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Abstract

HMGB1 is a multifunctional nuclear protein, probably known best as a prototypical alarmin or
damage-associated molecular pattern (DAMP) molecule when released from cells. However,
HMGB1 has multiple functions that depend on its location in the nucleus, in the cytosol, or
extracellularly after either active release from cells, or passive release upon lytic cell death.
Movement of HMGB1 between cellular compartments is a dynamic process induced by a variety
of cell stresses and disease processes, including sepsis, trauma and hemorrhagic shock. Location
of HMGBL1 is intricately linked with its function and is regulated by a series of post-translational
modifications. HMGB1 function is also regulated by the redox status of critical cysteine residues
within the protein, and is cell-type dependent. This review highlights some of the mechanisms that
contribute to location and functions of HMGBJ1, and focuses on some recent insights on important
intracellular effects of HMGBL1 during sepsis and trauma.

Graphical abstract

Schematic representation of location-specific functions of HMGBL1 in extracellular space, cytosol,
and nucleus.
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Introduction

High mobility group box 1 (HMGB1) was first discovered in the 1960s as a nonhistone
chromatin-binding protein that showed high electrophoretic mobility when run on
polyacrylamide gels[1, 2]. HMGB1 is highly conserved in evolution and there is a 99%
homology between rodent and human[3-5]. In the nucleus, HMGBL1 is known to play
important roles in the regulation of a wide range of processes, including transcription,
replication, DNA repair and nucleosome formation. All these processes are important in
maintaining homeostatic cellular function[6]. More recently HMGB1 has been found to play
multiple roles in regulating inflammation and responses to cell and tissue stress when it is
mobilized from the nucleus into the cell cytoplasm, or released into the extracellular space
either by active or passive mechanisms. In these contexts, HMGB.1 has been described as a
prototypical damage-associated molecular pattern (DAMP) molecule[6-9] (often also
described as an alarmin[7, 8]). Importantly, HMGB1 has been shown to contribute to the
pathogenesis of various diseases including sepsis, traumatic shock, autoimmune diseases,
cancer, as well as hepatic steatosis and fatty liver disease[8, 10-13]. In this review, we will
focus on some recent insights into the mechanisms of cytosolic HMGBL regulation of
inflammasome activation after trauma and hemorrhagic shock, and how HMGB1 facilitates
LPS-uptake into macrophages and their subsequent pyroptotic, inflammatory cell death in
models of sepsis.
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Nuclear-to-cytoplasm shuttling of HMGB1

HMGB1 consists of 215 amino acid (aa) residues, and contains two HMG DNA-binding
domains, designated as A and B boxes, together with a negatively charged C-terminal acidic
region[14]. Two nuclear localization sites (NLSs), one located in the A box (aa 28-44) and
one in the B box (aa 179-185), control the nuclear localization of HMGB1 under
homeostatic states[14]. Posttranslational modifications of NLS sites, including acetylation,
phosphorylation and methylation, regulate the ability of HMGBL1 to translocate to the
cytoplasm during cellular stress. Once in the cytoplasm HMGBL1 can affect multiple
inflammatory responses, and can be actively released into the extracellular space and
circulation.

