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Introduction

An identifying characteristic of eukaryotic cells is the presence of a
nucleus that stores and segregates the genetic material. In1973, high-
mobility group (HMG) proteins (HMG-1and HMG-2) were first identi-
fiedin calfthymus as aclass of nonhistone proteins that contribute to
packaging DNAinto chromosomes' (Fig.1). The phrase ‘high-mobility
group’ was a description of the high electrophoretic mobility of the
proteins in polyacrylamide gels. Currently, the HMG Chromosomal
Protein Nomenclature Committee classifies HMG proteins into three
subfamilies — HMGA (formerly HMG-14 and HMG-17), HMGB (formerly
HMG-1and HMG-2) and HMGN (formerly HMG-land HMG-Y) — on the
basis of their characteristic functional sequence motifs. Many of
the HMG proteins are now known to have disparate functions in dif-
ferent locations, such as in the cell membrane, cytosol or nucleus.
The most extensively studied HMG family member, HMGB1 (formerly
known as HMG-1,amphoterin or SBP-1), is involved in manyimportant
physiological and pathological processes.

The HMGBI gene has evolved over 525 million years during the
development of multicellular animals®. The HMGBI1 protein is highly
conserved, having 99% homology between rodents and humans.
Embryonicglobal deletion of Hmgb1 or conditional deletion of uterine
Hmgbl in mice is lethal embryonically or shortly after birth or causes
implantation defects, respectively, which indicates a crucial role of
HMGBI in development and reproduction®*. In addition to its archi-
tectural function in the nucleus, HMGBL is also present in the cytosol
and canbesecreted or released from cells (Box 1). Cytosolic HMGB1 has
amajor role as a sensor for nucleic acid-induced immune responses’
and can also function as an endogenous promoter of autophagy®.
Inthe extracellular space, HMGBL is a key immune mediator and func-
tions as a ubiquitous damage-associated molecular pattern (DAMP)
during cell deathand tissue injury’. The release and activity of HMGB1
insterile inflammation and infection are further regulated by its post-
translational modification and by the diversity of receptors to which
HMGBI can bind (Fig. 2). Toll-like receptor 4 (TLR4) and the advanced
glycosylation end product-specific receptor (AGER; also known as
RAGE) are the most well-studied receptors for HMGBI, binding of
which leads to the activation of downstream signalling pathways
through nuclear factor-kB (NF-kB) and interferon regulatory factor 3
(IRF3) and the production of immune mediators including cytokines
and chemokines. HMGBI1 protein has a higher affinity for TLR4 than for
AGER®", However, it should be noted that recombinant HMGB1 protein
is commonly purified from Escherichia coli and thus may be contami-
nated with the TLR4 ligand bacterial lipopolysaccharide (LPS); it is
therefore controversial whether HMGB1alone directly binds to TLR4.

Fifty years since the discovery of HMG proteins, an extensive lit-
eratureontherolesof HMGB1inimmune responses has accumulated.
Here, we discuss three related topics. First, we introduce the subcel-
lular localization-dependent functions of HMGBI1. Second, we discuss
the roles of HMGB1 in immune responses associated with microbial
infection, sterile inflammation, ageing and cancer. Third, we sum-
marize potential uses of HMGBI1 as a biomarker and drug target for
human disease. Our accumulated knowledge of the immune func-
tions of HMGBI1 contributes to a broader understanding of the DAMP
hypothesis and to developing effective strategies to prevent and treat
inflammation-related diseases™.

Subcellular functions of HMGB1
The subcellular localization of HMGBI has a key role in determin-
ing its function and its interaction with other cellular components.

Here, we summarize the functions of HMGBI1 in the nucleus, cytosol,
cell membrane and extracellular space.

Nuclear HMGB1

HMGBL is mainly present in the nucleus under physiological condi-
tions and this was the focus of early research®. By binding to both
DNA and histones, HMGBI1 helps to maintain the structure of nucle-
osomes and limits access of mutagens and photons to DNA, thereby
preventing DNA damage. Inaddition, HMGB1 modulates the strength of
the histone-DNA interaction and thereby influences the packaging
of DNA into chromatin. By facilitating nucleosome sliding — amecha-
nism by which DNA can be exposed for access by the transcriptional
machinery — HMGBI1 canregulate gene expression.

Human HMGBL1 is a 215-amino-acid protein consisting of three
domains: two positively charged DNA-binding domains (A-box and
B-box) and a negatively charged C terminus (acidic tail) (Fig. 3). The
A-box (residues 9-79) and B-box (residues 95-163) recognize spe-
cific DNA structures (for example, four-way junctions' and cisplatin-
modified DNA duplexes®), rather than specific DNA sequences, unlike
transcription factors. As a DNA chaperone, nuclear HMGBI1 binds to
the minor groove of linear DNA and bends it into a helical structure,
which can affect the accessibility of DNA to cellular factors involved
inDNA replication, transcription, DNA repair, chromatin remodelling
and V(D)] recombination within T cells and B cells'®". The C-terminal
acidic tail (residues 186-215), containing aspartic acid or glutamic
acid residues, may compete with DNA for binding to A-box and B-box
domains of HMGBI1, thus mediating autoinhibition under conditions
of cellular or nuclear stress™®. A frameshift variant in the acidic tail of
HMGBI, which enhances its accumulation in the nucleolus and leads
to nucleolar dysfunction, is found in humans with the rare congenital
disorder of brachyphalangy, polydactyly and tibial aplasia syndrome®.
Inaddition, heterozygous HMGBI loss-of-function variants are associ-
ated with a13q12.3 microdeletion syndrome characterized by intel-
lectual disability, microcephaly and atopic dermatitis®. These studies
provide direct evidence that mutations affecting the nuclear functions
of HMGB1 can cause human disease.

HMGBL is aredox protein containing three cysteines (C23 and C45
in A-box and C106 in B-box)?. The switch between reduced and oxi-
dized forms of A-box affects the DNA-binding activity of HMGB1, with
oxidized forms having reduced binding to platinized DNA (DNA
treated with platinum-based drugs such as cisplatin)*>. HMGBI can
also cooperate with histone H1to promote chromatin remodelling and
transcriptional silencing during endotoxin tolerance in vitro®. Func-
tionally, the conditional depletion of Hmgbl in mouse cells or tissues
leads to genomic instability, telomere shortening and the release of
nucleosomes, which induce inflammation and activate innate immu-
nity>*%. An increase in circulating nucleosomes is associated with
immunopathological processes that can lead to lethal infections,
autoimmune diseases and tissue damage’®”’. These findings establish a
crucial function of nuclear HMGB1in maintaining nuclear homeostasis
and controlling the release of nuclear DAMPs. It will also beimportant
tofurther understand the complementary and unique functions of the
other HMG family members.

Extracellular HMGB1

In 1999, HMGBI1 was identified as a mediator of endotoxin lethality in
mice”®, opening anew chapter in the study of the extracellular functions
of HMGBL. This study showed that LPS triggers mouse macrophages or
human primary peripheral blood mononuclear cells to secrete HMGB1
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in a delayed manner that differs from the earlier kinetics of cytokine
release’®, which offered promise for expanding the time window for
the treatment of patients with sepsis by using HMGBI1 antagonists.

@ 1973: HMGB first identified
in calf thymus

@———1989: Nuclear HMGBT binds the
hairpin four-way junction DNA

@——1990: Membrane HMGBI
promotes neurite outgrowth

@——1992: Nuclear HMGB1 binds
cisplatin-modified DNA

@ 1999: Extracellular HMGB1
mediates endotoxin lethality

@——2000: Extracellular HMGB1 — Extracellular HMGB1 — Extracellular
mediates necrosis-induced promotes cancer HMGB1 induces
inflammation formation cytokine synthesis

@——2002: HMGBT is secreted by
secretory lysosomes

@ 2005: Extracellular HMGB1 mediates
liver ischaemia-reperfusion injury

@ ——2007: Extracellular HMGB1 mediates
immunogenic cell death

@ 2009: HMGBT is a universal sensor — CD24 is a negative regulatory
for nucleic-acid-induced immunity  receptor of HMGBT1 in tissue injury

@ ——2010: Redox control of extracellular — Cytosolic HMGB1 drives
HMGB1 activity in cell death autophagy by binding BECN1

@ ———2012: Redox control of extracellular — HAVCR2 is a negative regulatory
HMGB1 activity in immunity receptor of HMGB1 in tumour
immunity

@ 2015: Adenovirus core protein VII
inhibits HMGB1 release in host cells

@ ——2017: Intracellular HMGBT is a tumour — Intracellular HMGB1 mediates
suppressor of pancreatic cancer activation of the cGAS-STING1
pathway

@——2018: Extracellular HMGB1 delivers LPS to the
cytosol to activate inflammasomes through AGER

@ 2020: Extracellular HMGB1 is a biomarker and
therapeutic target for severe COVID-19 in humans

@ ——2021: HMGBT release in lytic cell death involves
NINJ1-mediated active regulatory mechanisms

@ 2023: De novo frameshift mutations in HMGB1

I cause brachypha!angy, polydqctyly and tibial

aplasia-hypoplasia syndrome in humans

Fig.1| Timeline of breakthrough discoveries since HMGB1 was first identified.
Key milestones are indicated that have contributed to defining the functions

of high-mobility group box 1 (HMGBI) both inside and outside cells. AGER,
advanced glycosylation end product-specific receptor; BECN1, beclin 1; cGAS,
cyclic GMP-AMP synthase; HAVCR2, hepatitis A virus cellular receptor 2 (best
known as TIM3); LPS, lipopolysaccharide; NINJ1, ninjurin1; STING1, stimulator
ofinterferon response cGAMP interactor 1.

