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ABSTRACT

Gram-negative sepsis is a severe clinical syndrome associated with significant morbidity and mortality.
Lipopolysaccharide (LPS), expressed on Gram-negative bacteria, is a potent pro-inflammatory toxin that induces
inflammation and coagulation via two separate receptor systems. One is Toll-like receptor 4 (TLR4), expressed
on cell surfaces and in endosomes, and the other is the cytosolic receptor caspase-11 (caspases-4 and -5 in hu-
mans). Extracellular LPS binds to high mobility group box 1 (HMGB1) protein, a cytokine-like molecule. The
HMGB1-LPS complex is transported via receptor for advanced glycated end products (RAGE)-endocytosis to the
endolysosomal system to reach the cytosolic LPS receptor caspase-11 to induce HMGB1 release, inflammation,
and coagulation that may cause multi-organ failure. The insight that LPS needs HMGBI assistance to generate
severe inflammation has led to successful therapeutic results in preclinical Gram-negative sepsis studies target-
ing HMGB1. However, to date, no clinical studies have been performed based on this strategy. HMGB1 is also
actively released by peripheral sensory nerves and this mechanism is fundamental for the initiation and prop-
agation of inflammation during tissue injury. Homeostasis is achieved when other neurons actively restrict the
inflammatory response via monitoring by the central nervous system and the vagus nerve through the cholinergic
anti-inflammatory pathway. The neuronal control in Gram-negative sepsis needs further studies since a deeper
understanding of the interplay between HMGB1 and acetylcholine may have beneficial therapeutic implications.
Herein, we review the synergistic overlapping mechanisms of LPS and HMGB1 and discuss future treatment
opportunities in Gram-negative sepsis.

Introduction

and is central in the pathogenesis of Gram-negative sepsis.*
There are two different LPS-receptor systems that are pivotal in

Gram-negative sepsis is a life-threatening systemic response
to Gram-negative bacterial infections activating dysregulated
inflammation that mediates organ dysfunction. The most fre-
quently affected organs in Gram-negative sepsis are respira-
tory, renal, cardiovascular, gastrointestinal, hepatic, neurolog-
ical, and coagulation system."'~*! Timely administration of an-
tibiotics, fluids, and oxygen has led to improved survival, but
there is a great demand to develop additional means to advance
the clinical outcome in sepsis.

Endotoxin (lipopolysaccharide [LPS]), abundantly expressed
on the cell surface of Gram-negative bacteria, is one of the
most powerful pro-inflammatory molecules known in nature

the pathogenesis of severe Gram-negative infections. One LPS-
sensing pathway utilizes the Toll-like receptor 4 (TLR4) and
myeloid differentiation factor 2 (TIR4/MD-2) receptor system
located on the cell surface and in endosomes in many cell types
[Figure 1].%

The second LPS-sensing system is located intracellularly and
depends on the cytosolic LPS-receptors caspase-11 in mice and
caspases-4 and —5 in humans [Figure 2].%7) The triggering of
these caspases results in inflammasome activation, gasdermin
D cleavage, pyroptosis, and coagulopathy.!®! This biology oc-
curs predominantly in myeloid and endothelial cells, and in
a few additional cell types. Extracellular LPS needs CD14 and
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Figure 1. LPS binds to MD-2 and activates the TLR4/MD-2 receptor complex
via two separate intracellular signal pathways that mediate HMGBI release.
Pro-inflammatory cytokines are formed when the adaptor molecule TIRAP gets
associated with TLR4 and the MyD88 that activates the NF-xB signaling path-
way. Interferon-g is produced when TRAM associates with TRIF. HMGB1: High
mobility group box 1; LPS: Lipopolysaccharide; MD-2: myeloid differentiation
factor 2; MyD88: Myeloid differentiation factor 88; NF-xB: Nuclear factor-kappa
B; TIRAP: Toll/interleukin-1 receptor(TIR) domain-containing adapter protein;
TLR4: Toll-like receptor 4; TRAM: TRIF-related adaptor molecule; TRIF: TIR-
domain-containing adapter-inducing interferon-g.

LPS-binding protein to successfully interact with MD-2 in the
TLR4 complex and requires intracellular support by high mobil-
ity group box 1 (HMGB1) protein to reach its cytosolic receptor
caspase-11.1 LPS activation of TLR4 and caspase-11 both gen-
erate extracellular HMGB1 release.!*!2!

TLR4~/~ mice are not protected when lethal LPS doses are
administered concomitantly with agents promoting endogenous
type 1 interferon release, while caspase-11~/~ mice are resistant

membrane damage
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to lethal endotoxemic shock.!®”) Type 1 interferons most effi-
ciently induce HMGBI1 release!'®'¥ and the released HMGB1
can bind LPS and forms heterocomplexes that are endocytosed
via receptor for advanced glycated end products (RAGE) to fi-
nally trigger caspase-11.1! Taken together, these results suggest
that intracellular LPS sensors might be more important for the
development of severe Gram-negative sepsis and septic shock
than recognition of LPS by TLR4. The intricate interplay be-
tween LPS and HMGBI1 in the pathogenesis of Gram-negative
sepsis offers a broadened understanding of key mechanisms and
provides clues to novel therapeutic options that will be discussed
in this review.

