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Abstract: Sepsis was known to ancient Greeks since the time of great physician Hippocrates
(460-377 BC) without exact information regarding its pathogenesis. With time and medical
advances, it is now considered as a condition associated with organ dysfunction occurring in the
presence of systemic infection as a result of dysregulation of the immune response. Still with
this advancement, we are struggling for the development of target-based therapeutic approach
for the management of sepsis. The advancement in understanding the immune system and its
working has led to novel discoveries in the last 50 years, including different pattern recognition
receptors. Inflammasomes are also part of these novel discoveries in the field of immunology
which are <20 years old in terms of their first identification. They serve as important cytosolic
pattern recognition receptors required for recognizing cytosolic pathogens, and their pathogen-
associated molecular patterns play an important role in the pathogenesis of sepsis. The activation
of both canonical and non-canonical inflammasome signaling pathways is involved in mount-
ing a proinflammatory immune response via regulating the generation of IL-1f3, IL-18, IL-33
cytokines and pyroptosis. In addition to pathogens and their pathogen-associated molecular
patterns, death/damage-associated molecular patterns and other proinflammatory molecules
involved in the pathogenesis of sepsis affect inflammasomes and vice versa. Thus, the present
review is mainly focused on the inflammasomes, their role in the regulation of immune response
associated with sepsis, and their targeting as a novel therapeutic approach.
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Introduction

The word sepsis originated from the Greek word “onyig” (pronounced as “sipsis™)
that is originally used in Greek language for describing deterioration of the animal or
vegetable organic matter due to the presence of microbes.! However, the word sepsis
was used in medical literature for the first time by Homer in his poems almost 2,700
years ago and the word was directly derived from the word “sepo” (o @®) meaning “I
rot”.2 The term sepsis was also used by the Greek physician Hippocrates in 430 BC to
describe deterioration of the organic matter.! He is well known for his work in ancient
Greek medicine. He introduced the concept of impairment in the body humors or fluids
including blood, bile (yellow and black bile), and phlegm as a major cause of the disease.
Thereafter, Ibna Sina (also known as Avicenna, AD 980—1037), a Persian philosopher and
the father of modern medicine, described sepsis/septicemia as putrefaction of blood and
tissues with fever.? The emergence of classic or modern concept of sepsis happened in
the 19th century. Ignaz Semmelweis (a Vienna, Austria-based obstetrician, 1818—-1865)
is considered as the first physician to provide the modern view of sepsis while studying
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the cause of death in infants getting puerperal fever (also
called childbed fever). He concluded that the childbed fever
was caused by the decomposed animal matter that entered
their blood system. He is also considered an early pioneer in
developing antiseptic techniques.

It was the beginning toward understanding sepsis. In
1914, a German physician called Hugo Schottmiiller estab-
lished for the first time that the presence of infection is the
basic requirement for the development of sepsis.>* In 1989,
a USA-based intensive care unit specialist Roger C Bone
(1941-1997) defined sepsis as the invasion of microorgan-
isms and/or their toxins into the bloodstream of patients
and induction of the host’s immune response against the
microbial invasion called systemic inflammatory response
syndrome (SIRS).>® This definition of sepsis remained
valid for more than two decades. However, in the year 2016,
the third consensus on sepsis, which is also called sepsis
3, defined sepsis as a condition of life-threatening organ
dysfunction generated due to the dysregulation of the host’s
immune response during infection.” Sepsis 3 also led to the
development of quick Sequential Organ Failure Assess-
ment (qSOFA) scoring system for the early identification of
simultaneous organ dysfunction in sepsis and challenged the
SIRS criteria for sepsis definition because sepsis involves an
early activation of both pro- and anti-inflammatory immune
responses.® ! Hence, sepsis 3 emphasized on early diagnosis
and quick initiation of treatment during the ongoing process
of sepsis to prevent mortality. Sepsis accompanied with the
incidence of hypoperfusion and hypotension along with
organ dysfunction is considered as severe sepsis,'>!* while
septic shock is defined as severe sepsis with profound hypo-
tension that persists during volume resuscitation and needs
the administration of vasopressors including epinephrine,
norepinephrine, isoproterenol, dobutamine, and so on.!%!314
Septic shock predisposes the patient towards an increased
risk of mortality as compared to sepsis/severe sepsis alone.

Thus, sepsis is a condition of severely dysregulated
immune response against a pathogen, where both pro-
nounced and overwhelming activation of innate immunity
along with the suppression of conventional T-cell-mediated
immune response and an upregulation of regulatory T cells
(Tregs) causing sepsis-associated immunosuppression are
observed.'*'522 1t is now well established that sepsis is a con-
dition of an aberrant immune response where an initial innate
immune activation fails to clear the source of the infection
or pathogen, causing the generation of an overwhelming
proinflammatory reaction responsible for multiorgan dam-
age or failure (Figure 1). Furthermore, patients surviving the

episode of sepsis suffer from long-term immunosuppression,
making them prone to develop secondary infections.®%2324
Inflammasomes are the essential components of host’s
immune defense mechanisms that regulate the generation of
proinflammatory immune response along with the recogni-
tion of intracellular pathogens.”>? However, activation of
NLRP3 inflammasome is also shown to exhibit an inhibitory
action on protective gastrointestinal immune response against
helminthic infections.*® The activation of both the classical/
canonical and non-canonical/non-classical inflammasome
signaling pathways under diverse inflammatory conditions is
shown in Figure 2 and the detailed mechanisms are described
elsewhere in detail *'*® The primary aim of the present review
is to highlight the role of inflammasomes in sepsis-associated
proinflammatory immune response and its targeting.

Inflammasomes as a regulator
of immune homeostasis during

infection and inflammation
Inflammasomes were first discovered as a caspase-activating
complex comprising mainly caspase-1 (CASP1), caspase-5
(CASP5), Pycard/Asc, and NALP1, a pyrin domain-contain-
ing protein sharing structural homology with NODs, in the
year 2002 by the research team led by Jurg Tschopp.®® After
16 years of their discovery, they have been studied extensively
and are still the topic of research targeting infectious and
inflammatory diseases including cancer and neurodegenera-
tion.***# Thus, inflammasomes might be playing an important
role in the homeostasis of the immune system to maintain a
healthy stage within the host. For example, inflammasome-
deficient mice harbor an aberrant microbial community that
can be dominantly transmissible to healthy animals.*® This
alteration in the microbial community due to the deficiency
of inflammasomes causes a profound defect in intestinal
immunity along with that in distant organs systemically.*®
In addition, the AIM2 and NLRP3-deficient New Zealand
Black mice exhibit autoimmune phenotype responsible for
the development of anti-erythrocyte antibodies and autoim-
mune hemolytic anemia.**** These mice also develop anti-
nuclear antibodies typical of systemic lupus erythematosus.*
The recognition of PAMPs or DAMPs involves specific
germline-encoded receptors called pattern recognition
receptors (PRRs) expressed either on the outer surface of
the plasma membrane or intracellular cytoplasmic vesicles
including endosomes, lysosome, or endolysosomes.’
In comparison to a class of PRRs called Toll-like recep-
tors (TLRs) that are present both on the cell surface and
intracellular environment, certain receptors called Nod-like
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Figure | Schematic representation of breach in host innate immunity due to different bacterial infections and development of bacteremia and sepsis.

Notes: Once the bacteremia is developed in the host and the initial control of systemic infection fails, it leads to increased activation of the innate immune response
systemically. This exaggerated innate immune response causes MOD or MODS. The development of MODS leads to the ultimate death of the patients.

Abbreviations: ARDS, acute respiratory distress syndrome; DIC, disseminated intravascular coagulation; IBD, inflammatory bowel disease; MOD, multiorgan damage;

MODS, multiorgan dysfunction syndrome.
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Figure 2 Schematic representation of canonical and non-canonical inflammasome signaling pathways.

Notes: The figure describes both the canonical and non-canonical signaling pathways involved in the activation of different inflammasome components including NLRPI,
NLRP3, NLRC4, and AIM2. The canonical inflammasome signaling pathway causes activation of procaspase | into mature CASPI that cleaves immature prolL-1{ and prolL-18
into mature IL-1f and IL-18 involved in the generation of inflammatory immune response. The intracellular LPS and type-1 IFNs cause induction of non-canonical signaling in
macrophages and DCs via the induction of procaspase |1 that further activates NLRP3 inflammasome by inducing a decrease in cytosolic K* through different mechanisms
described in the text. Additionally, CASPI | cleaves GSDMD into N- and C-terminal components that, upon their cytosolic accumulation, form GSDMD oligomer causing cell
death, while GSDMD-NT causes pyroptosis, but it does not cause the death of adjacent cells upon its extracellular release. Detailed mechanism of inflammasome signaling
pathway is mentioned elsewhere in the text.