Subsequent studies showed that the secretion of HMGB1 by mac-
rophages and monocytes involves secretory lysosomes® (Fig. 4 and
Box1).Secretion of HMGB1 via this pathwayis also observedin response
to various other inflammatory stimuli (such as interferon-y (IFNy)),
which can exacerbate the cytokine storm that occurs during sepsis by
activating NF-kB and IRF signalling pathways®°.

In addition to immune cells, HMGBI1 can be actively secreted by
other cell types, including hepatocytes® and neurons®, to mediate
inflammatory responses. HMGBI1 can also be released passively by all
celltypes uponcell death or tissue damage. The notion of HMGB1being
a so-called DAMP signal for the immune response was first reported
usinginvitro models of necrosisinduced by heat or freeze-thawingina
human cancer cell line and mouse fibroblasts*. The role of HMGB1 as
amediator of sterileinflammation was later identified in amouse model
of liverischaemia-reperfusion (I/R) injury, by activating the TLR4 path-
way’. We now know that HMGB1 is released not only by necrotic cells
butalso by cellsundergoing other forms of cell death and stress. Owing
to its high levels of expression and rapid translocation between the
nucleus and cytoplasm, HMGBL is likely to be one of the most highly
released molecules in response to various cellular stressors*.

In addition to having cytokine-like or chemokine-like activity,
extracellular HMGBI can also promote inflammation in combination
with other molecules (Fig. 2). For example, HMGBI that is released
during apoptosis attaches to nucleosomes, creating a complex that
interacts with TLR2 in macrophages and dendritic cells (DCs)*. Indeed,
HMGBI-nucleosome complexes participate in the pathogenesis of
systemic lupus erythematosus by increasing the immunogenicity
of nucleosomes released from apoptotic cells*. Complexes formed
between HMGB1 and DNA stimulate increased cytokine production
in macrophages, DCs and B cells by activating AGER and TLR9 in
endosomes®**. In addition, HMGB1-LPS not only enhances TLR4-
dependent cytokine productionbut also promotes LPS uptake through
AGER and subsequent inflammasome activation in macrophages®.
Of note, highly purified HMGBI protein does not induce inflamma-
tory cytokine production in a mouse macrophage cell line or mixed
ratglial cultures®®, which suggests that extracellular HMGB1 regulates
immunity primarily through the formation of complexes with other
factors. Regardless, understanding the cellular or tissue origin of cir-
culating HMGB1 during disease conditionsis crucial to comprehending
the pathological mechanisms involved in local injury and systemic
inflammation.

Cytosolic HMGB1

The release of HMGBL1 into the extracellular space is associated with
anincreased residence of HMGBL1 in the cytosol following its trans-
location from the nucleus. A longstanding open question in HMGB1
biology regards the function of cytosolic HMGBL. In 2010, we found
that cytosolic HMGB1 promotes autophagy in mouse fibroblasts or
human cancer cells in response to various environmental stresses,
including starvation and oxidative damage®. Mechanistically, cyto-
solic HMGB1 was shown to compete with the anti-apoptotic protein
B cell lymphoma 2 (BCL-2) to interact with the autophagy core driver
beclin1(BECN1; the mammalian homologue of yeast Atg6) through
C23 and C45 residues in the HMGB1 A-box® (Fig. 5). The binding of
HMGBI1 to nuclear proteins, such as telomeric repeat binding factor 2
(TERF2) and tumour protein p53 (TP53; best known as p53), impairs
binding between HMGB1 and BECNI1 (refs. 39,40). Furthermore, the
association of HMGB1and nucleotide binding oligomerization domain
containing 2 (NOD2) within the cytosol disrupts the association of
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NOD?2 with receptor interacting serine/threonine kinase 2 (RIPK2),
leading to the formation of autophagy-related 16-like 1 (ATG16L1)-
dependent autophagosomes in LPS-induced brain microglia*. These
findings suggest that HMGB1 may regulate membrane vesicle forma-
tion during autophagy and stress responses. However, it should be
noted thatlevels of autophagyin the liver are not affected in mice with
hepatocyte-specific conditional knockout of Hmgbl (ref. 42), which
calls into question the role of HMGBL1 in autophagy induction. Thus,
elucidating the cell type-dependent or tissue-dependent functions of
HMGBL in autophagy and cell stress remains an important challenge.

Autophagy serves as a crucial defence mechanism that promotes
cell survival and controls infection*. However, excessive autophagy
can in some cases lead to cell death, which triggers the release of
DAMPs (including HMGBI) and results in inflammation**. Further-
more, autolysosomes can facilitate the secretion of leaderless proteins
such as HMGBI, SQSTMI1 and IL-1f, which in turn promotes further
inflammation* 8 (Fig. 5). Thus, HMGB1-dependent autophagy has
been implicated in several inflammatory diseases. For example, in
mice with inflammatory bowel disease, autophagy reduces inflam-
mation and associated tissue injury; in this case, cytosolic HMGB1
forms complexes with BECN1and ATGS to protect these proteins from
pro-apoptotic cleavage mediated by calpain*’. Deletion of Hmgb1
in intestinal epithelial cells impairs autophagy and accelerates the
development of experimental inflammatory bowel disease*. Disrup-
tion of the cytosolic HMGB1-BECN1complexinepithelial cells results
inrestricted autophagy, leading to increased lung inflammation, ina
1,3-B-glucan-induced mouse model*°. Furthermore, HMGBI1 physically
interacts with the transcription factor signal transducer and activator
of transcription 3 (STAT3)"'; absence of Hmgb1 in the intestine leads to
STAT3 overactivation and decreased expression of BECNI (a repres-
sor target gene of STAT3), thereby suppressing autophagy and caus-
ing Salmonella colitis in mice®’. Mice with myeloid cell-specific loss
of HmgbI had increased susceptibility to endotoxemia and Listeria
monocytogenes infection owing to autophagy deficiency®’. These
studies suggest that cytosolic HMGB1-dependent autophagy has an
active role in defence against infection in intestinal epithelial cells
and myeloid cells.

HMGBI1-dependent autophagy also participates in tumour bio-
logy by maintaining inflammation and immunosuppression within the
tumour microenvironment. For example, HMGB1 promotes the survival
of myeloid-derived suppressor cells (MDSCs) by inducing autophagy,
which promotes tumour growth in BALB/c mice®. HMGBIl-induced
autophagy also promotes mesothelial cell survival and malignant
transformation of associated epithelial cells®*. The antineoplastic
drug doxorubicin, which induces translocation of HMGBI1 into the
cytosol in human hepatoma cells, results in increased autophagy and
therapeutic resistance®. Once released froma cell, the reduced form
of HMGBI can further promote autophagy through interaction with
AGER, whereas the oxidized form of HMGB], resulting fromincreased
oxidative stress and apoptotic cell death, loses its autophagy-inducing
and immunostimulatory activity***’, These findings suggest that a
redox modification feedback mechanism may control HMGBl1 activity
in the tumour microenvironment.