HMGB1 is predominantly anchored inside the nucleus under physiological conditions
through its binding, via NLS sites, with nuclear cargo carrier proteins. Acetylation,
phosphorylation, or methylation at multiple amino acid residues within the NLS result in
neutralization of the usual positive NLS charge, or result in addition of negative charge
within the NLS, which loosens the association of HMGB1 with carrier proteins[15-17]. This
is therefore critical for translocation of HMGBL1 from the nucleus to the cytoplasm[18].
There are four conserved lysine residues in NLS1, and five in NLS2. Bonaldi et al. first
described hyperacetylation of lysines within NLS sites as critical for HMGB1 translocation
from the nucleus to the cytoplasm in monocytes after stimulation with LPS, TNF, or IL-18
[15]. Acetylation of lysines within the NLS of HMGB1 is controlled by histone deacetylases
(HDACsS), important enzymes that remove acetyl groups and control the acetylation state
(and function) of histones as well as some additional intracellular proteins [15, 19, 20].
Pharmacological inhibition of HDACs, or mutations of all lysines in NLS, inhibits HMGB1
hyperacetylation and translocation from the nucleus to the cytoplasm [15]. Acetylation of
NLS lysines also appears to block the re-entry of HMGBL1 into the nucleus, allowing
accumulation within the cytoplasm [15]. Notably, the effect of hyperacetylation on HMGB1
translocation from the nucleus to the cytoplasm is not limited to immune cells. We have
shown that HMGBL acetylation and cytoplasmic accumulation in hepatocytes is also
dependent on the activities of HDACSs during liver ischemia/reperfusion (I/R) injury[21], or
in hypoxic primary hepatocytes in vitro[21]. We and others have also shown that the
acetylation and cytoplasmic translocation of HMGB1 is mediated via the type 1 and type 2
interferons (IFN)/janus kinase (JAK)/signal transducer and activator of transcription 1
(STAT1) signaling pathways[22, 23]. Researchers within our group have shown that
interferon regulatory factor 1 (IRF1) interacts with the nuclear histone acetyltransferase
enzyme p300, and this can regulate HMGB1 acetylation in hepatocytes during liver I/R
injury[23]. As IRF1 is known to be a key signaling factor downstream of JAK/STAT1 in
immune cells, it is one potential mechanism by which JAK/STAT1 could regulate HMGB1
acetylation. However, the downstream mechanism by which JAK/STAT1 mediates HMGB1
acetylation is not fully understood.

Phosphorylation and methylation of HMGB1 NLS sites have also been shown to be
important in allowing HMGBL to translocate to the cytoplasm. Youn et al. demonstrated that
HMGBL1 is phosphorylated and translocates into the cytoplasm in murine macrophages after
TNF stimulation [24]. However, the upstream signaling pathway that regulates
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phosphorylation within NLS sites of HMGBL1 is not fully understood. Work from our group
has shown one potential upstream pathway of HMGB1-NLS phosphorylation involving
calcium/calmodulin-dependent protein kinase (CaMK) I1V. We showed that translocation and
release of HMGB1 from LPS-stimulated macrophages[17], as well as from hepatocytes
during I/R injury[25] is regulated by CAMK IV activity. However, currently we have not
determined whether CaMK IV directly mediates HMGB1 serine phosphorylation within
NLS sites in order to allow translocation. HMGB1 can also be monomethylated at lysine 42
(within NLS1) in what appears to be a neutrophil specific manner [16]. Methylation at this
site weakens DNA-binding activity of HMGBL1 leading to passive diffusion of HMGB1 out
of the nucleus[16]. It remains to be determined whether this is a neutrophil-specific
mechanism, and whether this translocation of HMGBL1 from the nucleus contributes to
neutrophil extracellular trap (NET) formation in sepsis.

Getting HMGB1 out of cells and into the circulation

Extracellular HMGBL1 functions as an alarmin or a pro-inflammatory cytokine/chemokine
and perpetuates inflammatory responses in a wide variety of pathologies, including sepsis
and trauma[10]. Circulating HMGB1 has varying cell type-dependent effects, and can
regulate the release of cytokines, neutrophil recruitment, vascular permeability, as well as
cell death[26]. HMGBL1 was first identified as an inflammatory mediator in lethal sepsis
shock in 1999[27], and it is now well-established that circulating HMGB1 levels are
significantly elevated in experimental sepsis models[27, 28] and in septic patients[29-31].
Circulating HMGBL1 levels are elevated significantly later than other acute phase
inflammatory cytokines, such as TNF and IL-6, and reach a plateau 16 to 32h after the onset
of sepsis in both cecal ligation and puncture (CLP)-induced polymicrobial Gram-negative
murine sepsis[27] and in septic patients[31]. Circulating HMGB1 levels also remain elevated
for weeks after CLP-induced sepsis[31, 32] and are a late predictor of mortality during
sepsis in patients[32].