Abbreviations: DAMP, death/damage-associated molecular pattern; DCs, dendritic cells; GSDMD, gasdermin D; IFN, interferon; LPS, lipopolysaccharide; PAMP, pathogen-
associated molecular pattern.

receptors (NLRs), AIM-2 like receptors (ALRs), pyrinand  These NLRs and ALRs are distinct from other cytosolic
HIN domain-containing family proteins, and cytosolic =~ PRRs mentioned, as activation of these receptors forms a
nucleoside sensors are present only intracellularly and  specific complex via the assembly and activation of a com-
guard against potential pathogens or inflammogens.?>**  plex called inflammasomes to activate CASP1 and CASP11
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(also known as caspase-4).>'*° Only five PRRs including
NLRP1, NLRP3, NLRCA4, pyrin, and AIM?2 are able to form
inflammasomes.>*¢ Under resting conditions, the inflam-
masomes are considered to exist in an inhibitory state.’”*
Once activated, they cause conversion of proinflammatory
procaspases into their mature form. This inflammasome-
mediated activation of CASP1 and CASP11 causes the
release of proinflammatory cytokines called IL-1p and
IL-18.%*° Thus, the activation of inflammasomes under
diverse conditions causes proinflammatory cell death via
several mechanisms including pyroptosis (inflammatory
cell death) and necroptosis (a form of lytic inflammatory
cell death or a physiological suicide initiated by RIPK3-
mediated phosphorylation of MLKL).57%-6> Necroptosis
is involved in the development, inflammation, and disease
pathogenesis.* Hence, via inducing necroptosis or regulat-
ing the release of IL-1f and IL-18, inflammasomes play an
active role in the process of generation of inflammatory
immune response and in the disease pathogenesis, depend-
ing on the condition/stimulus.¢

Inflammasome-mediated release of
IL-1B and IL-18 and the maintenance

of immune homeostasis

IL-1p and IL-18 are the very first proinflammatory cytokines
released by the macrophages and dendritic cells (DCs) upon
an encounter with different pathogens.>*®” IL-1P acts as an
endogenous pyrogen and is responsible for the induction of
fever, release of hepatic acute-phase proteins, activation of
lymphocytes (ie, release of IL-2 form T-cells), and an upregu-
lation of prostanoid synthesis.®”"* However, IL-18 does not
produce fever or induce prostaglandins (PGs) or prostanoids
due to its inability to induce cyclooxygenase-2 (COX-2),
but induces inflammation via other mechanisms.”®7* The
inability of IL-18 to induce COX-2 activation and, thus, fever
can be attributed to the fact that it acts by stimulating p38
mitogen-activated protein (MAP) kinase pathway, not via
NF-xB activation.” In addition, IL-18 can attenuate IL-1beta
(an endogenous pyrogen) induced fever.” Instead, it induces
the overexpression of adhesion molecules required for neu-
trophil infiltration at the site of infection or inflammation
and increases nitric oxide (NO) synthesis and chemokines
required for neutrophil and T-cell chemotaxis.™ IL-18 was
found to induce the synthesis of interferon (IFN)-y, and thus
plays an important role in the polarization of T-cells toward
proinflammatory Th1 cells.®”” IL-18 controls energy homeo-
stasis by suppressing appetite and feed efficiency in mice, as
IL-18"- mice exhibit hyperphagia leading to the development

of obesity, and insulin resistance causing an induction of
metabolic syndrome phenotype due to a defective STAT3
phosphorylation.’>”” Thus, inflammasome-mediated CASP1
and CASPI11 activation controls several immunological
mechanisms via mediating the release of these cytokines.

Additionally, inflammasomes have also been impli-
cated in the maintenance of normal and healthy intestinal
microbiota.”®” For example, NLRP6 inflammasome affects
the intestinal microbiota in mice via recognizing various
low-molecular-weight metabolites including taurine, pinitol,
sebacate, and undecanedioate derived from colonic bacte-
ria.378%8! Thus, any disruption in the function of inflamma-
somes in the intestinal immune environment has a potential
to induce a dysfunctional immune response that may lead
to the development of an environment supportive to the
dysbiosis of the gut bacteria into peripheral circulation,
leading to the development of bacteremia and sepsis.?>8¢
Thus, inflammasomes are one of the essential components of
vertebrate immunity playing an important role in the defense
against pathogens via regulating the generation of inflamma-
tory immune response and other components of immunity
required for the host defense.

Inflammasomes in the

immunopathogenesis of sepsis

The induction of profound and dysregulated immune
response during uncontrolled infections of different origins
including bacterial, viral, parasitic, and fungal infections
may lead to the development of sepsis. However, sepsis in
most cases seems to be clinically associated with the occur-
rence of an uncontrolled bacterial infection caused either by
gram-negative or gram-positive bacteria or both (polymicro-
bial sepsis). The induction of an effective innate immune
response to clear the pathogen requires the identification
of pathogens via different PRRs that recognize different
PAMPs.* PAMPs are evolutionarily conserved molecular
structures expressed by different pathogens, but are not
synthesized or expressed by the host cells.’ These PRRs can
be classified into phagocytic PRRs and sensor PRRs. The
phagocytic PRRs directly bind to the pathogens and prepare
them for the process of phagocytosis via opsonization.®”* On
the other hand, sensor PRRs include different TLRs (TLR1-
TLR13) that are present both extracellularly on the plasma
membrane or intracellularly in endosomes or lysosomes,
NLRs, and ALRs.¥® Thus, any defect in any of these PRRs
and associated signaling pathway during the recognition of
the potential pathogen and their PAMPs proves detrimental
to the host by supporting the development of sepsis.
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The pathogen is recognized by the various innate immune
cells (including neutrophils recruited at the site of infection)
located in the vicinity of their route of exposure, that is,
respiratory tract, gastrointestinal tract, genitourinary tract,
and skin.”'! Thus, the initial recognition of the pathogen
by PRRs (ie, TLRs including TLR4 [present both on the cell
membrane and intracellularly in endosomes and phagosomes],
TLR2, TLR1, TLR6, and TLRS5) located on the surface of
immune cells initiates the signaling cascade responsible
for the generation of proinflammatory immune response
via releasing various proinflammatory molecules including
various cytokines and chemokines (ie, tumor necrosis factor
[TNF]-a, IL-10, IL-6, IL-8 [CXCL8], monocyte chemoat-
tractant protein 1 [MCP1 or CCL2], etc) along with the gen-
eration of type 1 IFNs.1%21% The intact pathogens or PAMPs
that get into the cytosol are also recognized by intracellular
PRRs. Inflammasomes act as a major class of intracellular
PRRs, along with TLR3, TLR7, TLRS, and TLR9. How-
ever, inflammasomes are freely circulating in the cytosol,
while intracellular TLRs are present in cellular organelles
including endosomes, lysosomes, and phagosomes. Thus,
the initial recognition of the pathogens and PAMPs by TLRs
strengthens the inflammasome signaling required for the
release of potent proinflammatory mediators and generates
several other molecules that act as endogenous activators of
inflammasomes. Both the canonical and non-canonical inflam-
masomes are activated under different infectious conditions,
which may lead to the development of sepsis if not regulated/
controlled efficiently.3!:3234107-111 A]] these factors and events
are described subsequently under various subheadings.

Adhesion molecules, sepsis, and

inflammasomes

A higher level of circulating adhesion molecules called
intracellular adhesion molecule 1 (ICAM-1) and vascular
cell adhesion molecule 1 (VCAM-1) are seen in the clinical
cases of sepsis in patients of all age groups''>''* (Figure 3A).
The increased circulating levels of ICAM-1 and VCAM-1 are
well correlated with the higher incidence of sepsis-associated
multiorgan failure (MOF) and mortality in patients admitted
to the hospitals.!!>!1¢ The elevated serum level of VCAM-1 is
associated with septic encephalopathy.!'” Thus, an increase
in the circulating adhesion molecules is used as a prognostic
marker for sepsis and septic shock.!*11¢ The expression of
adhesion molecules on endothelial cells is required for the
migration of immune cells (neutrophils, monocytes, and
T-cells) at the site of infection to clear the pathogens.!''®
However, overexpression of these adhesion molecules during

sepsis leads to the increased infiltration of proinflammatory
immune cells at the site of infection, which also causes tissue
and organ damage.!'* 2! One of the factors contributing to
the increased serum levels of adhesion molecules and MOF
during sepsis is endothelial dysfunction and their death due
to apoptosis or inflammasome-mediated pyroptosis!?*!#
(Figure 3A).

