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ABSTRACT

HMGB1 was described originally as a nuclear protein
involved in DNA binding and transcriptional regulation.
However, HMGB1 also has an extracellular role as a
potent mediator of inflammation and can diminish the
uptake of apoptotic cells by phagocytes, a process
called efferocytosis. To explore the mechanism respon-
sible for the ability of HMGBH1 to inhibit efferocytosis, we
examined the role of the C-terminal acidic tail, a region
of HMGBH1 that has been shown to participate in spe-
cific intramolecular interactions. Deletion of the C-ter-
minal tail abrogated the ability of HMGB1 to decrease
murine macrophage ingestion of apoptotic neutrophils
and to diminish phagocytosis-induced activation of Erk
and Rac-1 in macrophages. We found that RAGE plays
a major role in efferocytosis, and deletion of the C-ter-
minal tail of HMGB1 prevented binding of HMGB1 to
RAGE but not to other macrophage receptors involved
in efferocytosis, such as the «,, 85 integrin. Whereas
HMGB1 decreased ingestion of apoptotic neutrophils
significantly by alveolar macrophages under in vivo
conditions in the lungs of mice, this effect was lost
when the C-terminal acidic tail was absent from
HMGB1. These results demonstrate that the HMGB1 C-
terminal tail is responsible for the inhibitory effects of
HMGB1 on phagocytosis of apoptotic neutrophils under
in vitro and in vivo conditions. J. Leukoc. Biol. 88:
973-979; 2010.

Introduction

HMGBI1 was described originally as a nuclear protein involved
in DNA binding and transcriptional regulation [1-3]. How-
ever, HMGBI also can function as an extracellularly secreted
participant in inflammatory reactions. Circulating levels of
HMGBI are increased in patients with severe infections, in-
cluding pneumonia, and treatment of mice with antibodies to

Abbreviations: AC-HMGB1=high mobility group box protein 1 mutant lack-
ing the C-terminal acidic tail, BALF=bronchoalveolar lavage fluid,
HMGB1=high mobility group box protein 1, MCLB=mammalian cell lysis
buffer, MD2=myeloid differentiation protein 2, PBD=p21-binding domain,
RAGE=receptor for advanced glycation endproducts
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HMGBI reduces the severity of and improves survival from
acute inflammatory conditions, such as sepsis and acute lung
injury, in which activated neutrophils play a major role [4-7].
HMGBI can associate with LPS, DNA, and cytokines, such as
IL-1B, and acquires enhanced proinflammatory activity
through such interactions [8-12]. Although recent data indi-
cate that HMGBI itself has little or no proinflammatory activ-
ity, at least in terms of activating macrophages and other cellu-
lar populations to secrete cytokines and additional mediators
of inflammation, there is evidence that HMGBI1 can enhance
inflammation directly, through acting as a potent chemotactin
for neutrophils and also by diminishing clearance of apoptotic
neutrophils by macrophages [8-10, 12-14].

The uptake of apoptotic cells by macrophages and other
phagocytic cell populations is called efferocytosis and involves
interaction between “eat me” signals expressed on the apopto-
tic cells and ligands or receptors for the eat me signal on mac-
rophages and other phagocytes [15, 16]. Ingestion and clear-
ance of apoptotic neutrophils play a central role in the resolu-
tion of inflammation through reducing the numbers of
activated neutrophils in inflammatory foci. Efferocytosis also
decreases the severity of inflammation by preventing apoptotic
neutrophils from becoming necrotic and releasing proinflam-
matory intracellular contents into the extracellular milieu.

The ability of HMGBI1 to diminish the ability of macro-
phages to ingest apoptotic neutrophils appears to be related to
binding between HMGB1 and phosphatidyl serine, a well-de-
scribed eat me signal, which is exposed on the membrane of
neutrophils undergoing programmed cell death [14]. The re-
ceptor on the macrophage surface for phosphatidyl serine-
associated HMGBI has not been well characterized, although
recent data from our laboratory suggest that binding between
the a5 integrin and HMGBI participates in the ability of
HMGBI to inhibit efferocytosis of neutrophils and other
apoptotic cells (unpublished results). Other receptors for
HMGBI, including RAGE, have been identified [17, 18]. Al-
though interactions between HMGB1 and RAGE have been
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shown to be involved in modulating HMGBI-induced cellular
activation [13, 19, 20], including phosphorylation of the p38
MAPK, nuclear translocation of NF-kB, and chemotaxis of neu-
trophils, there is no evidence, at present, that binding between
HMGBI and RAGE is involved in affecting efferocytosis.

