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Abstract

Survival of burn patients is contingent on effective wound healing, a complex process that requires
coordinated responses of myeloid cells and inflammatory pathways. NLRP3, which serves as a
platform for secretion of pro-inflammatory cytokines, is implicated as a central regulator of wound
healing. However, its role during the acute dermal and epidermal regeneration in the context of
burns is unknown.

Wild-type (WT) and NLRP3~/~ mice were exposed to a 30% TBSA scald burn. Gene expression
was conducted via RT-PCR. Trichrome staining was used to assess collagen deposition and
granulation tissue formation. F4/80 immunostaining compared macrophage infiltration. Flow
cytometric analysis was used to characterize skin macrophage distribution and profile.

NLRP3, IL1B and IL18 expression was upregulated in skin after burn, and these changes were
non-existent in NLRP3™~. NLRP3~/~ had decreased expression of pro-inflammatory cytokines,
chemokines, inflammatory markers and growth factors at 3 days (p<0.05). NLRP3~/~ burn skin
demonstrated significantly less macrophage infiltration and higher expression of anti-
inflammatory markers Argl and Fizz1 (p<0.05) compared to WT. Trichrome staining showed
decreased collagen deposition compared to WT.

We show that NLRP3 is protective in burn wound healing, primarily through production of
inflammatory mediators, macrophage recruitment and polarization to a pro-inflammatory
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phenotype. Our findings highlight a central role of NLRP3 in wound healing through regulation of
inflammation and macrophage polarization after burns.
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1.1 INTRODUCTION

Wound healing is a complex process that comprises several phases—inflammation,
proliferation, granulation tissue formation, and remodeling. It requires the coordinated
response of resident skin cells, soluble factors, and infiltrating inflammatory leukocytes [1].
Principally, inflammatory cells at the site of injury have a complex and critical role in
cutaneous healing. However, the benefit of these inflammatory cells and in general,
inflammation, is a controversial topic. Prolonged inflammation leads to the formation of
chronic wounds and hyperproliferative conditions such as hypertrophic scars or keloids
[1,2]. Thus, while acute inflammation may be beneficial, chronic inflammation is
detrimental to appropriate wound healing.

Emerging evidence suggests the involvement of inflammasomes in both regulating
inflammation required for adequate wound closure and in the pathogenesis of a number of
conditions, including sepsis and bury injury. Inflammasomes are multiprotein complexes
that have a critical role in innate immunity and are activated in response to cellular damage,
tissue injury, and infection. In addition to exogenous pathogen-associated molecular patterns
(PAMPS), they are capable of recognizing endogenous, non-infectious, damage-associated
molecular patterns (DAMPS) [3]. Nucleotide-binding and oligomerization domain, leucine
rich repeat and pyrin domain containing 3 (NLRP3) is the most studied inflammasome and
is the only member that recognizes DAMPs, which are released after thermal injury [4].
Upon NLRP3 activation, IL1p and IL18 precursors are processed to generate active
cytokines, inducing an inflammatory response. This response has been demonstrated in
white adipose tissue of burn patients and in murine excisional wounds, suggesting a putative
role in burn wounds [5,6].

In the acute inflammatory period, NLRP3 components are expressed by pro-inflammatory
macrophages, which are critical for normal cutaneous responses to injury [7]. Macrophages
present at the site of injury are comprised of two groups: resident and infiltrating
macrophages. Resident macrophages are present at relatively low levels, and depletion of
this population does not have a major effect on macrophage-dependent healing [8]. On the
contrary, total macrophage depletion impairs neovascularization and granulation tissue
formation, indicating the necessity of recruiting circulating monocytes/macrophages to the
site of injury [9].

Macrophages can be further phenotypically classified based on their polarization state,
which depends on a variety of local factors such as cytokine expression. These macrophages
can be polarized to either a pro-inflammatory or an anti-inflammatory subtype. Pro-
inflammatory (also known as classically activated) macrophages are usually produced upon
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stimulation with LPS or IFN+y. Anti-inflammatory (alternatively activated) macrophages are
produced upon stimulation with cytokines such as IL4 or IL10 [10]. Wound healing relies on
a complex balance between pro- and anti-inflammatory macrophages. Macrophage
populations change from an early pro- to an anti-inflammatory phenotype as healing
progresses, and impaired wound healing can be ascribed to dysregulation of macrophage
polarization [11]. For example, unregulated pro-inflammatory populations that fail to switch
to anti-inflammatory, pro-healing macrophages are a frequent feature of chronic wounds
(e.g. diabetic ulcers) [12,13]. Alternatively, exogenous anti-inflammatory macrophage
administration in the acute phase delays wound healing in a mouse diabetic wound model
[8]. Taken together, evidence indicates that an intricate balance and a tightly regulated
polarization transition are necessary for effective wound healing.