Circulating HMGBL1 arises from a combination of both passive release and active secretion
mechanisms from cells. HMGBL1 can be released by many cell types, including macrophages
and monocytes[27, 33], endothelial cells[34], enterocytes[35], and hepatocytes[25, 28]
during sepsis, trauma and I/R injury. During lytic cell death, such as necrosis, pyroptosis,
and necroptosis, HMGB.1 can be passively released into the extracellular space through
rupture of the cell membrane[10]. The majority of HMGBL1 released passively is HMGB1
that was still located within the nucleus, which is therefore non-acetylated and has also been
shown to be fully reduced[10, 18], which affects HMGB.1 function and pro-inflammatory
potential (see section on redox changes of HMGBL1 below). Lack of acetylation has been
used in studies to try to identify the proportion of HMGBL that is passively released from
damaged/dead cells, as opposed to actively released as part of the inflammatory process[18].
Aerobic glycolysis (PMID: 25019241 and PMID: 27779186) and lipid peroxidation (PMID:
29937272) has been shown to promote HMGBL1 release through activation of
inflammasomes in sepsis. However, it is unclear whether such metabolic stress induces
passive or active release of HMGBL1. Identifying lytic versus active release of HMGB1 may
be important when considering potential effectiveness of novel therapeutics designed to
attenuate either lytic cell death, or active HMGB1 release.
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Active secretion of HMGB1 can occur from cells under a wide range of cell stresses, or from
inflammatory cells in response to signaling by pathogen-associated molecular patterns
(PAMPs), DAMPs or pro-inflammatory cytokines[10, 18]. A first step in active secretion is
translocation of HMGBL1 from the nucleus to the cytoplasm, which requires posttranslational
modifications, such as acetylation and phosphorylation, as detailed above. The mechanisms
behind the movement of cytoplasmic HMGBL1 out of the cell, however, are much less well
understood, and may be cell, tissue and stimulus-dependent. Active secretion of HMGB1
has been shown to occur via exocytosis of HMGB1-containing secretory lysosomes,
microparticles and exosomes[33, 35-37]. However, the details of the signaling pathways
leading to HMGB1 exocytosis, including targeting to specific vesicles, remain elusive.

Macrophages can actively release HMGBL after LPS stimulation via CD14/TLR4/NFxB-
dependent mechanisms[38, 39]. Similarly, we have shown that LPS can stimulate active
HMGB1 release from hepatocytes. The signaling pathways involve TLR4-dependent uptake
of LPS into hepatocytes[28], followed by LPS release into the cytoplasm by a currently
unknown mechanism. This allows cytoplasmic LPS to be detected by caspase-11, the
recently identified intracellular receptor for LPS[40, 41]. HMGBL1 release from hepatocytes
is dependent on activation of caspase-11[28], and our data also suggest dependence on
activation/cleavage of gasdermin D, the main substrate for caspase-11[28]. Interestingly,
gasdermin D activation in hepatocytes does not result in pyroptosis and lytic cell death of
these cells, and so the role of gasdermin D in HMGBL1 release is still under investigation.
(Figure 1)

We have recently demonstrated that hepatocytes are the main source of circulating HMGB1
in LPS-induced endotoxemia and CLP-induced polymicrobial sepsis[28], as well as
hemorrhagic shock (MJS, unpublished data). Cell-specific depletion of HMGBL in
hepatocytes dramatically reduces circulating HMGB1 level and confers protection from
sepsis lethality in mice[28], as well as organ damage in response to hemorrhagic shock.
Understanding the active release mechanism of HMGBL1 from liver/hepatocytes is therefore
important in both sepsis and trauma. Regulating HMGB1 release from the liver may
subsequently regulate circulating HMGB1 levels and so may be a viable therapeutic strategy
to reduce inflammation and organ damage associated with sepsis and trauma.

Redox regulation of HMGB1 function

There are three cysteines in HMGB1: C23 and C45 located in the A box, which can form a
disulfide bond under partially oxidizing conditions, and C106 located in the B box[42]. The
redox state of these cysteines alters the biological function and activities of HMGB1[18, 43].
Extracellular fully reduced, all thiol HMGB1 - where all three cysteines have reduced -SH
thiol groups — is able to associate with stromal cell-derived factor 1 (SDF1 or CXCL12) to
synergistically promote migration of immune cells via the cognate chemokine receptor C-X-
C chemokine receptor type 4 (CXCR4) and the receptor for advanced glycation end products
(RAGE)[44]. Besides the known chemoattractant effect, we have recently shown that the all
thiol, fully reduced form of HMGBL is vital to delivery of LPS into the cytoplasm of
inflammatory macrophages via RAGE[28]. Cytosolic LPS is then able to activate the non-
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canonical caspase-11 inflammasome to induce gasdermin D-mediated pyroptosis of immune
cells[28], which results in increased levels of inflammation and DAMP release. (Figure 1)

