (Collison et al, 2002; Yan
et al, 2003). Endothelial RAGE can interact with leukocyte
Mac-1 in trans (Supplementary Figure 1, and Chavakis et al,
2003). To differentiate whether endothelial- or neutrophil-
associated RAGE was required for the activity of HMGBI1
to stimulate inflammatory cell recruitment in vivo, we
performed bone marrow transplantation experiments. In
particular, wild-type mice received irradiation and were
then reconstituted with bone marrow from either wild-type
or RAGE-deficient mice (wt —»wt and RAGE—/— — wt, respec-
tively). In the reverse experiment, irradiated RAGE—/— mice
were reconstituted with bone marrow from wild-type mice
(wt—>RAGE—/—). Interestingly, the decrease in HMGB1-in-
duced neutrophil extravasation observed in RAGE—/— mice
as compared to wild-type mice (Figure 1A) could be reversed
in the wt—>RAGE—/— group, that is, by restoring the expres-
sion of RAGE on neutrophils (Figure 1E). In contrast,
HMGBI1-induced neutrophil recruitment into the peritoneum
was prevented in the RAGE—/— — wt group as compared to
the wt—wt group (Figure 1E). The degree of reduction
in HMGB1-induced neutrophil recruitment into the perito-
neum owing to the hematopoietic-specific absence of
RAGE was comparable to the degree of decrease of HMGB1-
induced neutrophil emigration in RAGE-deficient mice
(Figure 1A). Taken together, these results indicate that
Mac-1 and neutrophil RAGE but not endothelial RAGE are
required for the HMGB1-induced recruitment of neutrophils
in vivo.

HMGB1 stimulates Mac-1-dependent leukocyte
adhesion

As these observations suggested a role for HMGB1 in Mac-1-
dependent leukocyte extravasation, we studied whether
HMGBI1 can affect neutrophil adhesion. Interestingly, Mac-
1-dependent neutrophil adhesion to FBG was stimulated
three-fold by HMGB1. Whereas adhesion of RAGE-deficient
neutrophils to FBG was comparable to the adhesion of wild-
type neutrophils, the stimulatory effect of HMGB1 on Mac-1-
dependent neutrophil adhesion to FBG was abolished in the
absence of RAGE (Figure 2A). Additionally, HMGBI1 induced
spreading of wild-type but not RAGE-deficient neutrophils on
FBG (Figure 2B). In contrast, PMA-induced adhesion and
spreading of neutrophils to FBG was not affected by RAGE
deficiency (not shown). Moreover, Mac-1—/— neutrophils
failed to adhere to FBG and HMGBL1 did not stimulate the
adhesion of Mac-1-/— neutrophils to FBG, whereas
HMGBI1 enhanced the FBG adhesion of LFA-1—/— neutro-
phils (Figure 2C). Thus, HMGBI1 stimulates the Mac-1-depen-
dent adhesion of neutrophils to FBG in a RAGE-dependent
manner.

Next, the effect of HMGB1 on the adhesion of neutrophils
to immobilized ICAM-1, the major endothelial counter-
receptor of leukocyte P2-integrins, was studied. Neutrophil
adhesion to ICAM-1 is mediated by both Mac-1 and LFA-1
(Gahmberg, 1997; Hogg et al, 2003), and in the absence of
HMGB1 neutrophil adhesion to ICAM-1 was blocked by
inhibitory mAb to either Mac-1 or LFA-1 (Figure 2D). Both
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Figure 1 HMGB1-mediated inflammatory cell recruitment in vivo. (A) The number of neutrophils in wild-type (open bars) or RAGE—/— (filled
bars) mice is shown 4 h after the i.p. injection of buffer (—) or HMGB1 (10 ug). (B) Sixty minutes before thioglycollate (open bars) or HMGB1
(filled bars) administration, wild-type mice were treated with isotype control mAb, with a blocking mAb against LFA-1 or with a blocking mAb
against Mac-1 (each 100pug). (C) HMGBI1 induced peritonitis in wild-type, Mac-1—/—, and LFA-1—/— mice. (D) Thioglycollate induced
peritonitis in wild-type, Mac-1—/—, and LFA-1—/— mice. (E) HMGBI induced peritonitis in sublethally irradiated wild-type mice reconstituted
with bone marrow cells from wild-type mice (wt— wt), sublethally irradiated wild-type mice reconstituted with bone marrow cells from
RAGE—/— mice (RAGE—/——wt) and sublethally irradiated RAGE—/—mice reconstituted with bone marrow cells from wild type (wt—
RAGE—/—). Data are expressed as absolute numbers of emigrated neutrophils into the peritoneum. *P<0.01; “P<0.05; ns: not significant. Data

are mean+s.d. (n=3-6 mice/group).