To our knowledge, the relationship between NLRP3 inflammasome activation and
macrophage recruitment and polarization in skin after burns has not been elucidated yet.
While there are currently a limited number of studies investigating NLRP3 in burn wound
healing, we previously established that NLRP3 regulates macrophage recruitment to the liver
and adipose tissue after thermal injury [14]. Similarly, we propose that NLRP3 regulates
macrophage recruitment and polarization at the site of injury (skin), in addition to the
production of inflammatory mediators. Since macrophage recruitment and early
inflammation are important elements of wound healing, we postulate that NLRP3 has a
protective role in burn wounds. Furthermore, inhibition of NLRP3 activation during the
acute phase with drugs such as glyburide would impair normal post-burn cutaneous healing
responses.

1.2 METHODS

1.2.1 Human Samples

Patients admitted to the Ross Tilley Burn Center at Sunnybrook Hospital (Toronto, Canada)
or non-burn patients undergoing elective surgery were consented preoperatively for tissue
collection. Approval for our study was obtained from the Research Ethics Board at
Sunnybrook Hospital.

1.2.2 Animals and Model

Animal experiments were conducted in accordance and approved by the Sunnybrook
Research Institute Animal Care Committee (Toronto, Ontario, Canada). Wild-type C57/B6
(WT) and NLRP3 knockout (NLRP3~~) male mice (8-10 weeks old, n = 5 per group) were
purchased from Jackson Laboratories (Bar Harbor, ME) and housed at ambient temperature
and cared in accordance with the Guide for the Care and Use of Laboratory Animals. All
mice were anesthetized with 2.5% isoflurane and shaved along the dorsal spine region.
Ringer’s lactate (2-3 mL) was injected subcutaneously in all treatment mice to protect the
spine and buprenorphine (0.05-0.1 mg/kg body weight) was injected for pain management.
A full-thickness, third degree dorsal scald burn encompassing 15-20% total body surface
area (TBSA) and a 15% wound on the ventral surface was induced by immersing the dorsum
of the mice in 98°C water for 10 seconds and the ventral region for 2 seconds. Mice were
sacrificed at 3 and 7 days post-burn. Sham mice (control) underwent identical experimental
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procedures, with the exception of the burn injury. Dorsal skin tissue was harvested upon
sacrifice and stored in —80°C until analysis.

1.2.3 Flow Cytometry

Skin was minced and digested with collagenase (Life Technologies) for 45 minutes at 37°C
while shaking. The digested cell suspension was filtered and centrifuged at 1800 rpm for 5
minutes. Pelleted cells were resuspended in FACS buffer (HBSS containing 0.5% BSA) and
passed through a 40uM strainer (BD Bioscience) to remove large cellular debris. Cells were
stained with monoclonal antibodies on ice for 30 minutes. Samples were than washed and
analyzed using BD LSR Il Special Order System (BD Biosciences, San Jose, CA, USA).
Cells were gated on FSC-A and SSC-A, followed by doublet exclusion (FSC-W x FSC-H,
SSC-W x SSC-H). The total percentage of monocytes/macrophages was identified using the
following flurochrome-conjugated antibodies: anti-CD45 (anti-mouse PE-Cyanine7,
eBioscience), anti-CD11b (anti-mouse Alexa APC-eFluor® 780, eBioscience), and anti-
F4/80 (anti-mouse FITC, eBioscience). Anti-inflammatory macrophages were identified
using an anti-CD206 antibody (anti-mouse PE, BioLegend) in accordance with the
manufacturer’s flow cytometry protocol. The gating strategy for assessing innate immune
cell distributions included leukocytes initially gated based on granularity and CD45 (side
scatter x CD45), followed by size (forward scatter). Gated cells were stained for cell surface
markers for monocytes and macrophages (CD11b*/F4/80%).

1.2.4 Histology and Immunohistochemistry

Dorsal skin was collected and immediately fixed in 10% formalin and then maintained in
70% ethanol before paraffin embedding. Subsequently, tissues were sectioned and incubated
with F4/80 (Abcam, #100790) for skin macrophages or NLRP3 (Abcam, #214185) followed
by DAB staining. For macrophage count, three independent samples were imaged at 40X
magnification, and F4/80 positive cells were counted twice manually. For Masson’s
trichrome staining, paraffin-embedded slides were heated for 30 min at 60°C. The slides
were then deparaffinized with citrosol, followed by rehydration through 100% x 2, 95%,
70%, and washed in distilled water. Slides were placed in Bouin’s solution (26367-01;
EMS, Hatfield, PA, USA) for 1 hour at 56°C and washed. Hematoxylin stain (HHS16;
Sigma, Saint Louis, MO, USA) and Biebrich scarlet-acid fuchsin solution were applied
sequentially for 10 min. After each stain the slides were washed. Next, slides were
differentiated in phosphomolybdic—phosphotungstic acid for 15 min, and transferred to
aniline blue for 5 min. All slides were washed in distilled water and then differentiated in
1% acetic acid for 2 min. Slides were dehydrated through 95% ethanol and absolute ethanol
followed by clearing in citrosol and were mounted with SHUR/Mount xylene-based liquid
mounting media (Triangle Biomedical Sciences, Durham, NC, USA). Imaging was
performed on a LSM confocal microscope (Zeiss, Germany).

