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Significance: Chronic skin wounds are a significant health problem around the
world, often leading to amputation and even death. Although persistent in-
flammation is a hallmark of these poorly healing wounds, few available
therapies have been designed to target inflammation. In this review, we
summarize available evidence of the role of the NOD-like receptor pyrin do-
main containing 3 (NLRP3) inflammasome in impaired wound healing and
describe strategies to inhibit the inflammasome to improve wound healing.
Recent Advances: The NLRP3 inflammasome plays an important physiologi-
cal role in skin wound healing, during which transient inflammasome activity
contributes to both epidermal and dermal healing. In contrast, sustained ac-
tivity of the NLRP3 inflammasome leads to impaired epidermal and dermal
healing associated with diabetes. Of importance, preclinical studies have
demonstrated that inhibiting the NLRP3 inflammasome-induced resolution of
inflammation, increased granulation tissue formation and collagen deposition,
and accelerated reepithelialization and wound closure.

Critical Issues: NLRP3 inflammasome inhibitors have appealing potential for
translation into therapies for chronic wounds. Although preclinical studies
have shown promising results, there is a need for human/clinical studies to
evaluate dosing formulations, potential therapeutic effects, dose-response
relationships, and possible side effects.

Future Directions: Among strategies to inhibit the NLRP3 inflammasome,
glyburide, metformin, peroxisome proliferator-activated receptor agonists, and
the dipeptidyl peptidase 4 inhibitor saxagliptin appear to be closest to clinical
translation, as these drugs are already Food and Drug Administration ap-
proved for other indications. Future clinical studies are needed to develop
topical formulations of these drugs, and to assess the safety and efficacy of
these inhibitors, to improve healing of chronic wounds.

Keywords: wound healing, inflammation, diabetes, chronic wounds, NLRP3
inflammasome, macrophage

SCOPE AND SIGNIFICANCE
CHRONIC SKIN WOUNDS are a sig-
nificant health problem around the
world, often leading to amputation
and even death. Although a persis-
tent inflammatory response is a hall-
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mark of these poorly healing wounds,
few available therapies have been
designed to target inflammation.

The NOD-like receptor pyrin do-
main containing 3 (NLRP3) inflam-
masome is a multiprotein complex
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that plays an important role in initiating and
propagating inflammatory responses. In this re-
view, we summarize available evidence of the role
of the NLRP3 inflammasome in both physiological
and impaired wound healing and describe strate-
gies to inhibit the inflammasome to improve heal-
ing of chronic wounds.

TRANSLATIONAL RELEVANCE

A number of publications have demonstrated
the central role of the NLRP3 inflammasome in
chronic inflammation and impaired wound heal-
ing associated with diabetes. Preclinical studies
have demonstrated that inhibiting the NLRP3
inflammasome-induced resolution of inflamma-
tion, increased granulation tissue formation and
collagen deposition, and accelerated reepitheli-
alization and wound closure. There is now a need
for translation to human/clinical studies to eval-
uate dosing formulations, potential therapeutic
effects, dose-response relationship, and possible
side effects.

CLINICAL RELEVANCE

Despite the socioeconomic impact of chronic
wounds, the causes of impaired healing are not well
understood and current treatments are often inef-
fective. Successful translation of NLRP3 inhibitors
into clinical therapies would lead to tools for miti-
gating chronic inflammation in wounds, and im-
proving healing in conditions such as diabetes. In
turn, this could reduce downstream complications
such as amputation and death.

INTRODUCTION

Wound healing restores architecture and func-
tion of tissues and organs after damage, and thus is
critical for survival of all organisms. Wound heal-
ing involves sequential but overlapping phases of
hemostasis, inflammation, proliferation, and re-
modeling, and each phase involves complex inter-
actions between different cell types. For skin, this
involves inflammatory cells, endothelial cells, fi-
broblasts, and keratinocytes working together to
restore tissue structure and function.!

A number of studies have highlighted the criti-
cal role of the inflammatory response, orchestrated
by macrophages (Mp), in the wound healing re-
sponse. The Mp response is important not only for
the removal of debris and killing pathogens but
also the recruitment, proliferation, and activity of
other cell types.®® A number of publications dem-
onstrate that Mp produce proinflammatory factors

early during healing and then change phenotype to
release anti-inflammatory and prohealing factors
thus carrying out multiple essential functions in
the healing process.®>™®

Chronic wounds are nonhealing wounds in
which the physiological healing process is im-
paired, usually correlated with a disease or condi-
tion, such as diabetes mellitus (DM).® DM is the
most common metabolic disorder throughout
the world, affecting 463 million people in 2019. In
the United States, 25% of diabetic population suf-
fer with chronic wounds, which represents one of
the major causes of nontraumatic lower limb am-
putations with a postoperative mortality of 9-18%
over the past 15 years.” Despite its socioeconomic
impact, the underlying causes of impaired healing
remain poorly understood and effective treatments
are lacking.

