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Release of High Mobility Group Box 1 by Dendritic Cells

Controls T Cell Activation via the Receptor for Advanced

Glycation End Products1

Ingrid E. Dumitriu,* Paramita Baruah,* Barbara Valentinis,† Reinhard E. Voll,‡

Martin Herrmann,‡ Peter P. Nawroth,§ Bernd Arnold,¶ Marco E. Bianchi,�#

Angelo A. Manfredi,*# and Patrizia Rovere-Querini2*

High mobility group box 1 (HMGB1) is an abundant and conserved nuclear protein that is released by necrotic cells and acts in

the extracellular environment as a primary proinflammatory signal. In this study we show that human dendritic cells, which are

specialized in Ag presentation to T cells, actively release their own HMGB1 into the extracellular milieu upon activation. This

secreted HMGB1 is necessary for the up-regulation of CD80, CD83, and CD86 surface markers of human dendritic cells and for

IL-12 production. The HMGB1 secreted by dendritic cells is also required for the clonal expansion, survival, and functional

polarization of naive T cells. Using neutralizing Abs and receptor for advanced glycation end product-deficient (RAGE�/�) cells,

we demonstrate that RAGE is required for the effect of HMGB1 on dendritic cells. HMGB1/RAGE interaction results in down-

stream activation of MAPKs and NF-�B. The use of an ancient signal of necrosis, HMGB1, by dendritic cells to sustain their own

maturation and for activation of T lymphocytes represents a profitable evolutionary mechanism. The Journal of Immunology,

2005, 174: 7506–7515.

D
endritic cells are the most important APCs and are cru-

cial to activate immune responses (1). Dendritic cells

challenged with primary proinflammatory signals un-

dergo a well-characterized differentiation program, referred to as

maturation, that endows them with the ability to migrate to sec-

ondary lymphoid organs and to activate naive T cells (2, 3).

The high mobility group box 1 (HMGB1)3 protein is expressed

in the nuclei of vertebrate cells at a level that varies in vivo over

2 log scales and appears to correlate with the cellular differentia-

tion state (4). HMGB1 is also a cytokine that mediates endotoxin

lethality, inflammation, and macrophage activation (5, 6). It has

been argued that the presence of a nuclear protein outside of the

cell signals unprogrammed cell death and tissue damage (7). In-

deed, HMGB1 is passively released from necrotic cells, but is

avidly retained within the remnants of apoptotic cells (8). How-

ever, some cell types, including monocytes and macrophages, can

secrete HMGB1 actively without dying. Active secretion involves

extensive acetylation of HMGB1 and transfer to a secretory en-

dolysosomal compartment (9–11). Extracellular HMGB1 activates

membrane receptors, including the receptor for advanced glycation

end products (RAGE), a member of the Ig superfamily (12, 13),

and possibly TLR (14).

Exogenous HMGB1 is one of many signals that promote den-

dritic cell maturation (15, 16). In vivo, exogenous HMGB1 effec-

tively controls dendritic cell function, with substantial adjuvant

effects on the immunogenicity of soluble or corpusculate Ags (15).

Under certain conditions, necrotic cells provide HMGB1 for den-

dritic cell activation (15); we have suggested that this reflects the

need for increased immune surveillance after traumatic tissue

death (17).

In this study we show that the role of HMGB1 and its receptor,

RAGE, is much more important than previously suspected. Human

maturing dendritic cells actively secrete HMGB1 in response to

inflammatory stimuli, and secreted HMGB1 is necessary for pro-

liferation, survival, and polarization of naive CD4� T cells. The

blockage of either HMGB1 or RAGE restrains T cell responses.

Thus, the presence of an NF in the extracellular environment rep-

resents a bottleneck for the initiation of adaptive immune re-

sponses in humans. When HMGB1 is not passively leaked in the

microenvironment of dendritic cells by necrotic cells, the dendritic

cells themselves provide the required extracellular HMGB1 by an

active secretion mechanism.

Materials and Methods
Media and reagents

The medium used throughout was RPMI 1640 (Invitrogen Life Technol-
ogies) supplemented with 100 U/ml penicillin, 100 �g/ml streptomycin,
1.5 mM L-glutamine, and 10% heat-inactivated FCS. Rabbit polyclonal
anti-HMGB1 Ab raised against peptide 166–181 was purchased from BD
Pharmingen. Goat polyclonal Ab against human RAGE was purchased
from Chemicon International. Expression and purification of recombinant
HMGB1, box A, and GST protein (used as control) were performed as
previously described (18). Endotoxin was removed by passage through
Detoxy-Gel columns (Pierce).
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Culture of dendritic cells