The two cysteines in the A box of HMGB1, C23 and C45, are close enough within the
tertiary structure to enable disulfide bond formation between them under mild oxidizing
conditions[43]. The third cysteine remains reduced, however. Disulfide HMGBL1 has the
most potent inflammatory effects, and acts as a DAMP when released from cells in this
form. Disulfide HMGBL is able to trigger massive inflammatory cytokine production from
immune cells through multiple signaling pathways involving cell surface pattern recognition
receptors, such as RAGE and TLR4[43, 45]. Interestingly, it is the B box of HMGB1 and not
the disulfide bond within the A box that has been shown to be the main driver of
proinflammatory responses to HMGB1 through the induction of cytokine production in
immune cells[46, 47]. This may be because the reduced cysteine in the B-box is important
for binding and signaling through TLR4/Myeloid Differentiation factor 2 (MD2) [46, 47].
Furthermore, a recent study has indicated that the A-box binds to TLR4 with high affinity
but also a relatively high dissociation rate, while the B-box binds to MD2 with low affinity
but a very slow dissociation rate[48]. Importantly, formation of disulfide HMGB1 is
reversible, and as the redox environment changes HMGB1 can convert back to the all-thiol,
reduced form[49]. If oxidative stress continues to increase, however, any or all of the
cysteines in HMGB1 can become fully oxidized to form sulfonyl groups, and this is
irreversible[45]. Fully oxidized, sulfonyl HMGBL1 has no chemokine or cytokine activities.
Oxidized HMGB1 has some RAGE binding capacity[45] and can regulate autophagy in
cancer cells through RAGE [50]. Furthermore, oxidized HMGB1 can neutralize its
proinflammatory activity resulting in induction of immunological tolerance[51] and
attenuation of liver ischemia and reperfusion injury[52]. Similarly, HMGBL1 can also
undergo ADP-ribosylation in tumor cells to affect autophagy, although it is not known if this
regulatory pathway is also effective in sepsis/trauma[53]. The function of fully oxidized
HMGBL in setting of sepsis and trauma remains elusive, but may represent a mechanism to
try to reduce inflammation, or promote resolution of inflammation.

We recently identified an additional role for the different redox states of HMGB1, this time
within the cell. Our recent work has identified cytoplasmic HMGBL1 as an important redox
regulator of AIM2 inflammasome activation in hepatocytes in conditions of redox stress,
such as hemorrhagic shock with resuscitation, or hypoxia with reoxygenation[54].
Cytoplasmic HMGB1 binds directly to AIM2 to help initiate inflammasome signaling in
hepatocytes during redox stress[54], and this is a protective mechanism that induces
mitophagy and clearance of oxidative stress-inducing damaged mitochondria[54]. Binding
of HMGBL1 to AIM2 is strongest when HMGBL is in the all-thiol, reduced state, and is
weaker once the disulfide bond is able to form. Binding strength also corresponds to
inflammasome activation. This suggests HMGBL1 is an important factor in redox-mediated
regulation of AIM2-inflammasome activation. We showed that HMGB binds to a separate
site from the DNA binding site of AIM2[54], suggesting that HMGB1 may not only act as a
chaperone for double-stranded DNA to activate AIM2, but may facilitate structural opening
of AIM2 to enable DNA binding (Figure 2). A recent study has shown that AIM2
inflammasome-mediated HMGBL release can induce PD-L1 expression in tumor cells and
results in immunosuppression in tumor microenvironment [55]. However, it remains to be
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determined whether HMGBL can also induce PD-L1 expression in some cell types during
sepsis and trauma.

