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Abstract

Burns are an underestimated serious injury negatively impacting survivors physically, psycholog-
ically and economically, and thus are a considerable public health burden. Despite significant
advancements in burn treatment, many burns still do not heal or develop serious complica-
tions/sequelae. The nucleotide-binding oligomerization domain-like receptors (NLRs) family pyrin
domain-containing 3 (NLRP3) inflammasome is a critical regulator of wound healing, including
burn wound healing. A better understanding of the pathophysiological mechanism underlying
the healing of burn wounds may help find optimal therapeutic targets to promote the healing
of burn wounds, reduce complications/sequelae following burn, and maximize the restoration of
structure and function of burn skin. This review aimed to summarize current understanding of the
roles and regulatory mechanisms of the NLRP3 inflammasome in burn wound healing, as well as
the preclinical studies of the involvement of NLRP3 inhibitors in burn treatment, highlighting the
potential application of NLRP3-targeted therapy in burn wounds.
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Highlights

* NLRP3 inflammasome activation is beneficial in acute burn wound healing.

* Persistent and dysregulated NLRP3 inflammasome activation is associated with non-healing burn wounds and complications/
sequelae following burn.

* Targeted activation of NLRP3 inflammasome signaling in early burn wounds and targeted inhibition of NLRP3 inflamma-
some signaling in non-healing burn wounds and complications following burn may represent novel therapeutic strategies for
burn injuries.
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Background

Burns are among the most common injuries caused by heat,
fire, electricity, chemicals or radioactive substances [1-3].
Analysis of the Global Burden of Disease 2017 on thermal
injuries in 195 countries and regions revealed 8,991,468
new thermal injuries worldwide, with 120,632 deaths [2].
Globally, the incidence of burns and the age-standardized
disability-adjusted life-years due to burns has declined
significantly from 1990 to 2017; however, some low-income
and middle-income regions, such as East Asia, Southern
Latin America, and high-income Asia-Pacific, still showed
an increase in incidence [2]. A study on child unintentional
injury surveillance in four low- and middle-income countries
(Bangladesh, Colombia, Egypt and Pakistan) showed that
17% of children with thermal injury were disabled for
>6 weeks and 8% were permanently disabled [4]. According
to a Spanish study, the total annual cost of burn patients
was as high as US$313 million [5]. Burns are a serious
public health problem with high mortality and a negative
impact on the physical, psychological and economic well-
being of individuals, families and communities [2,6]. Despite
great progress made in early fluid resuscitation, infection
management, wound management and coverage, nutritional
support, organ support, and treatment of comorbidities,
many burns still fail to heal or develop severe complications/
sequelae [7-10].

The nucleotide-binding oligomerization domain (NOD)-
like receptors (NLRs) family pyrin domain-containing
3 (NLRP3) inflammasome is a key component of the
innate immune system, which serves as a platform for the
secretion of pro-inflammatory cytokines [11,12]. Many
studies have demonstrated the crucial role of NLRP3 in
wound healing, including burn wound healing [13-17]. A
better understanding of the pathophysiological mechanism
underlying the healing of burn wounds can help find optimal
therapeutic targets to promote the healing of burn wounds,
reduce complications/sequelae following burn, and maximize
the restoration of the structure and function of burn skin. This
review summarizes the current understanding of the roles
and regulatory mechanisms of the NLRP3 inflammasome
in burn wound healing, as well as the preclinical studies
of NLRP3 inhibitors in burn treatment, highlighting the
potential application of NLRP3-targeted therapy in burns.

Review

Wound healing and burn wound healing

Wound healing is a complex, dynamic and highly ordered
biological process typically including four phases: hemostasis,
inflammation, cell proliferation and tissue remodeling
[18,19] (Figure 1). Hemostasis occurs immediately after
injury and involves vasoconstriction, followed by the
adherence and aggregation of platelets at the wound site.
These platelets become amorphous and release chemical
signals to activate fibrin [18,19]. Activated fibrin, on
the one hand, forms a clot to occlude ruptured blood