A common characteristic of chronic wounds in DM
is a sustained inflammatory response, with persis-
tent accumulation of proinflammatory Mp.%® This
results in sustained production of proinflammatory
cytokines and proteases and reduced production of
growth factors, leading to decreased angiogenesis
and granulation tissue formation besides impaired
closure. Thus, DM disrupts the timely progression
through the stages of healing, leaving the wound in a
chronic inflammatory state.®

The NLRP3 inflammasome is a multiprotein
complex that plays an important role in initiating
and propagating inflammatory responses, through
its role in post-translational processing of proin-
flammatory cytokines such as interleukin 1 beta
(IL-1p) and interleukin 18 (IL-18).%% Activation of
the NLRP3 inflammasome is thought to first re-
quire assembly of the multiprotein complex, and
then activation of its effector enzyme caspase-1,
which is responsible for cleaving and activating the
pro-IL-1$ and IL-18 into their active forms to be
released.®”?

Although the NLRP3 inflammasome plays im-
portant physiological roles in infection control and
cytokine production, sustained activation can re-
sult in chronic inflammation and pathology, in-
cluding impaired wound healing associated with
DM.'® As such, NLRP3 inflammasome signaling
may represent a target for novel therapies to mit-
igate complications associated with chronic in-
flammation, such as those associated with DM.

This review will discuss published findings on
the role of NLRP3 inflammasome in regulating
the inflammatory response and progression of
physiological skin wound healing as well as its
role in impaired skin wound healing, with an
emphasis in its role in Mp function. We will also
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review publications on potential novel thera-
pies for chronic wounds targeting the NLRP3
inflammasome.

NLRP3 INFLAMMASOME AND THE
INFLAMMATORY RESPONSE

Many pathways contribute to the inflammatory
response and inflammatory cells can be activated
by a variety of signals including pathogen-
associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs).

Examples of PAMPs include pathogen-associated
particles such as lipopolysaccharide (LPS), found
in the surface of gram-negative bacteria; lipo-
teichoic acids, found in gram-positive bacteria; and
peptidoglycans found in either gram-positive or
gram-negative bacteria. DAMPs include a variety
of endogenous molecules released in conditions of
cellular damage or stress, such as extracellular
nucleotides (adenosine triphosphate [ATP]/adeno-
sine diphosphate), high mobility group box-1, and
serum amyloid A. Inflammatory cells recognize

these signals through pattern recognition recep-
tors (PRRs), including Toll-like receptors (TLRs),
Rig-I like receptors, and NLRs.

In general, these PRRs initiate signaling cas-
cades (e.g., TAK1, IKK, IRAK4, and MAPK) that
converge in the regulation of cytokines and che-
mokines transcription.®%!! Of importance, for
the purpose of this review, inflammasomes are
multiprotein complexes contained in PRRs family
that induce inflammation in response to microbes
and/or tissue damage, and the best characterized
is the NLRP3 inflammasome. Other inflamma-
somes that are known to contribute to inflam-
matory responses include NLRP1, NLRPG6,
NLRC4, and AIM2.'2 However, the focus of this
review is the NLRP3 inflammasome and in-depth
discussion of other inflammasomes is outside the
scope of this review.

The NLRP3 inflammasome multiprotein com-
plex includes NLRP3, apoptosis-associated speck-
like protein (ASC), NIMA-related kinase 7 (NEK7),
and pro-caspase-1, which can interact with an ar-
ray of activators and inhibitors (Fig. 1).*3

NLRP3-INFLAMMASOME TWO-STEP MECHANISM
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Figure 1. NLRP3-inflammasome two-step mechanism. The NLRP3 inflammasome is activated through a two-step mechanism. In step 1, called priming, NF-xB
signaling is induced by IL-1f, TNF-o, DAMPs, and PAMPs through specific receptors, leading to transcription of NLRP3 components and its effectors IL-1f and
IL-18. In step 2, called activation, ATP, pore-forming toxins, crystals/particulates and other cell metabolism stresses induce ROS formation. In turn, ROS
contribute to the assembly of active NLRP3, ASC, and pro-caspase-1, inducing NEK7 and deubiquitination of NLRP3. This multiprotein complex then activates
caspase-1, which in turn, cleaves pro-IL-15 and pro-IL-18 into active IL-1f and IL-18 and these cytokines are then released into extracellular space. ASC,
apoptosis-associated speck-like protein; ATP, adenosine triphosphate; DAMPs, damage-associated molecular patterns; DUB, deubiquitinase; IL-18, interleukin
1 beta; IL-18, interleukin 18; NEK7, NIMA-related kinase 7; NF-xB, nuclear factor kappa B; NLRP3, NOD-like receptor pyrin domain containing 3; PAMPs,
pathogen-associated molecular patterns; ROS, reactive oxygen species; TNF-o, tumor necrosis factor alpha; UB, ubiquitin.
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Expression and activity of this complex is induced
by both microbial and nonmicrobial stimuli in a two-
step mechanism, called priming and activation. The
priming step involves the upregulation of in-
flammasome components (e.g., NLRP3) and effectors
(e.g., pro-IL-1p). DAMPs, PAMPs, and inflammatory
cytokines such as tumor necrosis factor alpha (TNF-
o) and IL-1f can induce NLRP3 inflammasome
components and effectors through TLR/nuclear fac-
tor kappa B (NF-xB) signaling (Fig. 1).>!

The activation step can involve different trig-
gers, including extracellular ATP engaging with
Pannexin1/P2X7 receptor, pore-forming toxins and
crystals inducing ion influx/efflux (e.g., calcium,
potassium and chloride), and increased mitochon-
drial reactive oxygen species (ROS) production, all
contributing to inflammasome complex assembly
and subsequent activity (Fig. 1).