HMGBI1 is comprised of 3 domains: A box, B box, and a
highly acidic C-terminal tail [2, 3, 21-23]. Although previous
studies demonstrated that HMGB1 diminishes efferocytosis,
the domain responsible for this effect has not been delineated.
In these experiments, we show that the HMGB1 C-terminal tail
is responsible for the inhibitory effects of HMGBI on phagocy-
tosis of apoptotic neutrophils under in vitro and in vivo condi-
tions.

MATERIALS AND METHODS
Mice

Male C57BL/6 mice, 8 weeks of age, were purchased from Jackson Labora-

tory (Bar Harbor, ME, USA). Transgenic RAGE ™/~ mice were a kind gift
from Angelika Bierhaus (University of Heidelberg, Germany) [24, 25].

Mice were housed and studied under University of Alabama at Birmingham
(Birmingham, AL, USA) Institutional Animal Care and Use Committee-
approved protocols. Experiments were performed on 8- to 10-week-old
mice.

Materials

Custom cocktail antibodies and negative selection columns for neutrophil
isolation were from Stem Cell Technologies (Canada). RPMI media, peni-
cillin-streptomycin, and Brewer thioglycollate were from Sigma-Aldrich (St.
Louis, MO, USA). FBS (heat-inactivated) was from Gibco-BRL (Grand Is-
land, NY, USA). Anti-Flag mouse mAb (M2) was from Sigma-Aldrich. Rab-
bit anti-HMGBI1 pAb was from Abcam (Cambridge, MA, USA). Antibodies
to phosphorylated and total Erkl/2 were obtained from Cell Signaling
Technology Inc. (Beverly, MA, USA). Mouse soluble RAGE-Fc chimeric
protein and human soluble a8, protein were from R&D Systems (Minne-
apolis, MN, USA). Anti-RAGE rabbit pAb (H-300) was from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Anti-B5 rabbit pAb was from Cell Sig-
naling Technology Inc.

Construction of expression plasmids

Full-length human HMGB1 ¢cDNA was purchased from Open Biosystems
(Huntsville, AL, USA). To generate constructs that express full-length
HMGBI1 and AC-HMGBI, cDNAs with proper endonuclease sites that ex-
press HMGBI1 or ACCHMGBI1 were generated by PCR amplification and
cloned into a mammalian expression vector, 3X FLAGCMV10 (Sigma-Al-
drich), in-frame with 3X Flag. Human embryo kidney-293-human TLR4/
MD2-CD14 cells (Catalog Number 293-htlr4-md2-cd14, Invivogen, San Di-
ego, CA, USA), which stably express human TLR4, MD2, and CD14, were
maintained in RPMI-1640 medium (Sigma-Aldrich) containing 10% FBS
(Adanta Biologicals, Lawrenceville, GA, USA) and penicillin/streptomycin
solution (1:100; Sigma-Aldrich). To generate a stable cell line that overex-
presses Flag-tagged HMGB1 or AC-HMGBI1, 293-human TLR4/MD2-CD14
cells were transfected with the HMGB1-Flag or ACCHMGBI1-Flag construct
using Lipofectamine 2000™ (Invitrogen, Carlsbad, CA, USA), followed by
culture in medium containing 500 wg/ml G418 (Sigma-Aldrich). A clone
that stably expresses HMGB1-Flag or AC- HMGB1-Flag was selected and
expanded for purification of HMGB1-Flag or AC- HMGBI1-Flag (10X150
mm dish/cell line). Cells were lysed with MCLB [50 mM Tris, pH 8.0, 5
mM EDTA, 150 mM NaCl, 10 mM NaF, 2 mM NagVO,, protease inhibitor
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mixture (1:100, v/v); Sigma-Aldrich] and 0.5% Nonidet P-40. Cell lysates
were incubated with anti-Flag agarose beads (M2-agarose, Sigma-Aldrich)
for 2 h with rotation at 4°C, after which, the beads were washed with
MCLB buffer, followed by washing 3 times with 50 mM Tris buffer (pH
7.5) to remove any detergent. Beads binding Flag-tagged proteins were
eluted using 3X Flag peptide (250 ug/ml) in 50 mM Tris buffer. Proteins
were concentrated using Amicon Ultra 0.5 filters (Ultracell 10k, Millipore,
Bedford, MA, USA) and protein concentration determined by SDS-PAGE
Coomassie staining using BSA as a standard.