Extracellular HMGB1 Biology

HMGBI is a nuclear protein present in all animal cell types
and codes for 215 amino acid residues arranged in two posi-
tively charged DNA-binding domains and a negatively charged
C-terminal region [Figure 3].1') HMGB1 serves vital intranu-
clear functions needed for transcription, nucleosome formation,
DNA repair, and appropriate DNA conformation. Global HMGB1
gene deficiency is lethal. HMGBL is exceptionally preserved dur-
ing evolution and is 99% identical in mammals. Two nuclear
localization sites (NLSs) secure a dominant nuclear HMGB1 lo-
calization during cellular homeostasis.

Active extracellular HMGBI release, induced by LPS and by
additional stimuli, requires posttranslational modifications of
the nuclear HMGB1 to enable a cytoplasmic translocation neces-
sary for further extracellular release [Figure 4]. These modifica-
tions include hyperacetylation of critical lysines in the NLSs pre-
venting the continuous bidirectional shuttle of HMGB1 between
the cytoplasm and the nucleus present in all cells and leads to cy-
toplasmic HMGB1 accumulation.'®! Nuclear hyperacetylation
is accomplished via increased histone-acetylase activity (HAT)
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Figure 2. LPS needs HMGBI1 to trigger fulminant inflammation. The initial event in LPS toxicity is due to extracellular LPS activation of cell surface TLR4, which
generates the release of many pro-inflammatory molecules including HMGB1. HMGB1 has two LPS-binding sites and thus forms an extracellular HMGB1-LPS complex
that gets endocytosed via RAGE to finally reach the cytosol culminating in activation of the intracellular LPS sensor caspase-11 (caspases-4 and —5 in humans) that
instigates inflammation and coagulation. HMGB1: High mobility group box 1; IL: interleukin; LPS: Lipopolysaccharide; RAGE: Receptor for advanced glycated end

products; TLR4: Toll-like receptor 4.
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Figure 3. HMGBI1 structure and location of binding sites for the HMGB1-receptors TLR4 and RAGE, heparin, and LPS. HMGB1: High mobility group box 1; LPS:
Lipopolysaccharide; RAGE: Receptor for advanced glycated end products; TLR4: Toll-like receptor 4.

Figure 4. Intracellular HMGBI localization in macrophages before (A) and af-
ter (B) 24 h-LPS activation. HMGBI, visualized with green immunofluorescent
staining is predominately localized in the nucleus in resting human monocytes,
while actively translocated from the nucleus to the cytoplasm after LPS activa-
tion. HMGB1: High mobility group box 1; LPS: Lipopolysaccharide.

as well as decreased histone-deacetylase (HDAC) activity.[1-18]
Metformin, resveratrol, and curcumin enhance sirtuin 1 (SIRT1)
deacetylase activity and thus decrease extracellular HMGBI1 re-
lease and HMGB1-dependent inflammation.!'®2% SIRT1 activity
declines during aging and may contribute to hyperinflammation
in elderly patients.[?”-?8] SIRT1-specific agonists are of consider-
able interest for future studies in Gram-negative sepsis.!%2¢!
Systemic HMGB1 accumulation during endotoxemia occurs
much later than most other inflammatory mediators induced af-
ter LPS activation. Serum HMGB1 is minimally detectable by
8 h post LPS exposure and increased to a prolonged plateau
level from 16 h to 32 h after LPS administration.'?! Cytoplas-
mic HMGBI is actively released extracellularly via several sep-
arate mechanisms and the extracellular HMGB1 then acts via a
few different receptors, one of which is the RAGE.?**%1 Myeloid
and endothelial cells use RAGE to bind and endocytose extra-
cellular LPS-HMGB1 complexes generated via two LPS-specific
binding sites in the HMGB1 molecule [Figures 2 and 3].[31:3%!
The LPS-HMGB1 complexes finally enter the lysosomes where
HMGB1 in the acidic environment disrupts the lysosomal mem-
brane and allows LPS to leak out in the cytoplasm to bind
to caspase-11.[° This interaction generates gasdermin D cleav-
age and the truncated gasdermin D then forms oligomerized
molecules producing nanopores in the plasma membrane cul-
minating in pyroptotic cell death. This activity in live and dy-
ing cells mediates the release of interleukin(IL)-1«, IL-14, IL-
18, and HMGB1.!'1:3334 Pyroptosis has been implicated as one
major pathway for HMGBI1 release during Gram-negative sep-
sis when caspase-1/caspase-11 double-deficient mice express
markedly reduced systemic HMGB1 levels.”) One additional
route for active HMGB1 release from myeloid cells occurs via
exocytosis of secretory lysosomes, a pathway also used for IL-