Factors such as endoplasmic reticulum stress,
mitochondrial dysfunction, and frustrated phago-
cytosis also contribute to increase ROS production
and, consequently, promote NLRP3 inflammasome
activity. Following complex assembly, pro-caspase-
1 is cleaved to form active caspase-1. In turn,
caspase-1 cleaves the pro-IL-1f and IL-18 into
their active forms. Detailed information on NLRP3
inflammasome signaling can be found in excellent
recent reviews,®%14-18

Recent studies have elucidated mechanisms by
which NF-xB and ROS pathways contribute to
NLRP3 inflammasome activity.'* TLR/NF-xB sig-
naling can induce deubiquitinases (DUBs) in a
ROS-dependent manner, and DUBs in turn can
promote NLRP3 complex assembly.!”1® ROS may
also induce assembly of NLRP3, ASC, and pro-
caspase-1 through induction of NEK7, a kinase
that acts downstream of potassium efflux partici-
pating in the assembly process and in the in-
flammasome activation.®®

In addition, in response to PAMPs and DAMPs,
different cell types including Mp produce TNF-«,
amplifying the response to extracellular ATP through
P2X7 receptor, inducing potassium efflux and, con-
sequently, ROS formation.'*?° TNF-o also activates
the NF-«B pathway, which in turn induces the tran-
scription of NLRP3 inflammasome components.

Moreover, neutrophil extracellular traps (NETs),
which play an important role in host defense, in-
teract with Mp activating NF-«B and thus con-
tributing to NLRP3 inflammasome activation.?!-?2
Therefore, TNF-¢ production, NF-kB induction,
and ROS formation contribute to the transcription
of inflammasome components and complex assem-
bly, as well as to a positive feedback loop promoting
NLRP3 inflammasome activity.

In addition to the many factors that promote
NLRP3 inflammasome activity, endogenous pro-
teins/regulators also can inhibit activity. Pyrin-
only proteins (POPs), CARD-only proteins (COPs),
and proteinase inhibitor 9 are NLRP3 inflam-
masome inhibitors.?2?> POP1 and POP2 regulate
NLRP3-inflammasome activation inhibiting NLRP3—
ASC interaction and preventing the complex assem-
bly, in primary human Mp and in murine models of
peritonitis.2*

Furthermore, POP1 and POP2 dampen exag-
gerated inflammatory responses and increase sur-
vival rate in murine models of bacterial infection
and LPS sepsis, decreasing expression of pro-
inflammatory cytokines.?®> In turn, COPs limit
inflammasome activation by competing with pro-
caspase-1 in NLRP3 complex assembly and thus
inhibiting formation of active caspase-1 in COS-7,
293T and HEK293 cells.?® Finally, proteinase in-
hibitor 9 is a serine proteinase inhibitor that can
directly inhibit caspase-1 activity, thus reducing
IL-18 activation.?”

The best described effectors of the NLRP3 in-
flammasome are IL-1 family members IL-18 and
IL-18, whereas IL-33 has been suggested to be
another effector. IL-1f is a proinflammatory cy-
tokine that signals through the IL-1 receptor type
1 (IL-1R). IL-18 can act to amplify inflammatory
responses, contributing to the increased expres-
sion of other inflammatory cytokines and chemo-
kines, cyclooxygenase type 2, adhesion molecules,
and nitric oxide synthase, and playing an impor-
tant role in the pathophysiology of different in-
flammatory diseases, including DM.2®

IL-1p induces a proinflammatory phenotype in
Mp, stimulating production of chemokine ligand 2
(CCL-2), VCAM-1, and TNF-2.%° IL-18 is known for
its ability to stimulate interferon-y production in
T cells and NK cells, and is a major mediator of
Thl responses, through the IL-18 receptor.?®3!
IL-33 was first described as an inducer of im-
mune responses activating T cells and mast cells,
besides mediating Th2 responses. New evidence
indicates that IL-33 activates innate lymphoid
cells, Treg cells, and NK cells, through the receptor
IL-1RL1.%*?

The NLRP3 inflammasome has been linked with
several inflammatory disorders, including athero-
sclerosis, Parkinson’s, Alzheimer’s diseases, obe-
sity, and DM.'® Accumulating evidence highlights
a central role for the NLRP3 inflammasome in
obesity-induced insulin resistance, with adipose
tissue Mp in obese and diabetic individuals ex-
hibiting increased levels and activity of the NLRP3
inflammasome.??
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The NLRP3 inflammasome has been shown to
play a significant role in DM pathophysiology,
contributing to impaired glucose and insulin sen-
sitivity. In the next section, we present evidence
that the NLRP3 inflammasome may also constitute
part of the positive feedback loop sustaining in-
flammation in chronic wounds, leading to impaired
skin wound healing in DM.

In short, the NLRP3 inflammasome is a key
driver of inflammation, playing essential role in the
innate immune system response to pathogens and
tissue damage. However, dysregulated NLRP3 in-
flammasome activation can drive persistent in-
flammation, which has been implicated in a host of
inflammatory disorders, contributing to the pro-
gression of several diseases.