Mac-1- and LFA-1-deficient neutrophils displayed decreased
adhesion to immobilized ICAM-1 (Figure 2C). HMGBI in-
creased adhesion of wild-type neutrophils to ICAM-1 and the
HMGB1-induced effect was absent in RAGE—/— neutrophils
(not shown). Moreover, the HMGBI1-induced upregulation
of ICAM-1 adhesion was mediated by Mac-1 but not LFA-1,
as evidenced by the following observations: (i) ICAM-1 adhe-
sion of wild-type neutrophils in the presence of HMGB1 was
prevented by inhibitory mAb to Mac-1 but was not affected
by inhibitory mAb to LFA-1. (ii) The HMGBI1-induced stimu-
lation of neutrophil adhesion to ICAM-1 was absent in Mac-1-
deficient neutrophils. In contrast, HMGBI1 increased adhesion
of LFA-1-deficient neutrophils to ICAM-1. This HMGBI-
induced increase in ICAM-1 adhesion of LFA-1-deficient
neutrophils was prevented by inhibitory mAb to Mac-1 but
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not mAb to LFA-1 (Figure 2D). Moreover, although soluble
RAGE did not affect the adhesion of neutrophils to ICAM-1 in
the absence of HMGBI, it blocked the HMGBI-induced
upregulation of wild-type or LFA-1-deficient neutrophils
(Figure 2D). Furthermore, the effect of HMGB1 to stimulate
Mac-1-dependent adhesion of neutrophils to FBG or ICAM-1
was dose-dependent (1-250 ng/ml; data not shown). HMGB1
was active in stimulating Mac-1-dependent adhesion inde-
pendent of whether it was pre-incubated with the neutrophils
and then washed away before the adhesion assay or whether
it was co-incubated with the neutrophils during the course of
the adhesion assay, indicating that HMGB1 primary acts on
the neutrophils. Finally, adhesion of wild-type neutrophils to
immobilized fibronectin (FN), which is mediated by VLA-4,
was not stimulated by HMGB1 (data not shown).
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Figure 2 HMGBI1-stimulated adhesion of mouse neutrophils. (A) Adhesion of wild-type or RAGE—/— neutrophils to immobilized FBG in
the absence (open bars) or presence of HMGBI (filled bars, 100 ng/ml) is shown without (—) or with mAb to LFA-1 or mAb to Mac-1 (each at
20 png/ml). Cell adhesion is represented as number of adherent cells. (B) Spreading of wild-type or RAGE—/— neutrophils on immobilized FBG
in the absence (open bars) or presence of HMGB1 (filled bars, 100 ng/ml). Data are represented as % spread cells. (C) Adhesion of wild-type,
Mac-1—-/—, or LFA-1—/— neutrophils to immobilized FBG in the absence (open bars) or presence of HMGBI (filled bars, 100 ng/ml) is shown.
Cell adhesion is represented as number of adherent cells. In (A), (B), and (C), *P<0.01; ns: not significant. (D) Adhesion of wild-type, Mac-1—/—,
or LFA-1—/— neutrophils to immobilized ICAM-1 is shown in the absence (open bars) or presence of HMGB1 (100 ng/ml, filled bars) without
(—) or with mAb to Mac-1, mAb to LFA-1, or soluble RAGE (each at 20 pg/ml). Cell adhesion is represented as number of adherent cells. In (D),
*P<0.01; “P<0.05; ns: not significant; "P<0.05 as compared to adhesion in the absence of HMGB1 (open bars) and in the absence of
competitors (—); nsl: not 51gn1ﬁcant as compared to adhesion in the absence of HMGB1 (open bars) and in the absence of competitors (—);

4P<0.01 as compared to adhesion in the presence of HMGB1 (filled bars) and in the absence of competitors (—); ns2: not significant as
compared to adhesion in the presence of HMGBI (filled bars) and in the absence of competitors (—). Data are mean +s.d. of three independent

experiments each performed in triplicate.