Neutrophil purification and induction of apoptosis

Mouse neutrophils were purified from bone marrow cell suspensions as
described previously [14, 26] using antibody-specific, negative selection
techniques. Purified neutrophils were suspended in RPMI media contain-
ing 1% FBS (6X10° cells/ml) and apoptosis induced by heating at 43°C for
1 h followed by incubation at 37°C for 2 h as described previously [14].

Culture of mouse peritoneal macrophages

Peritoneal macrophages were elicited by i.p. injection of 1.5 ml 4% Brewer
thioglycollate. Cells were harvested 5 days later by peritoneal lavage and
plated on coverslips in 24-well plates at a concentration of 3 X 10° cells/
well. After 1 h incubation at 37°C, nonadherent cells were removed by
washing with RPMI medium. Fresh RPMI medium containing 5% FBS and
penicillin-streptomycin was added to the cells and changed every 3 days.

In vitro phagocytosis assay

Macrophages cultured on coverslips were washed with serum-free media
and then incubated for 1 h in serum-free media. The macrophages were
then incubated with 1 pug/ml HMGB1, ACCHMGBI, or BSA protein in se-
rum-free media for 1 h, followed by washing with RPMI media prior to be-
ing included in phagocytosis assays. Phagocytosis was assessed by adding
apoptotic neutrophils (1:10 macrophages:neutrophils) to pretreated macro-
phages in RPMI media containing 1% FBS, followed by incubation at 37°C
for 90 min. Noninternalized neutrophils were removed by washing the cells
3 times with PBS. The cells were then fixed with 100% methanol and
stained with HEMA3. Phagocytosis was evaluated by an observer blinded to
experimental conditions by counting 200-300 macrophages/slide from
triplicate experiments. The phagocytic index is represented as the percent-
age of macrophages containing at least 1 ingested neutrophil.

In vivo phagocytosis assay

In vivo phagocytosis was determined as described previously [14]. Briefly,
107 apoptotic neutrophils were suspended in 50 ul PBS with 2 pg HMGBI,
AC-HMGBI, or mouse albumin and then were injected intratracheally into
isofluorane-anesthetized C57BL/6 mice (n=3 mice/group). After 90 min,
the mice were killed and BAL performed with a total volume of 1 ml PBS
containing 5 mM EDTA/mouse. Cytospin slides were prepared using 200
ul of the BALF. The phagocytic index was determined as described for the
in vitro assays.

Erk 1/2 and Rac-1 activation assays

Peritoneal macrophages were treated with 1 ug/ml BSA, HMGBI1, or AC-
HMGBI for 1 h in serum-free media followed by washing with PBS.
Apoptotic neutrophils were then added as described above for in vitro
phagocytosis assays and the macrophages and apoptotic neutrophils incu-
bated together for 15 min. The macrophages were then washed with PBS
and lysed using MCLB buffer containing 0.1% Triton X-100. Erkl/2 activa-
tion was determined by Western blot analysis using antiphosphorylated
Erkl/2 antibodies. The same blot was stripped and then reprobed with an-
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tibodies to total Erkl/2. To determine Rac-1 activation (level of GTP-
bound Rac-1), a Rac-1 activation assay kit was used (Millipore). Briefly, cell
lysates from macrophages were incubated with PBD-agarose beads for 1 h
to pull down activated Rac-1 (PBD-bound Rac-1). PBD-bound Rac-1, precip-
itated by the beads, was then resolved by 15% SDS-PAGE and detected by
anti-Rac-1 antibodies. To demonstrate an equal amount of inputs used in
each sample, 1/20 of the cell lysates was analyzed by Western blotting us-
ing anti-Rac-1 antibodies.

In vitro binding assays

HMGBI1-Flag or AC-HMGBI1-Flag (50 ng) was incubated with 100 ng o, 34
or soluble RAGE-Fc in buffer containing 50 mM Tris (pH 7.4), 150 mM
NaCl, and 10% (v/v) glycerol for 1 h at 4°C, and then 20 ul M2-agarose
beads was added to each sample and incubated for 2 h at 4°C. The beads
were washed 3 times using buffer containing 50 mM Tris (pH 7.4), 300
mM NaCl, and 1 mM DTT. The immunocomplexes were resolved by 15%
SDS-PAGE and analyzed by Western blotting using anti-8; or anti-RAGE
antibodies. The blots were reprobed with anti-Flag antibodies.