vessels; on the other hand, it releases bioactive factors that
recruit inflammatory cells to the wound site [18,20,21].
The formed fibrin clot serves as a temporary matrix for
subsequent wound healing [18,20,21]. Hours after injury, the
inflammatory response is activated by pathogen-associated
molecular patterns (PAMPs) or danger-associated molecular
patterns (DAMPs) [22,23]. Inflammatory cells, primarily
polymorphonuclear neutrophils (PMNs) and monocytes, are,
in turn, recruited to the wound site to eliminate debris,
dead cells and bacteria [7,24]. PMNs are the first cells
recruited to injured tissue. They are sentinels of the innate
immune system, playing an important role in the early
stages of wound healing [24,25]. PMNs defend against
pathogens through phagocytosis or release of neutrophil
extracellular traps [26]. Once the task of PMNs is complete,
they are engulfed and degraded by macrophages as circulating
monocytes enter the wound site and differentiate into pro-
inflammatory M1-like phenotype [27]. Macrophages not
only serve as phagocytic cells, but also promote the release of
pro-inflammatory cytokines, such as interleukin-18 (IL-18),
IL-18 and tumor necrosis factor-a (TNF-a), which trigger
the innate immune response [27,28]. The inflammation lasts
from weeks to months depending on the severity of the
injury. A well-orchestrated immune response is critical for a
proper healing process, whereas a persistent and dysregulated
immune response can negatively influence wound closure
and tissue repair [20,29]. After the inflammatory phase,
wound healing enters the proliferative phase involving the
recruitment and activation of fibroblasts, vascular endothelial
cells and keratinocytes to the wound [18,20,21]. The
proliferative phase is characterized by replacement of the
temporary matrix formed in the hemostasis phase with a
connective tissue matrix, neovascularization, granulation
tissue formation, collagen deposition, wound contraction
and re-epithelialization [18,20,21]. In this phase, the phe-
notype of macrophages changes from a predominantly pro-
inflammatory M1-like phenotype to an anti-inflammatory
M2-like phenotype [7,30,31]. The final phase of wound
healing is tissue remodeling, which is characterized by
collagen rearrangement along tension lines, granulation tissue
degradation, vascular regression, fibroblasts transformation
to myofibroblasts and replacement of type III collagen by
type I collagen in the granulation tissue [7]. Optimal wound
healing depends on the availability of sufficient cells from the
bone marrow and a balance between pro-inflammatory and
anti-inflammatory mediators [7,32]. For successful wound
healing, all four phases must occur in the proper sequence and
time frame. The desired wound healing outcome is to close
the damaged wound and restore the structure and function
of the damaged tissues and organs [20,29].

The healing process of burn wounds is similar to that of
general wounds; however, it is more complicated and has
its own unique characteristics [33,34]. First, the inflamma-
tory cascade is triggered multiple times during burn wound
healing. Burn surgery, burn complications such as infection,
burn sepsis, and burn-induced acute lung, kidney or liver
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Figure 1. Four phases of physiological wound healing and the major events involved. Physiological wound healing is generally divided into four phases:
hemostasis, inflammation, cell proliferation and tissue remodeling. Hemostasis occurs immediately after the injury and lasts for minutes to hours, involving
vasoconstriction, platelet aggregation and leucocyte migration at the wound site. Inflammation ensues, lasting hours to days or months, and is characterized by
the infiltration of PMNs and monocytes, differentiation of monocytes into pro-inflammatory M1 macrophages, and release of pro-inflammatory cytokines. The
NLRP3 inflammasome is activated in macrophages in the inflammation phase. The proliferative phase usually lasts for days to weeks and is characterized by
neovascularization, granulation tissue formation, collagen deposition, wound contraction, re-epithelialization and a change in the phenotype of macrophages
from a pro-inflammatory M1 to an anti-inflammatory M2 phenotype. The tissue remodeling phase lasts for weeks to months, or even years, and is characterized
by collagen rearrangement, granulation tissue degeneration, vascular regression, fibroblast-to-myofibroblast transformation and replacement of type Il collagen
by type | collagen. PMNs polymorphonuclear neutrophils, NLRP3 nucleotide-binding oligomerization domain-like receptors family pyrin domain-containing 3

injury may also trigger an inflammatory response [33,35,36].
Second, the coordinated immune response is distorted in
severe burns, leading to a persistent and uncontrolled inflam-
matory response, also known as a burn-induced hyperin-
flammatory state [7,25]. The hyperinflammatory state is
accompanied by increased release of immature neutrophils

and sustained release of pro-inflammatory cytokines [7,25].
Instead of promoting wound healing, the hyperinflammatory
state leads to widespread hypermetabolic responses, systemic
inflammatory response syndrome, tissue and organ damage
and delayed wound healing [7,15]. Third, moderate-to-severe
burns are accompanied by severe systemic involvement, such
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as hypovolemic shock, infection, sepsis and even multiple
organ failure, most of which are due to the widespread
inflammatory response of the body [35,36]. Fourth, infection
occurs not only at the burn site but also in distant organs
such as the lungs, urinary tract and blood, which can be
fatal. Infection further exacerbates the hypermetabolic state
[35]. Fifth, burn-induced hypovolemic shock is mainly due to
capillary leakage, resulting in the redistribution of fluid from
intravascular to interstitial space [36]. Tissue edema and fluid
accumulation result in impaired tissue perfusion and oxygen
delivery, eventually leading to dysfunction and injury of the
lungs, liver, gastrointestinal tract, heart and even multiple
organs. Sixth, burn wounds are associated with profound and
persistent hypermetabolic responses [36]. These hyperme-
tabolic responses can persist for up to 24 months, with nearly
50-fold increases in the plasma catecholamines, cortisol and
inflammatory factors [7,15]. The hypermetabolic responses
after burns are characterized by hyperdynamic cycling, insulin
resistance, and increased protein and lipid catabolism. Also,
they are associated with increased resting energy expenditure,
systemic protein loss, muscle atrophy, poor wound healing,
multiple organ dysfunction and even death [7,15].