Intracellular, endogenous disulfide HMGB1 has also been shown to have important
protective effects in response to redox stress by increasing autophagy and inhibiting
apoptosis[56-59]. We have shown that lack of hepatocyte HMGB1 exacerbates
mitochondrial instability and damage, consequently leading to increased cell death during
liver ischemia and reperfusion [59]. Cytoplasmic HMGB1 is able to bind directly to beclinl
[60], an important autophagy initiator, allowing it to form autophagy initiation complexes,
which can remove harmful oxidative stresses (e.g. from mitochondria)[58]. HMGBL1 is able
to bind beclinl by displacing Bcl2, an apoptosis inhibitor, which once dissociated from
beclinl can perform its role in preventing programmed apoptotic cell death[61]. Binding of
HMGB1 to beclinl occurs in the area of C23 and C45 and mutation of these cysteines to
prevent disulfide bridge formation also prevents beclinl association and diminishes
autophagy[62]. (Figure 2) Furthermore, HMGB1 interacts with beclinl and ATG5 to prevent
calpain-mediated cleavage of these proteins, allowing autophagy to proceed [49] (Figure 2).
Intracellular HMGBL can also be degraded through proteolytic cleavage[63], as well as
through cleavage by caspase-1[64] during sepsis, suggesting there are regulatory pathways
to limit HMGBL1 intracellular effects.

Location, location, location: the three guiding influences for HMGB1

function

The three critical factors that determine the function and activity of HMGB1 are: 1. Location
of post-translational modifications of HMGB1 (acetylation, phosphorylation, methylation,
and redox status of cysteines); 2. Location of HMGB1 within the cell (nucleus or cytoplasm)
or release outside the cell; 3. Location of action of HMGB1 on specific cell types (e.g.
macrophages, neutrophils) or in specific tissues and organs (e.g. gut). (Table 1) Each factor
allows HMGB1 to have multifactorial effects and HMGB1 movement between each location
(or group of locations) changes the overall effects of HMGBL1 on inflammation in multiple
diseases, including sepsis and trauma.

Monocytes and macrophages are key players in host defense against pathogen invasion in
sepsis, and key producers of cytokines in response to hemorrhagic shock and trauma[65, 66].
Intracellular HMGBL1 in macrophages has been shown to prevent macrophage cell death
from endotoxemia and bacterial infection by mediating autophagy[67]. Extracellular
disulfide HMGBL1 is a known activator of monocytes and macrophages to induce TNF
release (and other cytokine and chemokine production) when signaling via the TLR4/MD2/
MyD88/NF«xB pathway[68, 69]. Interestingly, Wang et al. reported that administration of
nontoxic quantities of HMGB1 together with nontoxic doses of LPS synergistically induced
lethality in mice[27]. The mechanisms underlying this synergistic effect of HMGB1 and
LPS had not been elucidated until recently when we reported that fully reduced HMGB1
delivers LPS into macrophages and endothelial cells via RAGE[28]. We had previously
shown that HMGBL1 acting through RAGE was able to induce inflammasome and caspase-1
activation in macrophages, leading to subsequent pyroptosis[70]. At that time we showed
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that internalized RAGE:HMGB.1 contributed to the breakdown of lysosomes and release of
cathepsins into the cytosol, which stimulated inflammasome activation in macrophages[70].
We have subsequently shown that HMGB1 bound to LPS is internalized by macrophages in
the same RAGE-mediated pathway, and that HMGBL1 is able to open the phospholipid
bilayer of lysosomes once inside the lysosomal acidic environment. This leads to the release
of LPS into the cytosol and subsequent activation of caspase-11-dependent pyroptosis[28]
and non-canonical caspase-1 activation. It was recently confirmed that activation of
caspase-11 inflammasome is required for lethality in sepsis[28, 40, 41], so indicating an
essential role for HMGB1 on macrophages in mediating caspase-11-induced sepsis lethality.
(Figure 1)

Neutrophilsare key executors of bacterial clearance in sepsis, and have been implicated in
organ damage in both sepsis and trauma[71]. HMGB1 aggravates sepsis-induced organ
dysfunction and mortality via inhibition of neutrophil ability to clear bacteria, and so
induction of persistent inflammation. HMGBL, acting via RAGE-dependent signaling
decreases NADPH oxidase activity in neutrophils[72], which is vital for bacterial killing
during sepsis. HMGB1:RAGE-mediated neutrophil NADPH oxidase dysfunction occurs in
both mouse and human neutrophils, and is detected in patients who survive septic shock[73].
Treatment of CLP sepsis mice with anti-HMGB1 Ab significantly diminished sepsis-
induced dysfunction of neutrophil NADPH oxidase activity and improved bacterial
clearance[73]. Interestingly, extracellular HMGB1:TLR4 signaling activated neutrophil
NADPH oxidase activity in a model of hemorrhagic shock[74]. Similarly, Zhou et al.
[75]showed that HMGBL in platelets was crucial for platelet activation and subsequently
induced ROS production from neutrophils in a mouse model of sepsis. These conflicting
data suggest differential function of HMGB1 when acting on different cell types through
either TLR4 or RAGE, and the balance of these interactions may be crucial in determining
protective or detrimental effects in sepsis and trauma. Some of this receptor specificity may
be driven by the redox status of HMGBL, and so disease or animal model dependent, and
also dependent on the severity or timing of the disease process. Yet again, these complex
functions of HMGBL1 suggest that the ability to target anti-HMGB1 therapy to a specific cell
type or to a specific redox structure within HMGB1 may prove useful in treating a
multifactorial disease such as sepsis.