NLRP3 inflammasome activation also increases the
expression of chemotactic molecules (ie, 04B1 integrin,
CCL7, CCL38, and CXCL16)."** The overactivated and
dying macrophages during sepsis also release microparticles
(MPs) in the systemic circulation that consist of IL-1p3 and
components of the inflammasome, including ASC, CASP-
1, and NLRP3'? (Figure 3A). These MPs bind to and are
internalized by human endothelial cells, causing induction
of phosphorylation of extracellular signal-related kinase
(ERK)1/2, NF-kB activation, and expression of ICAM-1,
VCAM-1, and E-selectin.'*® However, macrophages lack-
ing NLRP3 inflammasome exhibit reduced production
and activity of MPs.!?® The endothelial cells lacking IL-1
receptor (IL-1R) showed decreased expression of adhesion
molecules in the presence of these MPs.'” Thus, NLRP3
inflammasome-mediated release of MPs containing IL-1J is
essential to upregulate the expression of adhesion molecules
on endothelial cells. The expression of different adhesion
molecules on endothelial cells plays an important role in
neutrophil chemotaxis and their infiltration at the site of
infection to clear the infection initially. However, in the case
of sepsis, persistent infection along with overactivation of
the immune response may cause increased activation of the
NLRP3 inflammasome. This causes increased release of MPs
from the dying macrophages, which leads to higher expres-
sion of various adhesion molecules on the endothelial cells
required for neutrophil/monocyte adhesion and migration to
the distant organs. This increased infiltration of neutrophils/
monocytes along with clearing the pathogen also exerts col-
lateral damage and, if not controlled, may cause severe organ
damage, including lungs, kidneys, liver, and so on.'?*!?” On
the other hand, this overactivation of endothelial cells also
leads to their destruction and release of MPs which further
enhances the pathogenic effect of endothelial cells.!?” Thus,
a prolonged interaction between the neutrophils/monocytes
and endothelial cells, where NLRP3 inflammasome activation
induces increased expression of adhesion molecules on the
endothelial cells, causes their overactivation and shedding of
the adhesion molecules in the circulation and organ damage.

NLRP3 inflammasome activation in the endothelial cells
during Lactobacillus casei infection causes dysfunction in
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Figure 3 Schematic representation of the role of inflammasomes and their regulation via different molecules or factors elevated during sepsis.

Notes: (A) This part figure shows the induction of NLRP3 inflammasomes during sepsis in macrophages, causing their death, release of high-mobility group box | protein
(HMGBI), microparticles (consisting of IL-1B, NLRP3, ASC, and CASP1) binding to endothelial cells and stimulating the induction of higher expression of adhesion molecules
(ICAM-1 and VCAM-1), causing profound infiltration of neutrophils at the site of infection, which leads to increased tissue or organ damage and death of endothelial cells,
in turn leading to increased circulating levels of ICAM-I and VCAM-I, MOF, and finally death of the septic patient. MCC950, an NLRP3 inflammasome inhibitor, caused
inhibition of increased expression of ICAM-| and VCAM-1 on the endothelial cells and prevented MOF. (B) This part figure shows increased circulating levels of ATP and its
metabolite called adenosine act via different receptors called P2X, and A,,Rs expressed on the neutrophils, DCs, and macrophages. The binding then activates the NLRP3
inflammasomes and CASPI to release IL-1B and IL-18. These inflammatory cytokines cause increased neutrophil infiltration and tissue/organ damage during sepsis. The P2X,
receptor antagonist is shown to inhibit the activation of NLRP3 inflammasome and, thus, the inflammatory tissue damage. Furthermore, activation of NLRP3 inflammasomes
decreases the process of autophagy that contains the inflammation, as restoring autophagy has been used to target sepsis. See text for full details.

Abbreviations: ATP, adenosine 5'-triphosphate; DC, dendritic cell; ICAM, intracellular adhesion molecule; MOF, multiorgan failure; VCAM, vascular cell adhesion molecule.
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endothelial cells and increases the upregulation of VCAM-1'%
(Figure 3A). ICAM-1 levels are also elevated on endothelial
cells upon inflammasome activation'” (Figure 3A). Thus, this
increased expression of ICAM-1 and VCAM-1 upon inflam-
masome stimulation plays an important role in neutrophil
adhesion, transcellular migration, and neutrophil-dependent
and -independent organ (ie, lungs, liver, heart, etc) damage
during sepsis'*** (Figure 3A). Furthermore, an increased
expression of ICAM-1 on the neutrophils is also observed
during sepsis, which enhances their phagocytic potential and
proinflammatory action.'** However, it would be interesting
to explore if the increased expression of ICAM-1 on the
neutrophils is also a result of an inflammasome-based event
or is independent of inflammasome activation. A potent
NLRP3 inflammasome inhibitor called MCC950 was found
to decrease the expression of ICAM-1 and VCAM-1 on the
endothelial cells'* (Figure 3A). Thus, it would be novel to
study the impact of MCC950 on these adhesion molecules’
expression on endothelial cells, circulating adhesion mol-
ecules, and MOF during sepsis. It would also be interesting
to observe its action on the expression of ICAM-1 on neu-
trophils isolated from sepsis patients. Human neutrophils
also express NLRP3, AIM2 inflammasomes, and CASP1.'¥’
Thus, activation of these inflammasomes on neutrophils
during sepsis can provide defense against the invading cyto-
solic pathogens, along with an increased proinflammatory
action via releasing IL-1[ and IL-18."%713% However, if this
inflammasome-based protective action gets dysegulated, it
may cause collateral organ damage as reactive oxygen spe-
cies (ROS) generated by neutrophils exert a tissue destructive
effect, and also, inflammasomes are further activated by ROS,
which may further aggravate the tissue damage by releasing
proinflammatory molecules'** 4!

HMGBI, sepsis, and inflalmmasomes

HMGBI is a late mediator of sepsis that is released either
actively by activated monocytes/macrophages or pas-
sively by cells that died due to necrosis or necroptosis!4>-143
(Figure 3A). This release of HMGBI in the circulation during
sepsis increases the expression of [ICAM-1 and VCAM-1 via
binding to the receptor for advanced glycation end products
(RAGE)." This HMGB1-RAGE interaction also enhances
the release of TNF-q, IL-8, MCP-1 or CCL2, plasminogen
activator inhibitor 1, and tissue plasminogen activator, 46148
The binding of HMGB1 to RAGE on endothelial cells causes
transient phosphorylation of MAP kinases, ERK, JNK, and
p38 and activation of NF-kB and Sp1 for its proinflammatory
action.'¢ It was found that as sepsis worsens, ROS generation

and oxidation of HMGBI1 further increase its proinflam-
matory potential, which aggravates the sepsis-associated
inflammatory organ damage including acute kidney injury.'#

Therapeutic targeting of HMGBI1 during sepsis modu-
lated the proinflammatory cytokine profile in such a way
that it improved several clinical features of sepsis and
survival among experimental animals.'>’ Furthermore, the
mice that survived the episode of sepsis showed resistance
toward developing secondary infections, but most of the
patients surviving sepsis become prone to develop second-
ary infection later.!® However, studies have shown the
inflammasome-mediated regulation of HMGBI release from
activated immune cells including macrophages during sep-
sis.’1"15¢ The deletion of inflammasomes including NLRP3
in mice during endotoxemia and bacterial sepsis decreases
HMGBI production and the associated inflammatory organ
damage.'"12 In addition to canonical inflammasomes, the
component of non-canonical inflammasome called CASP11
also has a great potential to modulate pyroptosis and the
release of HMGBI in the absence of CASP1.'5 This is
because a genetic deletion of CASP11, rather than CASP1,
in mice protected them from developing severe endotoxemia
upon lethal lipopolysaccharide (LPS) challenge.’! One of
the contributing factors for the release of HMGBI is the
dead cells. However, it is not released by cells dying due to
apoptosis; instead, it is rapidly released by cells dying due
to pyroptosis that is induced by inflammasomes.!*>!% The
HMGBI released due to pyroptotic cell death is more hyper-
acetylated at the nuclear localization sequences, as compared
to the HMGBI released due to necrotic cell death.!”” The
hyperacetylated HMGB1 gets translocated easily and more
frequently from the nucleus to the cytoplasm and from the
cytoplasm to the secretory lysosomes by a default process;
from there, it gets translocated into the extracellular envi-
ronment upon appropriate stimulus, as compared to the
hypoacetylated form.!*®!* Further studies have indicated
that HMGBI1 also activates NLRP3 and CASP8 inflam-
masome via activating NF-xB.'®® Thus, both HMGBI1 and
inflammasome influence each other and targeting either of
these during sepsis will provide a multi-target therapeutic
approach that is essentially required. For example, glycyr-
rhizin-mediated inhibition of HMGBI1 caused inhibition of
the expression of adhesion molecules and oxidative stress
on endothelial cells.'®! Thus, it will be interesting to observe
the effect of glycyrrhizin on inflammasome activation during
experimental sepsis and the associated immune response due
to a strong interrelationship between HMGBI release and
inflammasome activation and vice versa.
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ROS, oxidative stress, sepsis, and