NLRP3 INFLAMMASOME IN PHYSIOLOGICAL
SKIN WOUND HEALING

The NLRP3 inflammasome plays both physio-
logical and pathological roles in skin wound heal-
ing (Figs. 2 and 3). During wound healing, the
NLRP3 inflammasome is expressed in a number of
different wound cells, but Mo/Mp are the primary
producers of the NLRP3 inflammasome effector IL-
15, a cytokine that plays a central role in many
inflammatory responses, including skin wound

healing (Fig. 2).>*3° Another NLRP3 inflamma-
some effector IL-18 has also been reported to in-
crease early in inflammatory responses following
tissue injury; however, little is known about the
role of IL-18 in skin wound healing.3%-3¢

Our laboratory investigated the role of the
NLRP3 inflammasome in the early skin wound
healing process using NLRP3 and caspase-1-
deficient mice.®* Both NLRP3 and caspase-1-
deficient mice exhibited reduced IL-1 and TNF-«
levels and reduced accumulation of neutrophils
(Np) and Mp early in wound healing, indicating a
blunted early inflammatory response. Associated
with this blunted inflammatory response, NLRP3-
deficient and caspase-1-deficient mice exhibited
delayed reepithelialization, impaired angiogene-
sis, and granulation tissue formation.?*

In addition, topical treatment of wounds in
NLRP3-deficient mice with IL-1f partially rescued
reepithelialization and granulation tissue forma-
tion, supporting the hypothesis that the NLRP3/
IL-18 pathway is important for efficient wound
healing.?* Similar results were reported in a sub-
sequent study on skin wound healing in NLRP3
and ASC-deficient mice.?”

Consistent with these findings, burn injury in-
creased expression of NLRP3, IL-1f, and IL-18
early after injury, both in mice and in humans.>®

NLRP3-INFLAMMASOME IN SKIN WOUND HEALING
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Figure 2. NLRP3-inflammasome in skin wound healing: physiological healing. In physiological healing, the early inflammatory response is characterized by
expression of proinflammatory factors IL-1p, TNF-o, and ROS produced by classically activated Mp in part by NLRP3 inflammasome signaling. Induction of
NLRP3 inflammasome activity in proinflammatory Mp is stimulated by NETs, and by IL-18, TNF-o, and ROS. Proinflammatory Mp also expresses VEGF,
stimulating EC and angiogenesis. During the late inflammatory response, Mp transition to noninflammatory phenotype, expressing anti-inflammatory cytokine
IL-10 and growth factors TGF-f, IGF-1, and PDG-F. These factors contribute to recruitment, proliferation, and maturation of Kt, Fb, and EC, promoting
granulation tissue formation, and collagen deposition. EC, endothelial cells; Fb, fibroblasts; IGF-1, insulin-like growth factor 1; IL-10, interleukin 10; Kt,
keratinocytes; Mp, macrophages; NETs, neutrophil extracellular traps; TGF-$, transforming growth factor beta; VEGF, vascular endothelial growth factor.
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NLRP3-INFLAMMASOME IN SKIN WOUND HEALING
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Figure 3. NLRP3-inflammasome in skin wound healing: impaired healing. In impaired healing, a chronic inflammatory response is characterized by expression
of proinflammatory markers IL-18, TNF-o;, and ROS produced by proinflammatory Mp in part by NLRP3 inflammasome signaling. NETs, IL-1, TNF-«, and ROS, all
contribute to a proinflammatory feedback loop that sustains the inflammatory response. Mp remain stuck in a proinflammatory phenotype, compromising
expression of anti-inflammatory cytokine IL-10 and growth factors TGF-f, IGF-1, and PDGF. Dysregulated inflammation thus leads to reduced recruitment,
proliferation and maturation of other cell types involved in skin wound healing such as Kt, Fb and EC, compromising angiogenesis, granulation tissue formation,

and collagen deposition.

In NLRP3-deficient mice, burn wounds exhibited
reduced expression of IL-6, CCL-2, vascular endo-
thelial growth factor (VEGF), FGF-2, transforming
growth factor beta (TGF-f), and reduced Mp accu-
mulation, associated with impaired healing.

Of interest, systemic treatment with the antidi-
abetic drug glyburide, which inhibits the NLRP3
inflammasome, mimicked the effects of NLRP-3
deficiency, reducing wound inflammation, and im-
pairing healing if given early after burn injury.3®
But when treatment was initiated after the initial
inflammatory response, NLRP3 inhibition did not
compromise wound healing.?®

In addition, whereas compressive loading in-
creased levels of NLRP3, ASC, caspase-1, and
IL-1p in skin explants from young donors, such
induction was not observed in skin explants from
old donors.?® This impaired load-induced NLRP3
inflammasome expression may correlate with in-
creased risk of pressure ulcer development in older
individuals. These data support the hypothesis
that insufficient activity of NLRP3 inflammasome
compromise wound inflammation and healing in
diverse contexts.