Our data indicate that HMGBI1 activates Mac-1 in a RAGE-
dependent manner. Studies on Mac-1 activation are more
feasible to perform with human Mac-1 owing to the
availability of both purified human Mac-1 as well as of
well-characterized antibodies against human Mac-1. First,
we investigated whether HMGBI1 also stimulates Mac-1-
dependent adhesion of human leukocytes. Consistent with
the data obtained from mouse neutrophils, HMGBI1 stimu-
lated the Mac-1-dependent adhesion of myelomonocytic
THP-1 cells to immobilized FBG or ICAM-1 by three-fold
(Figure 3A and B). The effect of HMGB1 was also dose-
dependent (1-250ng/ml; data not shown). HMGB1-induced
Mac-1-dependent adhesion of THP-1 cells to FBG or ICAM-1
was prevented in the presence of antibody to HMGBI1 or
soluble RAGE. In addition, the HMGBI1-induced increase of
ICAM-1 adhesion of THP-1 was prevented by inhibitory mAb
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to Mac-1 but was not affected by inhibitory mAb to LFA-1
(Figure 3B). In contrast, PMA or monocyte chemoattractant
protein-1 (MCP-1)- stimulated adhesion of THP1 cells to
ICAM-1 was blocked by both antibodies to Mac-1 and
LFA-1 (data not shown). Adhesion of THP-1 cells to FN was
predominantly mediated by VLA-4 and was not affected by
the presence of HMGBI, soluble RAGE or antibody to HMGB1
(Figure 3C). Similar results were also obtained in experiments
performed with human neutrophils isolated from peripheral
blood (Supplementary Figure 2). These experiments indicate
that HMGB1 stimulates Mac-1-dependent adhesive events in
human leukocytes in a RAGE-dependent manner.

Chemotactic activity of HMIGB1 on neutrophils
To assess further HMGBI1 as a pro-adhesive/pro-chemotactic

factor, we studied whether HMGBI1 stimulates lamellipodium

©2007 European Molecular Biology Organization
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Figure 3 HMGB1-mediated adhesion of human leukocytes. (A, B) Adhesion of THP1 cells to immobilized FBG (A) or immobilized ICAM-1 (B)
is shown in the absence (open bars) or presence of HMGB1 (100 ng/ml, filled bars), without (—) or with mAb to CD29, mAb to Mac-1, mAb to
LFA-1, antibody to HMGB1 or soluble RAGE (each at 20 pg/ml). (C) Adhesion of THP-1 cells to immobilized FN is shown in the absence (open
bars) or presence of HMGB1 (100 ng/ml, filled bars) without (—) or with mAb to CD29, mAb to Mac-1, antibody to HMGB1 or soluble RAGE
(each at 20 ug/ml). Cell adhesion is represented as number of adherent cells. *P<0.01; ns: not significant; * P<0.05 as compared to adhesion
in the absence of HMGB1 (open bars) and in the absence of competitors (—); nsl: not significant as compared to adhesion in the absence of
HMGBI (open bars) and in the absence of competitors (—); 4p<0.01 as compared to adhesion in the presence of HMGBI (filled bars) and in the
absence of competitors (—); ns2: not significant as compared to adhesion in the presence of HMGBI1 (filled bars) and in the absence of
competitors (—). Data are mean+s.d. of three independent experiments each performed in triplicate.

formation. Similar to MCP-1 (not shown and Cambien
et al, 2001), HMGB1 induced the polarization of THP-1 cells
adhering onto FBG. This shape change corresponded with
the enrichment of F-actin at the leading edge, indicating that
HMGB1-induced lamellipodium formation in these cells.
Moreover, consistent with previous reports (Mocsai et al,
2002; Schymeinsky et al, 2005), the non-receptor protein
tyrosine kinase syk was also redistributed at the site of
lamellipodium formation and colocalized with F-actin upon
stimulation with HMGB1 (Figure 4A). Thus, HMGBI1 resem-
bles chemotactic factors in that it induces lamellipodium
formation.