inflammasomes

Phagocytosis of pathogens by immune cells leads to the gen-
eration of ROS to kill the pathogen. For example, neutrophils
and macrophages responsible for the phagocytic killing of
the pathogen also undergo apoptotic cell death due to the
higher production of ROS'2'* (Figure 3A). However, this
increased generation of ROS also exerts bystander effects
on cells responsible for its production along with the adja-
cent surrounding environment due to very high reactivity
of these free radicals causing development of oxidative
stress during sepsis.!®¢7 Circulating ROS responsible for
the sepsis-associated oxidative stress induce a profound
modification in the erythrocytes causing activation of the
circulating leukocytes and maintains the pro-oxidative state
even after the clearance of circulating bacteria.'®® Addition-
ally, endothelial cells encountering proinflammatory signals
(ie, cytokines and MPs released by neutrophils and mono-
cytes/macrophages) and circulating pathogens during sepsis
also produce various ROS that cause a profound change in
their endothelial vascular function including vascular tone
and their morphology, leading to severe coagulating defects
and organ dysfunction (ie, cardiac dysfunction, liver and
kidney failure, acute lung injury, etc),'?%1%-17! as shown in
Figure 3A. Thus, ROS plays an important role in the patho-
genesis of sepsis and associated organ damage. However, a
recent study has shown a lower production of ROS during
early sepsis does not cause myocardial dysfunction.!”” This
indicates that ROS generation starts during early sepsis and
remains unchecked till late-stage sepsis called severe sepsis
and septic shock, causing profound cardiac dysfunction and
damage to the other vital organs leading to mortality. The late
stage of sepsis is recognized as a stage of immunosuppres-
sion/immunoparalysis characterized by the susceptibility of
the person to develop secondary infections. ROS generation
also plays an important role in the induction of this stage by
causing enhanced expression of NRF2-dependent ATF3.!"
Although this ROS-mediated induction of ATF3 protected
the animals from developing endotoxic shock, it made them
prone to develop severe bacterial and fungal infections by
suppressing the release of IL-6.!7 Thus, the ROS levels
impact both organ damage and susceptibility to secondary
infections during sepsis.

The intracellular generation of ROS is also known to
regulate the inflammasome activity; also, ROS are produced
due to the activity of NLRP3 inflammasomes.'*":'"*-'"¢ Thus,
ROS generation in the macrophages provides a priming effect
to activate NLRP3 inflammasomes required for the efficient

clearance of the cytosolic pathogen that is blocked by treat-
ment with ROS inhibitors.!*! Thus, it can be inferred that
the higher levels of ROS generated during sepsis keep the
NLRP3 inflammasomes activated (even after clearance of the
infection) and the inflammatory process unchecked, causing
the death of these immune cells. This exaggerated death of
proinflammatory immune cells including M1 macrophages,
CD4*, and CD8* T-cells causes the development of a stage
of immunosuppression.?>!”7 Additionally, ROS generation
in endothelial cells serves as a local endogenous trigger for
NLRP3 activation!’®1” (Figure 3A). This NLRP3 inflamma-
some activation causes the release of cytokines IL-1p and
IL-18 that act as chemoattractants to further recruit inflam-
matory immune cells including neutrophils, causing further
inflammatory damage to the organs including kidneys.!7%!”
Furthermore, ROS-induced NLRP3 activity was found to
induce acute liver injury.'® Thus, regulating the generation of
ROS during sepsis or inflammasome has a potential to target
sepsis and associated organ damage effectively.

ATP adenosine, sepsis, and

inflammasomes

A higher plasma level of adenosine 5’-triphosphate (ATP) is
reported in sepsis patients and in animal models of sepsis!'®!-183
(Figure 3B). Furthermore, higher intracellular ATP is also
observed in neutrophils isolated from sepsis patients.'® Fur-
ther study in this direction has indicated that higher levels of
systemic ATP molecules cause an impairment in neutrophil
chemotaxis and host defense.'®® The study further emphasizes
that inhibition of endogenous ATP decreases the overactivation
of neutrophils and the associated organ injury observed during
sepsis. However, it exaggerates bacteremia and the spread of
infection to distant organs and, thus, increases the mortality
associated with sepsis.!®> But chelation or removal of systemic
ATP enhanced the bacterial clearance from the circulation and
increased survival by causing an improvement in chemotaxis
of neutrophils at the site of infection.!3> The extracellular ATP
is recognized by P2 purine receptors including ionotropic P2X
receptors (P2X —P2X) and G-protein—coupled P2Y receptors
(P2Y,, P2Y,, P2Y,, P2Y, and P2Y, —P2Y ) expressed by
various innate immune cells and nonimmune cells.'®¢'%8 The
recognition of extracellular ATP by P2X_ receptor is involved
in several inflammatory diseases by causing the maturation
and release of IL-1B"-1! (Figure 1B).

P2X receptor-mediated stimulation of NLRP3 inflam-
masome on the neutrophils was found to secrete IL-1[ that
may prove detrimental to the host."”"'*> However, P2X_
receptor activation on the macrophages and DCs also causes
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activation of NLRP3 inflammasome and CASP1 activation,
resulting in the release of IL-1[3 and IL-18!%3-1%¢ (Figure 3B).
This P2X_-mediated activation of NLRP3 due to extracel-
lular ATP in these innate immune cells also increases their
antimicrobial action against cytosolic pathogens.!”"7 The
systemic inhibition of P2X. receptor with its antagonist called
A740003 protected animals from sepsis-associated disruption
in the intestinal barrier'® (Figure 3B). Thus, the inhibition
of ATP-mediated purinergic signaling mediated via P2X,
receptors has a potential inhibitory effect on overactivated
inflammasomes during sepsis. Further studies in this direc-
tion are required to fill the unknown gaps in the field. The in
vivo stimulation of NLRC4/NAIP inflammasome through
flagellated pathogens in monocytes, macrophages, and neu-
trophils was reported to cause severe systemic inflammation
as observed in sepsis.'”’

Adenosine is an endogenous immunomodulatory
metabolite produced under diverse inflammatory conditions
including sepsis.?*22 Adenosine is constitutively present in
the mammalian system in the extracellular environment in
very low amount (<1 uM).2% However, its plasma level (4—10
UM in patients with septic shock) increases during different
diseases causing metabolic stress such as acute tissue injury,
sepsis, or septic shock?*2%* (Figure 3B). Thus, high plasma
adenosine levels can be used as a prognostic marker for sepsis
and septic shock. However, adenosine acting via adenosine
A, , receptor (A, R) acts as a major regulator of inflamma-
some activity.?” The higher plasma adenosine level during
sepsis aggravates the maximal amplitude and duration of the
inflammasome response.?”> This inflammasome regulation
via adenosine is mediated by downstream signaling pathway
initiated by A, R activation which causes activation of cyclic
adenosine monophosphate (cAMP)/PKA/CREB/hypoxia-
inducible factor-10. signaling pathway.?® This further causes
the upregulation of pro-IL-13, NLRP3 and increased activity
of CASP1. This NLRP3 inflammasome pathway activation
causes an increased production of IL-1p3, IL-18, and pyrop-
tosis of immune cells including macrophages to further
aggravate the inflammatory process observed during sepsis,
even in the absence of pathogen or associated PAMPs. This
shows that these immune cells (ie, macrophages) do not
exhibit tolerance, but remain in longer post-activation stage
controlled by adenosine and cAMP**® Adenosine A ,R and
AR targeting has been used as an immunomodulatory
therapeutic approach to targeting sepsis.?’2% Thus, it will
be interesting to observe the impact of this adenosine-based
immunomodulatory therapeutic approach on inflammasome
during sepsis.

Complement system, sepsis, and

inflammasomes

Complement system (CS) is an evolutionarily conserved
component of the innate immune system that plays a very
important role in the host immune response and its regula-
tion.?!213 Due to its important role in the recognition of
potential pathogens, opsonization, directly killing the
pathogens via forming membrane attack complex (MAC),
and modulation of potential immune response, complement
is recognized to play an important role in the pathogenesis
of sepsis, septic shock, and associated organ damage and
mortality.'42!8 However, the CS components also influence
NLRP3 inflammasomes.?!° For example, phagocytosis of the
complement-opsonized pathogens by macrophages stimu-
lates the activation of NLRP3 inflammasomes and CASP1,
which cause the release of proinflammatory cytokines (IL-13
and IL-18) and promote leukocyte infiltration at the site of
infection (source of sepsis), as shown in Figure 4.2° This
inflammasome activation does not occur upon phagocyto-
sis of unopsonized pathogens or other particles opsonized
with serum deficient in the terminal components of the CS.
Another study has indicated NLRP3 inflammasome and
CASP1 activation due to the formation of sublethal MAC,
but not by the complement components C3a and C5a during
endotoxemia.??! The deposition of sublethal MAC on the cell
surface increases the intracellular Ca** which accumulates
in the mitochondrial matrix and alters the mitochondrial
transmembrane potential triggering NLRP3 inflammasome
activation and CASP1 activity (Figure 5).222 This intracellu-
lar Ca?" causes increased generation of mitochondrial ROS
(mtROS) and the death of mitochondria causes the release
of mitochondrial DNA (mtDNA) into the cytosol.??*??* This
oxidized mtDNA activates NLRP3 inflammasome during
the apoptosis of macrophages and other leukocytes which
is a well-recognized phenomenon observed during sepsis or
other acute infection.?>2%

Intracellular CS components, that is, C3aR and C5aR1,
are shown to regulate the Thl (CD4* T-cells) immune
response via generating intracellular ROS and effectively
upregulating NLRP3 inflammasome, causing the release of
IL-1B and IFN-vy in response to the pathogen.??#??° Studies
have indicated early death and an alteration in the func-
tion of CD4* and CD8* T-cells during sepsis.'®?*?3* Thus,
it will be interesting to study the intracellular C5aR1 and
C3aR and NLRP3 inflammasome in the T-cell population
during early sepsis. The complement component C5a
also plays an important role in the activation of NLRP3
inflammasomes and IL-1f release.?! The cecal ligation
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Figure 4 Role of complement in the activation of inflammasomes in innate immune
cells during sepsis.