Furthermore, HMGBL released by injured hepatocytes during ischemia and reperfusion
injury has been shown to stimulate NET formation through Toll-like receptor (TLR4)- and
TLR9-MyD88 signaling pathways [76]. A recent study has also shown that platelet derived
HMGB1 can stimulate NET formation and thus induce thrombosis in a mouse deep vein
thrombosis model [77]. However, whether HMGBL can stimulate NET formation in sepsis is
unclear. NET formation can be an active process independent of cell death, or a passive
process resulting from “NETosis”, a form of programmed, necrotic cell death in
neutrophils[78]. It remains to be determined whether HMGB1 induces NET formation in an
active or passive fashion during sepsis and trauma.

Vascular endothelial cells form an important barrier preventing circulatory and
inflammatory components, as well as fluid, from leaking into surrounding organs and
tissues[79]. Loss of endothelial cell monolayer integrity can therefore lead to exacerbation
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of organ damage, and this is prevalent in sepsis and after severe trauma[79]. HMGB1
binding to endothelial cells can dose-dependently upregulate endothelial expression of
adhesion molecules such as ICAM-1, VCAM-1 and E-selectin, which can increase binding
and movement of inflammatory cells across the vascular endothelium[80]. Endothelial cells
also increase the production of proinflammatory IL-8 and G-CSF in response to
HMGB1[47, 81]. In addition to direct effects on proinflammatory mediator production and
attraction of immune cells, HMGBL1 also plays an important role in regulating endothelial
cell cytoskeletal rearrangement and vascular permeability[82]. High levels of HMGBL1 in
sera from patients with sepsis induce loss of vascular endothelial monolayer integrity, elicit
formation of endothelial F-actin stress fibers and initiate VE-cadherin redistribution[82].
HMGB1-induced loss of endothelial integrity is dose and time-dependent, as shown by
decreases in transendothelial electrical resistance in endothelial cells[83], and is mediated by
signaling through RAGE and p38 mitogen-activated protein kinase (MAPK)[83, 84]. The
interaction between HMGBL1 and endothelial cells can be limited by proteolytic cleavage of
HMGB1 by thrombin-thrombomodulin complexes[85], suggesting there are regulatory
pathways to limit the effect of HMGB1 on endothelial cells.

Intestinal epithelium represents another important physical and physiological barrier within
the body. Loss of intestinal epithelium integrity propagates uncontrolled immune responses
and causes multiple organ failure during sepsis, severe trauma and hemorrhagic shock. High
levels of HMGBL in bile lead to mucosal barrier dysfunction in rats during endotoxemia
potentially via down-regulation of expression of mucosal tight junction proteins (e.g.
occludin, claudin-1 and ZO-1) in intestinal epithelial cells[86]. Ghrelin, an orexigenic
hormone, has been used experimentally in mice as a treatment for sepsis, and has been
shown to reduce serum HMGBL levels and ameliorate gut barrier dysfunction via vagus
nerve activation[87]. However, it is unclear which cell types are affected by grehlin-
mediated vagus activation and how this regulates HMGBL1 release.