In addition, HMGB1 induced chemotaxis of mouse and
human neutrophils. The chemotactic effect of HMGB1 on
mouse and human neutrophils was comparable to the effects

©2007 European Molecular Biology Organization

of MIP-2 and IL-8 on mouse and human neutrophils, respec-
tively (Figure 4B and D). The chemotactic effect of HMGBL1
on neutrophils required both Mac-1 and RAGE, as HMGB1
failed to induce chemotaxis of Mac-1-/— and RAGE—/—
neutrophils (Figure 4C). Consistently, HMGBI-induced
chemotaxis of human neutrophils was blocked by soluble
RAGE and an inhibitory mAb to Mac-1 but not by inhibitory
mAD to LFA-1 (Figure 4D).

As B2-integrins and Mac-1 also play an important role in
neutrophil transendothelial migration, we then investigated
whether HMGB1 might affect this process. In a transwell
assay, HMGBI1 significantly stimulated the transmigration of
human neutrophils through a monolayer of human umbilical
vein endothelial cells (HUVEC) and this effect was blocked
by mAb against Mac-1 but not by mAb against LFA-1. In

The EMBO Journal VOL 26 | NO 4 | 2007 1133
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addition, HMGBI1-induced transendothelial migration of
neutrophils was inhibited by soluble RAGE or antibody to
HMGBI. In contrast, IL-8-stimulated transmigration through
cultured endothelial cells was blocked by mAb to Mac-1 as
well as mAb to LFA-1, and was not affected by soluble
RAGE or antibody to HMGB1 (Figure 4E). Similar results
were obtained with THP-1 cells (not shown). Thus, HMGB1
exerts a chemotactic activity on neutrophils, inducing Mac-1-
mediated chemotaxis and transendothelial migration in
a RAGE-dependent manner.

HMGBT1 increases Mac-1 activity in a RAGE-dependent
manner

Our data so far suggested that HMGBI1 stimulates Mac-1-
mediated adhesiveness in a RAGE-dependent manner. Acti-
vation of integrin-mediated adhesiveness takes place at the
level of avidity or valency (receptor density on the adhesive
surface) as well as at the level of affinity for the individual
ligand (Carman and Springer, 2003). We found that HMGB1-
induced adhesion and spreading of THP-1 cells onto
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FBG-coated slides was associated with the polarization of
Mac-1 to the leading edge of the THP-1 cells, as opposed to
the diffuse staining on the cell surface in non-stimulated cells.
In addition, we observed a strong colocalization of RAGE
with Mac-1 at the leading edge of spreading THP-1 cells upon
HMGBI1 stimulation (Figure 5A).

Increases in the affinity of integrins are associated with
conformational changes leading to increased exposure of
activation-dependent epitopes on the integrin (Carman and
Springer, 2003; Hogg et al, 2003). Activation of Mac-1 on the
cell surface can be measured by the binding of the mAb
CBRM1/5 that recognizes an activation-dependent epitope on
the integrin. Activation of THP-1 cells and neutrophils with
HMGBI1 resulted in increased exposure of the CBRM1/5
epitope on Mac-1 (Figure 5B, data with THP-1 cells not
shown). The total expression of Mac-1 remained unchanged
by this short-term stimulation with HMGB1. The HMGBI1-
induced exposure of the CBRM1/5 epitope on Mac-1 was
abolished by soluble RAGE (data not shown).

HMGB1 stimulates the interaction between Mac-1

and RAGE

The previous observations indicated that HMGB1 induces
increased colocalization of Mac-1 with RAGE on the mem-
brane of the inflammatory cell. Therefore, we continued to
investigate the underlying mechanisms. In a purified system,
HMGBI1 did not influence the binding of FBG or ICAM-1 to
immobilized Mac-1 or the binding of ICAM-1 to LFA-1 (Figure
6A and B). From these data, we can exclude that HMGBI1