Notes: The complement (C3b)-opsonized bacteria phagocytosed via MAC cause
the binding of MAC to the macrophage membrane, which leads to the initiation
of bystander damage via the upregulation and activation of NLRP3 inflammasome.
The activation of NLRP3 causes activation of CASP|, which leads to the maturation
and release of proinflammatory cytokines, IL-1f3 and IL-18. On the other hand,
the sublethal form of the MAC called sublethal MAC also induces the activation
of NLRP3 inflammasome and the release of IL-1f and IL-18 via increasing the
intracellular Ca* which enters into the mitochondrial matrix. The increase of
Ca* in the mitochondrial matrix leads to increased mtROS generation and alters
the mitochondrial membrane potential, causing mitochondrial damage and the
release of mitochondrial DNA into the cytosol. All these factors activate NLRP3
inflammasome. Additionally, binding of C3a to its cognate receptor C3aR also
activates NLRP3 inflammasome via activating the ERK1/ERK2 pathway which causes
the efflux of ATP that activates NLRP3 inflammasome via binding to P2X,. The ATP
that gets converted into adenosine via the enzymatic action of CD39 and CD73 also
activates NLRP3 inflammasome by binding to A,AR.

Abbreviations: A AR, AA receptor; ATP, adenosine triphosphate; MAC,
membrane attack complex; mtDNA, mitochondrial DNA; mtROS, mitochondrial
reactive oxygen species.

and puncture (CLP) model of sepsis in C5aR1 or C5aR2
(C5L2)" mice showed decreased activation of NLRP3
inflammasome and decreased production of IL-1(3.%%!
Further study indicates an increased production of ROS
(both cytosolic and mitochondrial) in cardiomyocytes upon
challenging with recombinant C5a, an inducer of NLRP3
inflammasome.?*! The NLRP3"- mice showed decreased
defect in echo/Doppler parameters in the heart after CLP;
thus, complement-mediated activation of NLRP3 inflam-
masome plays an important role in cardiac dysfunction
observed during sepsis.>!

Furthermore, C3a component of CS also enhances the
production of IL-1f from the macrophages and DCs treated
with LPS via regulating the efflux of ATP and subsequent
activation of NLRP3 (Figure 4).>? The binding of C3a to
C3aR on macrophages induces ERK-1/2 phosphoryla-

Homocystenine L-Cysteine
CBS Vitamin B6 CBS or CSE
Low )
Cystathione H.S mtROS NLRP3inflammasome
CSE :
MST

3-Mercaptopurate

CAT Inhibition of IL-1B,
L-Cysteine IL-18
CHOP inhibition
High H,S
levels during
sepsis

CASP1 and CASP11 inhbition

IL-1B inhbition

Enhanced IL-18 and IL-18 levels
due to enhanced expression of CASP1, AIM2, and
NLRP1b inflammasomes

Enhanced Organ damage

Figure 5 H,S production during sepsis and its impact on inflammasomes.

Notes: H,S is produced by the enzymatic action of CSE, CBS, CAT, and MST on the
amino acids |-cysteine and homocysteine (for details, see Wang?" At a lower level,
H,S inhibits NLRP3 inflammasome activation and the release of IL-1 and IL-18 via
inhibiting the generation of mtROS and CHOP activity required for the activation
of CASPI and CASPI |. However, at its higher levels observed during severe sepsis
or septic shock, H,S exerts proinflammatory action via enhancing the levels of IL-1
and IL- 18 through activating the CASPI, AIM2, and NLRPIb inflammasomes.
Abbreviation: mtROS, mitochondrial reactive oxygen species.

tion which further promotes the efflux of ATP from the
macrophages (Figure 4).2%2233 Thereafter, the binding of extra-
cellular ATP to a P2X_ receptor or the conversion of ATP into
adenosine via CD39 and CD73 and its binding to adenosine
A, receptors both cause activation of NLRP3 inflammasome
and CASPI1 during sepsis.!?t202% The Clq component of
CS acts as a negative regulator of inflammasome activation
during the uptake of apoptotic cells and directs macrophage
polarization via decreasing the cleavage of proCASP1 to
CASP1 required for the release of IL-1(3.%* Thus, the CS
components influence inflammasome during sepsis in a
wide variety of immune cells, and therapies targeting CS in
a cell-specific manner have the potential to target sepsis via
inflammasome modulation.

Autophagy, sepsis, and inflammasomes

Autophagy is considered one of the crucial innate immune
mechanisms against infectious agents invading the host and
plays an important role in inflammation.?>**¢ The major
intracellular signaling mechanisms controlling the induction
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of autophagy comprise AMPK, JNK/p38 MAPK pathways
generating ROS and regulating NF-xB transcription factor
regulated by TLRs (ie, TLR4, TLRY, etc).?’2%° The induc-
tion of autophagy during sepsis provides protection to the
host against multiorgan dysfunction syndrome by prevent-
ing apoptotic cell death of immune cells, maintaining the
homeostatic cytokine balance between the production of
pro- and anti-inflammatory cytokines, and preserving mito-
chondrial functions,?**2% whereas any decline in the process
of autophagy during sepsis is associated with an increased
tissue and organ injury (ie, liver, brain, kidneys, etc).?*?* The
polymorphisms of the autophagy-related loci in the IRGM
gene are associated with high mortality in sepsis.*** However,
the induction of autophagy starts at the beginning of sepsis,
but its flux is lost after a short duration of hyperactivity.?*!247
Various strategies are used to restore the immune homeostasis
via modulating the autophagy during sepsis.?**?% Thus, a
regulated process of autophagy is essential to prevent exag-
gerated organ damage during sepsis.

It was found that loss of Atgl6L1 protein required for
the initiation of autophagy causes an increased production
of IL-1p and IL-18 by the macrophages upon LPS challenge
or during endotoxemia, due to overactivation of NLRP3
inflammasome and CASP1 in the presence of higher ROS
and oxidized mtDNA.?529252 Thus, increased autophagy
prevents an upregulated inflammasome activity responsible
for proinflammatory damage observed during sepsis. For
example, the inflammasome components, including NLRP3,
NLRP1, and pro-caspase 1, can also be degraded via the
process of autophagy through TRIM20 in the macrophages
stimulated with [FN-y.>3 Autophagy also controls the release
of IL-1P via targeting the degradation of pro-IL-1f as it
sequesters into autophagosomes, and further increasing the
process of autophagy via rapamycin (an mTOR inhibitor)
caused its degradation and inhibited the release of mature
IL-1p during endotoxemia.?***% The inhibition of autophagy
increased the release of IL-1 in an NLRP3 inflammasome-
dependent manner due to increased generation of ROS.2542%
Also, activation of NLRP3 and NLRP4 inflammasomes
inhibits autophagy in a beclinl- and PINK1-dependent
manner during group A streptococcal infection responsible
for sepsis in humans and hyperoxia that causes an increased
ROS generation.?>6-2%8