1.2.5 Glyburide Treatment

Glyburide 50 mg/kg (Sigma-Aldrich) was administered intraperitoneally once every 24
hours and continued until sacrifice at 3 and 7 days. The first dose was administered
immediately post-burn, and the final dose was administered 1 hour prior to collection of
tissue. For the delayed treatment group, glyburide was administered once daily after 3 days
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until sacrifice at 7 days after burn. This dose was chosen as it was previously established to
be equivalent to the highest human dose [15].

1.2.6 Gene Expression Using RT-PCR

Total RNA isolated from skin tissue was analyzed by quantitative real-time polymerase
chain reaction (RT-PCR). RNA was isolated from tissue and cells using TRIzol-chloroform
(Life Technologies) with subsequent purification using the RNeasy Kit (Qiagen) according
to the manufacturer’s instructions. RNA (2j1g) was transcribed to cDNA using the high-
capacity cDNA reverse transcription kit (Applied Biosystems). RNA was extracted from
rodent skin tissue using Trizol (Invitrogen, CA, USA). Reverse transcription were performed
with high-capacity cDNA reverse transcription kit (ABI, MA, USA). RT-PCR was
performed using the Applied Biosystems Step One Plus Real-Time PCR System. Gene
expression was expressed relative to p-actin and was determined using the following
formula: 2°(-AACt). Due to inter-species variability, values were expressed as a ratio of
burn to sham. Primer sequences used are available upon request.

1.2.7 Western Blotting

Protein from human and rodent skin was extracted in RIPA buffer containing phosphatases
and proteases inhibitor cocktails (Roche). Protein concentrations were determined by the
BCA protein assay kit (Pierce, Mississauga, ON, Canada). Proteins were resolved by SDS-
PAGE followed by western blotting using the following antibodies at 1:1000 concentration:
Caspase-1 (Cell Signaling, MA), cleaved caspase-1 (Cell Signaling, MA), IL1 (Cell
Signaling, MA), cleaved IL1B (Cell Signaling, MA), and GAPDH (Cell Signaling, MA).
Species appropriate secondary antibodies conjugated to horseradish peroxidase (BioRad,
Mississauga, ON, Canada) were used and proteins visualized by enhanced
chemiluminescence using the BioRad ChemiDoc MP Imaging System. Band intensities
were detected, normalized and quantified with the ChemiDoc and Image Lab 5.0 software
(BioRad Laboratories, Hercules, CA). Antibody concentrations are expressed relative to
GAPDH.

1.2.8 Statistical analysis

All data are represented as mean £ SEM. Statistical analysis was performed using student’s
t-test, one and two-way ANOVA and Mann-Whitney U test to compare groups, where
appropriate. All graphs were created using Graphpad Prism 6.0 (San Diego, CA) and
analyzed statistically using SPSS 20 (IBM Corp., NY, NY), with significance accepted at p <
0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.05 (#), p < 0.01 (##), p < 0.001 (###),
where appropriate. Asterisks refer to a comparison between burn groups and corresponding
shams, and hashtags refer to a comparison between NLRP3~~, WT, and treated mice.

1.2.9 Data Availability

The data set generated during and/or analyzed during the current study are available from
the corresponding author on reasonable request.
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1.3 RESULTS

1.3.1 Increased expression of NLRP3 and its activation byproducts in human and murine
skin after burns

First, we asked if NLRP3 is involved in wound healing after a burn. We conducted a time
course study of NLRP3 gene expression in human skin from 25 burn patients (17 male, 8
female) with a mean age of 51 + 3.19 years and an average TBSA of 30.3 + 3.29%. Our
findings revealed an acute (0-2 days) increase after burn compared to normal skin (13.4 vs.
1.15, p<0.01) (Figure 1A). IL1p, an NLRP3 activation byproduct, followed a similar pattern
(Figure 1A). IL1p expression was higher acutely, 3-6, and up to 7-10 days after burn
compared to normal skin (98.9 vs. 1.65, p<0.05; 72.3 vs. 1.65, p<0.05; 29.5 vs. 1.65,
p<0.01). IL18, another NLRP3 activation byproduct, similarly demonstrated significantly
higher expression compared to WT at 3-6 days post-burn (1.70 vs. 0.43, p<0.05). To confirm
our gene expression results, we assessed NLRP3 activation by evaluating the ratio of protein
expression of cleaved to pro-caspase-1 and cleaved to pro-1L1p. There is a significant
increase in the ratio of cleaved to pro-caspase-1 and cleaved to pro-IL1p at 0-2 days
compared to normal skin (0.92 vs. 0.33, p<0.05; 29.9 vs. 0.11, p<0.001), suggestive of
NLRP3 activation (Figure 1A, Figure S1A-D, Figure S1F-I). Furthermore, we stained for
NLRP3 in skin obtained from patients 0-2 days after burn, demonstrating that NLRP3
expression is present and more prominent in deeper dermal layers (Figure 1C).