NLRP3 inflammasomes

Inflammasomes, which are key sentinels of the innate
immune system, are large cytoplasmic multiprotein signaling
complexes playing critical roles in defense against pathogens
and cell damage [37-39]. They assemble in response to
a variety of stimuli, triggering a cascade of downstream
responses such as the release of pro-inflammatory cytokines
and pyroptotic cell death [37-39]. Several inflammasomes
have been described, including NLRP1, NLRP2, NLRP3,
NLRP6, NLRP7, NLR-family apoptosis-inhibitory protein 2
(NAIP2), NAIPS, NAIP6, NLR-family caspase activation and
recruitment domain (CARD)-containing 4 (NLRC4), absent
in melanoma 2 (AIM2) and pyrin [39-41].

The NLRP3 inflammasome is the most thoroughly
studied inflammasome. It is vital in innate immune defense,
homeostasis maintenance, and initiation and propagation
of inflammatory responses [38,42,43]. Major reports on
the NLRP3 inflammasome involve its expression and
role in tissue-resident and infiltrating immune cells, such
as monocytes, macrophages and dendritic cells, besides
reports on functional NLRP3 activity in parenchymal cells,
such as hepatocytes, keratinocytes and podocytes [44—
48]. However, Kunte et al. showed no NLRP3 inflam-
masome activity in kidney epithelial cells, even when the
NLRP3 variant was expressed in podocytes [49]. The
Human Protein Atlas showed that NLRP3 RNA was
expressed primarily in blood and immune cells, with
some expression in Schwann cells and microglial cells
(https://www.proteinatlas.org/ENSG00000162711-NLRP3/
single+cell+type) (Figure 2). Single-cell RNA in human skin
showed that NLRP3 was expressed primarily in macrophages
and Langerhans cells (a type of tissue-resident macrophage),
but not in keratinocytes, melanocytes, endothelial cells or

smooth muscle cells (https://www.proteinatlas.org/ENSG000
00162711-NLRP3/single+cell+type/skin) (Figure 2).

The NLRP3 inflammasome is composed of a sensor
(NLRP3), an adapter (apoptosis-associated speck-like protein
containing a caspase recruitment domain; ASC) and an
effector (pro-caspase-1) [42,50] (Figure 3). NLRP3 is a
tripartite protein consisting of an N-terminal pyrin domain
(PYD), a central nucleotide-binding and oligomerization
domain (NOD; also referred to as NACHT), and a C-terminal
leucine-rich repeat domain [50]. The ASC is a bipartite
protein composed of an N-terminal PYD and a caspase-
recruitment domain (CARD) [50,51]. Pro-caspase-1 contains
three domains: an N-terminal CARD, a central large catalytic
subunit domain (p20, LS), and a C-terminal small catalytic
subunit domain (p10, SS). The CARD is linked with the large
catalytic subunit domain by a CARD domain linker (CDL),
and the large subunit is linked with the small subunit by the
interdomain linker (IDL) [11,50] (Figure 3).

NLRP3 inflammasome activation is a strictly regulated
process that typically requires both priming and activation
signals [11,50]. Priming of the NLRP3 inflammasome occurs
through the binding of PAMPs or DAMPs to pattern-
recognition receptors such as Toll-like receptors (TLRs), or
through the binding of cytokines such as IL-18 and TNF-«
to their respective receptors [11,50,52]. Upon ligand binding
to the receptor, nuclear factor kappa B (NF-«B) is activated
and translocated to the nucleus, where it upregulates the
transcription of NLRP3, pro-IL-18 and pro-IL-18 [11,50]. In
macrophages, pro-IL-1p is not constitutively expressed under
resting conditions and NLRP3 expression is insufficient to
initiate inflammasome activation [53,54]. Thus, activating
the NLRP3 inflammasome in macrophages requires priming
and activation steps [53,54]. In contrast, human monocytes
can form the NLRP3 inflammasome in the absence of priming
[55].