Figure 4 HMGB1-mediated chemotaxis and transendothelial
migration of leukocytes. (A) Immunofluorescence for Syk (green)
or F-actin (red) was performed followed by confocal microscopy.
Representative immunofluorescence of THP-1 cells that were in-
cubated in the absence (—) or presence of HMGB1 (50ng/ml) for
30min is shown. Double-stained images were merged. HMGBI1
induced the enrichment of F-actin and Syk staining at the leading
edge of the cell. (B) Chemotaxis of wild-type mouse neutrophils
towards no chemoattractant (open bar), 50 ng/ml MIP-2 (gray bar)
or 50 ng/ml HMGBI (filled bar) is shown. (C) Chemotaxis of wild-
type, LFA-1—/—, Mac-1-/—, and RAGE—/— mouse neutrophils
towards no chemoattractant (open bars), or 50 ng/ml HMGB1 (filled
bars) is shown. (D) Chemotaxis of human neutrophils towards no
chemoattractant (open bar), 50 ng/ml IL-8 (gray bar) or 50 ng/ml
HMGBI (filled bars) is shown in the absence (—) or presence of
blocking mAb to Mac-1, mAb to LFA-1, soluble RAGE, or antibody
to HMGBI1 (each at 20 pg/ml). In (B), (C), and (D), chemotaxis data
are shown as percent of control. In (B) and (C), chemotaxis of wild-
type mouse neutrophils in the absence of stimuli or competitors
represents the 100% control; in (D) chemotaxis of human neutro-
phils in the absence of stimuli or competitors represents the 100 %
control. *P<0.02; ns: not significant. (E) The transmigration of
human neutrophils towards 50 ng/ml IL-8 (gray bars) or 50 ng/ml
HMGBI1 (filled bars) across HUVEC is shown in the absence (—)
or presence of blocking mAb to Mac-1, mAb to LFA-1, soluble
RAGE, or antibody to HMGB1 (each at 20 pg/ml). Transmigration is
represented as percent of control. Transmigration through HUVEC
in the absence of stimuli or competitors represents the 100%
control. *P<0.01 as compared to transmigration towards IL-8
(gray bars) and in the absence of competitors (—); nsl: not
significant as compared to transmigration towards IL-8 (gray bars)
and in the absence of competitors (—); “P<0.01 as compared to
transmigration towards HMGB1 (filled bars) and in the absence of
competitors (—); ns2: not significant as compared to transmigration
towards HMGBI1 (filled bars) and in the absence of competitors (—).
Data are mean+s.d. of three independent experiments each per-
formed in triplicate.
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Figure 5 HMGB1-dependent activation of Mac-1. (A) Immuno-
fluorescence for Mac-1 and RAGE was performed followed by
confocal microscopy. Representative immunofluorescence of THP-
1 cells that were incubated in the absence (—) or presence of
HMGBI1 (100ng/ml) on FBG for 30 min is shown. Double-stained
images were merged. (B) Human neutrophils were incubated in the
absence (black curves) or presence of HMGB1 (100ng/ml, red
curves) for 20 min. Surface expression of an activation-dependent
epitope (CBRM1/5) on Mac-1 was quantitated by FACS analysis. For
comparison, quantitative cell surface expression of Mac-1 was
analyzed using an antibody, which recognizes an epitope irrespec-
tive of the activation state of the integrin. Nonspecific fluorescence
was determined using isotype-matched mouse-IgG (dotted thin
curves).

directly acts on the interaction of Mac-1 with its ligands FBG
or ICAM-1. Interestingly, HMGB1 augmented the interaction
between RAGE and immobilized Mac-1 (Figure 6C). HMGB1
interacted specifically and dose-dependently only with RAGE
but not with Mac-1 (Figure 6D and Supplementary Figure 3).
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In addition, HMGBI1 bound to wild-type neutrophils but not
to RAGE—/— neutrophils (data not shown).