Similar to humans, we show here that NLRP3 gene expression is elevated in WT murine
skin at 1 and 3 days after burn (23.1 vs. 1.07 at 1 day, p<0.001; 6.76 vs. 1.07 at 3 days,
p<0.05) (Figure 1B). We also assessed gene expression levels of IL1p and IL18. Analogous
to NLRP3, IL1pB expression is elevated at 1 and 3 days, although levels are relatively
unchanged at 7 days after burn potentially due to contribution from NLRP3-independent
IL1p activation pathways (11.7 vs. 1.05 at 1 day, p<0.0001; 7.29 vs. 1.05 at 3 days, p<0.05;
6.99 vs. 1.05 at 7 days, p<0.05) [16-18]. IL18 levels are similarly elevated at 1, 3 and 7 days
after burn (4.29 vs. 0.59, p<0.05; 8.42 vs. 0.59 at 3 days, p<0.05; 3.50 vs. 0.59 at 7 days,
p<0.05). We compare this to NLRP3™~, which demonstrate no changes in gene expression
of NLRP3, IL1B, or IL18 after burn (Figure S2A-C). In order to assess for NLRP3
activation, we measured protein levels of cleaved to pro-caspase-1 and cleaved to pro-IL1p.
Similar to our human data, we demonstrate an increase in the ratio of cleaved to pro-
caspase-1 and cleaved to pro-IL1 early post-burn (1 and 3 days), with no significant
difference at 7 days (Figure 1B, Figure S1E, Figure S1J). Immunohistochemistry for NLRP3
in WT and NLRP3~/~ murine skin similarly shows positive dermal expression in WT at 3
days compared to shams, NLRP3™~ and WT at 7 days, which is in accordance with our
human data (Figure 1D).

These results indicate that NLRP3 expression is elevated acutely after burns in both human
and murine skin. NLRP3 inflammasome expression is localized to the deeper dermal layers
of the wound bed, indicating a potential role at the site of injury. Mice wounds show very
similar expression profiles for NLRP3 and its activation byproducts when compared to
humans, thus allowing for a translational comparison. In order to elucidate the role of
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NLRP3 in wound healing, we employed an NLRP3~/~ murine model for all of our
subsequent studies.

1.3.2 Impaired wound healing and macrophage recruitment to NLRP3~/~ skin after burns

Next, we utilized an NLRP3™~ model to assess if lack of NLRP3 would compromise wound
healing after burn. We compared healing in WT and NLRP3~/~ with trichrome staining of
excised wounds (Figure 2A-D). When compared NLRP3~/~, WT demonstrated greater
dermal collagen deposition and keratinization at 3 days after burn, with further
improvements at 7 days (Figure 2A, 2C). Conversely, NLRP3™/~ exhibited no changes
between 3 to 7 days after burn with regards to collagen deposition (Figure 2B, 2D),
suggesting that lack of NLRP3 impairs wound healing. These results indicate that NLRP3 is
required for adequate wound closure after burns.

We recently showed that lack of NLRP3 results in differential macrophage recruitment to the
liver and adipose tissue [14]. Since macrophages are necessary for granulation tissue
formation and release of inflammatory cytokines and growth factors after burns, we next
assessed macrophage infiltration to the site of injury. Immunostaining with the macrophage
marker F4/80 demonstrates significant dermal macrophage infiltration to the wound site by 3
days in WT compared to NLRP3™~, with more pronounced differences at 7 days after burn
(Figure 3A,C). Moreover, F4/80 gene expression in skin was greater in WT versus
NLRP3~/~ at both time points (9.95 vs. 3.05 at 3 days, p<0.05: 9.50 vs. 4.78 at 7 days,
p<0.05) (Figure 3B).

Flow cytometry data corroborates our immunostaining and gene expression results,
indicating that NLRP3~/~ did indeed have a differential response at 3 and 7 days after burn
(Figure 3D). At 3 days after injury, WT have increased macrophage recruitment relative to
sham (814 vs. 54 cells, p<0.001) that remains elevated even at 7 days (1120 vs. 54 cells,
p<0.001). NLRP3~/~ also have increased macrophage infiltration at 3 and 7 days, but these
values are significantly less than WT (276 vs. 814 cells at 3 days, p<0.01; 470 vs. 1120 cells
at 7 days, p<0.001).