The priming step licenses the cell, whereas the activation
step induces assembly and full activation of the NLRP3
inflammasome in the cell [50]. The NLRP3 inflammasome
can be activated by a wide variety of exogenous PAMPs
associated with microbial-derived substances, and endoge-
nous DAMPs associated with cell-derived substances [54,56].
These chemically and structurally unrelated stimuli trigger a
common cellular event leading to cytosolic protein NLRP3
activation [42]. How NLRP3 responds to various signaling
events and initiates the assembly and activation of the NLRP3
inflammasome has been controversial [42]. Mitochondrial
dysfunction, lysosomal damage, reactive oxygen species and
ion flux have all been proposed to trigger NLRP3 activation
[11,57-59]. However, these proposed mechanisms are impor-
tant for NLRP3 activation in response to some stimuli, but
not all [11].

Chen and Chen found that different NLRP3 stimuli led
to the disassembly of the trans-Golgi network (TGN), and
then the dispersed TGN (dTGN) acted as a scaffold for
NLRP3 aggregation and oligomerization and subsequent
activation [42]. The NLRP3 inflammasome activation model
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Figure 2. NLRP3-enriched cells. Single-cell RNA in humans showing NLRP3 RNA is enriched in blood and immune cells (upper). Single-cell RNA in human skin
shows that NLRP3 is expressed primarily in macrophages and Langerhans cells (lower). Data from the Human Protein Atlas (https://www.proteinatlas.org/).
NLRP3 nucleotide-binding oligomerization domain-like receptors family pyrin domain-containing 3

is similar to the “guard model” in plants [11]. Oligomerized
NLRP3 on dTGN recruits ASC through the interaction of
the PYD of NLRP3 with the PYD of ASC [42]. The binding
of NIMA-associated kinase 7, a serine/threonine kinase,
to the leucine-rich repeat domain of NLRP3 is necessary
for the formation of NLRP3 and adapter ASC complexes,
ASC specks, and caspase-1 activation [60]. Multiple ASCs
aggregate to form ASC specks, and then the assembled

ASC specks recruit pro-caspase-1 through CARD-CARD
interactions [42,56]. Inactive pro-caspase-1 is converted into
a catalytic active form by the autoproteolytic removal of
CARD and IDL [11,50]. Once pro-caspase-1 clusters on
ASC, pro-caspase-1 self-cleaves at the IDL to generate a
complex of p33 (comprising the CARD and p20) and p10,
which is bound to ASC but still has proteolytic activity
[11,50]. Subsequently, pro-caspase-1 further self-cleaves at
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Figure 3. Priming and activation of the NLRP3 inflammasome. Priming of the NLRP3 inflammasome is provided by the binding of PAMPs, DAMPs or cytokines
(IL-18 and TNF-«) to their respective receptors. Upon binding of the ligand to the receptor, NF-«B is activated and translocated to the nucleus, where it upregulates
NLRP3, pro-IL-18 and pro-IL-18. The NLRP3 inflammasome is activated by a variety of PAMPs or DAMPs that induce multiple signaling events such as disassembly
of the trans-Golgi network, Kt efflux, Ca?* flux and mtROS production. The dispersed TGNs serve as scaffolds for NLRP3 aggregation and oligomerization.
Oligomerized NLRP3 recruits ASCs, and multiple ASCs aggregate to form ASC specks, which then recruit pro-caspase-1. Inactive pro-caspase-1 forms active
caspase-1 by autoproteolysis. On the one hand, caspase-1 cleaves pro-IL-18 and pro-IL-18 into mature bioactive IL-18 and IL-18, respectively; on the other hand,
caspase-1 cleaves GSDMD, and N-GSDMD forms a membrane pore, triggering pyroptosis. NLRP3 nucleotide-binding oligomerization domain-like receptors
family pyrin domain-containing 3, TNF« tumor necrosis factor-«, TNFR tumor necrosis factor receptor, /- 1R IL-1 receptor, PAMPs pathogen-associated molecular
patterns, DAMPs damage-associated molecular patterns, NF« B nuclear factor-«B, IL-18 interleukin-18, IL-18 interleukin-18, pro-IL-18 interleukin-18 precursor,
pro-IL-18 interleukin-18 precursor, mtROS mitochondrial reactive oxygen species, TGN trans-Golgi network, dTGN dispersed TGNs, Ptdins4P
phosphatidylinositol-4-phosphate, PYD pyrin domain, NACHT nucleotide-binding oligomerization domain, LRR leucine-rich repeat, CARD caspase-recruitment
domain, LS large catalytic subunit domain, SS small catalytic subunit domain, CDL CARD domain linker, IDL interdomain linker, GSDMD Gasdermin D, N-GSDMD
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the CDL and releases the unstable p20-p10 tetramer from pro-IL-18 and pro-IL-18 into their mature and bioactive
the ASC-pro-caspase-1 complex, leading to the formation forms IL-18 and IL-18, which are then released from the cells.
of the caspase-1 active form, the tetramer of two p20/p10 On the other hand, caspase-1 cleaves gasdermin D (GSDMD),
heterodimers [11,50]. Upon activation, caspase-1, on the and the cleaved N-terminus of GSDMD (N-GSDMD)
one hand, cleaves the potent pro-inflammatory cytokines forms irregular membrane pores, triggering pyroptosis
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[11,50] (Figure 3). NLRP3/caspase-1-dependent IL-18/IL-18
release or NLRP3/caspase-1-dependent/GSDMD-mediated
pyroptosis is crucial in inflammatory disease, autoimmune
diseases, tissue injuries and other diseases [61-64].