158

1p secretion, although HMGB1 and IL-1p are stored in separate
vesicles. %]

However, the major cellular source for circulating HMGB1
in Gram-negative sepsis is neither the macrophage nor the en-
dothelial cell but the hepatocyte.!'? Deletion of Hmgb1 in hep-
atocytes significantly improved survival in lethal endotoxemia
and prevented the accumulation of HMGBI1 in the circulation,
while myeloid-specific deletion of Hmgbl did not reduce the
systemic HMGB1 levels and did not improve survival.”! Thus,
hepatocytes and inflammatory cells act on separate receptor
pathways to release HMGB1['2! because hepatocytes utilize cell-
surface expressed TLR4 to recognize and endocytose extracellu-
lar LPS for delivery to caspase-11 followed by cleavage and ac-
tivation of gasdermin D. These events do not lead to pyroptosis
in hepatocytes but result in calcium-dependent phosphorylation
of nuclear HMGB1 generating cytoplasmic HMGB1 accumula-
tion and enabling extracellular release that occurs via exosomes.
Thus, LPS-dependent HMGBI1 release in hepatocytes involves a
coordinated interaction between the two canonical LPS sensing
receptor systems, such as TLR4 and caspase-11.

Additionally, HMGB1 can be released expressed in micropar-
ticles derived from activated platelets.!*>*”! Vascular injury in-
duces the massive extracellular release of HMGBI1 from platelets
displaying an important role in the pathogenesis of throm-
bosis formation and neutrophil activation.!*®4°! Furthermore,
one recent study intriguingly reports that lactate may pro-
mote macrophage HMGBL1 acetylation, and exosomal release in
polymicrobial sepsis.[*!’ Macrophages can internalize extracel-
lular lactate, but additional studies are needed to elucidate how
lactate stimulates HMGB1 release.

HMGBI receptor usage and subsequent biological activities
depend on the redox state of the three HMGB1 cysteines (Cys23,
Cys45, and Cys106). These HMGBI cysteines reside in a fully
reduced state in a quiescent cell''>! However, the redox state of
HMGBI is dynamic and may change depending on the redox bal-
ance in the intracellular and extracellular environment, which
alters the immune function of the molecule. Necrosis will gen-
erate the release of fully reduced HMGB1, which exerts chemo-
tactic activity by forming a heterocomplex with the chemokine
CXCL12 (SDF-1) that binds to the CXCL12-reciprocal receptor
CXCR4 and initiates chemotaxis in a synergistic way compared
with CXCL12 alone.!*?%3] Mild HMGB1 oxidation generates a
disulfide bond between Cys23 and Cys45 while keeping Cys106
in the reduced form. This modification converts extracellular
HMGBL to a potent pro-inflammatory cytokine capable of high-
affinity binding to MD-2 in the TLR4 receptor complex.[444°]
HMGBI1 and LPS thus both bind MD-2 and signal via TLR4. The
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fully reduced form of HMGB1, with or without CXCL12, cannot
activate the TLR4 signaling pathway and disulfide HMGBI1 can-
not activate the CXCR4 pathway. Further oxidation of HMGB1
will transform the molecule irreversibly by generating sulfonyl
groups on any or all three cysteine residues creating an HMGB1
isoform without pro-inflammatory activities. Recent findings
in tumor biology indicate that sulfony]l HMGB1 is an anti-
inflammatory molecule signaling via RAGE to recruit immuno-
suppressive cells including regulatory T cells, M2 macrophages,
and myeloid-derived suppressor cells.[*?! Sulfonyl HMGB1 also
downregulates functions of antigen-presenting cells including
dendritic cells and plasmacytoid dendritic cells. It is presently
unknown whether sulfonyl HMGB1 contributes to phases of
immunosuppression occurring during sepsis and in sepsis sur-
vivors. If the reticuloendothelial system during sepsis is inca-
pable of degrading apoptotic cells, then large quantities of sul-
fonyl HMGB1 may be released via secondary necrosis of apop-
totic bodies. One unique feature of HMGBI1 is that pathologically
increased systemic levels prevail for weeks or even months after
the acute phase of sepsis for reasons that are presently unknown.
Moreover, the principle cellular sources of HMGB1 have not yet
been identified*”*8] and the redox form of these long-lasting
increased plasma HMGB1 levels is also unknown.

Although there are at least 14 receptor systems implicated
as HMGBI1 receptors, there are only two, TLR4 and RAGE,
that play a dominant role in HMGB1-mediated inflammatory
mechanisms. The other receptors are likely important for bind-
ing complexes of HMGB1 bound to other molecules. As noted
above, HMGB1 binds LPS*”! but also other immune-activating
molecules such as DNA, RNA, histones, nucleosomes, IL-1a,
IL-1p, and additional molecules, which are high-affinity lig-
ands of other HMGB1 receptors®%-°°], A common denomina-
tor for many of the HMGB1-partner molecules is that they are
problematic targets for endogenous antibody formation. The
HMGBI1 heterocomplexes are endocytosed via RAGE into en-
dosomes, where certain HMGB1 partner molecules will stim-
ulate various TLR receptors. The complexes then get translo-
cated to the lysosomal compartment where the complexes dis-
sociate in the acid environment and HMGBI1 acts as a deter-
gent and disrupts the lysosomal membrane allowing transported
damage-associated molecular pattern molecules (DAMPs) and
pathogen-associated molecular pattern molecules (PAMPs) ac-
cess to pro-inflammatory cytosolic sensors including inflamma-
somes, c-GAS, and RIG-I.