Human PBMCs were isolated from healthy donor blood by Ficoll density
gradient centrifugation. The method for the generation of dendritic cells
from PBMCs has been previously described (19). Briefly, monocytes iso-
lated by adherence to plastic were incubated with GM-CSF (800 U/ml) and
IL-4 (800 U/ml; R&D Systems) for 6 days. The purity and maturation of
dendritic cells were routinely assessed by staining with Abs to CD1a,
CD14, CD83, CD86, HLA-DR, and CD40 (BD Pharmingen). Immature
dendritic cells were CD14�, CD1a�, CD83�, CD80�, CD86�, and HLA-
DR�. Murine dendritic cells were derived from RAGE�/� mice or age-
and sex-matched wild-type animals. For this purpose, precursors isolated
from bone marrows were propagated for 7 days in complete medium con-
taining 1000 U/ml murine rGM-CSF and 5 ng/ml murine rIL-4 (R&D
Systems). Endotoxin (LPS; 1 �g/ml; Sigma Aldrich), rabbit anti-HMGB1
(1/200 dilution), goat anti-RAGE (1/200 dilution), or box A (10 �g/ml)
were added as indicated to induce dendritic cell maturation. For detection
of cytokines, supernatants were collected and either used immediately or
stored frozen until analysis. When indicated, the up-regulation of surface
markers was expressed as the average increase, calculated as: ((mean flu-
orescence intensity of endotoxin treated cells � mean florescence intensity
of untreated cells)/mean florescence intensity of untreated cells) � 100.

Isolation of naive CD4 T cells

Human CD4� naive T cells were purified by two-step immunomagnetic
selection. Briefly, CD4� T cells were first negatively selected for CD4�

using the CD4� T cell isolation kit (Miltenyi Biotec) according to the
manufacturer’s instructions. Then memory/effector T cells were depleted
by incubation with anti-CD45RO-conjugated magnetic beads (Miltenyi
Biotec). The purity of naive CD4� T cells was typically �95%.

Immunoassays for HMGB1

The levels of HMGB1 in culture medium were assessed by Western blot-
ting as previously described (8). Cellular localization of HMGB1 was as-
sessed by immunostaining of dendritic cells using affinity-purified rabbit
anti-HMGB1 polyclonal Abs. Dendritic cells were transferred onto adhe-
sion slides and incubated at 37°C for 1 h to allow adherence. The adherent
cells were fixed with phosphate-buffered formaldehyde (4%; pH 7.4; for 15
min) and permeabilized with saponin. After blocking the slides with 10%
BSA, cells were sequentially incubated with anti-HMGB1 Abs and FITC-
conjugated anti-rabbit IgG. Nuclei were counterstained with Hoechst
33342 (Molecular Probes).

Western blot analysis of cellular protein kinases

Cell lysates (30–40 �g) were electrophoresed on 12% SDS-PAGE gels
and transferred onto nitrocellulose membranes (Amersham Biosciences).
Membranes were blocked with 5% (w/v) nonfat dry milk/1% (v/v) Tween
20 in PBS for 1 h at room temperature and incubated overnight with pri-
mary Ab at 4°C. Abs to phospho- and total p38, phospho- and total ERK,
and phospho- and total I�B� were all purchased from Cell Signaling Tech-
nology. Abs to �-actin were obtained from Sigma-Aldrich. Detection was

FIGURE 1. Maturing dendritic cells secrete

HMGB1. A, HMGB1 staining (white) is present in the

nuclei of immature dendritic cells. B, Upon maturation

of dendritic cells with endotoxin, HMGB1 staining is

seen predominantly in the cytoplasm. The arrows point

to central, nuclear regions of representative cells. C,

HMGB1 (green) colocalizes with Hoechst 33342 (blue)

in the nuclei of immature dendritic cells. D, Upon mat-

uration with endotoxin, HMGB1 (green) is observed

predominantly in the cytoplasm in structures resembling

vesicles. E, Dendritic cells were stimulated with endo-

toxin for various time periods, and cell-conditioned cul-

ture medium (supernatants) was assayed for levels of

HMGB1 protein by Western blotting analysis. The ex-

tracellular levels of HMGB1 increase with time,

whereas the intracellular HMGB1 remains unchanged

(pellets). Cells dying by necrosis leak lactate dehydro-

genase (LDH). Accumulation of HMGB1 in the culture

supernatants does not correlate with the release of LDH.

Results are from representative routine experiments.