Anotherimportant function of cytosolic HMGB1 is the formation
of complexes with free nucleic acids. The absence of Hmgb1in mouse
embryonic fibroblasts markedly impairs the activation of TLR3, TLR7
and TLR9 by their nucleic acid ligands®. Interestingly, immunogenic
nucleic acids bind to HMGB1 with higher affinity than less immuno-
genic nucleic acids. In addition, HMGB2 binds to B-DNA but not RNA,

Box 1
Active secretion of HMGBI1

The mechanism by which pathogen-associated molecular patterns
induce cells to secrete high-mobility group box 1 (HMGB1) is
different from the secretion of most cytokines having classical
signal peptides. In contrast to the endoplasmic reticulum-
Golgi-mediated conventional secretory pathway, the intracellular
trafficking and secretion of HMGBT1 involve alternative pathways
that vary by cell type and depend on the specific signalling context.
The current widely accepted model for HMGB1 secretion was
originally established in lipopolysaccharide-treated monocytes
and consists of three steps'®. First, HMGB1 is acetylated by lysine
acetyltransferase 2B (KAT2B, also known as PCAF), CREB binding
protein (CREBBP; also known as CBP) and E1A binding protein P300
(EP300) at two lysine-rich nuclear localization sequences, which
leads to the dissociation of HMGB1 from the chromosome. Second,
exportin 1(XPO1; also known as CRM1) mediates the nuclear export
of HMGBT1 to the cytosol, where it can carry out various cytosolic
functions. Third, cytosolic HMGB1 can aggregate into lysosomes
and then reaches the extracellular environment in extracellular
vesicles through lysosomal exocytosis'®"'®?, Other studies have
provided evidence that other modifications of HMGB1 (such as
phosphorylation'® and ADP-ribosylation'®*), second messenger
molecules (such as reactive oxygen species” and calcium®®),
secretory autophagy“®*’ and metabolic reprogramming'® also
contribute to the nucleocytosolic translocation of HMGB1and

its extracellular release. These findings establish that HMGB1
secretion is a complex dynamic process; the crosstalk and feedback
mechanisms underlying these events are only partially understood.

and HMGB3 binds to both DNA and RNA to activate TLR pathways in
endosomes’. Moreover, HMGBI can bind to long U-turn DNA to acti-
vate the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon
response cGAMP interactor 1 (STING1) pathway within the cytosol®.
This suggests that HMGB proteins function to promote nucleic acid-
mediated innateimmune responses, including inflammation and cell
death. As autophagy necessitates the fusion of autophagosomes with
endosomes®, exploring the relationship between roles of cytosolic
HMGBI1 in autophagy and the activation of TLRs in endosomes would
be of particular interest.

Membrane HMGB1

HMGBLis not commonly found inthe membrane of most cells, with the
exception of itsinvolvement in neurite outgrowth and platelet activa-
tion®®. During infection, HMGBI can translocate to the membrane of
platelets in response to oxidative stress signals and bind to TLR4 or
AGER on neutrophils to promote the formation of neutrophil extracel-
lular traps (NETs)®*2, NETs induced by HMGBI1 exacerbate inflammatory
damage within the brain, lung and heart through various mecha-
nisms®***, Furthermore, HMGB1 released following platelet activation
sustains neutrophil autophagy, leading to the generation of NETs, in
systemic sclerosis®. Platelet-derived HMGBI is also a driver of throm-
bosis throughinteraction with TLR4 in the platelet plasma membrane®,
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Thus, similar to extracellular HMGB1, membrane HMGB1 may modu-
late communication between various cell types in response to
inflammatory stimuli.

HMGB1 in pathological immune responses

HMGBI1 has broadrolesininflammatory andimmune responses. Here,
we focus on HMGBI1 release and signalling in the contexts of infection,
sterileinflammation, ageing and tumour immunity — four major types
of immune response involved in human health and disease.

Pathogeninfection

Various pathogen-associated molecular patterns, such as LPS and
poly(I:C), can induce immune cells to secrete HMGBI (refs. 28,67).
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factor (TNF) and IFNs) can further promote HMGB1 secretion®*°5,
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leading to asystemicinflammatory response® (Fig.2). HMGB1directly
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IL-1B) or microbial components (such as LPS) to enhance theirimmuno-
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by promoting their interaction with cognate receptors®*7°” (Fig. 2).
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Fig. 2| Signalling pathways of extracellular HMGBI1. Once released froma cell,
high-mobility group box 1 (HMGBI) can activate various receptors, either alone
orincombination with differentimmune mediators, in a context-dependent
manner. Toll-like receptor 4 (TLR4) and advanced glycosylation end product-
specific receptor (AGER) are two of the most well-studied receptors for HMGBI,
which mediate its activity in multiple immune cells through activation of the
nuclear factor-kB (NF-kB) and interferon regulatory factor 3 (IRF3) pathways,
leading to the production of pro-inflammatory cytokines and chemokines.
HMGBI1 binding to triggering receptor expressed on myeloid cells1(TREM1) in
macrophages and neutrophils also induces cytokine production through NF-kB,
whereas CD24 and hepatitis A virus cellular receptor 2 (HAVCR2; best known

as TIM3) can attenuate HMGBI-induced cytokine production. CXC-chemokine
receptor 4 (CXCR4) has a specific role in mediating cell migration induced by
the complex of HMGB1 with CXC-chemokine ligand 12 (CXCL12). HMGB1 can

bind nucleic acids from pathogens or host cells to activate various DNA-sensing
pathways or receptors, including TLR3, TLR7 and TLR9 in endosomes and cyclic
GMP-AMP synthase (cGAS)-stimulator of interferon response cGAMP interactor 1
(STING]) in the cytosol, also leading to cytokine production. HMGB1-mediated
delivery of lipopolysaccharide (LPS) to the cytosol through AGER activates the
caspase 11 (CASP11)-dependent inflammasome, leading to the maturation of IL-1
family cytokines (IL-18 and IL-18), pyroptosis and the release of damage-associated
molecular patterns (DAMPs; such as HMGBL, tissue factor and sequestosome 1).
Furthermore, AGER is required for extracellular HMGB1-induced autophagy
through activation of the phosphatidylinositol 3-kinase catalytic subunit type 3
(PI3KC3) pathway. In addition to mediating the production of type linterferons
and pro-inflammatory cytokines, STING1 is a conserved promoter of autophagy.
Autophagy can negatively regulate inflammasome activation by selectively
degrading components of the inflammasome complex.
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Fig.3|Structure and function of HMGB1. Human high-mobility group box 1
(HMGBI) is a 215-amino-acid protein of approximately 30 kDa. Structurally, the
HMGBI1 protein consists of three domains: two DNA-binding domains (A-box
and B-box) and a negatively charged C terminus (acidic tail). HMGB1 contains
three redox-sensitive cysteine moieties (C23, C45 and C106). The functions

of HMGB1 depend onits subcellular location. Under normal physiological
conditions, HMGBL is found mainly in the nucleus owing to its two nuclear
localization signals (NLS1and NLS2). Nuclear HMGBLis a DNA chaperone that
has animportant role in maintaining chromosome structure and functions.
Furthermore, the A-box (residues 38-61) of HMGBL interacts with tumour
protein p53 (TP53) to enhance its transcriptional activity. Extracellular HMGB1
functions as adamage-associated molecular pattern or danger signal under

TLR4-binding and NET
formation activity domain
L (89-108)

conditions of stress and mediates immune responses through interacting
withvarious receptors, including Toll-like receptor 4 (TLR4) and advanced
glycosylation end product-specific receptor (AGER). In addition, extracellular
HMGBI1 has activities that promote cell growth and tissue regeneration and, in
some cases, limit bacterial proliferation. Cytosolic HMGBI1 drives autophagy by
binding to the autophagy core protein BECN1. Cytosolic HMGB1 also enhances
nucleicacid-induced immune responses owing to its DNA-binding activity.
Membrane HMGB1 may mediate neurite growth. Inaddition, translocation of
HMGB1to the cell membrane of platelets and subsequent release are involved in
neutrophil extracellular trap (NET) formation during infection or tissue damage.
LPS, lipopolysaccharide.

IgAinthe gut and strengthening of intestinal mucosal defences’. How-
ever, HMGBI1 can promote immunosuppression and immune paralysis
later in infection. For example, binding of extracellular HMGB1 to
AGER on macrophages triggers dynamin-dependent endocytosis of
HMGBI, which in turn initiates the activation of cathepsin B and its
release fromruptured lysosomes, followed by inflammasome activa-
tion”. This leads to HMGB1-induced pyroptosis, which not only results
in the release of IL-1f3 but also impairs the ability of macrophages to
clear bacteria”*.

Inhibition of HMGB1reduces the systemicinflammatory response
and improves survival in various experimental infection models. For
example, blocking antibodies to HMGBI prevent lung injury in mice
infected with Mycobacterium tuberculosis™, and mice that receive exog-
enous HMGBI1 protein viaintratracheal administration have amarkedly
increased bacterial burden1week after infection”. In amodel of lethal
polymicrobial sepsis resulting from caecal ligation and puncture,
mice are rescued in a dose-dependent manner by administration of
HMGBI1-specific neutralizing antibodies or the antimalarial medicine
chloroquine (whichinhibits HMGB1release) beginning 24 hours follow-
ingthe onset of sepsis’®’’. Thus, the therapeutic window for targeting

HMGBL s larger than that for pro-inflammatory cytokines, such as TNF,
which areinvolved at earlier stages of disease.

HMGBI1 also has bactericidal activity against many patho-
gens (such as Haemophilus influenzae, Burkholderia cenocepacia,
Enterobacteriaceae, Staphylococcus aureus, Klebsiella pneunomiae,
Acinetobacter baumanii, Pseudomonas aeruginosa and Enterococcus
faecium) by promoting NET formation’®”°, The presence of HMGB1
within bacterial biofilms promotes recruitment of the NET components
neutrophil elastase and histone H3. Furthermore, HMGB1 binds to DNA,
whichisresponsibleinpartforitsrolein disrupting the DNA-dependent
matrix of bacterial biofilms’®, Therefore, HMGBI has a dual function
inpathogeninfection —both being bactericidaland promoting tissue
damage —depending on theimmunopathological stage and nature of
the pathogen.