HMGBI in the Development of Sepsis-induced Organ
Failures

A substantial number of preclinical studies of Gram-negative
sepsis and endotoxemia document how HMGB1 and LPS cause
tissue damage responsible for multi-organ failure via different
mechanisms (reviewed in Ref. [61]).

Acute lung injury

A common denominator for many features of HMGB1-caused
acute pathology is that HMGB1 acts as a mediator of epithe-
lial and endothelial barrier failure. HMGB1 activates the Rho-
kinase 1 pathway via RAGE as a mechanism that creates the
pulmonary endothelial barrier disruption causing hyperperme-
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ability.!%? RAGE is constitutively highly expressed in the lungs
only, while other tissues show little to no RAGE cell surface
expression during basic conditions in contrast to after inflam-
matory stimulation.[?°-6%.%4] Patients with acute respiratory dis-
tress syndrome have been reported to express elevated HMGB1
concentrations in the epithelial lining fluid, obtained by bron-
choscopic microsampling, and at 1000-fold higher than in the
plasma.[®®! Sepsis-induced acute lung injury generates disturbed
gas exchange, severe inflammation, increased permeability to
proteins, and pulmonary dysfunction due to alveoli and pul-
monary endothelial cell injury.®®! Intratracheal administration
of HMGB1 causes neutrophil accumulation, interstitial edema,
and increased production of pro-inflammatory cytokines in the
lungs.®”! Anti-HMGB1 antibodies attenuate endotoxin-induced
acute respiratory distress syndrome, but not the early release
of tumor necrosis factor (TNF) -a and IL-1p, signifying that
HMGBLI is a late mediator of endotoxin-induced acute lung in-
jury.[®>] HMGBI1 also aggravates sepsis-induced respiratory dys-
function by inhibiting the neutrophil ability to clear bacteria
due to HMGB1-provoked decreased nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase activity.[®®:%°] Treatment
with anti-HMGB1 antibodies significantly diminished Gram-
negative sepsis-induced dysfunction of neutrophil NADPH ox-
idase activity.'°®) HMGB1 plays a critical role in endothelial cell
barrier disruption, the hallmark of acute lung injury, by rear-
ranging the actin cytoskeleton into a contractile phenotype. "’
Other injurious sequelae induced by excessive HMGBI involve
extensive pulmonary macrophage pyroptosis causing inflamma-
tion and coagulation.”!!

Acute kidney injury

Endotoxemia in Gram-negative sepsis causes acute kidney in-
jury.[72] It has been demonstrated that LPS damages podocytes,
which constitute the glomerular filtration barrier.!”:74] Knock-
down of HMGBI attenuates the endotoxin-induced injury in
cultured podocytes.”®! Furthermore, tubular epithelial cells ex-
press mitochondrial dysfunction after HMGB1 exposure.”3! An-
other study reports that HMGB1 accumulates in renal tissue dur-
ing Gram-negative sepsis and enters the urine, and the inter-
action between HMGB1 and TLR4 turns tubular epithelial cells
into inflammatory promoters.[”! Further support for the percep-
tion that HMGBI1 plays an important role in the development
of acute kidney injury is provided by results establishing that
SIRT1-mediated HMGB1 deacetylation that subsequently inhib-
ited HMGB1 release also ameliorated sepsis-associated acute
kidney injury.!”®)

Acute cardiovascular injury

Endotoxemia causes reductions in left ventricle function,
cardiac output, and blood pressure, and triggers elevated
heart and respiratory rate. LPS-induced pathological HMGB1
levels harm the systemic circulation by causing myocar-
dial dysfunction!””-7®] and by disrupting vascular endothelial
barriers.[7%-8%] LPS induces increased myocardial HMGB1 ex-
pression and secretion in vivo via TLR4-dependent signaling and
the released HMGB1 mediates negative inotropic effects.[””>7¢]
The LPS-induced depression of myocardial contractility in endo-
toxemic mice can be prevented by the administration of several
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different HMGB1 antagonists.”®) HMGB1 causes microvascu-
lar leakage via impairment of tight junctions, rearrangement of
actin filament cytoskeleton, and release of large quantities of cy-
tokines and chemokines, which among other things promote cell
surface adhesion molecules like intercellular adhesion molecule-
1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) on
the vascular cells.[3%-811 Treatment with HMGB1-specific antag-
onists reverses the damage in the endothelial barrier in several
experimental Gram-negative sepsis studies.!”?8284]