7507The Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


FIGURE 2. HMGB1 secreted from

maturing dendritic cells is necessary

for CD4� T cell proliferation, survival,

and Th1 differentiation. Immature den-

dritic cells were incubated for 8 h with

endotoxin (maturing dendritic cells

(DC)) alone or in the presence of anti-

HMGB1 Abs (anti-HMG), box A

(boxA), control Ig (ctrl. Ig), or a con-

trol GST protein (ctrl. GST). Dendritic

cells were then incubated with 2 � 106

allogeneic naive CD4� T cells (input)

for 8 days. HMGB1 blockade abro-

gates T cell expansion (anti-HMGB1

Ab, p � 0.005; box A, p � 0.01; A) by

reducing T cell proliferation of (p �

0.005, both agents; B) and increasing

the number of apoptotic T cells (D). C,

The number of IFN-�� (Th1) T cells is

reduced by HMGB1-blocking reagents

(p � 0.005). A representative example

of five (anti-HMGB1) and three (box

A) independent experiments is shown

as the mean � SD of duplicate cul-

tures. �, Statistically significant values.

FIGURE 3. Secreted HMGB1 is

necessary for the maturation of den-

dritic cells. Dendritic cells were cul-

tured alone (immature) or in the pres-

ence of endotoxin (mature) for 48 h.

Anti-HMGB1 Abs (anti-HMG), box

A (boxA), control Ig (ctrl. Ig), or a

control GST protein (ctrl. GST) were

added to the culture medium as indi-

cated. Samples were analyzed in du-

plicate. A and B, Endotoxin up-regu-

lates the expression of CD80, CD83,

CD86, and HLA-DR surface mark-

ers. HMGB1 blockade reduces the

up-regulation of CD80, CD83, and

CD86 (p � 0.05), but not that of

HLA-DR. Results represent the mean

fluorescence intensity (MFI) � SD,

as assessed by flow cytometry of

three independent experiments using

dendritic cells from different donors.

C, Endotoxin induces production of

IL-12 p70, TNF-�, and IL-10.

HMGB1 blockade significantly de-

creases the secretion of IL-12 p70

(p � 0.005), but not that of TNF-� or

IL-10. Secreted cytokine levels were

assessed by ELISA. Representative

examples of three independent exper-

iments are shown as the mean � SD

of duplicate cultures. �, Statistically

significant values.

7508 REQUIREMENT OF HMGB1 FOR DENDRITIC CELL FUNCTION
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performed by ECL (Amersham Biosciences). Relevant bands were quan-
tified by densitometry using a computerized image analysis program (Am-
ersham Biosciences).

Detection of cytokines

The concentrations of IL-12 p70, TNF-�, and IL-10 in culture medium
were determined using a two-site sandwich ELISA (R&D Systems), with
reference to standard curves of purified recombinant cytokines. Samples
were analyzed in serial 2-fold dilutions in duplicate.

Culture of naive CD4� T lymphocytes with dendritic cells

Dendritic cells were incubated with endotoxin alone or in the presence of
anti-HMGB1 Abs or box A for 8 h, then extensively washed before incu-
bation with naive CD4� T cells. T cells were mixed with allogeneic den-
dritic cells at a ratio of 10:1 and were plated at 1.5 � 106 cells/ml. On day
3, the cultures were supplemented with 100 U/ml IL-2 (Roche). In some
experiments, naive CD4� T cells were stimulated with 1 �g/ml plate-
bound anti-CD3 and 10 �g/ml soluble anti-CD28 mAbs as previously de-
scribed (20). When indicated, 1 �g/ml rHMGB1 or supernatant of stimu-
lated dendritic cells was filtered (0.2 �m), supplemented with 1 �g/ml
anti-IL-12 (BD Pharmingen) blocking mAb, and added to naive T cells
triggered by CD3/CD28 ligation. On day 8, cells were recovered, and Th1
and Th2 polarization was assessed as previously described (21). To assess
T cell proliferation, cells were plated at 105 cells/well in a round-bottom,
96-well plate at a T cell to dendritic cell ratio of 10:1 for 5 days. Micro-
cultures were pulsed with [3H]thymidine (1 �Ci/well) for 16 h. Cell cul-
tures were harvested with an automated multiple sample harvester, and
incorporated isotope was determined by liquid scintillation � emission.

Flow cytometry

Surface Ag staining was performed using mouse mAbs against CD1a,
CD14, CD40, CD80, CD83, CD86, and HLA-DR (BD Pharmingen). The
intracellular cytokine content was determined after stimulation of cells
with 50 ng/ml PMA and 1 �g/ml ionomycin (21) (both from Sigma-
Aldrich). GolgiPlug (BD Pharmingen) was added during the last 2 h of
culture to prevent cytokine secretion. Cells were fixed and permeabilized
using Cytofix/Cytoperm (BD Pharmingen), then stained with FITC-conju-
gated anti-IFN-� and PE-conjugated anti-IL-4 mAbs (BD Pharmingen).
The samples were analyzed on a FACScan (BD Biosciences).

Apoptosis detection

Apoptosis was detected by staining with annexin V (Bender MedSystems)
and propidium iodide (Sigma-Aldrich) as previously described (22).