An enhanced activation of NLRP3 inflammasome dur-
ing Pseudomonas aeruginosa infection in human macro-
phages prevents their intracellular killing without affecting
the generation of antimicrobial peptides, ROS, and NO.>°
This pathogen escape via activation of NLRP3 involves an

increase in LC-3-II protein and the formation of autopha-
gosomes leading to enhanced autophagy.>®® The deficiency
of Atg7 during P aeruginosa-induced abdominal infection
causes defective bacterial clearance, increased mortality,
bacteremia, and development of sepsis.?®® The deficiency of
Atg7 causes an aggravated release of IL-1P and pyroptosis
of macrophages due to the upregulation of NLRC4 inflam-
masome and its activity.’® NLRP6 inflammasome deficiency
was also found to cause defective autophagy among intestinal
epithelial cells and goblet cells, making them more suscep-
tible to persistent Citrobacter rodentium infection and their
dysbiosis to peripheral circulation causing sepsis.?*! SESN2
or Sestrin 2, a stress-inducible protein, suppresses sepsis by
inhibiting the NLRP3 inflammasome activation via inducing
mitophagy through mitochondrial priming to clear damaged
mitochondria in activated macrophages.?®> SESN2 promotes
the perinuclear clustering of mitochondria via mediating the
aggregation of SQSTMI1 and its binding to Lys63-linked
ubiquitins on the mitochondrial surface.?** Thereafter, SESN2
activates the specific autophagic machinery to degrade the
primed mitochondria through an increased expression of
ULKI protein, a mitophagy inducer. The increased SESN2
expression during sepsis/endotoxemia is further enhanced by
NO production through iNOS2 in the macrophages. Thus,
NO production during sepsis exerts an inhibitory action of
NLRP3 inflammasomes in both human and mice myeloid
immune cells via induction of SESN2.262263 SESN2~ mice
subjected to sepsis exhibit defective mitophagy which
causes increased activation of inflammasomes and enhanced
mortality.2®? Additionally, RIPK2 was also found to exert a
negative impact on NLRP3 inflammasome activation during
acute infections via inducing autophagy of mitochondria
(mitophagy) in a kinase-dependent manner by phosphorylat-
ing ULK1 protein and reducing CASP1 activation.® Thus,
autophagy and inflammasome activation are interrelated
processes playing an important role in the pathogenesis of
sepsis and its outcome.?*2% For example, autophagy inhib-
its inflammasome activation and inflammasome activation
inhibits autophagy.?’2® Therefore, therapeutics enhanc-
ing autophagy may indirectly decrease overactivation of
the inflammatory function of inflammasomes or inhibiting
inflammasomes during sepsis may enhance autophagy to
maintain the immune homeostasis during sepsis. This area
needs an urgent research priority to target sepsis.

H_S, sepsis, and inflammasomes
H,S is a gaseous transmitter/gasotransmitter that is produced
endogenously in many cell types, including the macrophages
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and endothelial cells, from cysteine due to the activity of
enzymes called CBS, CSE, CAT, and MST.*"**”' H_S plays an
important role in the modulation of cardiovascular function
including hypertension and ischemia—reperfusion injury.?’>?”*
For example, H,S protects from ischemia—reperfusion injury
via preserving the structure and function of myocardial mito-
chondria and decreasing the neutrophil infiltration, IL-13
secretion, and cellular necrosis.?’> However, the cardiac
dysfunction is a major problem in sepsis patients who had
undergone septic shock.””**”® H S is shown to protect the
mitochondrial function via inhibiting the generation of mtROS
that activates the NLPR3 inflammasome?” (Figure 5). The
decrease in mtROS by H,S involves S-sulfhydration of c-Jun
that enhances its transcriptional activity of SIRT3 and p62.
The H,S-mediated anti-inflammatory action in both murine
and human macrophages involves the inhibition of NLPR3
inflammasome via the inhibition mtROS production and ASC
oligomerization in vitro and in a mouse model of peritonitis?*
(Figure 5). H,S also inhibits the TLR4/NF-kB activation-
mediated inflammatory pathway, along with reducing the
expression of NLRP3, ASC, pro-caspase-1, CASP-1, IL-1,
IL-18, and CASP-3 that is regulated by TLR4 signaling.?®!
Thus, H_S exerts its protective action via inhibiting NLRP3
inflammasome-mediated proinflammatory action.

In animal model of sepsis, the inhibition of H,S or
its activation is proven beneficial to the hosts in terms of
their survival and reduced tissue/organ injury, including
myocardial injury, via improving neutrophil infiltration,
K*ATP channel activation, reducing TNF-a,, and increasing
IL-10 levels.?®22 The CLP-induced sepsis in mice causes
a significant increase in the plasma level of H,S along with
its synthesis in the liver 8 hours post-CLP2*? Thus, it can
be inferred that the beneficial and harmful effects of H,S
depend on its concentration and duration or stage of sepsis.
The beneficial effect of H,S during sepsis depends on the
inhibition of CHOP, which is a transcription factor and medi-
ates the unfolded protein response that plays a major role in
the induction of apoptosis.?®>28” CHOP is also involved in
the generation of IL-1 during endotoxemia or sepsis via
regulating the induction of CASP11 that is involved in the
maturation of pro-IL-1p via CASP1.2%2% Thus, CHOP inhi-
bition via H,S is also another mechanism of inflammasome
inhibition during sepsis to prevent exaggerated inflammation
and organ damage. Hence, H,S inhibits NLRP3 activation
via inhibiting mtROS generation and CHOP. However, at
later stages of sepsis including septic shock, its circulating
levels are increased due to the hepatic dysfunction causing
an impaired oxygen (O,) availability to the tissues.**** The

acute exposure of higher amount of H_S causes an increased
expression of IL-18, MyD88, and TLRY in addition to a
decreased expression of CCL12 and CXCR4.2 Further-
more, this acute expression of H,S increases the expression
of genes associated with inflammasome, including IL-1j,
CASP-1, and AIM2 (Figure 5). However, NLRP3 expression
was decreased, but NLRP1b was upregulated upon H,S treat-
ment.” H,S has a great potential to act as a prognostic marker
of septic shock and its severity level becomes higher in septic
patients within 12 hours of onset of sepsis.****** Even H,S
can be detected in the exhaled pulmonary gases of patients
with sepsis.* Thus, H,S negatively regulates NLRP3 at all
concentrations, but increases the proinflammatory action of
NLRP1b inflammasome at its higher level, aggravating the
sepsis-associated organ damage. Thus, H,S acts as a novel
gasotransmitter regulating the function of inflammasomes
during sepsis at all levels. Future studies will prove beneficial
in this direction as H,S donors have therapeutic potential for

both acute and chronic inflammatory diseases.*’

Prostanoids, eicosanoids, inflammasomes,

and sepsis

Prostanoids are lipid mediators synthesized from a 20-carbon
unsaturated fatty acid called arachidonic acid by the action
of enzymes called cyclooxygenases (COX-1 and COX-2) or
PG G/H synthase.?®*° COX-1 plays an important role in the
generation of prostanoids during homeostasis, while COX-2
is induced by proinflammatory cytokines, shear stress, and
tumor promoters and serves as a major source for prostanoid
biosynthesis during inflammation.?”® Sepsis is shown to alter
vasoconstriction via modulating prostanoids’ levels (Figure
6).3% The generation of prostanoids is also regulated by
IL-1PB generated due to the activation of inflammasomes,
and mice lacking COX-2 are defective in producing IL-18
cytokine.®3%! Bacterial flagellin or anthrax lethal toxin-
mediated systemic activation of NAIP5/NLRC4 inflam-
masomes causes dysregulated production of eicosanoids
called eicosanoid storm (a profound or pathological release
of signaling lipids, including PGs and leukotrienes, causing
a rapid initiation of inflammation and vascular fluid loss),
which proves highly lethal to the host due to the rapid loss of
vascular fluid into the intestine and peritoneal cavity (Figure
6).3023%3 The eicosanoid generation due to the inflammasome
activation occurs due to the activation of cytosolic PLA2 in
the peritoneal macrophages.’®® The NLRP3 inflammasome
activation is also shown to activate leukotriene B4 that further
activates PGE2 via IL-1B/IL-1R signaling.’** However, an
exogenous administration of leukotriene B4 inhibits NLRP3
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Figure 6 Schematic representation of the relationship between prostanoids, eicosanoids, sepsis, and inflammasomes.

Notes: Overactivation of inflammasomes is seen in sepsis, which also exhibits overproduction of prostanoids and eicosanoids. These prostanoids and eicosanoids exert
their impact on vascular tone and vascular contractility and induce vascular leakage. Additionally, at the immune cell level, a prostanoid called PGE2 causes induction of PKA
via acting through EP4 receptors expressed on the macrophages, which directly inhibits NLRP3 inflammasome by binding to Ser295. Also, PGE2 activates RIPK2 via EP3,
which activates MAP kinases and NF-kB causing activation of NLRC4 inflammasomes. The activation of NLRC4 inflammasome increases the systemic levels of IL-18 and IL-
1B cytokines, while PGD?2, via acting through DPI, induces the production of PYDC3 protein that directly inhibits NLRP3 inflammasome overactivation. See text for detail.
Abbreviations: 5,14-HEDGE, N-[20-hydroxyeicosa-5(Z), | 4(Z)-dienoyl]glycine; 20-HETE, 20-hydroxyeicosatetraenoic acid; DP |, D-prostanoid receptor |; PG, prostaglandin.

inflammasome and IL-1 release.** Furthermore, 15-deoxy-
A21%.PGJ2 and related cyclopentenone PGs inhibit CASP1
activation via inhibiting NLRP1 and NLRP3 inflammasome
activation through preventing the autoproteolytic cleavage
of CASP-1 and, thus, the maturation of IL-1J through the
induction of a cellular state inhibitory to CASP-1 proteolytic

function.’® Thus, cyclopentenone PGs acts as anti-inflamma-
tory molecules via inhibiting CASP1, NLRP1, and NLRP3
inflammasomes. The PGE2 via PGE2 receptor E-prostanoid
4 enhances the activity of PKA that directly inhibits NLRP3
inflammasome activation via direct phosphorylation of cyto-
plasmic NLRP3 at Ser295 and inhibits its ATPase activity
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(Figure 6).*% Additionally, PGE2 via E-prostanoid 4 also
increases the intracellular levels of cAMP which further
decreases NLPR3 inflammasome activation.*”” Thus, eico-
sanoids both inhibit and enhance inflammasome activation
and this mechanism needs to be identified clearly.