Extracellular HMGB1 modulates the production of cytokines and
chemokines in response to pathogen infection through receptors
withimmunostimulatory orimmunoinhibitory activity (Fig. 2). TLR4
(refs. 80,81) and AGER**>®* mediate the immunostimulatory activities
of HMGBL. By contrast, CD24 (ref. 84) and hepatitis A virus cellular
receptor 2 (HAVCR2; also known as TIM3)®, receptors for HMGB1
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expressed on splenocytes or DCs, have immunoinhibitory effects
in animal models of liver injury and tumour immunity. Moreover,
HMGBI1-mediated DNA uptake through anendocytic process caninhibit

HAVCR2function, thereby restoring STING1-dependent type I IFN pro-
ductioninDCs*. CD24 on DCs presents HMGB1 to AGER onresponding
CDS8' Tcells, thereby enhancing their activation duringinfluenza A virus
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Fig. 4 |Interactions between lipopolysaccharide and HMGB1 ininflammation
and coagulation. The Toll-like receptor 4 (TLR4)-myeloid differentiation
protein 2 (MD2) complex recognizes lipopolysaccharide (LPS) from Gram-
negative bacteria, resulting in activation of the TIR domain containing adaptor
protein (TIRAP)-MYD88-IkB kinase (IKK)-nuclear factor-kB (NF-kB) pathway and
the translocation-associated membrane protein (TRAM)-TIR domain containing
adaptor molecule 1(TICAM1)-TANK binding kinase 1 (TBK1)-interferon
regulatory factor 3 (IRF3) pathway. These pathways lead to the production of
pro-inflammatory cytokines (such as IL-1and tumour necrosis factor) and typel
interferons (IFNs) in macrophages. The combined effects of LPS, cytokines and
IFNs promote the acetylation (Ac) of nuclear high-mobility group box 1 (HMGB1)
mediated by acetyltransferase 2B (KAT2B), CREB binding protein (CREBBP) and
E1A binding protein P300 (EP300), resulting in its translocation from the nucleus
to the cytoplasmviaexportin1(XPO1). Cytosolic HMGB1 binds beclin 1 (BECNI1)
or nucleotide binding oligomerization domain containing 2 (NOD2) to promote
autophagosome formation, which regulates cargo degradation and protein
secretion. HMGB1 also senses host DNA damage to induce stimulator of
interferon response cGAMP interactor 1 (STING1)-dependent cytokine and IFN
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production. HMGBL is actively secreted extracellularly by lysosomes, forming an
extracellular HMGB1-LPS complex that binds the advanced glycosylation end-
product specific receptor (AGER) in macrophages and reaches endosomes via
dynamin-dependent endocytosis. Extracellular LPS taken into cells in this manner
canbereleased into the cytosol via the endosome-lysosome system. Cytosolic
LPS binds caspase 11 (caspase 4 and caspase 5 in humans), leading to gasdermin D
(GSDMD) cleavage to generate N-terminal GSDMD (GSDMD-N), a pyroptotic
effector protein. This process is driven by calciumions released by the STING1-
inositol1,4,5-trisphosphate receptor type 1 (ITPR1) complex in the endoplasmic
reticulum (ER). GSDMD-N-mediated membrane oxidative damage is enhanced
by phospholipase Cyl (PLCGI) and inhibited by glutathione peroxidase 4 (GPX4).
Release of DAMPs (such asIL-1, IL-18, sequestosome 1(SQSTML1), tissue factor and
HMGBI) associated with cellmembrane damage is regulated by ninjurin 1 (NINJ1)
or the GSDMD pore. Intracellular SQSTML1, an autophagy receptor for cargo
degradation, is also secreted by lysosomes in LPS-activated macrophages.
Together, the interactions between signalling pathways activated by LPS and
HMGBI1 aggravate inflammation and blood coagulation, leading to sepsis

and even death.
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of membrane vesicles that engulf cargo to form autophagosomes, which
subsequently fuse with lysosomes. Cytosolic high-mobility group box 1 (HMGBI)
can promote autophagosome formation through two pathways, dependent on
the nature of the stimuli. On the one hand, cytosolic HMGB1 can compete with

B cell lymphoma 2 (BCL-2) for binding to beclin 1 (BECN1) through C23 and C45
residues in the HMGB1 A-box, leading to activation of the phosphatidylinositol
3-kinase catalytic subunit type 3 (PI3KC3) pathway, which enables vesicle
nucleation and elongation inimmune and non-immune cells. On the other

hand, cytosolic HMGB1 can bind to nucleotide binding oligomerization domain
containing 2 (NOD2) to disrupt the NOD2-receptor-interacting serine/threonine
kinase 2 (RIPK2) complex, leading to autophagy-related 16-like 1 (ATG16L1)-
mediated maturation and formation of autophagosomes in macrophages.
ATG16L1and NOD2 are components of an autophagy-mediated antibacterial
pathway thatis altered in a cell-specific manner. The induction of autophagy can

plasma membrane

mediate at least four pathways that may affect inflammatory responses. In many
cases, increased autophagy is animportant defence mechanism that promotes
cellsurvival and infection control by selectively degrading pro-death proteins
(such as activated caspase 8), organelles (such as damaged mitochondria) or
invading microorganisms. However, excessive autophagy can cause cell death,
which leads to the release of damage-associated molecular patterns (including
HMGBI1) and inflammation. For example, there is increasing evidence thatiron-
dependent ferroptosis is an autophagy-dependent form of cell death that occurs
asaresult of the autophagic degradation of anti-ferroptotic factors, such as
ferritin and lipid droplets. In addition to their well-characterized degradation
functions, autolysosomes can fuse with the plasma membrane to mediate the
secretion of leaderless proteins, including HMGBI, sequestosome 1 (SQSTM1)
and members of the IL-1family, which promote inflammation. The autophagic
degradation of components ofimmune signalling pathways can also affect
inflammatory responses (not shown).

infection within the lung®. Thus, various receptors for HMGB1 are
involved in determining the immune response to infection, although
the dynamics and feedback of this process remain poorly understood.

The extracellular functions of HMGB1 during pathogeninfection
also depend on its form (reduced or oxidized, single or complexed
with other protein and nonprotein molecules) (Fig. 2), which compli-
cates an assessment of the induced immune response. For example,
extracellular HMGBI can deliver LPS into the cytosol through AGER-
mediated endocytosis to trigger caspase-11-dependent pyroptosis®
and pyroptosis-mediated coagulation by releasing tissue factor, an
importantinitiator of the coagulation cascade® (Fig. 4). Phospholipase
Cylis essential for the gasdermin D-mediated formation of pyrop-
totic membrane pores and release of HMGB1 in macrophages during
bacterial infection, and this process can be hindered by glutathione
peroxidase 4 (GPX4)%.

The redox status of HMGBL1 is determined by the level of oxida-
tive stress during inflammatory responses and tissue repair, with the

exchange between reduced and disulfide forms of HMGB1 being revers-
ible. Reduced all-thiol HMGB1 has chemokine-like activity, whereas
disulfide HMGB1 has only cytokine-like activity?. Fully reduced extra-
cellular HMGBI can bind to the chemokine CXCL12 and enhance the
chemotaxis of human monocytes through CXC-chemokine receptor 4
(ref. 21). Atypical chemokine receptor 3 and CXCR?7 can also bind to
CXCL12(ref.90), although the role of HMGBI in this binding is unclear.
By contrast, oxidized extracellular HMGBI1 has no immunostimula-
tory activity owing to its inability to activate TLR4 in macrophages
and DCSILSZSI‘

Sterileinflammation

Various sterile stimuli, such as trauma, ischaemia, toxins, foreign
bodies, chemicals, antigens and organ transplantation, can also trigger
inflammation through the release of DAMPs. Although, in theory, any
endogenous protein could become a DAMP, HMGBI1 is of particular
importance in this regard for several reasons. HMGB1 is an abundant
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protein expressedin nearly every tissue,and HMGBLl is released during
various types of cell death and sterile tissue injury (Box 2). HMGB1 is
released earlier than other DAMPs during tissue injury in response to
early damage signals (such as reactive oxygen species)”’. Also, HMGB1
has arelatively long half-life owing to its ability to bind to other mole-
culesto form large complexes, which stabilize itin the circulation. The
loss of intracellular HMGBL in tissues as a result of extracellular secre-
tion in turn results in nuclear stress and the release of other nuclear
DAMPs (such as histones and genomic DNA), which recruitand activate
immune cells that secrete additional HMGBI (ref. 25). Furthermore,
HMGBI can enhance DNA-sensing pathways — for example, those
involving STING1, TLR3, TLR7, TLR9 or absent in melanoma 2 (AIM2) —
induced by host or pathogenic nucleic acids through a synergistic effect
or by increasing the interaction of DNA with its sensor>**%*, Excess
HMGBI1 productioninresponse to sterile stimuli promotes inflamma-
tory mediator release and complement activation, which exacerbate
tissue damage and increase the risk of subsequent secondary pathogen
infection. However, extracellular HMGB1 may also exert growth fac-
tor activity to initiate healing and tissue regeneration by recruiting
resident stem cells”>. HMGB1 signalling through TLR4 and AGER can
lead to both systemic inflammation and wound healing. Therefore,
the effects of targeting HMGB1 in sterile inflammation may depend
on the pathological stage.