NLRP3 inflammasomes in burns

The NLRP3 inflammasome is involved in coagulation,
inflammation, cell proliferation, angiogenesis and tissue
remodeling [15,65,66]. Activation of the NLRP3 inflam-
masome is a double-edged sword in burn wound healing
[13,14,67,68]. NLRP3 inflammasome activation is beneficial
in early burn wound healing, whereas prolonged and
dysregulated NLRP3 inflammasome activation leads to
adverse outcomes such as non-healing burn wounds and burn
complications/sequelae [13,67,68]. Therefore, the differential
control of NLRP3 inflammasome activation is required for
optimal burn wound healing.

Beneficial role of NLRP3 inflammasome in early burn wound
healing Once burns compromise the skin barrier, an inflam-
matory response primarily mediated by the NLRP3 inflam-
masome is triggered [13,69]. In human burn skin with a
mean total body surface area (TBSA) of 30.3% =+ 3.29%,
the gene and protein expression of NLRP3 and IL-18 (a by-
product of NLRP3 activation) increased 0-2 days after burn,
and the gene expression of IL-18 (a by-product of NLRP3
activation) increased 3-6 days after burn [13]. The results
obtained using both mouse and rat burn models were similar
to those obtained using human burn wounds [13,70]. In a
30-35% TBSA third-degree mouse burn model, the protein
expression ratio of cleaved to pro-caspase-1 and cleaved to
pro-IL-18 increased 0-2 days after burn compared with that
in the normal skin [13]. In a 30% TBSA deep second-degree
burn rat model, burn injury induced marked activation of the
NLRP3 inflammasome and cleavage of IL-18 in macrophages
in stasis zones [70]. In a 30% TBSA third-degree burn mouse
model, NLRP3~~ burn mice had fewer NLRP3-positive cells
in the dermis compared with wild-type (WT) burn mice
[13]. Compared with the WT burn mice, NLRP3~~ burn
mice exhibited impaired wound healing, reduced macrophage
infiltration, and decreased expression of pro-inflammatory
cytokines, chemokines and growth factors, but the early pres-
ence of and increased anti-inflammatory macrophages [13].
Blocking the activation of caspase-1, the end product of the
NLRP3 inflammasome pathway, with N-acetyl-tyrosyl-valyl-
alanyl-aspartyl chloromethyl ketone resulted in significantly
increased mortality in burn-injured mice [71]. Therefore,
the NLRP3 inflammasome plays a beneficial role in early
burn wound healing [13,14,72]. The NLRP3 inflammasome
enhances the defense of the innate immune system by modu-
lating inflammation and macrophage polarization [13,73].

Persistent and dysregulated NLRP3 inflammasome activa-
tion in non-healing burn wounds and complications/seque-
lae following burn Non-healing/chronic burn wounds and
complications/sequelae following burn, such as burn sepsis,

burn-induced kidney/lung/liver injury, keloids and scars, are
characterized by persistent and dysregulated inflammation
[15,67,74].

Non-healing burn wounds One of the hallmarks of cell
proliferation is the transition of macrophages from an M1
pro-inflammatory phenotype to an M2 anti-inflammatory
phenotype [31,73]. The impairment of this transition leads
to increased numbers of M1 pro-inflammatory macrophages
in wounds [31,73]. M1 macrophages exhibit strong NLRP3
inflammasome activity, creating a feedback loop that keeps
the M1 macrophages in an inflamed state [31]. High
expression of NLRP-3, caspase-1, IL-18 and IL-18 was
observed in macrophages isolated from wounds of patients
with type 2 diabetes mellitus whose wounds lasted for at
least 3 months [75]. In a diabetic db/db mouse model of full-
thickness skin excision wounds, IL-18 and IL-18 expression
in macrophages remained elevated 10 days after wounding
[75]. Sustained activation of the NLRP3 inflammasome
resulted in delayed corneal wound healing and impaired
nerve regeneration in WT mice with diabetes, whereas corneal
epithelial wound closure and neurogenesis were significantly
accelerated in NLRP3™~ mice with diabetes [76]. These
studies suggested that the NLRP3 inflammasome was a
key regulator of chronic inflammatory response in wounds
of humans and mice with diabetes. In injured patients,
including burn patients, marked pathophysiological changes
and persistent chronic inflammatory state disrupt the timely
progression of wound healing, leading to impaired wound
closure and ultimately, chronic wound and delayed recovery
[20,29,31,77].