Statistical analysis

Statistical analysis was performed using two-tailed Student’s t test for un-
paired samples with unequal variance. A value of p � 0.05 was considered
statistically significant.

Results
Human maturing dendritic cells translocate nuclear HMGB1

into the cytosol and secrete it in the extracellular milieu

Human immature dendritic cells derived in vitro from circulating

precursors and cultured in the presence of rGM-CSF and IL-4

express high levels of HMGB1 in their nuclei, as shown by im-

munocytochemistry (Fig. 1, A and C). TLR4 engagement elicits

the maturation of dendritic cells (2, 23) and changes HMGB1 lo-

calization; HMGB1 leaves the nucleus and reaches cytoplasmic

vesicles (Fig. 1, B and D). Other stimuli known to elicit the mat-

uration of dendritic cells, such as TNF-�, induced the translocation

of HMGB1 to cytoplasmic vesicles as well (not shown). Similar

changes occur in human monocytes and murine macrophages after

endotoxin challenge (10, 24). These changes possibly represent a

common response of cells belonging to the innate immune system

after recognition of pathogen-associated molecular patterns (25).

The translocation of nuclear HMGB1 to cytoplasmic vesicles

precedes its release in the medium (Fig. 1E). Lactate dehydroge-

nase is not released in the medium (Fig. 1E), ruling out the pos-

sibility that cells dying in culture passively leak their contents. The

level of intracellular HMGB1 does not change over the 48-h in-

cubation period (Fig. 1E, inset), indicating that sustained produc-

tion of the molecule supports active secretion during dendritic cell

maturation.

FIGURE 4. HMGB1 secreted by dendritic cells acts on activated T

cells, but not on naive T cells. A, Freshly isolated naive CD4� T cells

(resting T cells) express RAGE (gray). Staining with control, isotype-

matched Abs is shown in white (left panel). Naive CD4� T cells (input;

2 � 106) were cultured alone (�) or with secreted HMGB1 (HMG; middle

and right panels). Secreted HMGB1 was prepared from supernatants of

endotoxin-stimulated dendritic cells that were filtered (0.2 �m pore size)

and supplemented with 1 �g/ml mAb to IL-12. Allogeneic dendritic cells

were triggered with endotoxin and cultured with T cells as described in Fig.

2 (maturing DCs; right panel). Secreted HMGB1 does not induce expan-

sion of naive T cells (middle panel) or Th1 polarization (right panel). B,

Naive CD4� T cells (1.5 � 106) were stimulated with anti-CD3 and anti-

CD28 Abs alone (�) or in the presence of secreted HMGB1 (HMG).

Where indicated, anti-HMGB1 Abs (anti-HMG) or box A (boxA) were

added to the cultures. Secreted HMGB1 induces an increase in the number

of recovered T cells (left panel) and their polarization toward Th1 (right

panel). This effect is abrogated by HMGB1 blockade. HMGB1 blockade

does not change the number of recovered CD4� T cells (left panel) or Th1

cells (IFN-�� cells; right panel) if T cells are activated by cross-linking

CD3 and CD28. C, Naive CD4� T cells (1.5 � 105) were incubated alone

(naive) or were stimulated with anti-CD3 and/or anti-CD28 Abs in the

presence of recombinant (�) or secreted (f) HMGB1. Preactivated T cells

proliferate more in response to secreted HMGB1 than to the recombinant

protein. Representative results of one of three independent experiments are

expressed as the mean � SD of duplicate cultures.

7509The Journal of Immunology
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Secretion of nuclear HMGB1 by dendritic cells is required for

CD4� T cell proliferation and survival

We then analyzed whether the active secretion of nuclear HMGB1

from maturing dendritic cells influences the cross-talk with naive

CD4� T cells. This event controls T cell activation, proliferation,

and polarization (2, 3). We committed dendritic cells to maturation

and verified their action on naive allogeneic CD4� T cells in the

absence or the presence of reagents that antagonize secreted

HMGB1. We used anti-HMGB1 polyclonal Abs and an N-terminal

fragment of HMGB1 (box A) that behaves as an HMGB1 antag-

onist (26). The Abs we used recognize peptide 166–181 of

HMGB1, which is part of the domain that interacts with RAGE

(27); they inhibit the release of TNF-� by activated murine mac-

rophages in vitro and reduce sepsis-induced mortality in vivo after

cecal ligation and puncture (26). Box A attenuates HMGB1-in-

duced release of proinflammatory cytokines and reduces mortality

after cecal ligation and puncture or endotoxin injection (26).

Maturing dendritic cells induce the expansion of CD4� T cells

(from 2 � 106 to 19.6 � 106
� 0.6; mean � SE; Fig. 2A). HMGB1

blockade by either Abs or box A abrogated the T cell expansion

( p � 0.005 and p � 0.01, respectively; Fig. 2A). Irrelevant control

Igs or a GST control protein were ineffective (Fig. 2A).