Platelet-derived HMGBL1 plays important roles in both sepsis and trauma[75, 88]. Deletion
of HMGB1 specifically in platelets, allowed our group to show that platelet HMGBL is
essential for platelet activation and thrombosis[88], as well as platelet a. granule
degranulation and release of neutrophil chemoattractants, such as PF4 and CCL5 (RANTES)
[75]. Platelet derived HMGBL1 can also induce NET formation and subsequently promote
thrombosis in a mouse model of deep vein thrombosis[77]. We recently also showed that
platelet HMGBL is required for efficient bacterial clearance in a mouse model of CLP
sepsis, and this occurs via regulation of neutrophil recruitment and ROS production[75].
Extracellular HMGBL1 can also affect platelet function through interactions with TLRA4.
During hemorrhagic shock with resuscitation, platelet TLR4 signaling regulates platelet
function, can contribute to coagulation abnormalities associated with trauma and worsens
organ injury[89].

Concluding remarks

HMGB1 is a multi-functional protein with major homeostatic roles, as well as important
roles as a DAMP mediator of inflammation. The role HMGBL1 plays is dependent largely on
its location, and it can have both protective and detrimental roles during the pathogenesis of
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sepsis and trauma/hemorrhagic shock. Given these potentially different functions of
HMGB1 any attempt to target HMGBL1 in any disease, but especially in sepsis and trauma,
will need to be extremely specific. Cell type specific targeting of inhibitors for HMGB1 will
likely be necessary, and inhibition may also need to be specific to redox status. Some cell-
targeting technology is being developed and is going to be of great importance to anyone in
the field who is hoping to make therapeutic use of HMGB1 inhibitors and have them be
effective. This usefulness of potential anti-HMGBL therapeutics is not in doubt, however.
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Figure 1: Intracellular and extracelular rolesfor HMGB1in LPS-mediated infection and sepsis.
LPS uptake into hepatocytes triggers HMGB1 mobilization from the nucleus, and active

release via a caspase-11/gasdermin D-mediated pathway. Extracellular HMGB1 then
facilitates LPS uptake into macrophages, endosomal/lysosomal rupture and release of
HMGB1 and LPS into the cell cytosol, inducing caspase-11 and caspase-1 signaling and

macrophage pyroptosis.
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Figure 2: Regulation of autophagy/mitophagy by intracellular HM GB1.
HMBG1 interacts with AIM2 and double stranded DNA in response to redox stress and

activates inflammasome and caspase-1, inducing autophagy/mitophagy via beclinl-mediated
pathways. HMGB1 also displaces Bcl2 from its association with beclinl, allowing
autophagy initiation. Displaced Bcl2 acts as a apoptosis inhibitor. Unassociated beclinl can
be more easily cleaved/degraded by calpain and other cleavage enzymes which increases
apoptosis.
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Table:

Location specific functions of HMGBL in sepsis and trauma

Page 19

Cell type

Posttrandlational modification

M odification

Functions

Intracellular

Extracellular

Monocyte & Macrophage

Acetylation with

Nucleus to the cytoplasm

NLS site translocation [12]
Phosphorylation Nucleus to the cytoplasm
with NLS site translocation [14, 21]

Fully reduced, all
thiol

Chemotaxis [41]
Delivery of LPS into the cytoplasm
[25]

Induce autophagy
preventing macrophage
cell death from
endotoxemia and
bacterial infection by
mediating [67]

1. Induce cytokines
and chemokine
production [56,57]
2. Deliver LPS into
the cytoplasm [25]
3. Induce pyroptosis
[25,58]

lysine 42

[23]

Disulfide Inflammatory response [40,42-45]
Hepatocyte Acetylation with Nucleus to the cytoplasm 1. Stabilize nucleus and

NLS site translocation [18] mitochondria

- preventing cell death
Phosphorylation Nucleus to the cytoplasm during liver ischemia
with NLS site translocation [22] and reperfusion [50]
" — 2. Activate Aim2

Fully reduced, all Activate Aim2 inflammasome [46] inflammasome [46]

thiol
Neutrophil Methylation at Passive diffusion out of the nucleus 1. Inflammatory

response [60]

2. NADPH oxidase
dysfunction [61]

3. Stimulate
neutrophil
extracellular trap
formation [62]

Vascular endothelial cells

1. Inflammatory
response [44,63]

2. Induce loss of
endothelial integrity
[66-68]

Intestinal epithelia cells

Bind to beclin initiating
autophagy [49]

Induce mucosal
barrier dysfunction
[70]

Platelet

Activate platelets in
sepsis [71]

Activate platelet and
thrombosis in trauma
[72]
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