Burn sepsis Autopsy studies have shown that ~61% of
deaths in burn patients were attributable to infectious
complications [7,78]. Sepsis was the leading cause of death
in burn patients [35,68]. The NLRP3 inflammasome orches-
trates burn-induced, inflammatory-driven pathophysiologic
processes [13]. A study evaluating NLRP3 inflammasome
gene expression among healthy controls and non-septic and
septic adult burn patients in the early (0-11 days after burn)
and later (>12 days after burn) stages showed that non-
septic burn patients had increased gene expression of IL-18,
IL-18 and NLRP3 compared with healthy controls in the
early stages, but the expression of NLRP3 inflammasome
components returned to baseline or control levels in the
later stages [68]. However, in the later post-burn period,
NLRP3 inflammasome gene expression was significantly
higher in septic burn patients than in controls and non-
septic burn patients [68]. The mice were subjected to a
two-hit model of 25-30% TBSA scald burn, followed by
Pseudomonas aeruginosa wound infection 72 h after burn,
to further explore the roles and mechanisms of the NLRP3
inflammasome in burn sepsis. The results showed that
NLRP3 ™~ mice with burn sepsis had 30% increased survival
and bacterial clearance at the injury site compared with WT
mice with burn sepsis. Also, these mice had more macrophage
and neutrophil infiltration at the injury site and adipose tissue
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at 12 h after infection, and subsequently in lymphoid organs
and liver [68]. Collectively, the persistence and dysregulation
of NLRP3 inflammasome activation are common features
of burn sepsis and are associated with poor prognosis.
Targeted inhibition of the NLRP3 inflammasome heralds
a new therapeutic intervention to improve burn sepsis and its
poor prognosis [13,68].

Burn-induced acute lung injury and acute respiratory distress
syndrome Acute lung injury (ALI) and acute respiratory
distress syndrome (ARDS) may occur due to inhalation
injury or may be mediated by post-burn inflammatory
response, especially when burns are accompanied by shock,
infection, sepsis or delayed resuscitation [79]. ALI and
ARDS are the most serious complications associated with
high mortality [80]. In addition, inhalation injury is an
independent predictor of mortality in burn patients [79].
Therefore, early and optimal ALI and ARDS intervention is
critical to improve the prognosis of burn patients.

The lung wet-to-dry weight ratio, lung NLRP3 and
caspase-1 protein expression, and serum TNF-a, IL-8, IL-
18 and IL-18 concentrations all significantly increased in
rat models of ALI induced by 30% TBSA third-degree
burns compared with rats in the sham group [81,82].
Another study showed that the serum myeloperoxidase
activity and malondialdehyde content, as well as NF-«B
and matrix metalloproteinase-9 protein expression were also
significantly higher in the lungs of rats in the burn group
compared with those in the sham group [81]. In another
ALI model of rats with 40% TBSA third-degree burns, the
rats in the burn group showed diffuse exudative changes and
obvious pathological changes, such as pulmonary interstitial
congestion, edema, hemorrhage, alveolar capillary wall
rupture and extensive inflammatory cell infiltration, 12 and
24 h after burn [83]. The expression levels of NLRP3 and
caspase-1 proteins, and the concentrations of IL-18 and IL-
18 were significantly higher in the lung tissue of rats in the
burn group compared with those in the sham group [83]. In
a burn rat model of simulated aviation medical evacuation,
rats exposed to 30% TBSA third-degree burns plus normoxia
had significantly increased release levels of IL-18, IL-6
and mitochondrial deoxyribonucleic acid in serum, and
significantly increased expression of NLRP3 inflammasome,
malondialdehyde content and myeloperoxidase activity in the
lung compared with normal rats [84]. Burn plus hypobaric
hypoxia exposure further exacerbated this situation [84].
All these studies suggest the involvement of the NLRP3
inflammasome in the pathogenesis of ALI and ARDS after
burn. Inhibition of the NLRP3 inflammasome protects
against ALI and ARDS induced by burn injury [81-84].