The PG E2-E type PG receptor 3 (PGE,-EP3) signal-
ing is shown to activate NLRC4 inflammasome and the
secretion of IL-1B and IL-18 via RIPK2 that activates
NF-xB signaling and MAP kinases upon infection.>*!3% In
addition, the COX-2-dependent generation of prostanoids
in endothelial cells (ECs) plays an important role in the
vascular functions of ECs, which gets dysregulated during
sepsis and results in septic shock and organ damage.’®
Thus, it will be interesting to delineate the relationship
between inflammasome activation and prostanoid genera-
tion during sepsis to develop future therapeutic to prevent
vascular dysfunction or vascular leakage seen during sepsis.
Inhibition of prostanoids by 20-hydroxyeicosatetraenoic
acid (an w-hydroxylation product of arachidonic acid that
is produced by CYP/CYP450 [CYP] enzymes, mainly by
the CYP4A and CYPA4F isoforms, in the kidney, heart, liver,
brain, lung, and vasculature) and N-[20-hydroxyeicosa-
5(2),14(Z)-dienoyl]glycine during sepsis is shown to inhibit
vasodilation, hypotension, tachycardia, and inflammation in
a rat model of septic shock.*!*3!! This can be attributed to
the inhibition of NLRP3 and NLRC4 inflammasome also
and needs to be investigated. Another study has indicated
the negative effect of PG D2 on inflammasome activa-
tion during certain infections via D-prostanoid receptor 1
that stimulates the induction of a putative inflammasome
inhibitor called PYDC3 in CD11b* myeloid cells including
monocytes/macrophages and microglial cells (Figure 6).32
PYDC3 acts as PYD only protein lacking other ligand-
binding domains and inhibits the process of inflammasome
nucleation via direct binding.>'? In addition to PYDC3,
POP1 and POP3 (pyrin domain-only proteins) also act as
negative regulators of NLRP3 and ALR inflammasomes
and prevent their overactivation.’'**!* POP1 inhibits ASC-
dependent inflammasome assembly through prevention of
inflammasome nucleation, which interferes with CASP-1
activation, IL-1P and IL-18 release, pyroptosis, and the
release of ASC particles.’> POP1 expression is regulated
by other inflammatory signals mediated by TLR and IL-1R
signaling that also affect prostanoid or PG synthesis. Thus,
it will be interesting to observe the impact of prostanoids
on POP1 and POP3 expression during sepsis. It can be
suggested that inflammasomes and prostanoids impact
each other in both directions and the regulation of one

affects the other. The relationship between inflammasomes
and prostanoids needs to be understood for forming better
therapeutics to manage sepsis.

Immunosuppression during sepsis and

inflammasomes

Sepsis-associated immunosuppression/immunoparalysis
proves detrimental to the host and makes it prone to develop
secondary infections even after full recovery.®#3!> This is
because it lasts for longer duration due to severe damage
acquired by the host immune system, including paralyzed
DCs and macrophages.?'®3!7 Activation of inflammasomes is
amajor regulator of the release of proinflammatory cytokines
IL-1p and IL-18 and the induction of death of macrophages
and DCs via pyroptosis or necroptosis. However, the death
of these immune cells contributes to the development of
immunosuppression/immunoparalysis observed during
the late stage of sepsis.® Additionally, conventional T-cells
(CD4", CD8*, and CD4*CD8" T-cells) are also lost during
early sepsis and further aggravate the immunoparalysis.’'3
Also, an upregulation and profound activation of Tregs at
the later stages of sepsis is the major contributor to the
development of immunosuppression.’'*32° A recent study
has identified the existence of NLRP3 inflammasome and
its activation for the normal Thl immune response medi-
ated by CD4* T-cells.?” Another study has indicated the
role of NLRP3 inflammasome activation in the migration
of CD4* T-cells to the distant organs due to the upregulation
of chemotactic proteins including osteopontin, CCR2, and
CXCR6.!2* Thus, it would be interesting to investigate the
role of the inflammasome in T-cell function, migration, and
their death during sepsis.

Another mechanism that can contribute to the sepsis-
associated immunosuppression involves the Foxp3~ type
one regulatory (Trl) cells which suppress NLRP3 activa-
tion via an IL-10—dependent mechanism.?*! The activation
of Tr1 cells causes the release of IL-10 that, in turn, inhibits
the release of maturation of pro-IL-1p, release of mature
IL-1B, and inflammasome-mediated activation of CASP1
in macrophages stimulated with LPS and ATP?' It should
be noted that IL-10 is a major immunosuppressive cytokine
that gets elevated during sepsis.’?*>2 Also, a higher level of
IL-10 is shown to regulate the transition from early reversible
sepsis to the late phase of irreversible septic shock in labora-
tory animals.’?® Thus, inflammasomes play an essential role
during both the stages of immune response (ie, exaggerated
activation of immune response and immunosuppression)
observed during sepsis.
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Therapeutic targeting of

inflammasomes to manage sepsis

Inflammasomes play an important role in inflammation via
regulating the initiation of the inflammatory cascade through
regulating the release of IL-1( and IL-18 cytokines, immune
cell (ie, neutrophils, monocytes etc) chemotaxis and infiltra-
tion, and direct recognition of cytosolic pathogens and their
PAMPs. Thus, molecules targeting inflammasomes will prove
beneficial to control the exaggerated systemic inflammation
and inflammatory organ damage during sepsis. In addition
to increasing the release of IL-1f and IL-18 cytokines via
activating CASP1, the NLRP3/ASC inflammasome complex
inhibits the maturation and release of IL-33 cytokine.*?73%
Thus, IL-33 levels are decreased in the circulation during
sepsis. IL-33 works by binding to ILIRL1 or ST2 that
belongs to IL-1 superfamily.’?**° The binding of IL-33 to
membrane-bound ST2 initiates MyD88/NF-xB signaling
which increases the mast cell function and Th2- and Treg-
mediated immune response.*****! However, this protective
action of IL-33 is lost due to the inhibition of its maturation
and release by NLRP3 inflammasome-mediated activation
of CASP1 that inactivates IL-33. This is because activation
of mast cells causes prompt release of TNF-o. due to their
property of storing presynthesized cytokine during acute
bacterial peritonitis.**? In addition to a decrease in circulat-
ing IL-33 during sepsis, the serum levels of soluble ST2
also increases, which acts as decoy receptor for IL-33 that
further lowers IL-33 levels by sequestering it.*3%333-33 Exog-
enous administration of soluble ST2 in septic mice leads to
decreased IL-6 and TNF-o. levels,**® which further indicates
that the IL-33—mediated activation of mast cells is inhibited
giving an initial proinflammatory signal via releasing presyn-
thesized TNF-o and IL-6. IL-33 cytokine therapy in a mouse
model of sepsis exhibits protective action.**” IL-33—treated
animals exhibited increased neutrophil infiltration that is
required to kill the pathogens efficiently when their number
can be easily controlled. This can be explained as the [L-33—
mediated activation of peritoneal mast cells that initiate the
very first signal for neutrophil infiltration via releasing the
presynthesized TNF-a and 1L.-6.%323%% Furthermore, 1L-33
treatment decreased systemic inflammation, leaving the local
proinflammatory response intact, which is required to kill the
pathogen at its niche acting as a source for bacteremia and,
thus, the sepsis. The increased neutrophil infiltration into the
peritoneum can also be expected due to the upregulation of
CXCR2 on neutrophils as a result of inhibition of GRK2
expression.**” GRK2 is a serine—threonine protein kinase that
induces internalization of chemokine receptors. However, it

does not activate an immunologic shift from a Th1 immune
response to a Th2 immune response.’*’ The activation of
peritoneal mast cells during bacterial peritonitis inhibits the
phagocytic capacity of peritoneal macrophages via releasing
prestored IL-4.3* Thus, it will be interesting to observe the
effect of [L-33 treatment on the levels of IL-4.