The common forms of regulated cell death (apoptosis®™, pyropto-
sis’*”, necroptosis’” and ferroptosis**) can all lead to the release of
HMGBI, thereby triggering sterile inflammation (Box 2). This release
of HMGBI1 from dead and dying cells in the late stages of tissue injury
has traditionally been considered an unregulated passive process.
However, recent studies have shown that plasma membrane rupture
and DAMP release, including of HMGBI, during the final stages of
lytic cell death (such as pyroptosis) are active processes mediated by

Box 2

the oligomerization of ninjurin 1 (NINJ1)°®, which can be inhibited
by glycine” (Fig. 4). Interestingly, NinjI”~ mice are more susceptible to
infection with Citrobacter rodentium than wild-type mice, suggestinga
role for DAMP release mediated by NINJ1in host defence®. Ifapoptotic
cellsare not scavenged withinaday or two, they may progresstoalytic
and inflammatory phase known as secondary necrosis, which is also
anactive process that involves the release of HMGBI (refs. 93,100).
HMGBL1is well documented as amediator of sterile inflammation
indiseases suchas tissuel/Rinjury, autoimmunity, cardiovascular and
neurodegenerative diseases and metabolic disorders. For example,
HMGBI levels are increased during experimental I/R injury of liver;
inhibition of HMGB1 with neutralizing antibodies decreases liver
damage following I/R, whereas administration of recombinant HMGB1
aggravates liver I/R injury’. Levels of extracellular HMGBL in blood,
synovial tissue and synovial fluid are increased in patients with rheu-
matoid arthritis, with HMGB1 having arole in disease pathogenesis'”".
Blocking HMGBI1 activity ameliorates disease course ina mouse model
of spontaneous arthritis, leading to reduced joint destruction'*%.
HMGBI expressionisincreased in plasmaand myocardial biopsies of
patients with myocarditis, and inhibition of HMGB1 by glycyrrhizin
or neutralizing antibodies decreases myocardial inflammation'®>.
Monoclonal antibodies to HMGBI1 inhibit neuroinflammation and
prevent brain damage in experimental models of Parkinson disease,
epilepsy and Alzheimer disease'**'®. HMGBL1 is also implicated in the
development of diabetes, hyperglycaemia and various associated
complications in the brain, lung, kidney and bones, perhaps in part
through AGER signalling. The development of streptozotocin-induced
typeldiabetesinmiceis suppressed by treatment with ethyl pyruvate,
an HMGBL1 inhibitor'®. Further understanding of the secretory path-
ways used by HMGBI1 during cell death, and mechanisms of HMGB1-
mediated sterile inflammation and its role in disease pathogenesis,

Release of HMGBI1 during cell death

The release of high-mobility group box 1 (HMGB1) occurs in various
models of cell death and injury, highlighting the crucial role of HMGB1
in mediating cell death-induced inflammation. HMGB1 is also actively
secreted by macrophages following the phagocytosis of dead cells;
although HMGB1 induces differentiation to a pro-inflammatory
macrophage state, HMGB1 and complement component Clq together
induce differentiation to an anti-inflammatory state''.

Apoptosis is the most well-studied form of regulated cell death
and is usually mediated by the activation of caspases. Apoptosis
isimmunologically well tolerated and generally leads to an anti-
inflammatory response at the tissue level. However, late apoptotic
cells release HMGB1 in a caspase 3 (CASP3)-dependent manner,
which can lead to either immunological tolerance® or immunogenic
cell death™ depending on the redox state of HMGBI1.

The association of pyroptosis with innate immunity and
inflammation has received increasing attention. Pyroptosis in
macrophages is mainly induced by canonical CASP1-mediated
and atypical CASP11-mediated inflammasome activation, followed
by membrane rupture mediated by gasdermin family proteins.

This process involves the maturation and release of pro-inflammatory
cytokines of the IL-1 family (such as IL-13 and IL-18) as well as
damage-associated molecular patterns (such as HMGB1 (ref. 68)
and sequestosome 1 (ref. 48)). In addition to CASP1and CASP11,
CASP8 can also promote gasdermin-dependent pyroptosis with
HMGBT1 release in infection'®.

Necroptosis is considered as a back-up mechanism of apoptosis
because it is mainly induced in the absence of caspase activation
in combination with the activation of receptor interacting serine/
threonine kinase 1 (RIPK1) and RIPK3. Inhibition of RIPK1and/or RIPK3
or depletion of the necroptotic effector mixed-lineage kinase domain-
like pseudokinase blocks HMGBT release under various inflammatory
conditions'’.

Ferroptosis, a lipid peroxidation-mediated form of regulated
necrosis controlled by various antioxidant systems, as well as the
autophagic machinery, is also associated with the release of HMGB1
(refs. 123,188). The inhibition of ferroptosis reduces HMGB1 release
and subsequent advanced glycosylation end product-specific
receptor (AGER)-dependent inflammation®*.
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could lead to the development of novel therapies for these diseases.
A panel of biomarkers, including but not limited to HMGBI, should
be monitored to detect more complex patterns of cell death changes
and the activation ofimmunosensor pathways atindividual stages of
tissue damage'”’.

Ageing and senescence

Ageingincreases vulnerability to most diseases in humans, particularly
cancer, cardiovascular disease and neurodegeneration. One of the
major changes that occurs during ageing is the emergence of a state
of chronic, low-grade systemic inflammation'®®, Aberrant HMGB1
expression and release are involved in this process. For example,
the expression of HMGB1 in mouse brain gradually decreases dur-
ing ageing, which contributes to the accumulation of DNA damage
and triggers the release of nuclear DAMPs including HMGBI and
neuroinflammation'°, Inhibiting HMGBI1 release from damaged
neurons prevents neuroinflammation during ageing. Studies have
alsoestablished arole for extracellular HMGB1in pathological ageing
processes and inflammationinthe heart, by sustaining the polarization
of macrophages to a pro-inflammatory phenotype through TLR2 and
TLR4 signalling™'. Human umbilical vein endothelial cells tend to have
decreased nuclear HMGBl levels and increased extracellular HMGB1
levels as they age, which drives transcriptional changes associated
with ageing'”.

At the cellular level, increased oxidative damage associated with
ageing is a major factor in inducing cellular senescence, a terminal
stage of cell differentiation and non-proliferation. Senescent cells have
aspecialized senescence-associated secretory phenotype (SASP) that
includes secretion of HMGB1in an autocrine and/or paracrine manner.
Furthermore, HMGBLl is actively secreted by irradiation-induced senes-
cent cellsbefore the development of the SASPin amanner dependent
on HMGBI1 acetylationand TP53 (as identified in mouse fibroblasts or
a human colorectal adenocarcinoma cell line)'”. Decreasing HMGB1
levels in the nucleus of senescent cells lead to a TP53-dependent cell-
cyclearrest'®, Thisinterplay between HMGB1and TP53 is also observed
during autophagy in mouse fibroblasts or human colorectal ade-
nocarcinoma cell lines*°, supporting the existence of a conserved
HMGBI1-TP53-dependent mechanism thatis involvedin regulating dis-
parate processes including protein degradation and that contributes
to ageing.

HMGBI1 canalso enter the circulatory systemto regulate the activi-
ties of distant organs, which promotes age-related immunopathology
including tumorigenesis and neurodegenerative diseases. For example,
depletion of fructose bisphosphatase 1 specifically in mouse hepato-
cytes cantrigger the activation and senescence of hepatic stellate cells
and lead to tumorigenesis through the release of HMGBI (ref. 114). The
release of HMGBLl is also a crucial factor in the senescence of primary
astrocytes from patients with Alzheimer disease or frontotemporal
dementia induced by tau oligomers. HMGBI release inhibitors, such
asethyl pyruvate and glycyrrhizic acid, improve tau pathology, reduce
the release of inflammatory cytokines and prevent cognitive decline
in a transgenic mouse model of tau-dependent neurodegenerative
disease'™.