The T cell expansion reflects a combination of at least two

events, i.e., the proliferation of T cells and the acquired resistance

to activation-induced cell death (28). Fig. 2B shows that T cell

proliferation abates in the presence of HMGB1 inhibitors, indicat-

ing that T cell proliferation requires the paracrine release of en-

dogenous HMGB1. Moreover, HMGB1 blockade causes a sub-

stantial increase in T cell death; 18% of T cells primed with

maturing dendritic cells alone died, whereas 39 and 46% of T cells

died in the presence of anti-HMGB1 Abs or box A, respectively

(Fig. 2D).

Secretion of HMGB1 by dendritic cells is required for Th1

polarization

T cells differentiate after priming into effector type 1 (Th1) or type

2 (Th2) cells. The two subsets can be identified by their intracel-

lular cytokine profiles (3). Priming with maturing dendritic cells

results in polarization toward a Th1 cytokine pattern, as evidenced

by the intracellular expression of IFN-� (Fig. 2C). The number of

Th1 cells was dramatically reduced when the interaction between

secreted HMGB1 and RAGE was blocked with either anti-

HMGB1 Abs or box A (Fig. 2C). In contrast, the percentage of

Th2 cells, evaluated as IL-4� T lymphocytes, was not influenced

FIGURE 5. The HMGB1 receptor, RAGE, mediates the effect of secreted HMGB1 on dendritic cells. A, Immature dendritic cells express RAGE (f).

Staining with control, isotype-matched Abs is shown (�). B and C, Dendritic cells were cultured alone (immature) or in presence of endotoxin (mature)

for 48 h. Anti-RAGE Abs (anti-RAGE) or control Ig (ctrl. Ig) were added to the culture medium as indicated. The up-regulation of surface markers and

the secretion of cytokines were tested. RAGE blockade reduces the up-regulation of CD80, CD83, and CD86 (p � 0.05) in mature dendritic cells as well

as the secretion of IL-12 p70 (p � 0.005), but not that of TNF-� or IL-10. D, Immature dendritic cells were incubated with endotoxin (maturing DC) alone

or in the presence of anti-RAGE Abs (anti-RAGE) or control Ig (ctrl. Ig) for 8 h. Dendritic cells were then incubated with 2 � 106 allogeneic naive CD4�

T cells (input) for 8 days. Anti-RAGE Abs (p � 0.005) abrogate T cell expansion induced by maturing dendritic cells. E, RAGE blockade reduces the

proliferation of CD4� T cells (p � 0.005) upon priming by dendritic cells. F, The number of IFN-�� (Th1) T cells is reduced by RAGE blockade (p �

0.05). Representative examples of four independent experiments are shown as the mean � SD of duplicate cultures. �, Statistically significant values (p

indicated above).

7510 REQUIREMENT OF HMGB1 FOR DENDRITIC CELL FUNCTION
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by the presence of HMGB1 inhibitors (2.02% when dendritic cells

were triggered with endotoxin compared with 2.42% when den-

dritic cells were stimulated with endotoxin in the presence of anti-

HMGB1 Abs). The ratio of IFN-�� to IL-4� T cells was 103 when

dendritic cells triggered with endotoxin alone were used for prim-

ing. This ratio decreased to 28 and 51 in the presence of anti-

HMGB1 and box A, respectively.

Secretion of HMGB1 modulates the maturation of dendritic cells

and IL-12 production

Endotoxin-treated dendritic cells fail to sustain the proliferation,

survival, and polarization of naive T cells when the HMGB1/

RAGE interaction is blocked. This suggests that sustained

HMGB1 secretion is necessary for the maturation of dendritic

cells. We therefore evaluated by flow cytometry the membrane

expression of CD80, CD83, CD86, and HLA-DR. In parallel, we

measured the secretion of IL-10, IL-12, and TNF-�. Although ma-

ture dendritic cells up-regulate the expression of all markers (Fig.

3, A and B), anti-HMGB1 Abs and box A significantly hindered

the up-regulation of CD80, CD83, and CD86 ( p � 0.05) while

leaving unaffected the expression of HLA-DR, the MHC molecules

directly involved in Ag presentation to CD4� T cells (Fig. 3, A and

B). This is not surprising given the specific constraints regulating

the intracellular trafficking of nascent HLA-DR to the plasma

membrane (29, 30). No differences were detected in the presence

of irrelevant Abs or a GST control protein (Fig. 3, A and B).

HMGB1 blockade does not influence the expression of membrane

molecules by immature dendritic cells (Fig. 3, A and B), which is

in agreement with the observation that regulated HMGB1 secre-

tion occurs only after induction of the maturation program (Fig. 1).