Acute gastrointestinal injury

Endotoxemia causes impaired intestinal barrier function
with increased mucosal permeability to hydrophilic macro-
molecules®! and increased translocation of viable bacteria
that will aggravate a Gram-negative sepsis.[®! The combined
LPS/HMGB1-induced mucosal leakage results from decreased
expression of zonula occludens-1 necessary for intercellular
tight junctions.’®-8°! In vitro studies indicate that RAGE sig-
naling and inducible nitric oxide synthase (iNOS) induction
are important pathways in this pathology.®*”) Bile HMGB1 con-
tributes to the gut barrier dysfunction in experimental endotox-
emia, while HMGBI1 removal from the bile of endotoxemic rats
partially reverses the gut hyperpermeability.!°”) Enterocytes ex-
posed to various endogenous and exogenous pro-inflammatory
stimuli actively secrete huge amounts of HMGB1 associated
with exosomes.!®”! The gastrointestinal dysfunction is mecha-
nistically closely connected to the development of acute lung
injury.[88:91,93]

Acute hepatic injury

The liver is another organ that commonly undergoes func-
tional failure during severe Gram-negative sepsis and septic
shock. Sepsis-induced hepatic ischemia can result in acute liver
failure with the presentation of abnormal levels of liver en-
zymes, coagulopathy, and systemic edema due to the distur-
bance of the synthetic function of the liver. Several stud-
ies demonstrated that extracellular histones and HMGBI are
associated with hepatic inflammation and activate the TLR-
mediated signaling pathway of Kupffer cells to generate a
cytokine storm.[°*°5] Several preclinical studies indicate that
HMGB1 antagonists may ameliorate LPS-induced acute liver
failure.[12.96,981

Acute neurological injury

Increased systemic HMGB1 levels generate blood-brain bar-
rier disruption that will allow LPS, HMGBI1, and other pro-
inflammatory molecules to cause inflammation in the central
nervous system. The neuroinflammation which is further aggra-
vated by local HMGBI release from activated neurons, microglia
cells, and astrocytest®® 191 causes multiple central nervous dys-
functions including cognitive decline. This sepsis-associated en-
cephalopathy was recently studied in a mouse model of Gram-
negative polymicrobial sepsis.!'°!! The systemic infection caused
increased extracellular amounts in the central nervous system
of disulfide HMGBI1 that via TLR4-MD-2 receptors enhanced
NOD-like receptor family pyrin domain containing 3 (NLRP3)
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inflammasome activity, thereby exacerbating neuroinflamma-
tion and cognitive impairment. Another study, also performed in
a mouse model of Gram-negative polymicrobial sepsis, demon-
strated that HMGB1 mediates cognitive impairment in sepsis
survivors and that treatment with anti-HMGB1 antibodies may
prevent or reverse the cognitive decline.*®!

A similar cognitive decline, including memory dysfunction,
is a common complication after surgical trauma particularly
in patients over 65 years of age and in aged animals after
surgery.[192.105] Experimental postoperative neuroinflammation
and cognitive decline can be prevented by HMGBI1-specific
antagonists.!1941051 Qverall, these data demonstrate a pivotal
role for HMGBI1 in provoking neuroinflammation during severe
aseptic as well infectious systemic inflammation.

Recent discoveries demonstrate that sensory neurons also ac-
tively release HMGB1 and upregulate inflammation in the pe-
riphery. Activation of these nociceptive nerves turns on local-
ized inflammation by actively releasing HMGBI1 in a retrograde
manner within the innervated area.!'%6:1071,

This peripheral neuronal pro-inflammatory system may con-
ceivably form a major threat for exacerbating Gram-negative
sepsis. Neuronally-derived HMGB1 is essential for the develop-
ment of neuroinflammation, since Hmgb1 gene deletion limited
to neurons or neutralization via HMGB1-neutralizing antibod-
ies potently ameliorate injury in inflammatory models of exper-
imental polyarthritis and nerve damage.['°”! [Figure 5] Thus,
nociceptor HMGBI is an essential mediator of the neuroinflam-
matory response to different forms of tissue injury but the im-
portance of these predictions has not yet been studied in sepsis.
There is now a distinct opportunity to study whether targeting
neuronal HMGB1 will benefit patients with Gram-negative sep-
sis.