Altogether, these results demonstrate impaired macrophage recruitment to the site of injury
in mice that lack NLRP3. Macrophages have an important role in local inflammation,
granulation tissue formation, and infection control and as such, are integral to wound healing
[19]. Furthermore, studies have previously shown that macrophage polarization is influential
in wound healing as well [19]. So, we extended our analysis to compare macrophage
polarization between WT and NLRP3~/~ at the site of injury.

1.3.3 Increased pro-inflammatory macrophages in the skin in WT after burn

As discussed previously, macrophages can be subdivided into classically activated, pro-
inflammatory macrophages or alternatively activated, anti-inflammatory macrophages.
Previous studies have utilized pro-inflammatory markers including IL6, CCL2 and IL1,
and anti-inflammatory markers such as Arg1, 1L10, Fizz1, and CD206, amongst others
[20,21]. While pro-inflammatory macrophages predominate during the acute phase after
injury, our flow cytometry analysis indicates a greater percentage of anti-inflammatory
CD206-positive macrophages in NLRP3~/~ at 3 days (71.3% vs. 58.4%, p<0.05) (Figure
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3E), with no significant difference in the percentage of CD206-positive macrophages at 7
days.

Based on this, we subsequently assessed differences in anti- and pro-inflammatory marker
expression between WT and NLRP3~/~ (Figure 3F). At 3 days, WT display greater
expression of pro-inflammatory markers 1L6 and CCL2 relative to NLRP3~/~ (1.68 vs. 0.49,
p<0.05; 3.31 vs. 1.09, p<0.01). Conversely, NLRP3™~ have a higher expression of anti-
inflammatory markers Argl and Fizz1 at 3 days compared to WT (7.47 vs. 1.13, p<0.001,
6.24 vs. 0.096, p<0.05). However, there are no significant differences in marker gene
expression between WT and NLRP3™/~ at 7 days. This is consistent with our flow cytometry
results, which suggests that WT have a greater pro-versus anti-inflammatory distribution at 3
days when compared to NLRP3™/~ (Figure 3E). However, since there are differences in
macrophage infiltration between WT and NLRP3~/~, we compared relative marker
expression between 3 and 7 days within each group (WT and NLRP3~/7). We show that WT
have lower expression of anti- relative to pro-inflammatory markers at 3 days; however, the
opposite expression pattern is seen at 7 days. NLRP3~/~ on the other hand have a greater
expression of anti-inflammatory markers at all time points (Figure S3).

Under normal conditions, macrophage phenotype changes from an initial pro- to an anti-
inflammatory profile [2]. Interestingly, transfer with anti-inflammatory macrophages during
the first 3 days after wounding impairs healing [8]. This is consistent with our results of
impaired wound healing and the early presence of anti-inflammatory macrophages in
NLRP3~/~, indicated by increased relative expression of the M2 markers Argl and Fizz1 and
a greater proportion of CD206-positive macrophages.

1.3.4 Decreased expression of pro-inflammatory cytokines, chemokines, and growth
factors in NLRP3~~ skin

Macrophage polarization is regulated by local cytokine levels, and studies have established
that production of pro-inflammatory cytokines in injured skin has a central role in wound
healing. We previously demonstrated that NLRP3 affects expression of other cytokines and
immune mediators in addition to IL1p and 1L18 [14,22]. Hence, we subsequently compared
expression of several pro-inflammatory cytokines, chemokines, and growth factors in WT
and NLRP3~~ skin. As determined earlier, IL1p expression is significantly downregulated
in NLRP3~/~ compared to WT at all time points (Figure S1b). Similarly, IL6 levels in
NLRP3~/~ are diminished compared to WT at 3 days (0.49 vs. 1.68, p<0.05) (Figure 4A):
however, no difference is seen at 7 days. Interestingly, TNFa expression was elevated in
NLRP3~~ at all time points (2.42 vs. 0.23 at 3 days, p<0.001; 6.74 vs. 1.52 at 7 days,
p<0.05) (Figure 4B).

Next, we measured expression of the inflammatory chemokine, CCL2. Similar to IL6,
NLRP3~/~ CCL2 expression is significantly lower than WT at 3 and 7 days (1.09 vs. 3.31,
p<0.05; 2.64 vs. 9.34, p<0.05) (Figure 4C). Subsequently, we measured s100a8, which
serves as an inflammatory marker in several disease states including psoriasis and
hypertrophic scars [23,24]. S100a8 expression is upregulated in the epidermis in response to
skin injury, and lack of s100a8 impairs keratinocyte migration and proliferation [6]. Here,
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$100a8 expression was downregulated in NLRP3~/~ at 3 days (3.85 vs. 9.20, p<0.05) with
no significant difference at 7 days (Figure 4D).