The augmented Mac-1-dependent adhesion of neutrophils
or THP-1 cells to FBG or ICAM-1 in the presence of HMGBI1
could therefore be attributed to an HMGB1-mediated increase
in the interaction between RAGE and Mac-1 in cis on the
membrane of the inflammatory cell that then results in
increased activity of Mac-1. To address this hypothesis, we
have studied the adhesion of CHO cells transfected with Mac-
1, RAGE, or both receptors. HMGBI1 stimulated the adhesion
of Mac-1-transfected CHO cells but not mock-transfected
cells (cells transfected with the vector alone) to immobilized
RAGE (Figure 6E). Mac-1-transfected cells but not mock- or
RAGE-transfected cells adhered to immobilized FBG or ICAM-
1 (Figure 6F, ICAM-1 adhesion data not shown). Whereas
HMGBI did not alter the adhesion of Mac-1 transfected CHO
cells to immobilized FBG or ICAM-1, the adhesion of CHO
cells cotransfected with Mac-1 and RAGE was stimulated by
HMGBI1 (Figure 6F). Thus, the presence of RAGE on the cell
surface is essential for the effect of HMGBI1 to enhance Mac-
1-dependent adhesion to the ligands of the integrin.

HMGB1-induced activation of the transcription factor
NF-xB requires both RAGE and Mac-1

Our findings up to this point suggested that HMGB1 stimu-
lates the functional cooperation between RAGE and Mac-1.
However, it is conceivable that such a cooperation between
RAGE and Mac-1 on the surface of inflammatory cells may
affect RAGE-dependent signaling. NF-xB activation is a well-
established downstream signaling event of RAGE ligation
(Schmidt et al, 2001; Chavakis et al, 2004). Notably, among
B2-integrins, it is especially Mac-1 that has been linked to
NF-kB activation (Schmal et al, 1998; Sitrin et al, 1998; Shi
et al, 2001); however, the underlying mechanisms are poorly
understood. By engaging neutrophils from Mac-1-, LFA-1-,
and RAGE-deficient mice, we found that HMGBI1-induced
NF-xB activation was diminished by the absence of either
RAGE or Mac-1 but not of LFA-1, whereas TNF-a-induced
NF-xB activation was not affected by the deficiency of any of
these receptors (Figure 7). Similarly, HMGB1-induced NF-«B
activation in THP-1 cells could be blocked by soluble RAGE,
antibody to HMGB1, and mAb to Mac-1 but not by mAb
to LFA-1 (Supplementary Figure 4). Thus, HMGBI1-induced
NF-kB activation requires both RAGE and Mac-1.

Discussion

It has become apparent in recent years that HMGBI1 is
instrumental in mediating a response to tissue damage or
infection. HMGBI1 is released by necrotic cells or actively
secreted by cells of the innate immune system upon infec-
tious and proinflammatory stimuli and triggers a strong
inflammatory response (Dumitriu et al, 2005b; Lotze and
Tracey, 2005). To date, the underlying mechanisms of
HMGB1-mediated inflammatory cell recruitment are poorly
defined. The present report demonstrates that HMGBI1 indu-
ces inflammatory cell recruitment by regulating adhesive and
migratory functions of neutrophils. This novel HMGBI1-
dependent pathway requires the lateral interplay between
RAGE and the integrin Mac-1 and may constitute a major
mechanism for inflammatory cell recruitment in innate
immunity and after tissue injury.
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Figure 6 Influence of HMGBI on the binding interactions between RAGE and Mac-1. (A) The binding of FBG to immobilized BSA (open bar) or
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The following features are consistent with a pro-adhesive
and pro-chemotactic effect of HMGB1 for inflammatory cells:
(i) in vitro studies demonstrated that HMGBI1 specifically
promoted Mac-1-but not LFA-1-mediated adhesion of neutro-
phils to ICAM-1 or FBG in a RAGE-dependent manner, as the
effect of HMGB1 was absent in Mac-1- and RAGE-deficient
neutrophils. By using Mac-1-RAGE cotransfectants, we
verified that HMGB1-induced adhesion to immobilized Mac-
1 ligands requires both Mac-1 and RAGE. Additionally,
HMGBI1 acted chemotactically, as it induced lamellipodium
formation, chemotaxis and transendothelial migration of
neutrophils in a Mac-1- and RAGE-dependent manner, con-
sistent with a previous report that antibodies to HMGB1
reduced monocyte transendothelial migration in vitro
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(Rouhiainen et al, 2004). The stimulation of Mac-1-depen-
dent adhesive and migratory events was accompanied by the
activation of Mac-1 by HMGBI. In particular, HMGBI increa-
sed the direct binding between RAGE and Mac-1 in a purified
system; it also induced the colocalization of RAGE with
Mac-1 at the leading edge of the leukocyte. Furthermore,
HMGBI stimulated the exposure of an activation-dependent
epitope on Mac-1 in a RAGE-dependent manner. (ii) In vivo,
HMGBI1 administration triggered acute neutrophil recruitment.
This process required Mac-1, as evidenced by the diminished
HMGBI1-mediated neutrophil recruitment in Mac-1—/— mice,
whereas the HMGBI1-mediated response in LFA-1—/— mice
was normal. Bone marrow chimera experiments indicated that
RAGE on the surface of neutrophils, but not endothelial cell
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Figure 7 HMGB1-mediated NF-«kB activation requires both RAGE
and Mac-1. The activity of NF-xB was measured by ELISA in wt
(open bars), LFA-1—/— (filled bars), Mac-1—/— (gray bars), or
RAGE—/— (hatched bars) mouse neutrophils that were stimulated
in the absence (—) or presence of TNF-a (10ng/ml) or HMGB1
(20ng/ml), as indicated. NF-kB activity is presented as absorbance
at 450nm. *P<0.02; ns: not significant. Data are mean+s.d. of
three independent experiments each performed in triplicate.