Coagulopathy

Coagulopathy is a common phenomenon in Gram-negative
sepsis ranging from subclinical activation of blood coagula-
tion with a risk of venous thromboembolism to life-threatening
acute disseminated intravascular coagulation (DIC).!'%%! DIC
causes extensive microvascular thrombosis and consumption of
platelets and coagulation proteins, eventually provoking bleed-
ing. Coagulation is part of an innate immune system in the ef-
fort to trap microbes in the microvasculature but with the risk

Axonal terminal

sheath

Nucleus

Figure 5. Stimulated sensory neurons actively secrete HMGBI in an antidromic
fashion by molecular mechanisms that remain elusivel!°” HMGB1: High mobil-
ity group box 1.
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that DIC may develop when a local bacterial infection esca-
lates to sepsis. The initial step in this coagulation process is
that LPS gets HMGB1-assistance to be imported to the cytosol
to reach caspase-11, which then enzymatically cleaves gasder-
min D into peptides that form nanopores in the cytoplasmic
membrane.[%19%-1101 [n the context of coagulation these pores
in macrophages enable calcium influx rather than pyroptosis.
The calcium flux activates a phospholipid scramblase to exter-
nalize phosphatidylserin.!'%°! These cell surface molecules sub-
sequently increase tissue factor activity and enhance the as-
sembly of cofactor—protease complexes on vascular endothelial
cells starting the extrinsic coagulation cascade.''% Extracellu-
lar HMGB1 will further increase the expression of tissue fac-
tor in endothelial cells via TLR4 signaling and activation of the
transcription factors nuclear factor kappa B (NF-«B) and early
growth response-1(Egr-1).!11!

There is an additional notable mechanism by which LPS and
HMGBI1 may cause coagulopathy in Gram-negative sepsis, be-
cause HMGBL is stored in granules in platelets and is translo-
cated to the cell surface when platelets are activated.!''>) TLR4-
mediated LPS activation of platelets leads to upregulation of
surface HMGB1 expression and platelet aggregation.''3 Sev-
eral reports established that platelet-derived disulfide HMGB1
is a critical mediator of thrombosis formation.*$:°] In con-
trast, mice with ablated platelet HMGB1 are partially protected
from thrombus generation, platelet aggregation, inflammation,
and organ damage during experimental shock.*¥] Taken to-
gether, these observations suggest that platelet HMGB1 may
contribute to the development of microvascular thrombosis in
Gram-negative sepsis.

Post-sepsis cognitive dysfunction

Long-lasting cognitive impairment after Gram-negative sep-
sis remains a major challenge for many surviving patients.!''4
Serum HMGBI levels peaked 3-4 weeks post-injury and only
returned to baseline levels by week 12 in a murine cecal liga-
tion and puncture (CLP)-sepsis model.[*®) The animals concur-
rently acquired long-term impairments in learning and mem-
ory, and anatomic changes in the hippocampus associated with
a loss of synaptic plasticity. Systemic administration of neutral-
izing anti-HMGB1 monoclonal antibodies given during the sec-
ond week after onset of peritonitis improved learning and mem-
ory impairments and brain pathology.[*®! Injections of disul-
fide HMGBI1 to naive mice recapitulated these cognitive impair-
ments. Furthermore, endotoxemia combined with increased sys-
temic HMGBI1 levels generated hippocampal inflammation and
cognitive impairment via microglia cell activation in mice with
chronic colitis.''5! There is a more than five-fold variation in
the density of microglia cells between different regions in the
brain, and the hippocampus is the most densely populated re-
gion.[''%! RAGE mediated sepsis-triggered brain amyloid-g pep-
tide accumulation and tau phosphorylation combined with cog-
nitive impairment''”) and these harmful events were signifi-
cantly prevented by injections of anti-RAGE antibodies in the
hippocampus region. Clinical observation of significant interest
is that many intensive care unit survivors, including patients
with Gram-negative sepsis, express increased plasma HMGB1
levels associated with cognitive impairment still 6 months after
the acute stage.[*”) The cellular source of the prevailing HMGB1
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levels is presently unknown. Taken together, these preclinical
and clinical results suggest that it might be possible to prevent
or reverse cognitive impairments in sepsis-surviving patients by
administration of agents reducing pathogenic amounts of extra-
cellular HMGB1.

Experimental models of sepsis-induced persistent neuroin-
flammation may provide additional clues to the origin of the ma-
jor clinical problem of post-sepsis cognitive dysfunction. Mice
surviving CLP-induced sepsis express neuroinflammation and
a significantly reduced number of cholinergic neurons in the
basal forebrain area.!''®! This is of distinct interest since basal
forebrain cholinergic neurons are implicated in the regulation
of cognitive functions, including attention, learning, memory,
and motivation.[''”) Furthermore, the enzymatic degradation of
acetylcholine was reported to be increased in the hippocampal
area.'''® Cholinergic dysfunction may thus be an important un-
derlying event contributing to the cognitive deficits in sepsis
survivors. Accordingly, enhancing brain cholinergic signaling
might provide an option to treat cognitive deterioration in sepsis
survivors.