Maturing dendritic cells produce factors that sustain the matu-

ration program, such as TNF-� (2, 3), or that contribute to limit it,

such as IL-10 (31). A key factor for T cell priming is IL-12, which

is produced upon dendritic cell maturation and behaves as a master

regulator of the T cell polarization toward a Th1 phenotype (3).

HMGB1 blockade does not influence the production of TNF-� and

IL-10 (Fig. 3C). However, in agreement with the requirement of

HMGB1 for Th1 polarization of CD4� T cells, HMGB1 blockade

decreases the production of IL-12 (Fig. 3C). Irrelevant Abs or the

GST control do not influence the release of any of these cytokines

(Fig. 3C).

HMGB1 secreted by dendritic cells acts on preactivated T cells

but not on resting T cells

These results indicate that HMGB1 secretion by human dendritic

cells enables them to prime naive T cells. Resting T cells express

RAGE, the best-characterized receptor for HMGB1 (Fig. 4A, left

panel). We found that the endogenous HMGB1 protein secreted in

the microenvironment by dendritic cells is not sufficient to influ-

ence the survival or the functional polarization of naive CD4� T

cells (Fig. 4A, middle and right panels). T cell activation requires

both stimulation via the T cell Ag receptor (signal 1) and addi-

tional costimulatory signals (signal 2) (32). In vitro T cell activa-

tion via signals 1 and 2 can be mimicked by CD3 and CD28 cross-

linking (20). T cells activated by simultaneous triggering of CD3

and CD28 receptors become sensitive to secreted HMGB1, as re-

vealed by proliferation and Th1 polarization (Fig. 4, B and C). The

FIGURE 6. Endogenous HMGB1 acts by inducing the activation of

MAPKs p38 and ERK1/2 protein and of NF-�B. Immature dendritic cells

were incubated with endotoxin (LPS) alone (�) or in the presence of anti-

HMGB1 Abs (anti-HMG) or anti-RAGE Abs (anti-RAGE) or were left

untreated (�). Lysates were prepared at 24 h if not indicated otherwise.

Samples were analyzed by Western blot with anti-phospho-p38 (P-p38),

anti-phospho-ERK1/2 (P-ERK1/2), and anti-phospho-I�B (P-I�B) Abs.

Total amounts of proteins were evaluated after stripping the membranes

and reblotting with anti-p38, -ERK1/2, -I�B, and -�-actin Abs. We ob-

served an increase in the phosphorylation of p38 and I�B in dendritic cells

24 h after endotoxin stimulation. A, Anti-HMGB1 Abs decreased the

amounts of phosphorylated p38, ERK1/2, and I�B. RAGE blockade with

anti-RAGE Abs inhibited p38, ERK1/2, and I�B phosphorylation. B, Im-

mature dendritic cells were stimulated with endotoxin (LPS) alone or in the

presence of anti-HMGB1 Abs or irrelevant Abs (ctrl. Ig), and lysates were

prepared at 24 h. Treatment with control Igs did not alter the phosphory-

lation of proteins 24 h after endotoxin stimulation. Densitometric quanti-

fications are reported on the right. Results are represented as the mean of

three independent experiments � SD.
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effect of secreted HMGB1 on CD3/CD28-triggered T cells was

completely inhibited by HMGB1 blockade with either anti-

HMGB1 Abs or box A (Fig. 4B). As expected, T cell activation

and polarization induced by the simultaneous cross-linking of CD3

and CD28 receptors in the absence of secreted HMGB1 were not

influenced by HMGB1 blockade (Fig. 4B). We observed that T

cells triggered by CD3/CD28 cross-linking were more sensitive to

secreted HMGB1 than to the recombinant protein (Fig. 4C).

Anti-RAGE Abs prevent maturation of dendritic cells, clonal

expansion, and Th1 polarization of CD4� T cells

HMGB1 is a specific ligand for RAGE (12), and immature den-

dritic cells express RAGE (Fig. 5A) (16). To directly test whether

RAGE is responsible for the effect of released nuclear HMGB1 on

dendritic cells, we used anti-RAGE Abs. These Abs are directed

against peptide 42–59 of human RAGE and hinder the interaction

of RAGE with its ligand, HMGB1 (33). Blockade of RAGE pre-

vents the up-regulation of CD80, CD83, and CD86 after TLR4

activation (Fig. 5B; p � 0.05) while leaving unaffected the expres-

sion of HLA-DR. No effects were observed in the presence of

control Abs (Fig. 5B). RAGE blockade per se does not influence

the expression of membrane molecules by immature dendritic cells

(Fig. 5B), nor does it influence the production of TNF-� and IL-10

(Fig. 5C), whereas it significantly decreases the production of

IL-12 p70 (Fig. 5C; p � 0.005). Irrelevant control Abs do not

influence the release of IL-12 p70 (Fig. 5C).