HMGBI1release during senescence canalso activateinnate immune
pathways responsible for detecting DNA damage, such as the cGAS-
STINGI pathway'°. HMGBI suppresses expression of the E3 ligase
tripartite motif protein 30a, which in turn stabilizes STINGI1 protein.
STINGlsignallinginduces expression of cyclin-dependent kinase inhib-
itor 1A (best known as p21), which is facilitated by STAT6 signalling in

Glossary

Autophagy

A lysosome-dependent cellular
process by which cells break down and
recycle their own cellular components,
including aged or dysfunctional
proteins and organelles, as well as
invading microorganisms.

Cytokine storm

A severe and excessive release of
cytokines, which canresult in a systemic
and potentially life-threatening
inflammatory response.

Damage-associated
molecular pattern

(DAMP). Part of a group of endogenous
molecules that are released in response
to cellular injury or damage to alert the
immune system.

Disseminated intravascular
coagulation

A medical condition in which abnormal
blood clotting occurs throughout the
small blood vessels of the body.

responsive to the effects of bacterial
lipopolysaccharides, also known as
endotoxins.

Immunogenic cell death
(ICD). A type of cell death that is
characterized by the release of
intracellular components, such

as DAMPs, into the surrounding
environment to trigger an immune
response.

Neutrophil extracellular traps
(NETs). A type of cellular defence
mechanism used by neutrophils

to capture and eliminate invading
microorganisms such as bacteria

and fungi.

Sequential organ failure
assessment

A standardized tool used to assess
the severity of organ dysfunction
(respiratory, cardiovascular, liver,
coagulation, kidney and nervous
system) in critically ill patients.

Endotoxin lethality

The ability of bacterial lipopolysac-
charides, also known as endotoxins,
to cause death in organisms.

Endotoxin tolerance
The adaptive process by which the
immune system becomes less

Sterile inflammation

Atype of immune response that occurs
in response to damage or injury to cells
or tissues, without the presence of a
pathogenic microorganism.

response to genotoxic stress caused by the drug doxorubicin, thus
leading to inhibition of tumour growth™.

Further studiesare clearly needed to better understand the vary-
ing composition of the SASP in vivo and how individual DAMPs, such
as HMGBI, can remodel tissues and associated immune responses
during ageing. Although senescent cells are expected to release oxi-
dized HMGBI (ref. 113), itis not well understood how the various redox
forms of HMGB1 might function in mediating immune cell clearance
of'senescent cells. Obtaining a deeper understanding of the interplay
between immune cells and senescent cells could potentially lead to
the development of novel therapeutic approaches for ageing, tissue
repair and cancer.

Tumour immunity

Acute inflammation can initially activate antitumour immune
responses, particularly in the context of cancer therapy, whereas
chronic inflammation caused by infection or other carcinogens
increases cancer risk and stimulates malignant progression. Similarly,
HMGBI has diverse roles in tumorigenesis and response to cancer
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Fig. 6 | The role of HMGB1in cancer biology and tumour immunity. a, The
immunosuppressive activity of extracellular high-mobility group box 1 (HMGBI1)
in tumour immunity. Pathogen infection or chronic cell death canresultin

the release of HMGBI, which activates myeloid-derived suppressor cells
(MDSCs), regulatory T (T,,) cells, anti-inflammatory (M2-type) macrophages
andregulatory B (B,.;) cells through advanced glycosylation end product-
specific receptor (AGER) or Toll-like receptors (TLRs), resulting in the activation
ofthe nuclear factor-kB (NF-kB) pathway or autophagy. HMGB1 also impairs

the bone marrow endothelial cell niche by inducing non-pyroptotic cell death,
and can promote the expression ofimmune checkpoint molecules (such

as PDL1) by AGER-dependent hypoxia inducible factor 1subunit o (HIF1A)
transcriptional activity in tumour cells to drive animmunosuppressive tumour
microenvironment. b, Theimmunostimulatory activity of extracellular HMGB1
intumour immunity. Chemotherapy or radiotherapy leads to apoptotic or non-
apoptotic death of tumour cells, which promotes the release of HMGB1 and other

damage-associated molecular patterns (such as DNA). Extracellular HMGB1
promotes dendritic cell (DC) maturation, alone or in combination with DNA from
multiple endogenous sources or exogenous sources (such as DNA vaccines),

to activate cytotoxic CD8' T cells to release type linterferon (IFN), IL-12 and
tumour necrosis factor (TNF). This process is mediated by the HMGB1receptors
TLR4 and AGER and can be enhanced by the cytoplasmic cyclic GMP-AMP
synthase (cGAS)-stimulator of interferon response cGAMP interactor 1 (STING1)
DNA-sensing pathway. Conversely, the expression of hepatitis A virus cellular
receptor 2 (HAVCR2; best known as TIM3) on tumour-associated DCs, which
areinduced by IL-10 and vascular endothelial growth factor (VEGF) produced

by tumour cells, limits the immunostimulatory activity of HMGBL1 in promoting
tumour immunity. HAVCR2 actively competes with HMGBI1 for nucleic acid
binding and inhibits the response to HMGB1-nucleic acid in endosomes. TGFf3,
transforming growth factor-f.

of HMGB1 within the tumour tissue, as well as its expression level, to
determineitsrole in distinct tumour stages.

Extracellular HMGBI1 within the tumour microenvironment
promotes tumour development in multiple ways (Fig. 6a). Both cell-
death-induced sterile inflammation and microbial infectionin mice can
contribute to the development of a pro-inflammatory microenviron-
ment thatincludes the accumulation of HMGB], leading to tumour initia-
tionand development. For example, blocking the HMGB1-AGER pathway
can reduce the growth and metastasis of implanted lung carcinoma
cellsin mice, as well as limit the spontaneous development of tumours
induced by v-Ha-ras oncogene in susceptible mice®. In addition, the
inflammatory response of neutrophils induced by ultraviolet light stimu-
lates angiogenesis and facilitates migration of melanoma cells towards
endothelial cellsina HMGB1-TLR4-dependent manner'®. Extracellular
HMGBI recruits and activates immunosuppressive MDSCs and regu-
latory T cells through AGER or TLR4 to produce IL-10, thereby limiting
DC maturation”'*, Inmice with liver or pancreatic tumours deficientin
the antioxidantenzyme Gpx4, the release of DAMPs including HMGBl1asa
result of ferroptosis caninduceimmune suppression through MDSC acti-
vationor the polarization of macrophages towards ananti-inflammatory
phenotype''**, HMGB1also promotes the expression of immune check-
point proteins through the AGER-dependent hypoxia-inducible factor 1a
transcriptional pathway in pancreatic cancer cells'. It also disrupts the
bone marrow endothelial cell niche by inducing non-pyroptotic death
through anunknown mechanism'?, thereby inhibiting myelopoiesis and
promoting animmunosuppressive tumour microenvironmentinboth
humans and mice. The expression of TIR domain containing adaptor
protein, which is acomponent of the TLR4 signalling pathway, leads to
anincrease in the expression of IFNy, resulting in the release of HMGB1
and disruption of the bone marrow endothelial niche'. In addition to
supporting immune cell development, bone marrow endothelial cells
also regulate immune cell trafficking between the bone marrow and
other tissues, including tumours. Therefore, understanding the role of
the bone marrow endothelial cell niche, including the effect of HMGBI1,
intumourimmunity is crucial for developing new strategies to enhance
antitumour immune responses.

Release of HMGBI from cancer-derived exosomes induces the
differentiation of regulatory B cells that promote immune evasionin
hepatocellular carcinoma'”. It also polarizes B cells towards a pheno-
type that mediates vascular endothelial growth factor-dependent
angiogenesisin the setting of oesophageal cancer'?®, Although AGER,
TLR9 and TLR2 are known to be receptors for HMGB1 in B cells in the

context of autoimmune disease®'?, further studies are needed to
define the receptors involved in HMGB1-induced activation of pro-
tumorigenic B cells. HMGBI1 decreases the diversity of y5 T cells,
which enables tumour immune escape™. Through the induction of
autophagy, HMGBI1 also induces the differentiation of pro-tumorigenic,
anti-inflammatory macrophages in gastric cancer and hepatocellular
carcinoma by activating AGER or TLR2, leading to the production of
IL-10 and transforming growth factor-B""**, Given these roles of HMGB1
in the tumour microenvironment, reducing HMGBI1 release and/or
activity could enhance tumour immune surveillance.

In the context of cancer therapy, extracellular HMGBI (together
with ATP and type I IFN) can mediate immunogenic cell death (ICD)
and enhance antitumour immunity. Although the concept of ICD was
originally reported in the context of radiation therapy and apoptosis
induced by certain chemotherapeutic agents (such asanthracyclines,
cyclophosphamide or oxaliplatin)'*, ICD is now thought to occur for
various types of cell death (including apoptotic and non-apoptotic
forms). HMGB1 mediatesimmune activationinresponse to cell death
by promoting the maturation of DCs and subsequent CD8" cytotoxic
T cell responses to cancer cells, as shown in multiple acute xenograft
or vaccine tumour models (Fig. 6b). Both TLR4 and AGER signalling
contribute to HMGBI1-dependent ICD, as shown by various genetic and
pharmacological approachesin colorectal or lung cancer models' ',
However, as HMGBL is also released upon immune-tolerant cell death
(such as some cases of apoptosis™), the release of HMGBI1 alone can-
notbeinterpreted as areliable marker of ICD. The distinction between
immune-tolerant cell death and ICD may be determined by the redox
state of HMGBL.