NLRP3 INFLAMMASOME IN IMPAIRED SKIN
WOUND HEALING

In contrast to the positive role for NLRP3 in-
flammasome in physiological skin wound healing, a

number of reports demonstrate that NLRP3 in-
flammasome contributes to the chronic inflamma-
tion and impaired healing in diabetic wounds
(Fig. 3). Our laboratory reported that Mo/Mp iso-
lated from chronic wounds in diabetic patients and
poorly healing wounds in diabetic db/db mice ex-
hibit a proinflammatory phenotype that included
enhanced expression of NLRP3 inflammasome
components and downstream effectors IL-15 and
IL-18, but reduced expression of inflammasome
inhibitors proteinase inhibitor-9 and caspase-12.3¢
The wound environment appears to contribute
to this proinflammatory Mo/Mp phenotype through
ROS-mediated activation of NLRP3 inflamma-
some, because wound conditioned medium induces
a similar proinflammatory phenotype in both cul-
tured human and mouse Mp and antioxidants
N-acetylcysteine and diphenyleneiodonium chlo-
ride inhibit inflammasome activity in these cells.?®
Our group also demonstrated that an IL-1p
blocking antibody, and the NLRP3 inflammasome
inhibitors YVAD and glyburide, downregulate the
inflammasome activity and the proinflammatory
Mo/Mp phenotype induced by wound conditioned
medium in vitro or in wounds of diabetic db/db
mice.*® Furthermore, transferring bone marrow of
NLRP3-deficient or caspase-1-deficient mice to dia-
betic db/db mice downregulated inflammation, in-
creased levels of IGF-1, and TGF-§ in wounds and
improved wound healing in the diabetic mice.*®
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Other groups have reported similar findings,
including increased expression of NLRP3, caspase-
1, ASC, IL-18, and IL-18 in poorly healing wounds
of diabetic db/db mice and streptozocin (STZ)-
treated mice and rats.**?> One of these studies
highlighted a central role of IL-1f/IL-1R axis in
impaired healing of diabetic db/db mice, showing
that an IL-1R antagonist dampened inflammation
and accelerated reepithelialization in these mice.*?

Other studies have elucidated the role of ROS
and NETs in persistent activation of the NLRP3 in-
flammasome through CXCR2 and TLR signaling
through NF-xB during impaired wound healing in
diabetic humans, mice, and rats.2"*3 Of importance,
NETs digestion by local application of DNAse accel-
erated wound closure in diabetic rats, and systemic
treatment with ROS inhibitor N-acetylcysteine or
inflammasome inhibitor BAY 11-7082 improved
healing of incisional wounds in db/db mice or high-fat
diet (HFD) fed + STZ-injected rats.***®

These studies contrast with a study on mice fed a
HFD for 10 weeks, which showed elevated baseline
levels of NLRP3 components in skin but impaired
induction of these components after wounding, in-

dicating that the NLRP3 inflammasome may be
affected differently by states of insulin resistance
versus full blown diabetes.*® In another report,
components of the NLRP3 inflammasome have
been found to be induced by compressive loading of
skin explants from young but not old donors and
thus could contribute to pathophysiology of pres-
sure ulcers.?®

In summary, although the NLRP3 inflamma-
some appears to play a critical role in the inflam-
matory response during physiological wound
healing, sustained activation of the NLRP3 in-
flammasome appears to contribute to the chronic
inflammation and impaired healing in both human
and rodent diabetic wounds.

NOVEL STRATEGIES FOR TARGETING NLRP3
INFLAMMASOME IN CHRONIC WOUNDS
Because of the central role of the NLRP3 in-
flammasome in chronic inflammation and im-
paired wound healing associated with diabetes,
research on NLRP3-inflammasome inhibitors has
significant potential for translation into therapies

NLRP3-INFLAMMASOME INHIBITORS
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Figure 4. NLRP3 inflammasome inhibitors and mechanisms of action. Various compounds have been shown to target different aspects of NLRP3 in-
flammasome activation. Compounds inhibiting ROS: metformin and DPP-4 inhibitors. Compounds inhibiting K* efflux: glyburide. Compounds inhibiting ASC/
NLRP3 oligomerization: MCC950 and heparan sulfate. Compounds inhibiting active NLRP3, upon binding to NACHT domain: Tranilast, Bay 11-7082, and heparan
sulfate. Compounds inhibiting NF-xB: PPAR agonists, YVAD, and metformin. DPP-4, dipeptidyl peptidase 4; PPAR, peroxisome proliferator-activated receptor.
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Table 1. NOD-like receptor pyrin domain containing 3 inflammasome inhibitors investigated in the context of diabetic wound healing

Inhibitor Mechanism Study Type Reference
Glyburide Closure of potassium channel In vitro, in vivo 3647
Tranilast NLRP3 NACHT domain binding In vivo, clinical 48-50

YVAD NF-xB activity limitation

In vitro, in vivo 3650

MCC950 NLRP3-ASC oligomerization blocking In vitro, in vivo 51-53
Bay 11-7082 NLRP3 NACHT domain binding In vitro, in vivo 414554
PPAR agonists NF-xB activity limitation In vitro, in vivo 55,56
ON101 Limitation of NF-xB activity, ROS, NLRP3—ASC oligomerization and potassium efflux In vitro, in vivo, clinical 57-59
Metformin NF-xB activity limitation and ROS inhibition In vitro, in vivo 61-64

DPP-4 inhibitors
Heparan sulfate

ROS inhibition
NLRP3 and ASC downregulation

65-70
71-73

In vivo, clinical
In vitro, in vivo

ASC, apoptosis-associated speck-like protein; DPP-4, dipeptidyl peptidase 4; NF-xB, nuclear factor kappa B; NLRP3, NOD-like receptor pyrin domain
containing 3; PPAR, peroxisome proliferator-activated receptor; ROS, reactive oxygen species.

for chronic wounds. Strategies reported so far in-
clude direct inhibitors that target inflammasome
components, effectors or upstream/downstream
signaling and inhibitors that have an indirect and
less well understood effect on inflammasome ac-
tivity. In this section, we review preclinical studies
focusing in NLRP3 inflammasome as a target to
improve healing of diabetic wounds. NLRP3 in-
flammasome inhibitors and mechanisms of action
are illustrated in Fig. 4 and summarized in Table 1.