RAGE, was required for the HMGBI-induced neutrophil
recruitment. Based on these findings, we postulate that
HMGBI1 mediates inflammatory cell recruitment by stimulat-
ing the interaction between RAGE and Mac-1 on the surface
of the leukocyte, thereby activating Mac-1-dependent adhe-
sive and migratory phenomena in a RAGE-dependent man-
ner. However, we cannot exclude that indirect effects, such as
HMGBI1-induced gene expression, may also contribute to
HMGB1-mediated neutrophil recruitment in vivo.

The lateral interaction of Mac-1 with RAGE triggered by
HMGB1 on the leukocyte surface shares similarities with
previously identified lateral interactions of Mac-1 with the
urokinase receptor or FcyRIII that can regulate the activity
of the integrin (Tang et al, 1997; Chavakis et al, 1999; Ross,
2002). In particular, although ligation of FcyR alone is usually
sufficient to trigger activation such as phagocytosis, oxidative
burst, and generation of various proinflammatory signals,
this activity of FcyR is augmented further by the cooperative
input from a synergistic Mac-1/FcyR complex, and vice versa
Mac-1-dependent responses may be regulated by FcyR (Tang
et al, 1997). In accordance, RAGE and Mac-1 are capable
of triggering proinflammatory responses alone (Schmidt et al,
2001; Chavakis et al, 2004; Mayadas and Cullere, 2005);
however, the functional synergism between them may result
in a potentiation of the HMGB1-dependent inflammatory cell
recruitment. Although the ability to react rapidly to injury or
an infectious challenge is important, it is equally important
that the response is in proportion to the magnitude of the
threat (Ehlers, 2000). Thus, the existence of interactions
between Mac-1 and FcyR or RAGE may serve to ‘fine-tune’
the inflammatory response. Nevertheless, additional studies
will be necessary to identify the exact structural requirements
of the HMGB1-induced interaction of Mac-1 with RAGE in cis.

It was previously reported that NF-xB activation is a
downstream event of the interaction of RAGE with its ligands
(Schmidt et al, 2001; Chavakis et al, 2004). Interestingly,
HMGB1-induced NF-xB activation in neutrophils required
both RAGE and Mac-1. However, we cannot exclude that
the recently described binding of HMGB1 to TLR-2 and -4
(Park et al, 2004, 2006; Lotze and Tracey, 2005; Dumitriu
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et al, 2005b) may also contribute to NF-xB activation or other
HMGB]1-related functions.

Previously, ligation of Mac-1 resulted in NF-«xB activation
in an IRAK-1-dependent manner; however, in contrast to Toll/
IL-1 receptor signaling, Mac-1-dependent NF-«B activation
is MyD88-independent (Shi et al, 2001). Although the exact
pathways leading to NF-«B activation downstream of both
RAGE and Mac-1 ligation still have undefined signaling
intermediates, our data indicate that these two receptors
may cooperate on the leukocyte surface in order to mediate
NF-«xB activation. Interestingly, the propensity of Mac-1 to
mediate NF-«B activation in neutrophils is consistent with the
role of Mac-1 to regulate apoptosis and survival of these cells
as described previously (Mayadas and Cullere, 2005).