We subsequently compared levels of the growth factors VEGF, FGF2, and TGFP between
NLRP3~/~ and WT (Figure 4E-G). VEGF and FGF contribute to endothelial cell
proliferation and angiogenesis, which ultimately facilitates synthesis of a new extracellular
matrix (ECM) following injury. This is succeeded by FGF and TGFp-mediated fibroblast
infiltration and conversion to myofibroblasts, collagen deposition and eventually, scar
formation [25]. NLRP3~/~ have decreased expression of VEGF, FGF2, and TGFp at 3 days
compared to WT (0.63 vs. 1.86, p<0.01; 0.16 vs. 0.95, p<0.01; 0.76 vs. 1.56, p<0.05). These
changes persist at 7 days for VEGF and TGFp (0.58 vs. 1.70, p<0.05; 1.75 vs. 3.10, p<0.01).

Taken together, these results suggest that lack of NLRP3 consistently decreases early
expression of critical factors that are interconnected and involved in different wound healing
steps. Decreased production of pro-inflammatory cytokines and chemokines impairs
keratinocyte migration and proliferation and immune cell chemotaxis, underscoring the
significance of post-injury inflammation in wound healing [13]. Immune cell recruitment
(e.g. macrophages) is critical for the production of growth factors and collagen deposition,
amongst other functions [26]. Here, we demonstrate diminished macrophage infiltration and
altered macrophage phenotype in NLRP3~/~. Ultimately, these changes culminate in
decreased expression of growth factors and poor keratinization and collagen deposition,
suggestive of impaired healing in NLRP37/~,

1.3.5 Glyburide treatment during the acute phase impairs wound healing

Glyburide is a clinically approved drug that also functions as an NLRP3 activation inhibitor.
After administering the drug in our murine model, we confirmed that NLRP3 activation
byproducts IL1p and IL18 in glyburide treated mice showed significantly lower expression
when compared to WT mice (Figure S4). In order to determine if inhibiting NLRP3 during
the acute phase results in poor wound healing, we compared the effect of a delayed (3-7
days after burn) to a daily glyburide treatment (0-7 days after burn). To compare healing in
treated mice to WT, we performed trichrome staining of the excised wounds (Figure 5A-D).
We demonstrate minimal dermal collagen deposition at 3 days in treated skin, a feature also
seen in NLRP3~/~ skin. Additionally, there were no further improvements at 7 days after
burn in treated mice, paralleling NLRP3~/~. However, delayed treatment mice at 3 days
(equivalent to untreated WT) demonstrated greater collagen deposition compared to the
treatment group, as expected. Interestingly, skin from the delayed treatment mice at 7 days
after burn had greater collagen deposition compared to mice treated since day 0 after burn.

Earlier, we demonstrated that lack of NLRP3 diminishes macrophage recruitment to the site
of injury. Flow cytometry results similarly indicate that daily glyburide treatment results in
significantly lower macrophage levels compared to WT at 3 days (266 vs. 814 cells, p<0.01)
and 7 days (429 vs. 1120 cells, p<0.001) (Figure 5E). However, delayed glyburide results in
a similar pattern of macrophage infiltration to WT untreated mice. Moreover, our data
indicated a greater percentage of CD206-positive anti-inflammatory macrophages in
glyburide treated mice at 3 days compared to WT (84.8% vs. 58.4%, p<0.05) (Figure 5F).
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Taken together, these results suggest that glyburide treatment resembles NLRP3™~ in terms
of the underlying mechanistic changes. However, the timing of glyburide administration and
therefore, NLRP3 inhibition, is critical to wound healing. Inhibition of NLRP3 after the
acute phase (delayed glyburide treatment) mimics WT with regards to wound healing and
macrophage infiltration. Contrarily, inhibition during the acute phase (daily treatment)
resulted in impaired wound healing and macrophage infiltration.

1.3.6 Glyburide treatment impacts expression of pro-inflammatory cytokines,
chemokines, and growth factors

Evidence suggests that glyburide also has a host of anti-inflammatory effects, so we
subsequently compared other pro-inflammatory cytokines, chemokines, and growth factor
levels in glyburide daily treated and delayed treatment mice to WT and NLRP3™~ as
discussed previously [27]. Similar to our flow cytometry and immunohistochemical results,
we anticipated that expression levels for daily treated mice should mimic NLRP3~/~ and
delayed treatment should be similar to WT, highlighting the importance of NLRP3 activation
during the acute phase. We initially compared expression of the pro-inflammatory cytokines
IL6 and TNFa. There is no significant difference between daily treated and NLRP3~/~, and
IL6 levels in daily treated and NLRP3™/~ mice are similarly diminished compared to WT at
3 days (0.16 vs. 1.68, p<0.01; 0.49 vs. 1.68, p<0.05) (Figure 6A). Similarly, there is no
significant difference between daily treatment and NLRP3~/~ with regards to TNFa., and
both have higher expression of TNFa compared to WT at 7 days (6.48 vs. 1.52, p<0.05;
6.74 vs. 1.52, p<0.05); furthermore, they have greater expression compared to delayed
treatment (6.48 vs. 1.42, p<0.05; 6.74 vs. 1.42, p<0.05) (Figure 6B).