Hypertrophic scarring and keloids Burn patients are prone
to devastating sequelae, such as hypertrophic scarring
and keloids, even after burn healing, resulting in altered
skin appearance and dysfunction [85]. The incidence of
hypertrophic scar after burns is as high as 91% [86]. A study

of human burn tissue showed that the NLRP3 inflammasome
was activated in burn skin 0-2 days after burn and its levels
returned to baseline by 7-10 days after burn [85]. However,
the expression of cleaved caspase-1, IL-18 and IL-18 was
upregulated in human keloids 7-10 days after burn compared
with burn and normal skin, suggesting NLRP3-mediated
inflammation in keloids and possibly contributing to a
persistent inflammatory state [85]. Persistent inflammation
and immune cell infiltration lead to increased fibroblast
activity, excessive collagen synthesis, insufficient matrix
degradation and remodeling, and persistent extracellular
matrix deposition [85].

Low-grade metabolic inflammation plays an essential role
in the pathogenesis of scarring [86]. Pro-inflammatory M1
macrophages favor glycolysis [87]. Increased glucose influx
and glycolysis regulate the priming and activation of NLRP3
[85]. The expression of glucose transporter 1 (Glutl) and
glycolytic genes such as hexokinase, phosphofructokinase,
pyruvate dehydrogenase kinase 1 and pyruvate kinase M2
was upregulated in keloids and burn skin compared with
normal skin, indicating enhanced glycolysis [85]. The expres-
sion of Glutl was significantly higher in keloid burn skin
compared with non-keloid burn skin [85]. The fibroblasts
isolated from keloids, hypertrophic scars and fibrosis had
higher glucose influx and lactate production compared with
normal fibroblasts [85].

Drugs targeting the NLRP3 inflammasome in burns
Healing of chronic burn wounds and management of compli-
cations/sequelae following burn are challenging public health
problems worldwide. Despite the important roles of the
NLRP3 inflammasome in burns and complications/sequelae
following burn, the available treatments remain limited
[88]. Several NLRP3 inflammasome activation inhibitors,
including MCC950, 3,4-methylenedioxy-B-nitrostyrene
(MNS), glyburide and Bay 11-7082, have been used to
target the NLRP3 inflammasome in burn treatment in
animals [70,82,89,90]. The development of molecules and
drugs directly targeting NLRP3 or indirectly targeting
inflammasome components or related signaling events
heralds a new therapeutic intervention to improve the adverse
outcomes of burns and opens a new chapter in burn treatment
[91,92].

MCC950 MCC950, a diarylsulfonylurea-containing com-
pound, is a potent and selective small molecule that
inhibits NLRP3 activation [93,94]. MCC950 specifically
inhibited NLRP3 activation, without affecting NLRC4,
NLRP1, AIM2, TLR signaling or NLRP3 priming, in mouse
bone marrow-derived macrophages and human monocyte-
derived macrophages. Also, it blocked NLRP3-induced ASC
oligomerization but not K* efflux, Ca** flux or NLRP3-ASC
interaction [95]. MCC950 did not lead to a complete block
of IL-18 production during infection, thereby maintaining
the anti-infection response [95].
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In streptozotocin (STZ)-induced male C57BL/6 mice
with diabetes, the subconjunctival injection of MCC950
promoted diabetic corneal wound healing, accelerated re-
epithelialization, improved corneal sensation and nerve fiber
density, and reduced corneal NLRP3 and IL-18 mRNA
transcription and IL-18 protein levels [96]. MCC950
pretreatment in mice reduced the expression of NLRP3,
ASC, IL-18 and cleaved caspase-1; inhibited the expression
of IL-18, IL-6, IL-8, IL-18 and TNF-o; and decreased
malondialdehyde content and lactate dehydrogenase activity
in canine corneal stromal cells infected with Streptococcus
pseudointermedius [97]. This suggested that MCC950
attenuated inflammatory responses. However, these findings
were inconsistent with the results of some studies. Lee et al.
showed no significant differences in wound closure, re-
epithelialization or angiogenesis in WT mice and genetically
obese Ob/Ob mice treated with MCC950 compared with
control mice in a mouse model of full-thickness excisional
wounds [91]. No significant differences in the number of
macrophages or polarization were observed in wounds of
Ob/Ob mice between control and MCC950-treated groups
[91]. Deuis et al. showed that NLRP3~~ mice, caspase-
17"~ mice and mice administered with MCC950 exhibited
normal development of mechanical and thermal allodynia in
a superficial burn model of left hind paw, suggesting that the
NLRP3 inflammasome played a limited role in burn-induced
pain [90]. Further studies are needed to demonstrate the exact
potential of MCC950.