Direct inhibitors

Glyburide. Glyburide is an antidiabetic drug of
the sulfonylurea class that has been investigated
for treating diseases other than diabetes including
inflammatory bowel disease, melioidosis, and
leishmaniasis. Glyburide was shown to inhibit ac-
tivation of the NLRP3 inflammasome in response
to various DAMPs and PAMPs through a mecha-
nism different from that involved in its antidiabetic
activities—inflammasome inhibition does not re-
quire the cyclohexylurea group of glyburide, but
does require the benzamido and sulfonyl groups for
optimal inhibition 3¢’

Glyburide induces closure of ATP-sensitive po-
tassium channels, leading to inhibition of NLRP3
activation. As noted previously, treatment of skin
wounds in diabetic db/db mice resulted in reduced
levels of IL-1f and IL-18, consistent with reduced
activity of NLRP3 inflammasome, leading to accel-
erated reepithelialization and increased granula-
tion tissue formation and collagen deposition.>®
Because glyburide is an established Food and Drug
Administration (FDA)-approved drug with an ex-
cellent safety profile, repurposing for wound healing
may be an appealing strategy.

Tranilast (N-[3,4'-dimethoxycinnamoyl]). Tran-
ilast is an anthranilic acid analog of a tryptophan
metabolite with anti-allergic and anti-inflammatory
properties. Tranilast is used clinically in Japan, South

Korea, and China for treatment of keloid and hyper-
trophic scars.*® However, the drug is not FDA ap-
proved in the United States. The mechanism of action
of Tranilast involves direct binding to the NACHT
domain of NLRP3, suppressing NLRP3 inflamma-
some assembly and preventing activation.*®*°

In diabetic rats, a combination ointment contain-
ing solid tranilast nanoparticles enhanced skin
wound closure, reduced redness, and increased col-
lagen deposition, although effects on NLRPS3 in-
flammasome activity or components were not
assessed.”® In a murine burn model, tranilast
showed no significant effects on wound closure, but
did decrease mast cell number, collagen production,
TGF-p, and histamine levels.?® Consistent with this
study, a number of reports indicate the therapeutic
potential of tranilast to prevent and treat scar and
keloids by reducing collagen deposition.552

Despite wide clinical use in Asia, further inves-
tigation is needed to reveal the potential thera-
peutic effects of tranilast on different aspects of
healing in diabetic wounds.

Caspase-1 inhibitor YVAD. YVAD is a synthetic
tetrapeptide and irreversible inhibitor of caspase-1.
YVAD was found to reduce levels of IL-1f and IL.-18 in
skin wounds of diabetic db/db mice, consistent with
NLRP3 inflammasome inhibiting activity, leading to
accelerated reepithelialization and increased collagen
deposition.®® Another report showed that YVAD de-
creases P-P38 and P-IxB expression, downregulating
NF-kB activity, and limiting NLRP3-inflammasome
priming in a murine acute gastric injury model.*®

MCC950. MCC950 or CP-456773, a
diarylsulfonylurea-containing compound, is a
NLRP3 inflammasome inhibitor that is thought
to block NLRP3-induced ASC oligomerization.?*
The compound reduced IL-1f in murine models
and cells from patients with multiple sclerosis,
Cryopyrin-associated periodic syndrome, and Muckle—
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Wells syndrome. Treatment with MCC950 also de-
creased IL-1f levels and Np infiltration, and induced
a prohealing Mp phenotype following injury to the
cornea, resulting in accelerated reepithelialization
in STZ-induced diabetic mice.*

In contrast, one study showed that topical treat-
ment with MCC950 did not alter skin reepithelializa-
tion in skin wounds of diabetic ob/ob mice.”®
Characterization of MCC950 indicated that the com-
pound, specifically targets NLRP3, and does not in-
hibit the major antimicrobial inflammasomes NLRC4
and NLRP1, thus preserving anti-infection responses.

Bay 11-7082. Bay 11-7082 is an NLRP3 in-
flammasome activation inhibitor that targets AT-
Pase activity in the NACHT domain of NLRP3,
which is necessary for NLRP3 inflammasome as-
sembly and activation.*® The compound is also a
NF-xB inhibitor and induces phosphorylation of
IxBo, thus acting both directly and indirectly on
NLRP3 inflammasome.*’

In diabetic db/db mice, topical treatment of skin
wounds with Bay 11-7082 accelerated wound closure
and reepithelialization and decreased NLRP3 in-
flammasome components and effectors, including
caspase-1, IL-18, and IL-18.57 In STZ-induced dia-
betic rats, treatment of skin wounds with Bay 11-7082
showed a similar result, increasing wound closure
and decreasing NLRP3-inflammasome components
such as NLRP3, ASC, caspase-1, and IL-1f.** Despite
these encouraging preclinical results, human studies
appear not to have yet been performed.