Anti-RAGE Abs abrogate the expansion (Fig. 5D; p � 0.005)

and proliferation (Fig. 5E; p � 0.005) of naive CD4� T cells

induced by maturing dendritic cells. The number of IFN-�� T cells

was dramatically reduced by anti-RAGE Abs (Fig. 5F; p � 0.05).

Irrelevant control Abs did not alter the expansion or Th1 polar-

ization of T cells (Fig. 5, D and F). Furthermore, anti-RAGE Abs

caused substantial T cell death (from 18% for T cells primed with

maturing dendritic cells alone to 35% in the presence of

anti-RAGE Abs).

Secreted HMGB1 acts via activation of MAPKs p38 and ERK1/

2 and NF-�B

ERK1/2 and p38 stress-activated protein kinase (p38) together

with the transcription factor NF-�B are involved in the matu-

ration of dendritic cells (34) and IL-12 secretion (35). The ac-

tivation of NF-�B can be assessed by analyzing the NF-�B

binding inhibitory protein, I�B. Phosphorylation of I�B leads to

its degradation; this allows the nuclear translocation of NF-�B

and the subsequent activation of transcription. HMGB1 binding

to RAGE in neuroblastoma cells or rat macrophages activates

MAPK pathways and culminates in NF-�B activation and nu-

clear translocation (12, 13, 36).

We assessed the phosphorylation of p38, ERK1/2, and I�B in

dendritic cells after TLR4 activation in the absence or the presence

of HMGB1/RAGE blockade. Twenty-four hours after TLR4 acti-

vation, we observed HMGB1 secretion (as shown previously),

which correlated with a significant increase in the phosphorylation

of p38 and I�B (Fig. 6). Anti-HMGB1 Abs induced a significant

decrease in the phosphorylation of p38, ERK1/2, and I�B (Fig. 6)

at 24 h after TLR triggering; control Abs had no effect (Fig. 6B).

Anti-RAGE Abs had the same inhibitory effect as anti-HMGB1

Abs on p38, ERK1/2, and I�B phosphorylation (Fig. 6A).

TLR4 activation per se induces an early and transient phosphor-

ylation of p38, ERK, and I�B (37). Indeed, the activation of p38,

ERK1/2, and I�B after TLR4 triggering in dendritic cells follows

a fast kinetic and abates after 1 h (Fig. 7). Moreover, this early

phosphorylation of p38, ERK1/2, and I�B is not influenced by

anti-HMGB1 Abs (Fig. 7), an expected result because HMGB1 is

not secreted until 8 h after TLR4 triggering.

Taken together, these data suggest that interaction of secreted

HMGB1 with RAGE leads to late activation of p38, ERK1/2, and

NF-�B in maturing dendritic cells. This late activation is necessary

for dendritic cell maturation. The early and transient activation of

the same MAPKs and NF-�B initiated by TLR4 triggering is not

influenced by HMGB1 blockade.

FIGURE 7. The early and tran-

sient activation of MAPKs p38 and

ERK1/2 and of NF-�B is not influ-

enced by blockade of HMGB1. Im-

mature dendritic cells were incubated

with endotoxin (LPS) alone or in the

presence of anti-HMGB1 Abs (anti-

HMG) or were left untreated (�).

Lysates were prepared at the indi-

cated time points (minutes). Endo-

toxin induced an early and transient

activation of MAPKs p38 and

ERK1/2 and of I�B. Anti-HMGB1

Abs did not affect the early activation

of p38, ERK1/2, and I�B induced by

endotoxin. Densitometric quantifica-

tions are reported on the right. Re-

sults are representative of three inde-

pendent experiments.
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RAGE is required for maturation of dendritic cells

We derived dendritic cells from the bone marrow of RAGE�/�

mice and wild-type counterparts. We stimulated these cells with

endotoxin and assessed their maturation. Up-regulation of surface

markers such as CD40 and CD86 was significantly decreased in

dendritic cells derived from RAGE�/� mice compared with wild-

type animals, whereas no change was observed for MHC class II

(Fig. 8A). The production of IL-12 p70 and TNF-� upon endotoxin

treatment was significantly decreased as well in RAGE�/� den-

dritic cells (Fig. 8B). TLR4 triggering led to decreased phosphor-

ylation of p38 and I�B kinases in RAGE�/� dendritic cells com-

pared with wild-type counterparts (Fig. 8C). These results support

a role for secreted HMGB1 in the activation of dendritic cells by

acting on its receptor, RAGE.