HMGBI1 canalsoactivate or enhance antitumourimmunity through
other mechanisms. For example, natural killer cell-derived HMGB1
eliminates colon cancer cells by inhibiting mitochondrial respiration
and inducing subsequent metabolic cell death™*. Autophagy-mediated
unconventional secretion of HMGB1 promotes the pro-inflammatory
polarization of tumour-infiltrating macrophages, thereby enhancing
the anticancer activity of the DNA-methylating chemotherapeutic
temozolomide in glioblastoma'”. DNA damage and HMGB1 release
induced by topoisomerase Il inhibitor therapy enhance the efficacy of
immune checkpoint blockade (anti-PD1) therapy by activating STINGI-
dependent type I IFN signalling and DC activation in a mouse model
of colorectal cancer'®, By contrast, HAVCR2 (also known as TIM3)
expressed on tumour-associated DCs limits responses to HMGBI1-
complexed nucleic acids in endosomes, resulting in impaired ICD
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Box 3

HMGRBI as a disease biomarker

Aberrant expression and secretion of high-mobility group box 1
(HMGB1) are associated with several diseases, including infectious
diseases (bacterial and viral infections™®), deficiency diseases
(such as vitamin D deficiency'®°), hereditary diseases (such as
sickle cell disease™' and muscular dystrophy'®?) and chronic
inflammatory diseases (such as cancer, cardiovascular disease
and autoimmune disease). Although these associations indicate
the therapeutic potential of targeting HMGB1 signalling, further
clinical studies are needed to clarify whether HMGB1 is indeed

a cause of pathology in these conditions in humans. Biomarkers
can be diagnostic (determining the presence and type of disease),
prognostic (providing information on the expected outcome of
treatment) or predictive (identifying patients who are more likely
to respond to treatment). A large number of clinical studies have
analysed the use of HMGB1 as a biomarker in patients with various
diseases (summarized in Supplementary Table 2). Most of these have
shown that serum levels of HMGB1 are increased in inflammatory
diseases and positively correlate with disease progression.

For example, serum HMGBT1 levels are increased in patients with
severe COVID-19 compared with non-severe COVID-19 and healthy
controls'®”®®, Subsequent functional studies showed that advanced
glycosylation end product-specific receptor (AGER), but not Toll-
like receptor 4, was required for HMGB1-induced expression of the
SARS-CoV-2 receptor angiotensin-converting enzyme 2 in lung
endothelial cells'’. In the case of sepsis, circulating HMGB1 levels
correlate with scores for disseminated intravascular coagulation and
sequential organ failure assessment, two important measures for
monitoring sepsis severity in the intensive care unit (ICU)"**. HMGB1
levels are increased in almost all patients with community-acquired

during tumour therapy®. How to maintain the immune-stimulatory,
adjuvant activity of HMGB1 while inhibiting its immunosuppressive
activity remains a crucial challenge during immunotherapy. Also,
the role of HMGBL in chronic cancer-bearing states has been less well
studied thanin anacute context.

Therapeutic targeting of HMGB1

Owingtoitsinvolvementininflammation anditsreleasein response to
cellular stress, HMGB1has been extensively studied as a potential bio-
marker of disease (Box 3). Blocking the release and activity of HMGB1
hasbeen used with great successinawide range of preclinical inflam-
matory disease models (for example, endotoxaemia and polymicrobial
sepsis), confirming that HMGB1 is an attractive therapeutic target for
acute infectious and sterile inflammatory conditions. Strategies to
inhibit HMGB1 canbe divided into direct inhibition and indirectinhibi-
tion. Direct inhibition involves chemicals or neutralizing antibodies
thatbindto HMGB1tointerfere withitsimmune activity. Indirect inhibi-
tionismainly accomplished by disrupting the translocation and release
of HMGB1 through pharmaceutical or non-pharmaceutical methods.
Indirect inhibition is more likely to have off-target effects, although
some off-target effects may promote an anti-inflammatory outcome.

pneumonia, and higher circulating levels of HMGB1 have been
associated with increased mortality'®. In a clinical study of

185 individuals, higher levels of HMGB1 were found in infected
patients compared with healthy controls and in patients with severe
sepsis compared with less severe sepsis'*°. Autoantibodies to HMGB1
are associated with favourable outcomes in patients with septic
shock'’. However, in a study of 631 patients, the serum HMGB1

level was found not to be sensitive or specific for the diagnosis of
sepsis in ICU settings with relatively heterogeneous and younger
populations'®. To gain a deeper understanding of the importance
of serum HMGBT levels in ICU patients, it will be crucial to consider
not only the type of infection but also the underlying conditions,
pre-existing diseases and age of patients.

HMGB1 expression correlates with worse prognosis in some
cancer types, such as cervical cancer and breast cancer'®*?®, but it
is positively correlated with patient survival in pancreatic cancer™.
The cytosolic HMGBT1 level can predict disease recurrence and poor
survival in patients with hepatitis B virus-associated hepatocellular
carcinoma®”". According to a clinical study of 202 patients with
advanced solid cancer, a low baseline level of serum HMGB1 was
found to be an independent positive prognostic and predictive factor
for the efficacy of oncolytic adenovirus therapy’®. The challenges
of HMGB1-related clinical cancer research include the complexity
and heterogeneity of genetic data, the need for large sample
sizes and the importance of standardization and reproducibility
of results. Overcoming these challenges will be crucial to advancing
our understanding of HMGB1 as a biomarker for both tumour diagnosis
and treatment, as well as long-term follow up for disease control or
progression.

Here, we discuss examples of different types of HMGBI1 inhibitors
and their efficacy (see Supplementary Table 1 for further details).

Direct small-molecule inhibitors

Glycyrrhizin — a natural triterpene found in the roots and rhizomes
of thelicorice plant —is the first reported direct inhibitor of HMGBI.
It binds directly to both HMG boxes of HMGBI, thereby inhibiting
theinteraction of HMGB1 with AGER and subsequent chemokine-like
activity of HMGBI1 (ref. 139). Glycyrrhizin has broad anti-inflammatory
properties and protects against sepsis and I/Rinjury inanimal models.
HMGBI1 administration reverses the protective effect of glycyrrhizin
on thrombin-induced injury in the brain'*°. Epigallocatechin gallate,
agreen tea extract, also directly binds to HMGB1 and delivers it to
lysosomes for degradation in an autophagy-dependent manner in
both immune cells and non-immune cells'*'. Metformin, a prescrip-
tion drug used to control hyperglycaemiain type 2 diabetes, directly
binds to the C-terminal domain of HMGB1 to inhibit the extracellular
pro-inflammatory effects of HMGB1 on mouse macrophages (such as
the activation of mitogen-activated protein kinase 14 and the produc-
tion of TNF)'*% Both epigallocatechin gallate and metformin delay
lethal endotoxaemia in mice'*?, These findings could lead to the
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development of more potent, direct HMGBI inhibitors with higher
specificity.

Indirect small-molecule inhibitors

Anotherlarge class of compounds caninhibit HMGBLrelease. Suchinhib-
itors canbe derived fromnatural sources (for example, tanshinone 1A%,
quercetin***, lycopene, resveratrol*®, chloroquine”, danggui**’ and
danshen'*®) or can be chemically synthesized (for example, ethyl pyru-
vate'’, statins™°, oxaliplatin and cisplatin'?). Among them, ethyl
pyruvate iscommonly used toinhibit the release of HMGB1 experimen-
tally. Forexample, ethyl pyruvate treatment initiated 4 hours after the
onset of endotoxaemia, at which point clinical signs of LPS-induced toxi-
cityarealready evident, caninhibit HMGB1release and protect against
death of mice'”. By inhibiting HMGBI release, ethyl pyruvate inhibits
pro-inflammatory pathways in mouse models of experimental sepsis
or sterile tissue damage (such as liver I/R injury’* and pancreatitis’**).
However, ethyl pyruvate and other indirect small-molecule inhibitors
often have broad and unspecified antioxidant and anti-inflammatory
activities (such as inhibiting the NF-kB pathway'*’), which indicates
that HMGB1 may only be one of their targets. The effectiveness of these
inhibitors for the prevention and treatment of systemic inflammation
is owing to their multitarget effects on cytokine responses, making
them abetter choice than specific inhibitors of HMGBI1.