Statistical analysis

For each experimental condition, the entire group of animals was prepared
and studied at the same time. Data are presented as mean * sp (in vitro
experiments) or mean * SEM (in vivo experiments) for each experimental
group. One-way ANOVA followed by analysis with the Tukey-Kramer test
was performed for comparisons among multiple groups. A value of P <
0.05 was considered significant.

RESULTS

The C-terminal acidic tail of HMGBI is responsible
for inhibition of efferocytosis

In previous studies, we found that HMGB1 inhibits the inges-
tion of apoptotic neutrophils by macrophages [14]. As the C-
terminal tail of HMGBI1 has been reported to play a major
role in determining the binding of HMGBI1 to DNA, NF-«B,
and other molecules involved in cell signaling [22, 27-29], we
hypothesized that this region of HMGBI1 might also be in-
volved in modulating the inhibitory effect of HMGBI1 on effe-
rocytosis. To address this issue, we purified Flag-tagged, full-
length HMGBI1 (1-215 aa; HMGB1) and a C-terminal acidic
tail deletion mutant of HMGB1 (1-176 aa; AC-HMGBI1) from
293-human TLR4/MD2-CD14 cells stably expressing these pro-
teins (Fig. 1A).

To examine the role of the C-terminal tail of HMGBI1 in
efferocytosis, peritoneal macrophages were incubated with
HMGB]1 or ACCHMGBI for 1 h, then washed, and incubated
with apoptotic neutrophils. As shown in Fig. 1B, whereas full-
length HMGBI1 diminished ingestion of apoptotic neutrophils
by ~50% [P<0.001 compared with macrophages (control)
that had been incubated with albumin], exposure of macro-
phages to ACCHMGBI1 had no significant effect on their up-
take of apoptotic neutrophils. Of note, the degree of suppres-
sion of efferocytosis induced by the Flag-tagged, full-length
HMGBI1 was similar to that found with HMGBI purified from
porcine thymus (data not shown).
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Figure 1. The C-terminal acidic tail is required for HMGBI to inhibit
efferocytosis. (A) Schematic diagram showing constructs that express
3X Flag-fused human HMGB1 and AC-HMGBI1. The amino acid num-
ber at the end of each domain is shown. (B) Effects of full-length
HMGBI1 and AC-HMGBI1 on phagocytosis of apoptotic neutrophils by
peritoneal macrophages.. Phagocytosis assays were performed as de-
scribed in Materials and Methods. Three additional independent ex-
periments provided similar results; ***P<0.001.

Deletion of the C terminus of HMGBI1 abolishes its
inhibitory effect on phagocytosis-induced activation
of Erk and Rac-1

Exposure of macrophages to apoptotic cells enhances Erk
phosphorylation and activates Rac-1 [30-33]. To determine if
deletion of the C-terminal acidic tail of HMGB1 affects the
ability of HMGB1 to modulate Erk and Rac-1 activation during
efferocytosis, macrophages were incubated with HMGBI, AC-
HMGBI, or HSA, followed by exposure to apoptotic neutro-
phils; phosphorylation of Erkl/2 and activation of Rac-1 were
then determined 15 min later.

As shown in Fig. 2A, incubation of macrophages with
apoptotic neutrophils resulted in enhanced phosphorylation of
Erkl/2, an effect that was diminished significantly by pretreat-
ment of macrophages with full-length HMGBI protein but not
by pretreatment with AC-HMGBI1. Similarly, preincubation of
macrophages with full-length HMGBI, but not with AC-
HMGBI, attenuated efferocytosis-induced Rac-1 activation sig-
nificantly (Fig. 2B).

