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High mobility group box 1 (HMGB1), a
nonhistone nuclear factor, acts extracellu-
larly as a damage-associated molecular
pattern (DAMP) molecule to modulate
inflammation, promoting autophagy and
innate immune responses (1–5). HMGB1
has compartment-specific functions: nu-
clear, intracellular (but extranuclear) and
extracellular. Its extracellular functions
can now be divided further into cytokine-
like or cytokine-inducing, chemokinelike
and proangiogenic. Signaling pathways
that induce variations on the posttransla-
tional modification, such as phosphoryla-
tion and acetylation, have been impli-
cated in the regulation of HMGB1 release.
Importantly, HMGB1 contains three cys-
teines, each of which is susceptible to
redox modification (6,7). The redox state
of these cysteines is important for the
proinflammatory cytokine-stimulating

and proautophagic activity of HMGB1
(8–10). Autophagy (literally “self- eating”),
a lysosome-mediated catabolic process,
contributes to maintenance of intracellu-
lar homeostasis and promotes cell sur-
vival in response to environmental stress
(11–13).
Treatment with reduced but not oxi-

dized HMGB1 protein increases au-
tophagy in cancer cells (9). In contrast, ox-
idized HMGB1 protein activates the
caspase-dependent apoptotic cell death
pathway (9). Venereau et al. (14) described
a new role for redox control of both the
cytokine-inducing and chemokine activity
of HMGB1 in the setting of sterile inflam-
mation, regulating leukocyte recruitment
and their ability to secrete inflammatory
cytokines (Figure 1). 
Structurally, HMGB1 is composed of

three domains: two positively charged

proximal DNA-binding domains (A box
and B box) and a negatively charged car-
boxyl terminus. Three cysteines are en-
coded within the molecule: two vicinal
cysteines in box A (C23 and C45) and a
single one in box B (C106). C23 and C45
can form an intermolecular disulfide
bond, whereas C106 is unpaired. There-
fore, three different redox forms HMGB1
(all-thiol-HMGB1, disulfide-HMGB1 and
oxidized HMGB1) were derived from
bacterial expression systems (14). In addi-
tion, by using tryptic digests and liquid
chromatography tandem mass spectro-
metric analysis, Venereau et al. observed
that recombinant HMGB1 can be re-
versibly oxidized and reduced in the
presence of electron donors (for example,
dithiothreitol) or acceptors (oxygen) (14).
Next, Venereau et al. assessed whether

individual redox forms of HMGB1 have
a differential role in cytokine-stimulating
and chemoattractant activities (14). They
found that disulfide-HMGB1 induced ac-
tivation of the nuclear factor (NF)-κB
pathway and production of proinflam-
matory cytokines (for example, tumor
necrosis factors-α, interleukin [IL]-6 and
IL-8) in fibroblasts and macrophages. 
Interestingly, all-thiol-HMGB1 failed to
induce a proinflammatory response. 
In contrast, all-thiol-HMGB1, but not
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disulfide-HMGB1, had chemoattractant
activity in fibroblasts. These findings
prompted them to determine whether
HMGB1 inhibitors, such as box A and
monoclonal antibody PDH1.1, block the
chemoattractant and/or cytokine-
 inducing activities of HMGB1. Unexpect-

edly, these inhibitors prevented cell
 migration but not cytokine production,
although they are widely used as
HMGB1-targeting agents in experimental
inflammatory diseases.
Reactive oxygen species oxidize the

HMGB1 released from dying cells,

thereby neutralizing its stimulatory ac-
tivity and promoting tolerance in im-
mune cells (15,16). In addition, oxidation
of C106 or lack of a disulfide bridge be-
tween C23 and C45 then causes HMGB1
to lose its proinflammatory effects in
macrophages (8). Venereau et al. found
that terminal oxidation by hydrogen
peroxide results in the loss of both the
cytokine-stimulating and chemoattrac-
tant activities of HMBG1. Moreover, the
authors found that the three HMGB1
cysteine residues were required for the
cytokine-stimulating activity but not for
the chemoattractant activity of HMGB1.
Cysteine mutant HMGB1 promotes fi-
broblast migration, but not cytokine ex-
pression in macrophages (14). Collec-
tively, these findings establish a crucial
role for redox in the regulation of
HMGB1 activity in inflammation and
migration.
What is the redox state of HMGB1 in