Tentative Novel Therapeutic Options in Ggram-negative
Sepsis

Administration of low-dose heparin or non-anticoagulant
heparin

Realizing that LPS needs HMGB1 to mediate its full toxi-
city in Gram-negative sepsis suggests new therapeutic strate-
gies centered on inhibition of intracellular import of LPS to
interact with caspase-11 (in humans caspases-4 and —5).[12]
Heparin is a mammalian polysaccharide that binds to specific
sites on HMGB1 and prevents LPS from binding to HMGB1
[Figure 3]1121] and HMGB1 from binding to RAGE,[®!-12!1 which
restricts caspase-11-dependent inflammation and coagulation
in endotoxic mice.'?) Furthermore, non-anticoagulant heparin
can also bind HMGBI1 as well as extracellular histones and pre-
vent histone-mediated cytotoxicity, which is another significant
pathogenic pathway in severe sepsis.['??122] The doses of hep-
arin required to inhibit LPS-HMGBI1 toxicity are much lower
than those needed for the anticoagulant effects ['2°) and modi-
fied heparin lacking anticoagulant activity prevents LPS from
binding to HMGB1 and prevents RAGE-mediated endocytosis
of HMGBL1. These observations are important to optimize the
design of possible future clinical sepsis trials to minimize the
risk of bleeding complications with reduced doses of heparin
or with non-anticoagulant heparin. The same study found that
heparin treatment that controlled experimental Gram-negative
sepsis failed to protect mice with sepsis caused by Staphylococcus
aureus, supporting that the pathogenic mechanisms operating in
Gram-positive vs. Gram-negative sepsis are separate. We have
previously reported that LPS and Staphylococcal superantigens
induce separate cytokine patterns.!'?®>1241 LPS predominantly
induces pro-inflammatory monokines, while Staphylococcal and
Streptococcal superantigens mainly generate pro-inflammatory
cytokines made by lymphocytes and natural killer (NK) cells. Fu-
ture clinical studies of heparin treatment in sepsis should thus
preferably include a stratification of patients based on the type
of invading pathogens. There are several published therapeutic
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heparin studies in sepsis patients but the results are conflicting,
possibly because no such stratification was performed.

Preventing HMGB1-mediated lysosomal rupture

A recent phenotypic screening study of several hundred com-
pounds for their capacity to inhibit the LPS-HMGB1-caspase-
11 pathway resulted in the identification of one small molecule
with a porphyrin structure (FeTPPS) that inhibited caspase-11
activation and subsequent inflammation and coagulation.?]
Most critically, FeTPPS treatment prevented lethality in ex-
perimental Gram-negative sepsis. The mode of action by this
molecule ensued via disruption of LPS-HMGB1 binding and re-
duced HMGBI1 capacity to permeabilize lysosomal membranes.
Both mechanisms thus diminished the cytosolic delivery of LPS
in macrophages.

Inhibiting HMGBI1 release via histone deacetylase agonists

Acetylation of multiple lysine residues positioned in the two
NLSs in HMGBI1 is mandatory for the nuclear HMGB1 export
necessary for further active extracellular HMGB1 release.!'!
HMGBI1 acetylation is regulated by acetylation—deacetylation
reactions catalyzed by histone acetyltransferases and HDACs
including SIRT1. LPS shifts the balance toward HMGB1 hy-
peracetylation by triggering the degradation of HDAC4, while
SIRT1 is stable under conditions of inflammation.'?] Molecules
that specifically booster SIRT1 activity offer tools to promote
nuclear HMGBI1 sequestration and thus reduce HMGB1 release
in Gram-negative sepsis. Such agents have been successfully ad-
ministered in several different models of LPS-mediated severe
inflammatory conditions.[!?9-21,26,76,127-133] However, there are
yet no published clinical studies using specific SIRT1 agonists.

Preserving mitochondrial integrity using ethyl pyruvate
administration

Ethyl pyruvate is a derivative of pyruvic acid, which is an
important endogenous metabolite that can scavenge reactive
oxygen species (ROS)."*¥ Treatment with ethyl pyruvate con-
fers significant protection against experimental Gram-negative
sepsis- and endotoxemia-induced lethality.['3>136] Mechanis-
tically, ethyl pyruvate significantly attenuates mitochondrial
damage and cytoplasmic translocation of mitochondrial DNA
during inflammation.*”] Mitochondrial DNA is a potent activa-
tor of NLRP3 inflammasomes which contribute to the release of
HMGB1,[1:138 1411 which is dose-dependently inhibited by ethyl
pyruvate.['%6,157] ROS-induced mitochondrial dysfunction is the
major cellular cause of insufficient energy production mediating
failed cellular homeostasis in sepsis. It is thus highly significant
that ethyl pyruvate preserves mitochondrial integrity and merits
further studies in Gram-negative sepsis.