The C-terminal acidic tail of HMGBI is required for
binding to RAGE but not to the a5 integrin

In previous studies (unpublished results), we found that inter-
actions between HMGB1 and the a5 integrin on the macro-
phage surface are involved in the inhibition of phagocytosis by
HMGBL1. To determine whether the importance of the C-ter-
minal tail of HMGB1 in modulating efferocytosis is a result of
interactions with a3, we performed coimmunoprecipitation
assays using Flag-tagged rHMGB1 or ACCHMGBI and ro, .
As shown in Fig. 3A, there did not appear to be any difference
in the binding affinity of full-length HMGB1 or AC-HMGB1

to ayBs.
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Figure 2. Absence of the C-terminal acidic tail abolishes the inhibitory
effect of HMGBI1 on efferocytosis-induced Erk phosphorylation and
Rac-1 activation. (A) Peritoneal macrophages were washed with serum-
free medium and incubated in serum-free media for 1 h followed by
exposure for 1 h to 1 ug/ml BSA (control), full-length HMGBI, or
AC-HMGBI in serum-free media. The macrophages were washed and
incubated with RPMI-1640 medium with 1% FBS, with or without
apoptotic neutrophils. After 15 min, the cells were washed, and cell
extracts from the macrophages were prepared, Western blotting was
performed to determine the levels of phosphorylated (p-Erk) and
total Erk. A representative gel as well as mean = sp of phosphory-
lated Erk/total Erk ratios for each condition using optical band in-
tensity measurements from 3 independent experiments are shown.
(B) Phagocytosis assays were performed for 15 min as described
above. The macrophages were then washed 3 times and cell lysates
prepared to determine Rac-1 activation. A representative gel as well
as mean * sD of activated/total Rac-1 ratios for each condition us-
ing optical band intensity measurements from 3 independent ex-
periments are shown; *P < 0.05 versus control.
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Figure 3. The C terminus is required for binding of HMGBI1 to RAGE
but not to the ay 5 integrin. HMGB1-Flag or ACCHMGBI1-Flag (50 ng)
was incubated with 100 ng soluble oy 83 (A) or soluble RAGE
(sSRAGE)-Fc chimeric protein (B). ay,83- or RAGE-bound HMGBI1 or
AC-HMGBI1 was pulled down using agarose beads conjugated with
anti-Flag antibody. The precipitated proteins were eluted and resolved
by 12% SDS-PAGE, and Western blotting was performed using anti-B
antibody (A) or anti-RAGE antibody. (B) Blots were stripped and re-
probed with anti-Flag antibody to demonstrate the amount of Flag-
tagged HMGB1 or AC-HMGBI that was pulled down by the beads. A
second independent experiment provided similar findings. IP, Immu-
noprecipitation; IB, immunoblotting.

A previous study showed that the C-terminal motif in
HMGBI1 (aa 150-183) is responsible for binding to RAGE
[34]. As there is overlap in aa 177-183, between the C-termi-
nal-binding region of RAGE and the C-terminal tail of
HMGBI, we next examined the binding affinity of HMGB1
and AC-HMGBI1 with RAGE. As shown in Fig. 3B, the binding
of HMGBI to RAGE is abrogated by deletion of the C-terminal
acidic tail.

Given the ability of the C-terminal tail of HMGBI to deter-
mine binding of HMGBI1 to RAGE and the lack of inhibitory
activity of HMGBI lacking the C-terminal tail on efferocytosis,
it seemed possible that RAGE itself might have an important
role in modulating the uptake of apoptotic cells by macro-
phages. To examine this hypothesis, we incubated peritoneal
macrophages from RAGE /™ and control RAGE"”" mice with
albumin or full-length HMGB1 and then examined their abil-
ity to ingest apoptotic neutrophils. As shown in Fig. 4A,
RAGE ™/~ macrophages had decreased phagocytic activity sig-
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Figure 4. RAGE plays a major role in modulating phagocytosis of
apoptotic neutrophils by macrophages. (A) Peritoneal macrophages
from RAGE™/* and RAGE™/~ mice were pretreated with BSA or
HMGBI protein (1 pg/ml) for 1 h followed by incubation with
apoptotic neutrophils for 90 min and the phagocytic index then deter-
mined. Data shown are representative of 2 independent experiments;
#ekP < 0.001; #P < 0.05. (B) RAGE™* and RAGE™/~ macrophages
were incubated with apoptotic neutrophils for 15 min and then
washed. Western blotting was performed to determine the levels of
phosphorylated and total Erk. A representative experiment is shown. A
second independent experiment provided similar results.

nificantly as compared with those from RAGE*/* mice. The
magnitude of the inhibitory effects of HMGBI1 on efferocyto-
sis, although still present with RAGE™/~ macrophages, was
substantially less than that found after incubation of RAGE™/*
macrophages with HMGB1 (17.0+1.3% albumin-treated vs.
7.8+0.8% after incubation with HMGB1 for RAGE™ ™ macro-
phages as compared with 11.4+0.6% albumin-treated vs.
8.0+0.2% after incubation with HMGB1 for RAGE™ ™ macro-
phages; Fig. 4A). Phagocytosis-induced Erk activation in mac-
rophages from RAGE ™/~ mice was also diminished as com-
pared with that found in RAGE™/* macrophages (Fig. 4B).