the pathogenesis of individual diseases?
The redox state of HMGB1 from the
human acute monocytic leukemia cell
line THP-1 was measured in the pres-
ence or absence of lipopolysaccharide
(LPS) and necrotic medium in vitro. In-
tracellular HMGB1 was all-thiol-HMGB1,
whereas secreted HMGB1 contained
both all-thiol- and disulfide-HMGB1
(14). Furthermore, disulfide-HMGB1
was present later and time-dependently
increased in  cardiotoxin-injured muscles
in vivo, confirming that the redox state of
HMGB1 is altered during tissue damage
and inflammation. HMGB1 protein with
all three cysteines mutated to serine are
resistant to oxidation and induce leuko-
cyte recruitment without inducing cy-
tokine production (14). The activities of
HMGB1 are thus redox-dependent and
can be modified within the injured tis-
sues after HMGB1 release. Therefore, re-
lease of dynamic redox-regulated
HMGB1 contributes to the orderly
 orchestrated recruitment of leukocytes,
activation of cytokine release and subse-
quent resolution of inflammation.
Several issues remain unresolved re-

garding the redox control of HMGB1 ac-
tivity. First, HMGB1 is specifically recog-

Figure 1. Redox control of HMGB1 activity. To act as a DAMP/danger signal and inflam-
matory mediator, HMGB1 is transported extracellularly by two principal means: active se-
cretion from living inflammatory cells (for example, macrophages) or passive release
from necrotic cells. The activities of extracellular HMGB1 are redox dependent. All-thiol-
HMGB1 promotes chemokine production and leukocyte recruitment. Disulfide-HMGB1,
originating from infiltrating leukocytes, promotes release of proinflammatory cytokines
and thus participates in the inflammatory response. Reactive oxygen species produced
by leukocytes induces the terminal oxidation of HMGB1, which is inactivated during reso-
lution of inflammation.



nized by several cell surface receptors
(2), including Toll-like receptor (TLR)-4
and the receptor for advanced glycation
end products (RAGE), but most recently
was joined by T-cell immunoglobulin
and mucin domain 3 (TIM-3) (17). Initial
studies suggest that reduced C106 is
necessary for the binding of HMGB1 to
one of its receptors, TLR4, to stimulate
cytokine release (8). HMGB1-induced re-
cruitment of inflammatory cells depends
on forming a complex with CXCL12 and
signaling via CXCR4 (18). Moreover,
RAGE is required for reduced HMGB1-
mediated autophagy, but not oxidized
HMGB1-induced apoptosis (9). All-thiol-
HMGB1, but not disulfide-HMGB1,
binds CXCL12 (14). The influence of
HMGB1 receptors (for example, RAGE,
TLR4, TLR2, CD24, TIM-3 and triggering
receptor expressed on myeloid cells 1
[TREM1]) on biological activities of indi-
vidual redox forms of HMGB1 remains
to be carefully investigated. Second,
HMGB1 forms highly inflammatory
complexes with DNA, lipoteichoic acid,
LPS, IL-1β, chemokine (C-X-C motif) lig-
and 12 (CXCL12)/  stromal cell–derived
factor-1 (SDF-1) and nucleosomes (19).
There is great interest in determining
whether the individual redox forms of
HMGB1 have varying affinity profiles
active in inflammation and immunity.
Third, HMGB1 has multiple intracellu-
lar and extracellular functions in health
and disease, including cancer (1,2,6,20).
Additional studies will be needed to de-
termine whether redox is required for
other functions of HMGB1, such as re-
generation and cellular differentiation as
well as the complex interactions be-
tween autophagy and immunity (5). One
additional unanswered question is
where and how the formation of the
disulfide takes place and whether there
is an enzyme specific for regulating this.
This is important, knowing that the nu-
clear form is mostly all thiol. Finally, the
development and performance of a sim-
ple, sensitive method for the detection
of individual HMGB1 redox state iso-
forms in clinical specimens remains to
be accomplished.
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