Direct antibody-mediated inhibition

The use of antibodies to HMGBI1 has provided specific evidence that
extracellular HMGBI1 is involved in various immunopathological
conditions, although this has yet to be translated to clinical practice.
For example, the mouse monoclonal antibody 2G7 is protective
in certain inflammatory disease models, such as those for sepsis,

Box 4

haemorrhagic shock, arthritis, pancreatitis and autoimmune myocar-
ditis™*, and ahumanized version is being tested in experimental models
of osteoarthritis'*. 2G7 binds to an epitope in the A-box of HMGBI,
which affects the interaction of HMGB1 with AGER and TLR4. Another
extensively studied monoclonal antibody to HMGBL, #10-22, which
recognizes an epitopeinthe C-terminal sequence of HMGBI (ref.157),
preventsinflammatory diseases associated with nerve and braininjury
in mouse models™’. The humanized monoclonal antibody IA-4, which
recognizes mouse and human HMGB1, blocks HMGBI1-induced IL-6
release, which might have therapeutic benefit for the treatment of
lupus nephritis'*®. However, treatment with 2G7 does not affect lupus
nephritisin MRL/Ipr mice'”’, which argues against a pathological role of
HMGBL in this model. Commercially available antibodies, in particular
chicken HMGBI-neutralizing polyclonal antibodies, provide additional

evidence that HMGB1 is a mediator of inflammatory disease'*°.

Peptide and protein inhibitors
A-box proteins bind to the B-box of endogenous HMGB1 and have been
established as potential anti-inflammatory agents in mouse models
of experimental arthritis, sepsis, stroke, I/R injury and pancreatitis™.
Furthermore, several endogenous molecules can bind to HMGB1 and
regulateits pro-inflammatory activity in experimental sepsis or endo-
toxaemia. However, the structural basis of HMGBI1-binding proteinsin
shaping HMGBI activity remains poorly understood, and producing
peptides and proteins for clinical use can be expensive and challenging.
Examples of endogenous HMGBI inhibitors include comple-
ment component C1q, which forms a complex with HMGB1 in lipid
rafts that promotes the differentiation of human monocytes into anti-
inflammatory macrophages through AGER signalling™'. Thrombo-
modulinisatransmembrane protein normally expressed in endothelial

Remaining questions in HMGBI research

In the future, interdisciplinary cooperation and application of new
technologies should be used to answer the following questions
regarding high-mobility group box 1 (HMGB1). First, how can we
distinguish the specific contribution of each HMGB1 receptor in
shaping the immune response? The currently reported HMGB1
receptors seem to be widely expressed by various cell types,
including immune cells, endothelial cells and fibroblasts. Although
some in vitro studies indicate that HMGB1 binds to Toll-like receptor 4
with higher affinity than advanced glycosylation end product-specific
receptor (AGER)®?, the ability of HMGB1 to bind these receptors in vivo
remains unknown, as does its time-dependent and cell-dependent
selectivity. Extracellular HMGB1-mediated transport of pathogen-
associated or damage-associated molecular patterns into cells
suggests that intrinsic pathways, involving additional and as-yet-
unknown HMGB1-binding proteins, may fine-tune HMGB1 activity. The
biological relevance of the dynamics of HMGB1 translocation from
intracellular to extracellular environments and back in response to
the same or similar inflammatory stimuli requires further investigation.
Second, does HMGB1 release during various types of cell
death stimulated by different cell death signals mediate the same

immune responses? Dead or dying cells release not only HMGB1

but also other non-immunogenic and immunogenic molecules.

In contrast to the reported synergistic effects of HMGB1 and other
DAMPs, the effect of non-immunogenic DAMPs generated by cell
death on the inflammatory regulatory function of HMGB1 remains
poorly understood. Further identification of DAMP networks and
signalling in response to injury in individual tissues may facilitate our
understanding of the inflammatory phase of tissue injury and the
simultaneous initiation of responses to resolve it.

Third, highly effective and selective HMGBT inhibitors are still
lacking. The design of HMGB1 inhibitors may consider the selective
inhibition of particular intracellular or extracellular functions. Overall,
the selective inhibition of autophagy and the nuclear homeostasis
functions of intracellular HMGB1 may be beneficial for tumour
therapy, and interfering with extracellular HMGB1 activity may
contribute to the treatment of inflammatory diseases. HMGB1 has
several binding partners, and designing an inhibitor that disrupts
the interaction of HMGB1 with one binding partner without affecting
its interaction with others can be quite challenging.
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cells that binds to thrombin to form an anticoagulant complex. Soluble
thrombomodulin can also bind to HMGBI, thereby facilitating its pro-
teolytic cleavage by thrombin and inhibiting HMGB1 activity'®*. Heparin,
which also has anticoagulant properties, can inhibit the HMGB1-LPS
interaction and prevent the degradation of the macrophage gly-
cocalyx by endogenous heparanase, thereby blocking the HMGB1-
mediated cytosolic delivery of LPS to activate the caspase-11-dependent
inflammasome'®, Binding of HMGBI to haptoglobin can also trig-
ger an anti-inflammatory response through the receptor CD163
inmacrophages'®*.

In the context of virus infection, adenovirus core protein VIl can
bindtohost HMGB1toinhibititsrelease inlungcellsinvitro orinmice,
thereby inhibiting hostimmune responses'®. The C-type lectin domain
family 3 member B (CLEC3B; also known as tetranectin), which binds
to plasminogen in plasma and the extracellular matrix to enhance
proteolytic processes, was recently found also to bind to extracellular
HMGBI. CLEC3B brings HMGBL into cells through endocytosis, result-
ing in inflammatory pyroptosis in macrophages and monocytes™.
Humanized antibodies to CLEC3B prevent HMGB1-mediated polymi-
crobial sepsis and endotoxaemia in mice’. Given that anti-CLEC3B
alsorecognizes angiotensin-converting enzyme 2 (the main cell entry
receptor for SARS-CoV-2)"*® and that HMGB1 is a mediator of severe
SARS-CoV-2 pathology'?, this antibody should be tested to see whether
itis protective against COVID-19.

DNA-based inhibitors

Several structure-based oligonucleotides have been designed to inhibit
HMGBI activity in immune cells and non-immune cells. For example,
kinked hairpin-loop DNA, ISM ODN (a non-immunogenic CpG-B
oligodeoxynucleotide analogue that carries GpG or GpC instead of
CpG) or bent oligonucleotide duplexes inhibit HMGB1-induced cell
migrationand cytokine productionina concentration-dependent man-
nerinbovine aortic endothelial cells, fibroblasts or macrophages'*"°.
However, the effects of DNA-based drugs on HMGBLl inhibition in vivo
and potentialimmunological side effects on DNA-sensing pathways
ininflammatory disease models require further investigation. One
of the biggest challenges in using DNA-based inhibitors is deliver-
ing them to target cells effectively and selectively. The oligonucleo-
tides are typically too large to cross the cell membrane and must be
delivered through various chemical modifications or encapsulated
innanoparticles.

Neurotransmitter-based inhibition

The cholinergic anti-inflammatory pathway is mediated by vagal nerve
stimulation throughthe activation of cholinergic receptor nicotinic «7
subunit (CHRNA7; also known as a7nAchR)"7*""%, Similarly to vagal nerve
stimulation'?, the CHRNA7 agonist GTS-21 protects against hyperoxia-
induced acute inflammatory lung injury, lethal endotoxaemia or
experimental sepsis in mice by attenuating the accumulation of
HMGBL1 in the circulation”*'”, In addition, release of the neurotrans-
mitter dopamine protects against HMGBI1 release in experimental
sepsis by inhibiting inflammasome activation’*"””. Whether the vagal-
adrenal anti-inflammatory axis directly affects HMGB1 release under
pathological conditions remains to be investigated's.

Conclusions and perspectives

The evolutionarily conserved protein HMGBL1 has distinct functions
inside and outside cells. Although early studies focused on the role of
nuclear HMGB1 as a DNA chaperone in maintaining chromatin structure

and function, studies over the past 20 years have focused more on
identifying the functions of extracellular and cytosolic HMGB1 in cel-
lular stress and immune responses. In addition to the active secretion
of HMGBlinduced by inflammatory stimuli, various cell death pathways
canlead to the release of HMGBI following tissue injury or microbial
infection'”’. During the early stages of inflammation, the release of
HMGB1may stimulateimmune and inflammatory responses that con-
tribute to microbial clearance and wound healing. However, chronic
inflammation and HMGBI1 release can trigger a cytokine storm followed
by immune cell death andimmunosuppression, leading to multi-organ
failure and even death of the organism. HMGB1 antagonists have shown
great success inawide range of preclinical disease models, particularly
infectious and sterile inflammatory diseases, indicating that HMGB1 is
anattractive therapeutic target awaiting full clinical realization. It will
beimportantto further explore strategies for combining HMGB1 with
other targets to treat critical illness. Despite, and perhaps because of
the many challengesin HMGB1 research, we look forward to anew era
of HMGBI1 discovery that addresses its multiple functions in multiple
compartments within and outside the cell (Box 4).

Published online: 15 June 2023
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