The C-terminal acidic tail of HMGBI is responsible
for the inhibitory effects of HMGBI on efferocytosis
under in vivo conditions in the lungs
The in vitro experiments shown in Fig. 1 indicated that the
C-terminal acidic tail of HMGB1 was responsible for the inhib-
itory effects of HMGB1 on efferocytosis. To confirm whether
the C-terminal tail had similar properties under in vivo condi-
tions, we administered apoptotic neutrophils intratracheally
with albumin, fulllength HMGBI1, or AC-HMGBI1 and then
performed BAL 90 min later to assess uptake of the alveolar
neutrophils by alveolar macrophages.

As shown in Fig. 5, coadministration of full-length HMGB1
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with apoptotic neutrophils resulted in a decrease of ~70%

in phagocytosis of apoptotic neutrophils as compared with

control conditions, in which albumin was included with the
apoptotic neutrophils (P<0.001). In contrast, there was no
apparent difference in efferocytosis between apoptotic neu-
trophils administered with albumin or with AC-HMGBI.

DISCUSSION

HMGBI is composed of 3 primary functional domains, com-

prising the A box, B box, and an acidic C terminus composed
of 30 glutamic and aspartic residues [1, 3, 22, 35-37]. The A
and B boxes are involved in DNA binding, and there is evi-
dence that whereas the B box has intrinsic proinflammatory
properties, the A box is able to inhibit the proinflammatory
activity of extracellular HMGB1 [7, 38]. The C-terminal tail of
HMGBI can reduce the DNA-binding properties of HMGBI,
presumably through interacting with the A box and B box, as
well as with the N-terminal domain of HMGBI1 [22, 35, 39,
40]. The acidic C terminus also participates in modulating
acetylation of HMGBI, including reducing the level of acetyla-
tion of lysine 2 residues and inhibiting the acetylation of lysine
81 in HMGB1 by CREB-binding protein [41]. Interactions be-
tween HMGBI and the p50 subunit of NF-«B are diminished
in the presence of the C-terminal acidic tail [42]. There is re-
cent evidence that the C-terminal acidic tail of HMGB1 and
particularly, aa residues 201-205 are responsible for the anti-
bacterial activity of HMGB1 [27]. However, there is only lim-
ited information concerning the role of the C-terminal tail in
modulating the extracellular properties of HMGBI.

In the present experiments, we found that the C-terminal
tail of HMGBI is responsible for the ability of HMGB1 to in-
hibit the ingestion of apoptotic neutrophils by macrophages.
In particular, whereas full-length HMGB1 diminished the up-
take of apoptotic neutrophils under in vitro and in vivo condi-
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Figure 5. Removal of the C-terminal acidic tail abrogates the inhibitory
effect of HMGB1 on phagocytosis in vivo. Apoptotic neutrophils (107)
with HMGB1, ACCHMGBI, or mouse albumin (2 pg) were adminis-
tered intratracheally in 50 ul PBS into anesthesized mice. BAL was
performed with 1 ml cold PBS containing 5 mM EDTA 90 min later.
Cytospin slides were prepared using 200 ul BALF, and phagocytosis of
apoptotic neutrophils by alveolar macrophages was assessed. The
phagocytosis index is represented as the percentage of alveolar macro-
phages containing at least 1 ingested neutrophil; » = 3 mice in each
group; ***P < 0.001. A second independent experiment provided sim-
ilar results.
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tions by more than 50%, this action was lost when the C-termi-
nal tail was absent. Similarly, the ability of HMGBI to decrease
the activation of the Erk and Rac-1 kinases in macrophages
during efferocytosis was no longer present when a deletion
mutant of HMGBI lacking the C terminus was used in phago-
cytosis assays in place of full-length HMGBI.