Indirect inhibitors

Peroxisome proliferator-activated receptor ago-
nists. Peroxisome proliferator-activated receptor
(PPAR)-«, -7, and -6 are transcription factors acti-
vated by lipophilic ligands, that are known for
mediating metabolic processes, and also play a role
in regulating inflammation. In both mouse and
human Mp, IL-1f downregulated PPAR-y and
downstream targets and blocking IL.-1f in diabetic
mouse wounds induced upregulation of the PPAR-y
activity, indicating negative feedback between the
NLRP3 inflammasome and PPAR pathways.?®

Of interest, loss of PPAR-y in Mp is sufficient to
prolong wound inflammation and delay healing.?® In
contrast, topical treatment of diabetic db/db mouse
wounds with PPAR-y agonists rosiglitazone or 15-
deoxy-A-12,14-prostaglandin J2 downregulated the
proinflammatory Mp phenotype characteristic of
these wounds and induces a prohealing Mp pheno-
type, leading to an improved healing environment,
increased angiogenesis and granulation tissue for-
mation, and accelerated wound closure.®®

Consistent with these findings, topical treat-
ment of wounds in diabetic db/db mice with a novel
dual PPAR-o/y agonist showed reduced wound ex-
pression of proinflammatory IL-1$ and TNF-¢, and
increased expression of anti-inflammatory cyto-
kines IL-10 and TGF-p, accelerated wound closure
and increased collagen deposition.’® Some PPAR
agonists, such as rosiglitazone and pioglitazone,
are FDA approved and clinically used for DM
treatment, but with considerable side effects when
orally ingested. Hence, topical treatment of dia-
betic wounds may provide therapeutic benefit
without these systemic side effects.

ON101. ON101 is composed of two active
pharmaceutical ingredients extracted from Plec-
tranthus amboinicus (PA-F4) and Centella asiatica
(S1). Although C. asiatica extract can activate
PPAR-,%° P. amboinicus extract has been found to
inhibit potassium efflux and NLRP3-ASC oligo-
merization, all converging to inhibit NLRP3 in-
flammasome activity in THP-1 cells.®?

In nondiabetic Wistar rats, C. asiatica in a top-
ical spray decreased area of full thickness wounds
similar to povidone—iodine solution when com-
pared with untreated group.%? In addition, a recent
clinical trial in China reported incidence of 60.7%
of complete healing after 16 weeks of daily topical
treatment with ON101.%® However, study out-
comes were limited to wound area, and inhibition of
NLRP3 inflammasome activity was not assessed.

Metformin. Metformin is an antidiabetic drug
of the biguanide class and is one of the most widely
used medications for DM therapy. Besides its an-
tidiabetic activity, metformin has widely reported
anti-inflammatory properties, in part by inhibiting
NF-«xB, which in turn could inhibit expression of
NLRP3 inflammasome components and/or their
activation.®* Recent studies reported that metfor-
min may suppress NLRP3 inflammasome activity
by activating AMP-activated protein kinase
(AMPK) and consequently inhibiting mammalian
Target Of Rapamycin (mTOR), an inducer of ROS
needed for NLRP3 inflammasome activation.®®

These reports showed that metformin can de-
crease expression of NLRP3 inflammasome compo-
nents and effectors, including NLRP3, caspase-1,
and IL-18. With respect to wound healing, topical
treatment with metformin in wounds in STZ-induced
diabetic rats decreased NLRP3 inflammasome ac-
tivity and induced alternative activation of Mp, as-
sociated with improved angiogenesis and wound
healing.%® The same report showed that blocking
AMPK abolished metformin effects in wound healing.
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Table 2. NOD-like receptor pyrin domain containing
3 inflammasome inhibitors currently not investigated
in the context of diabetic wound healing

Inhibitor Mechanism Study Type Reference

Bot-4-one  NACHT ATPase inhibitor In vitro, in vivo 7

CY-09 NACHT ATPase inhibitor: In vitro, in vivo 8
binds Walker A motif

INF39 NACHT ATPase inhibitor In vitro, in vivo &

MNS NACHT ATPase inhibitor In vitro, in vivo 8

oLT1177 NACHT ATPase inhibitor In vitro, in vivo, clinical 81

Oridonin Binds NLRP3 Cys279: inhibits /n vitro, in vivo 8
NLRP3-NEK7 interaction

Parthenolide NACHT ATPase inhibitor, In vitro, in vivo &

caspase-1 inhibitor

NEK7, NIMA-related kinase 7.

In other models with diabetic and nondiabetic
mice and rabbits, topical treatment with metformin
improved wound healing, increasing granulation
tissue, and collagen deposition.®¢%”

Dipeptidyl peptidase 4 inhibitors. Dipeptidyl
peptidase 4 (DPP-4) is an enzyme that degrades the
incretin glucagon-like peptide 1 (GLP-1). Thus,
DPP-4-1 inhibitors prolong the half-life of GLP-1
and are antihyperglycemic agents widely used in
DM treatment. DDP-4 inhibitors also have pleio-
tropic effects, including improved endothelial func-
tion, reduced thrombogenesis, improved VEGF
production by HIF-1o signaling, as well as anti-
inflammatory effects.%-"°

Reports indicate that DDP-4 inhibitors can inhibit
the NLRP3 inflammasome in Mp through inhibition
of protein kinase C pathway, which may lead to re-
duced ROS formation and reduced NLRP3 in-
flammasome activity.”' In STZ-induced mice, the
DPP-4 inhibitor saxaglipin accelerated wound clo-
sure and reepithelialization of skin wounds.”® In a
clinical study of diabetic participants with chronic
ulcers, oral treatment with the DPP-4 inhibitor
saxagliptin also demonstrated improvement in
healing ulcer rate and time for complete wound clo-
sure compared with a placebo group.”