Antibody-mediated neutralization of HMGB1

Autoantibodies against HMGB1 can be produced during
sepsis and are associated with a favorable outcome in pa-
tients undergoing septic shock.['4?143] Furthermore, there are
many successful preclinical studies in Gram-negative sepsis us-
ing either polyclonal or monoclonal anti-HMGB1 antibodies
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(mAb) (reviewed in Ref. [144]). However, the challenge for
antibody-based therapy in HMGB1-mediated pathology is the
risk of an obstructive steric hindrance for antibody-recognition
of HMGB1 caused by complex-bound DAMP and PAMP part-
ner molecules. From one aspect HMGB1 offers an attractive,
unique temporal therapeutic window for successful antagonis-
tic antibody therapy by being released late during the onset
of Gram-negative sepsis. It takes 16-32 h after LPS exposure
for maximal HMGBI release to occur and treatment with anti-
HMGB1 mAb can be successfully administered up to 24 h af-
ter onset of CLP-sepsis.['**] Treatment with antagonists target-
ing pro-inflammatory cytokines does not mediate beneficial ef-
fects when administered at this late time point in CLP-sepsis.
However, anti-HMGB1 antibody therapy initiated 36 h after on-
set of CLP does not confer lethality protection despite that in-
creased systemic HMGBLI levels prevail for many weeks during
and after Gram-negative sepsis. The reasons why therapy based
on HMGBI1-specific antibodies failed when initiated 36 h after
onset of CLP are not fully comprehended. One interpretation
might be that during the sepsis course, due to accelerating cell
death, there will be an accumulation of extracellular PAMPs and
DAMPs including DNA, RNA, histones, nucleosomes, and addi-
tional molecules that all avidly bind to extracellular HMGB1 and
thus may block the antibody recognition. If this analysis of the
ongoing pathology is correct, that implies that the timing of ini-
tiation of HMGB1-targeted antibody-based therapy is very criti-
cal. Early recognition and administration of antibodies that rec-
ognize HMGB1 epitopes not occupied by LPS or other HMGB1-
partner molecules might offer a reasonable chance to bring ben-
eficial therapeutic effects to patients with Gram-negative sepsis,
in analogy to results recorded in preclinical sepsis studies.

Activating the endogenous cholinergic anti-inflammatory
pathway

Inflammation, including Gram-negative sepsis, is regulated
by the nervous system, but this insight has so far not led to
any clinical therapy for sepsis. Neuronally released HMGB1 will
accelerate inflammation, while acetylcholine, released via the
cholinergic anti-inflammatory pathway, will in contrast down-
regulate excessive inflammation.[*%%:147] The cholinergic mech-
anism inhibits pro-inflammatory cytokine release via signals
that require the vagus nerve and a7 nicotinic acetylcholine re-
ceptors (a7nAChR).['*8] ¢7nAChR-mediated signaling also in-
hibits HMGB1 release,['%%:156] RAGE-mediated endocytosis of
HMGB1 complexes °%) and TLR4/myeloid differentiation fac-
tor 88 (MyD88)/NF-xB signaling.['>> SIRT1 function has been
reported to be enhanced by a7nAChR-specific agonist stimu-
lation and inhibited by a7nAChR-specific antagonist exposure
supporting a role for a7nAChR signaling to mediate increased
SIRT1 activity that inhibits HMGB1 release.[>®]

Surgical implantation of vagus nerve pacemakers pro-
grammed to activate the cholinergic anti-inflammatory system
has demonstrated beneficial results in patients with rheuma-
toid arthritis and inflammatory bowel disease.['>7-158] Vagus
nerve stimulation or administration of a7nAChR agonists have
also conferred beneficial therapeutic effects in experimen-
tal Gram-negative sepsis and in endotoxemia (reviewed in
Refs. [159,160]). To date, clinical trial results of these ap-
proaches in sepsis have not been reported. A need for sur-
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gical device implantation can be circumvented by transcuta-
neous auricular vagus nerve stimulation using an external pulse
generator.['°1:162] This approach has been successfully utilized
in murine polymicrobial sepsis resulting in improved survival
and reduced systemic HMGB1 levels.['%®! Further studies are
warranted to translate the beneficial effects via the cholinergic
anti-inflammatory pathway into clinical use for patients with
Gram-negative sepsis.

Conclusions

As outlined in this review, there is a close collaboration
between LPS and HMGB1 in the pathogenesis of Gram-negative
sepsis. Clinical studies aimed to neutralize LPS have failed to
improve the outcome in sepsis and no clinical studies to specifi-
cally neutralize or eliminate HMGB1 have been performed. One
reason is that HMGBL is a very challenging molecule to target
in vivo with HMGB1-binding antagonists because HMGB1 may
change its structure during dynamic biological processes. Extra-
cellular HMGBI1 forms complexes with many other molecules
that gradually accumulate extracellularly during tissue injury,
and these complexes may alter receptor occupancies. The oc-
currence of various post-translational modifications of HMGB1
is another characteristic feature of HMGB1 biology generating
complications for HMGB1 binders to recognize the molecule.
An alternative strategy that has not yet been tested clinically
would be to inhibit active HMGB1 release. Active HMGB1
release in response to a stimulus requires distinct molecular
post-translational modification activities to translocate the
nuclear HMGB1 to the cytosol, which is a mandatory initial
step for further extracellular release. Different strategies aimed
to inhibit specific post-translational modifications of HMGB1
needed for nuclear HMGB1 export may conceivably provide
opportunities to pacify HMGB1 in Gram-negative sepsis to the
benefit of patients.
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