RAGE is a well-characterized receptor for HMGBI and occu-
pies a central role in modulating the ability of HMGBI1 to af-
fect multiple cellular functions, including p38 MAPK activa-
tion, chemotaxis, and NF-«B activation [13, 19, 43, 44]. In
these studies, we found that RAGE also has an important role
in efferocytosis, as macrophages lacking RAGE showed signifi-
cantly diminished ability to ingest apoptotic neutrophils and
also were less responsive to the suppressive effects of HMGB1
on efferocytosis. The C-terminal tail of HMGBI1 appears to
have a crucial role in facilitating binding between HMGB1 and
RAGE, as elimination of the C terminus resulted in markedly
decreased association of soluble RAGE with HMGBI1, consis-
tent with a previous report that a C-terminal motif in HMGBI,
which overlaps partially with the C-terminal tail, is responsible
for binding to RAGE [34]. The present results therefore sug-
gest that the ability of HMGBI to diminish efferocytosis is pri-
marily a result of interaction between the C-terminal tail and
RAGE, as the deletion mutant of HMGBI lacking the C-termi-
nal tail was unable to bind to RAGE and also did not diminish
the uptake of apoptotic neutrophils by peritoneal macro-
phages in vitro and by alveolar macrophages under in vivo
conditions in the lungs.

Although the present experiments show that the C-terminal
acidic tail of HMGBI is responsible for binding between RAGE
and HMGBI, our results also indicate that receptors other
than RAGE are involved in modulating the inhibitory effects
of HMGBI on efferocytosis. In particular, although the ability
of HMGBI to diminish uptake of apoptotic neutrophils was
reduced in RAGE™/~ macrophages, HMGBI still diminished
efferocytosis by the RAGE™/~ macrophages significantly, indi-
cating that interactions of HMGBI1 with receptors other than
RAGE participate in HMGBIl-induced reduction in ingestion
of apoptotic cells. In previous studies, we found that interac-
tions between macrophage-based a5 integrin and HMGB1
were involved in inhibiting ingestion of apoptotic neutrophils
(unpublished results). However, there was no evidence in the
present experiments that deletion of the C-terminal tail af-
fected binding of HMGBI to ayf35, suggesting that interactions
between HMGB1 and ligands or receptors in addition to
RAGE and o3 are likely to participate in diminishing effero-
cytosis.

The present experiments, by demonstrating that the C-ter-
minal acidic tail of HMGBI1 plays a central role in modulating
the inhibitory effects of HMGBI1 on efferocytosis, provide new
insights into the functional importance of the different do-
mains of HMGBI1 in modulating the extracellular effects of
this molecule on inflammatory processes. Although the A box
of HMGBI had been shown effectively to block interactions of
HMGBI1 with RAGE [13, 19], there had been no previous data
to indicate that the C-terminal tail itself was responsible for
the ability of HMGBI1 to bind to RAGE. As receptors other
than RAGE appear to be involved in modulating the inhibitory
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effects of HMGBI on efferocytosis, it is likely that the C-termi-
nal tail is also involved in interactions between HMGBI and
these receptors. In addition, although highly purified HMGB1
itself has minimal proinflammatory properties, its ability to
activate macrophages and other cell populations is enhanced
markedly by binding to relatively small amounts of proinflam-
matory mediators, including LPS, IL-18, and DNA [9, 10, 12].
The domains of HMGBI responsible for its association with
proinflammatory mediators are presently unknown. We are
actively investigating this issue.

Antibodies to HMGBI are effective in diminishing organ
injury and mortality in multiple models of sepsis, acute lung
injury, ischemia-reperfusion, and other pathophysiologic
situations, in which neutrophils play a major role in acute
inflammation [5-7, 45, 46]. The ability of HMGBI to dimin-
ish ingestion and clearance of apoptotic neutrophils is likely
to contribute to organ dysfunction under in vivo conditions.
In particular, HMGB1-associated reductions in efferocytosis
would be expected to result in the persistence of activated
neutrophils in inflammatory foci, as well as progression of
apoptotic neutrophils to necrosis, with associated spillage of
intracellular contents into the extracellular milieu, thereby
enhancing inflammation-associated tissue injury. Of note,
levels of HMGBI are increased in airway secretions from
patients with neutrophil-associated airway inflammation,
such as cystic fibrosis, and the presence of HMGBI in BALF
in the setting of cystic fibrosis diminishes clearance of
apoptotic neutrophils [14, 47]. Therapies able to block the
association of HMGBI1 with macrophages, including those
directed at the C-terminal acidic tail, which these experi-
ments show to be the primary domain involved in the ef-
fects of HMGB1 on efferocytosis, are likely to enhance
clearance of apoptotic neutrophils and diminish inflamma-
tion-associated organ dysfunction.
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