As saxagliptin is an FDA-approved compound
with potential results found in a clinical study, this
drug may represent an attractive strategy for
treating chronic diabetic wounds.

Heparan sulfate. Heparan sulfate is a glycos-
aminoglycan that is a structural element of the ex-
tracellular matrix (ECM) scaffold, and also regulates
activities of local proteolytic enzymes, growth factors,
and chemokines.

In DM, heparan sulfate levels are decreased and
heparan sulfate-dependent interactions between
ECM and growth factors are impaired, contribut-

ing to the persistent proinflammatory environment
characteristic of diabetic wounds.”* An early study
reported that heparan sulfate improves wound
healing through attenuating inflammation in STZ-
induced rats and further investigation provided
evidence that this effect could be owing to down-
regulation of NLRP3 and ASC, and upregulation of
the endogenous NLRP3 inflammasome inhibitors
proteinase inhibitor-9 and caspase-12.757¢

In parallel, our group has found that expression
of proteinase inhibitor-9 and caspase-12 in wound
Mp is impaired in both db/db mice and human
chronic wounds, indicating a possible target for
dampening sustained activity of the inflammasome
in chronic wounds.?®

Other NLRP3 inflammasome inhibitors have been
described in preclinical and clinical studies as strat-
egies for treating a variety of metabolic disorders but
have not yet been investigated in the context of dia-
betic wound healing. These inhibitors might repre-
sent interesting targets for additional preclinical
studies in the future and are summarized in Table 2.

SUMMARY

The NLRP3 inflammasome plays an important
physiological role in skin wound healing, during
which transient inflammasome activity contributes
to the propagation of wound inflammation, essential
for both epidermal and dermal healing. In contrast,
impaired healing associated with DM is character-
ized by sustained activity of NLRP3 inflammasome,
through persistent ROS production, sustained up-
regulation of TNF-o and IL-14, and NF-«xB activity.
Thus, targeting NLRP3 inflammasome activity and
its effectors appears to be an appealing therapeutic
strategy to mitigate chronic inflammation in diabetic
wounds and to improve healing.

In addition, more research is needed on the role of
NLRP3 inflammasome in other types of chronic
wounds. Among published studies reviewed, a vari-
ety of compounds can be used to directly or indirectly
inhibit NLRP3 inflammasome activity in diabetic
wounds, affecting NLRP3 inflammasome compo-
nents, effectors, and/or upstream/downstream sig-
naling, resulting in improved healing. Beneficial
effects included resolution of inflammation through
IL-1$ downregulation, accelerated reepithelializa-
tion and wound closure, as well as increased gran-
ulation tissue formation and collagen deposition.

Among the described strategies, glyburide, met-
formin, PPAR agonists, and the DPP-4 inhibitor
saxagliptin appear to be closest to clinical transla-
tion, as these drugs are already FDA approved for
other indications. Although preclinical studies for
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these and other drugs have yielded promis-
ing results, there is still a need of human/
clinical studies to further evaluate potential
therapeutic effects, dose-response relation-
ship, and possible side effects of such com-
pounds to treat chronic wounds and prevent
complications.
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Abbreviations and Acronyms

AMPK = AMP-activated protein kinase
ASC = apoptosis-associated speck-like
protein
ATP = adenosine triphosphate
CCL-2 = chemokine ligand 2
COPs = CARD-only proteins
DAMPs = damage-associated molecular
patterns
DM = diabetes mellitus

DPP-4 = dipeptidyl peptidase 4
DUBs = deubiquitinases
ECM = extracellular matrix
Fb = fibroblast
FDA = Food and Drug Administration
FGF-2 = fibroblast growth factor-2
GLP-1 = glucagon-like peptide 1
HFD = high-fat diet
HIF-1oc = hypoxia-inducible factor 1 alpha
IGF-1 = insulin-like growth factor 1
IL-18 = interleukin 1 beta
IL-10 = interleukin 10
IL-18 = interleukin 18
IL-1R = IL-1 receptor type 1
Kt = keratinocytes
LPS = lipopolysaccharide
Mo = monocytes
Mp = macrophages
NEK7 = NIMA-related kinase 7
NETs = neutrophil extracellular traps
NF-xB = nuclear factor kappa B
NLRP3 = Nod-like receptor pyrin domain
containing 3
NLRs = nod-like receptors
Np = neutrophil
PAMPs = pathogen-associated molecular
patterns
POPs = pyrin-only proteins
PPAR = peroxisome proliferator-activated
receptor
PRRs = pattern recognition receptors
ROS = reactive oxygen species
STZ = streptozocin
TGF-$ = transforming growth factor beta
TLRs = Toll-like receptors
TNF-oc = tumor necrosis factor alpha
UB = ubiquitin
VCAM = vascular cell adhesion protein
VEGF = vascular endothelial growth factor