Glyburide Glyburide is a clinically approved second-
generation sulfonylurea that reduces blood glucose con-
centrations and glycohemoglobin levels [98]. In addition,
it also acts as an NLRP3 activation inhibitor [13,99]. Vinaik
et al. showed that daily glyburide-treated WT burn mice (0-
7 days after burn) exhibited decreased expression of IL-18
and IL-18, reduced dermal collagen deposition, decreased
macrophage infiltration and increased number of M2
macrophages compared with untreated burn WT mice [13].
The timing of glyburide administration was critical for wound
healing [13]. Delayed glyburide-treated (3-7 days after burn)
burn WT mice had more collagen deposition and macrophage
infiltration compared with daily glyburide-treated burn
WT mice [13]. Delayed glyburide-treated burn WT mice
mimicked untreated burn WT mice in terms of wound healing
and histological features, whereas the daily glyburide-treated
burn WT mice resembled burn NLRP3~~ mice, both with
impaired wound healing [13]. In vitro, glyburide prevented
lipopolysaccharides + adenosine triphosphate (ATP)-induced
caspase-1 activation, IL-18 secretion and macrophage death
[100]. However, glyburide was not a specific inhibitor of the
NLRP3 inflammasome [13,100]. It also inhibited the P2X7
receptor and the ATP binding cassette subfamily A member 1
and prevented microbial ligand-, DAMP- and crystal-induced
IL-18 secretion [100].

Bay 11-7082 Bay 11-7082, a previously identified NF-«B
inhibitor, selectively and irreversibly inhibits TNF-a-induced

nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor-alpha (IxBe) phosphorylation [101,102].
Recent studies showed that Bay 11-7082 was also a selec-
tive inhibitor of the NLRP3 inflammasome that inhibited
IL-18 secretion, ATPase activity in the NACHT domain
of NLRP3, GSDMD pore formation and inflammasome-
mediated pyroptosis [103,104]. The histopathology showed
that an intraperitoneal injection of 15 umol/kg BAY11-7082
attenuated burn-induced ALI and decreased myeloperoxi-
dase activity, inflammatory cytokine levels in lung tissue and
protein concentrations in bronchoalveolar lavage fluid in a
30% TBSA third-degree burn rat model [82]. BAY 11-7082
blocked the activation of the NLRP3 inflammasome, reduced
IL-18 and IL-18 levels, and improved impaired healing pat-
terns in the skin incision wound model of genetically diabetic

(db™/db™) mice [105].

MNS MNS, a spleen tyrosine kinase kinase inhibitor,
was previously reported to inhibit platelet aggregation
and tumor cell growth, and induce apoptosis [106,107].
It inhibits NLRP3 inflammasome activity by blocking
inflammasome assembly [108,109]. Further study showed
that MINS specifically blocked NLRP3-mediated ASC speck
formation and oligomerization without blocking NLRP3
agonist-induced potassium efflux [108]. MNS treatment
inhibited burn-induced NLRP3 inflammasome activation,
reduced the production of inflammatory cytokines and neu-
trophil infiltration, improved burn wound blood perfusion,
promoted burn wound healing, and shortened wound re-
epithelialization time in a 30% TBSA deep second-degree
burn rat model [70].

Other drugs Other drugs shown to improve complications/
sequelae following burn by inhibiting NLRP3 inflammasome
activation include artemisinin, apelin, sodium butyrate (NaB),
B-hydroxybutyric acid (HBA), etc. [89,92,109]. In wvitro,
artemisinin down-regulated the protein levels of NLRP3
and caspase-1 and inhibited the increase in IL-18 and
IL-18 mRNA expression in burn sepsis serum-stimulated
macrophages. In vivo, artemisinin reduced inflammatory
cytokine production in serum, levels of adhesion molecules
and neutrophil infiltration in the lung and heart, and
mortality in mice with burn sepsis [109]. Apelin treatment
inhibited NLRP3 inflammasome activity, reduced plasma
inflammatory cytokine levels, and reduced mortality in male
rats with 40% TBSA third-degree burns [89]. In C57BL/6
mice with unilateral central corneal alkali burns, NaB- and
HBA-treated corneas remained transparent and had reduced
mRNA levels of NLRP3, caspase-1 and IL-18 compared with
vehicle-treated burned corneas [92]. Blocking the NLRP3
pathway reduced inflammation and improved corneal
clarity [92].

Conclusions

NLRP3 inflammasome activation plays a beneficial role in
physiological/acute burn wound healing. Also, persistent and
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dysregulated NLRP3 inflammasome activation is associated
with non-healing burn wounds and complications/sequelae
following burn. Therefore, the targeted activation of NLRP3
inflammasome signaling in early burn wounds, and the tar-
geted inhibition of NLRP3 inflammasome signaling in non-
healing burn wounds and complications following burn, may
represent novel therapeutic strategies for burn injuries.
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