Discussion
HMGB1, a nuclear protein, has been recently described as an im-

portant extracellular mediator of inflammation (5, 17, 38). Its re-

location outside the cell occurs as a consequence of either passive

release after necrotic cell death (8) or active secretion by myeloid

cells, involving extensive acetylation and transfer to secretory ly-

sosomes (9–11). Exogenous HMGB1 is already known to play a

role in dendritic cell activation (15, 16) and to behave as a potent

FIGURE 8. RAGE is required for

dendritic cell maturation. Dendritic

cells derived from bone marrow pre-

cursors of wild-type and RAGE�/�

mice were cultured alone (�) or with

endotoxin (LPS) for 48 h. A, Up-reg-

ulation of surface markers after treat-

ment is expressed as the average in-

crease (y-axis; see Materials and

Methods). Up-regulation of CD40

and CD86 abates in dendritic cells

derived from RAGE�/� mice. B, Af-

ter treatment with endotoxin, den-

dritic cells from RAGE-deficient

mice produced reduced amounts of

IL-12 p70 and TNF-�, whereas the

IL-10 levels were similar to those in

their wild-type counterparts. C, Ly-

sates of dendritic cells incubated

alone (�) or with endotoxin (LPS)

were prepared at 48 h. Samples were

analyzed by Western blot with anti-

phospho-p38 (P-p38) and anti-

phospho-I�B (P-I�B) Abs. After

stripping the membranes, the amount

of total proteins was evaluated by re-

blotting with anti-p38, -I�B, and -�-

actin Abs. We observed a decreased

phosphorylation of p38 and I�B after

endotoxin stimulation of RAGE-defi-

cient dendritic cells compared with

wild-type cells. Densitometric quan-

tifications are reported on the right.

Results are presented as the mean �

SD of three independent experi-

ments. Statistically significant values

are marked with an asterisk(s) (�,

p � 0.05; ��, p � 0.01; ���, p �

0.001).

7513The Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


adjuvant for immunization against soluble and cell-associated Ags

in murine models (15).

In this study we have found that dendritic cells actively release

their own HMGB1 into the microenvironment upon activation.

This event is necessary for the maturation of dendritic cells them-

selves and for the cross-talk with naive T cells, because it is re-

quired for T cell survival, proliferation, and functional Th1 polar-

ization. In particular, the active release of nuclear HMGB1 by

dendritic cells is required for their ability to produce IL-12 and to

up-regulate the expression of membrane molecules involved in T

cell costimulation. We show that secreted, but not recombinant,

HMGB1 stimulates proliferation and Th1 polarization of preacti-

vated T cells. This highlights the importance of post-translational

modifications for the biological activity of HMGB1 (39).

Furthermore, our data suggest a role for RAGE in the effects of

HMGB1 on dendritic cell maturation via activation of MAPKs

(p38 and ERK1/2) and NF-�B. Interestingly, the HMGB1/RAGE

interaction determines the late activation of the MAPK and NF-�B

pathways, contrary to the engagement of TLRs, which apparently

only induces an early transient activation of the same pathways

(Fig. 7). It may be that the late activation of the MAPK/NF-�B

pathways, as opposed to an early transient activation, is key to the

maturation of dendritic cells; alternatively, RAGE may activate an

as yet unknown signaling pathway whose contribution is most

relevant.

RAGE has been reported to be involved in innate immunity

responses by recruiting inflammatory cells and contributing to the

perpetuation of inflammation (40, 41). Our results suggest that

RAGE plays a key role in regulating the responses of both human

and murine dendritic cells to TLR triggering by microbial compo-

nents. The human gene coding for RAGE, AGER, is located on

chromosome 6 in the MHC class III region near the junction with

class II (42). We note, however, that no null mutations in either the

HMGB1 or AGER gene are known in humans; AGER variant al-

leles have been actively sought, because one missense mutation

(G82S) and several silent point substitutions affect the predispo-

sition to diabetic complications (43). In general, the rarity of loss-

of-function alleles is correlated with a strongly selected phenotype,

as immunodeficiency is sure to be. Additional receptors for

HMGB1 are likely to be involved, because blockage of the

HMGB1/RAGE pathway does not abrogate the maturation of den-

dritic cells upon TLR4 triggering.

In conclusion, our data indicate that HMGB1 secreted by ma-

turing dendritic cells orchestrates the priming, activation, and Th1

polarization of T cells. This event may influence the initiation/

maintenance of autoimmune diseases by regulating the outcome of

Ag presentation under conditions involving tissue damage and in-

fection. HMGB1 is normally a nuclear protein that is passively

released in the microenvironment by necrotic cells, signaling cell

damage. Cell necrosis is an event that reflects trauma or the pres-

ence of cytopathic pathogens, such as high virus loads (44), and

can lead to inflammation. The ability of dendritic cells to recreate

the environment associated with necrosis via the regulated secre-

tion of HMGB1 represents a successful evolutionary strategy and

places HMGB1 at the crossroads between innate and adaptive

immunity.
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