Various phytochemicals and chemicals (MCC950) have
been identified and developed that target inflammasomes dur-
ing diverse sterile inflammatory conditions mentioned.340342
For example, MCC950 is shown to control the endothelial
overexpression of adhesion molecules during the inflam-
matory process observed during sepsis.!*® Furthermore,
MCC950 regulates inflammation via targeting both NLRP3-
dependent canonical CASP1 and non-canonical activation
of CASP11 required for IL-1P release and pyroptosis dur-
ing endotoxemia in mice.** Thus, this molecule has a great
potential to be used during sepsis for controlling severe
systemic inflammation and inflammatory organ damage.
In addition, a ketone body called B-hydroxybutyrate is also
shown to inhibit NLRP3 inflammasome via inhibiting K*
efflux and ASC oligomerization and prevent the synthesis
and release of proinflammatory cytokines IL-1[3 and IL-18.3#
Ketone bodies are small lipid-derived molecules that serve
as a circulating energy source for tissues during shortage of
energy, that is, due to fasting or prolonged exercise.***3% An
altered ketone body metabolism and changes in their levels
in the systemic circulation due to its impaired synthesis by
the liver during sepsis are observed.’*’>% These ketone bodies
exert anti-inflammatory action under diverse inflammatory
conditions via different mechanisms including targeting and
modulating HDACs and activating GPCRs and PPAR-¢1.34¢

PPARs are nuclear receptors that have three isoforms
(ie, PPAR-0, PPAR-B, and PPAR-Y) and play an active role
in various cellular processes (ie, lipid metabolism, glucose
homeostasis, implantation, embryonic development, bone
formation, adipogenesis, insulin sensitivity, inflammation,
etc).® The activation of PPAR-o. and PPAR-y via drugs
such as fenofibrate and pioglitazone (PIO) has been found
to inhibit NLRP3 inflammasome and CASP1 activation
under diverse inflammatory conditions.?*!*>2 Previously, it
was found that the activation of PPAR-y with rosiglitazone
and PIO during sepsis prevented cardiac dysfunction and
mortality, along with increasing bacterial clearance.’%3-3% A
reduced expression of PPAR-a is associated with decreased
survival and increased bacterial load in a polymicrobial sepsis
model.*” This can be attributed to the decreased activation of
NLRP3 inflammasome and CASP1 required for IL-1f and
clearance of intracellular bacteria.’>” Thus, B-hydroxybutyrate
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analogs, MCC950, and PPAR agonists including fenofibrate
and PIO have a novel potential to be used during sepsis to
prevent inflammatory organ damage and mortality.
Thalidomide has been found to exhibit protective
action in a mouse model of sepsis and pneumonia due to
its immunomodulatory action alone or in combination
with antibiotics.>*®**! A recent study has also shown that
thalidomide exerts its immunomodulatory action by inhibit-
ing NLRP3 inflammasome and CASP1 required to release
IL-1pB and IL-18.3%2 Thus, thalidomide is a broad-spectrum
immunomodulatory agent that also inhibits inflammation
via targeting NLRP3 inflammasome and CASP1 activation.
Another molecule called cytokine release inhibitory drug
3 (CP-456773) blocks ASC oligomerization, a crucial step
required for the activation of canonical inflammasome sig-
naling pathway, and is also found to exert immunomodula-
tory action.*33%* Recently, a new molecule called OLT1177
(B-sulfonyl nitrile compound) was found to be orally active
in inhibiting NLRP3 inflammasome oligomerization and
activation through inhibiting the interaction between NLRP3
and ASC and the interaction between NLRP3 and CASP1.3%
Treatment of a mouse model of endotoxemia/sepsis with
the compound caused a significant decrease in IL-1p and
IL-18 levels in tissue homogenates, oxidative stress, and
an enhanced oxidative metabolism in the muscle tissues.>®
Interestingly, this compound is considered safe in humans.
Shikonin is a highly lipophilic naphthoquinone deriva-
tive derived from the roots of the plant called Lithospermum
erythrorhizon belonging to the Boraginaceae family.>* Shi-
konin and its derivatives are the major active components
in the Chinese traditional medicine called Zicao which is
used due to its antibacterial, antiviral, anti-inflammatory,
and antipyretic action. A study by the authors has shown
that shikonin inhibits the NLRP3 inflammasome-dependent
maturation of proIL-1P as well as AIM2 inflammasome.>*
Thus, it inhibits the process of ASC oligomerization along
with directly inhibiting the activation of CASP1. Another
plant extract derived from the plant Artemisia princeps of
the Asteraceae family has also shown NLRP3 and AIM?2
inhibitory action via reducing ASC phosphorylation, its
oligomerization, and speck formation required for the activa-
tion of canonical inflammasome signaling.¢3%® Treatment of
animals with 4. princeps extract also reduced the levels of
the proinflammatory cytokines including IL-1f in a mouse
model of peritonitis.**® Additionally, another naturally occur-
ring compound known as sulforaphane isolated from the veg-
etables of Brassicaceae or Cruciferae was also found to inhibit
NLRC4 and NLRP3 inflammasomes without affecting AIM2

in a mouse model of peritonitis.*® Sulforaphane directly
inhibits the expression of NLRP3 gene and proIL-1f during
the priming step and further inhibits the secretion of IL-13
and mtROS generation.*® Thus, the continuous development
in molecular biology and immunology tools along with the
advances in pharmacology and natural chemistry have led to
the development and identification of novel inflammasome
inhibitors with negligible toxic effects. Hence, molecules
directly targeting inflammasomes can be ascribed as future
therapeutic agents to target sepsis-associated inflammation
and inflammatory organ damage, alone or in combination
with other potential drugs and antibiotics. Inflammasome
targeting comprises an area of sepsis research with great
therapeutic potential.

Future perspective

Sepsis is a disease of dysregulation of immune response
against an infection that can be easily contained in humans
with normal immune response, but not in newborns or older
group of people or persons having some chronic diseases
(ie, type 2 diabetes mellitus [T2DM], obesity, etc) where it
impacts the effectiveness of the innate immune response.’’*37
Both diabetes and obesity are also associated with impaired
functions of inflammasomes. For example, an overactivated
NLRP3 inflammasome in the immune cells is associated with
both obesity and insulin resistance and T2DM.3753% Thus,
one can speculate that pre-existing dysregulated inflam-
masome function may predispose these persons to develop
sepsis from an infection that can be easily taken care of in
otherwise healthy persons. One reason can be decreased
autophagy during obesity and T2DM that has been observed
in both conditions.*®-** Even the activation of FXR or BAR
is shown to negatively regulate NLRP3 inflammasome and
CASP1 activation via physical interaction during cholestasis-
associated sepsis.** The targeting of FXR (Fexaramine) also
has a great potential to target obesity that have potential to
impact NLRP3.%¥7 Thus, these FXR agonists can be used to
target NLRP3 inflammasome due to the negative effect of
FXR activation on NLRP3 inflammasome and CASP1. For
example, GW4064 is a molecular agonist for FXR and inhib-
its NLRP3 inflammasome in FXR-independent manner.
GW4064 inhibits the oligomerization and ubiquitination
of ASC, a critical step for NLRP3 inflammasome activa-
tion, and partially protects from the symptoms of NLRP3-
dependent inflammatory diseases including sepsis in animal
models. Hence, targeting specific inflammasomes, FXR,
and autophagy during sepsis can be a future patient-based
specific therapeutic approach. In addition to autophagy,
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other specific molecules or mediators released during early
or late stages (ie, C5a, C3a, adenosine, ROS, HMGBI1, H.S,
prostanoids, eicosanoids, etc) of sepsis have great potential
to impact inflammasome function and vice versa during the
pathogenesis of sepsis.

Inflammasomes were first discovered by Dr Jiirg Tschopp
in the year 2002 to identify the LPS (responsible for endo-
toxemia and endotoxic shock during gram-negative bacterial
sepsis)-mediated activation of CASP1 as an inflammatory
complex playing a role in the release of IL-1p. Since their
discovery, inflammasomes have been studied in detail in
various chronic sterile inflammatory conditions including
different tumors, neurodegenerative diseases, atherosclerosis,
and autoimmune diseases such as systemic lupus erythe-
matosus, rheumatoid arthritis, juvenile idiopathic arthritis,
experimental autoimmune encephalomyelitis, and multiple
sclerosis in humans. But continuous research in the field tar-
geting host—pathogen interaction has also established them as
potent intracellular PRRs for a wide variety of pathogens that
can lead to the development of sepsis if remained unchecked
without an effective clearance. Thus, a perfect time has come
where we are equipped with advanced molecular biology,
omics, and immunology tools for closing the Pandora’s
box of inflammasomes to understand more precisely their
role in the immunopathogenesis of sepsis and its targeting.
For example, NLRP3 inflammasome-deficient mice show
resistance toward polymicrobial sepsis due to increased
production of proresolving lipid mediator lipoxin B4 that
exerts anti-inflammatory and anti-pyroptotic effects.’®
Future studies in the direction are immediately required as
targeting inflammasomes has a novel potential to serve as a
panacea for sepsis.
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