The pathway described here for HMGB1-mediated inflam-
matory cell recruitment is consistent with the role of both
multiligand receptors, RAGE and Mac-1, as major receptors
in innate immunity. Previously, RAGE-deficient mice were
largely protected during cecal ligation and puncture
(Liliensiek et al, 2004), whereas Mac-1 is important for leuko-
cyte functions such as adhesion, phagocytosis, oxidative
burst, and survival (Mayadas and Cullere, 2005). In addition,
as opposed to LFA-1, Mac-1 has a remarkably broad capacity
and diversity for ligand recognition; in this regard Mac-1 may
be the most promiscuous integrin, interacting with cellular
adhesion molecules, extracellular matrix proteins, comple-
ment iC3b, proteolytic factors, as well as with LPS or other
microbial ligands (Ehlers, 2000; Mayadas and Cullere, 2005).
Our data suggest that HMGBI signaling converges on Mac-1
(via RAGE) for integration with signals from other ligands, as
a means of fine tuning an immediate response against
microbial invaders or tissue injury.

Materials and methods

Materials
Details are available in Supplementary data.

Cell culture
Details are available in Supplementary data.

In vitro ligand-receptor interactions

Binding of biotinylated-FBG or ICAM-1 to immobilized Mac-1 or
LFA-1 was performed exactly as described previously (Chavakis
et al, 2002, 2003; Santoso et al, 2002). Alternatively, binding of
soluble RAGE (5 pg/ml) to immobilized BSA, LFA-1, or Mac-1, (each
10 ug/ml) was performed as described (Chavakis et al, 2003).
Binding of HMGB1 to immobilized RAGE or Mac-1 was also studied.
Details are available in Supplementary data.

Electrophoretic mobility shift assay for the detection of the
activity of NF-xB

Nuclear proteins were harvested as described previously and
assayed for transcription factor binding activity using the NF-xB
consensus sequence 5-AGTTGAGGGGACTTTCCCAGGC-3. Specifi-
city of binding was ascertained by competition with a 160-fold
molar excess of unlabeled consensus oligonucleotides (Bierhaus
et al, 2001; Sotiriou et al, 2006).

ELISA for the detection of the activity of NF-xB
Details are available in Supplementary data.

Fluorescence cell adhesion assay

Adhesion experiments were performed as described previously
(Chavakis et al, 2002, 2003; Xie et al, 2006). Details are available in
Supplementary data.
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Chemotaxis of human and mouse neutrophils
Details are available in Supplementary data.

Transmigration

Transmigration of human neutrophils through an endothelial cell
monolayer was performed as described previously (Chavakis et al,
2004a; Xie et al, 2006). Details are available in Supplementary data.

Binding of Fc-RAGE to mouse neutrophils
Details are available in Supplementary data.

Flow cytometry for the detection of activation-dependent
epitopes on Mac-1

These experiments were performed as described previously
(Chavakis et al, 1999). Details are available in Supplementary data.

Immunofluorescence
Details are available in Supplementary data.

Mice

The generation of RAGE—/— mice, LFA-1—/— mice, and Mac-1—/—
was described previously (Lu et al, 1997; Ding et al, 1999; Liliensiek
et al, 2004). All mice were backcrossed for at least seven
generations to a C57BL/6 background. Wild-type C57BL/6 mice
were purchased from Jackson Laboratory (Ben Harbor, Maine).
Protocols were approved by the NCI Animal Care and Use
Committee.

In vivo peritonitis model

Thioglycollate-induced peritonitis in wild-type, Mac-1—/—, LFA-
1—/—, or RAGE—/— mice was performed as described previously
(Chavakis et al, 2002, 2003, 2004a). Alternatively, mice were
injected i.p. with 10 ng of HMGBL1. For inhibition studies, 1 h before
the injection of thioglycollate, 100 pg of mAb against mouse Mac-1
or LFA-1 were administered i.p. Control mice were treated with the
same volume of PBS. To evaluate peritoneal neutrophil recruitment,
mice were Kkilled at 4h following injection of thioglycollate or
HMGBI. Thereafter, the peritoneal lavage was collected and the
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