We subsequently measured expression of CCL2, demonstrating that daily treated groups had
similar levels to NLRP3™~. CCL2 levels are significantly lower than WT at 3 (0.96 vs. 3.31,
p<0.001 for daily treated; 1.85 vs. 3.31, p<0.01 for NLRP3~/") and 7 days (4.27 vs. 9.34,
p<0.05 for daily treated; 2.64 vs. 9.34, p<0.01 for NLRP3~/"), with a similar pattern seen in
delayed treatment mice (Figure 6C). Successively, we measured s100a8 and demonstrated
that it is downregulated in daily treated and NLRP3~/~ mice at 3 days compared to WT (3.81
vs. 9.20, p<0.05 for daily treated; 3.85 vs. 9.20, p<0.05 for NLRP3~/~) with no difference at
7 days (Figure 6D).

Thereafter, we compared levels of the growth factors VEGF, FGF2, and TGFf between
treated and WT mice (Figure 6E-G). Treated mice have decreased expression of VEGF
(0.095 vs. 1.86, p<0.001) and FGF2 (0.074 vs. 0.95, p<0.001) at 3 days compared to WT
with notable differences at 7 days for VEGF and TGFf (0.55 vs. 1.70, p<0.05; 1.42 vs. 3.10,
p<0.01). Similar to the aforementioned markers, delayed treatment had a similar expression
pattern to WT.

In summary, these results suggest that blocking NLRP3 activation after thermal injury
impairs production of critical growth factors and inflammatory mediators. Consequently,
there is diminished macrophage infiltration to the site of injury in treated mice, and
macrophages present are potentially anti-inflammatory. Ultimately, these alterations did
indeed culminate in impaired wound healing, which is consistent with our NLRP3~/~ data.
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Specifically, we show here that delayed inhibition of NLRP3 after the acute phase does not
compromise wound healing, highlighting the cruciality of acute inflammation.

1.4 DISCUSSION

Skin serves as a protection against microbial invasion and thermal dysregulation. Damage to
the skin barrier by thermal injury initiates an immediate inflammatory response that is
critical for wound healing. This post-burn inflammation is regulated by NLRP3
inflammasome, which is one of the key mediators of inflammation in tissue injury and
infection. As we demonstrate in this study, NLRP3 gene expression is upregulated during
the post-burn acute phase (1 and 3 days) in murine skin and from 0-2 days in human skin.
Gene expression of the inflammatory cytokines IL1f and IL18, which are NLRP3 activation
byproducts, is also upregulated at these time points. Additionally, protein expression of
cleaved to pro-caspase-1 and cleaved to pro-IL1 also increases at these time points,
providing further evidence of NLRP3 activation. Certain changes persist into the second
phase of healing (7 days post-burn in mice, 7-10 days for human IL1p and 3-6 days for
human 1L18), highlighting the overlap between the different stages of wound healing and the
pervasive effects of the early inflammatory response. Indeed, we show that lack of NLRP3
and its inflammatory byproducts impairs post-burn healing, indicated by decreased
keratinization and collagen deposition at the site of injury.

After generation of an initial inflammatory response, the next stage of healing involves
recruiting circulating monocytes to the wound bed, which later differentiate into mature
macrophages [28]. Interestingly, we demonstrate that this is dependent on NLRP3 gene
status [14]. In mice that lack NLRP3, there is decreased expression of inflammatory
mediators and importantly, chemokines such as CCL2. This corresponds with decreased
macrophage recruitment to skin 3 days post-burn, which is sustained at 7 days. Conversely,
we see increased macrophage recruitment to the site of injury in mice that express the
NLRP3 gene, as expected.

As highlighted earlier, macrophages can be either pro-inflammatory or anti-inflammatory.
We show here that macrophages in the first 3 days after burn injury demonstrate greater
expression of IL6 and CCL2 relative to Argl and Fizz1, suggesting a greater distribution of
the pro-inflammatory subtype. Interestingly, NLRP3™~ have greater Argl and Fizz1
expression at 3 days relative to IL6 and CCL2, which is indicative of a greater distribution of
anti-inflammatory macrophages. Although prolonged pro-inflammatory macrophage
activation is deleterious and is a potential cause of chronic wounds, macrophage depletion
and transfer with anti-inflammatory macrophages within the first 3 days after wounding is
not beneficial; rather, it may impair healing in a diabetic mouse model [8]. Our data is
consistent with these findings, and NLRP3~/~ mice that express more anti-inflammatory
macrophages in this phase have impaired wound healing.

Throughout the stages of wound healing, macrophage infiltration and polarization is critical
as macrophages enable tissue repair by initiating the release of cytokines and growth factors
such as VEGF, FGF2 and TGF [29]. These factors in turn stimulate angiogenesis and
induce fibroblast and keratinocyte migration into the wound bed when the early
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inflammatory period subsides (2-10 days after wounding) [30]. We demonstrate that at 7
days, relative expression of anti-inflammatory markers is greater than pro-inflammatory,
potentially suggesting that the macrophages present are wound healing, anti-inflammatory
macrophages. This phenotypic switch is coupled with elevated VEGF and TGFf expression
at 7 days, which is not seen in NLRP3™/~.

Taken together, these results show that NLRP3 is necessary for macrophage recruitment
after injury and for the production of pro-inflammatory cytokines, chemokines and growth
factors. These in turn prompt migration of skin cells into the wound bed and activate the
proliferative phase of healing, gradually phasing into the anti-inflammatory remodeling
phase seen at 2-3 weeks [31]. It follows then that blocking NLRP3 activation with drugs
such as glyburide should have wound impairing effects analogous to the NLRP3™~ model.
With respect to inflammatory cytokine, chemokine and growth factor production, we show
that post-burn glyburide treatment has similar outcomes to knocking out NLRP3. Treated
mice also have decreased recruitment of macrophages to the site of injury, with a
predominance of anti-inflammatory rather than pro-inflammatory macrophages at 3 days.
Furthermore, trichrome staining of excised burn wounds indicates impaired wound healing
in glyburide treated mice, evidenced by poor collagen deposition compared to WT even at 7
days post-burn. Interestingly, treating with glyburide after the acute phase (delayed
treatment) abrogates these changes and results in similar wound healing, macrophage
recruitment, and gene expression profiles to WT mice, highlighting the importance of acute
inflammatory changes in post-burn responses.

However, there are some limitations in the present study. Firstly, this is primarily a rodent
study, although it has wider clinical applications as well. For example, glyburide may be
administered in the clinical setting as a blood glucose regulator in burn patients in addition
to patients with type Il diabetes. However, it is important to note that although it regulates
NLRP3 activation via inhibition of ATP-sensitive K+ channels, glyburide is not specific for
NLRP3. Rather, studies have shown that glyburide can inhibit the P2X7 receptor and the
ABC transporter ABC1A [32]. Commercially available MCC950 or JC124 are alternative
options and are specific NLRP3 inhibitors. While we utilized glyburide due to its
translational aspect, further confirmation using NLRP3-specific inhibitors would be of
interest. Another important caveat is that while our data demonstrates that early glyburide
administration is detrimental, it does not provide evidence that delayed treatment is
beneficial per se. Rather, delayed treatment has an analogous outcome to WT. Based on the
data provided herein, we can currently only conclude that delayed treatment is less
detrimental compared to early treatment. We primarily utilized this model as a further
indication that acute inflammation is necessary for normal wound healing.

In this study, we establish a link between post-burn inflammation and wound healing. To our
knowledge, this is the first study connecting NLRP3 inflammasome, macrophage
recruitment and polarization, and wound healing in burns. Here, we highlight the importance
of the inflammatory response in promoting post-burn recovery. Specifically, we demonstrate
the necessity of acute inflammation, which is activated in response to microbial invasion or
tissue injury, versus chronic hyperinflammation. Hyperinflammation is often seen in various
conditions such as cancer, diabetes, and burns and is a maladaptive response that contributes
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to poor patient outcomes [33]. Extending our murine results to humans, our data suggests
that drugs that mitigate inflammation (e.g. glyburide) should not be prescribed during the
acute phase. However, regulating inflammation beyond the acute phase is an important
therapeutic strategy. Potentially, delayed inhibition could prevent the development of
hyperproliferative conditions without compromising wound healing. However, this is
speculative, and we cannot exclude the fact that regulating NLRP3 during the acute phase
may be necessary in these cases. Therefore, while we postulate that delayed inhibition of
inflammation with glyburide may be beneficial in hyperproliferative conditions, early partial
NLRP3 inhibition is a potential alternative. Although previous work has shown increased
post-burn mortality in NLRP3~/~, partial inhibition by heterozygous knockouts or lower
doses of glyburide administered throughout the post-burn phase may be beneficial in severe
burn models [14]. However, further murine studies investigating partial NLRP3 inhibition
and human studies utilizing delayed or low dose glyburide and wound healing outcomes are
needed at this point.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Brief Commentary

Background: Survival of burns requires effective wound healing, and aberrant healing
increases morbidity and mortality. The benefit of inflammatory cells and inflammation in
wound healing is debated. NLRP3 inflammasome is a central regulator of this
inflammatory response, and NLRP3 activation acutely post-burn is necessary for immune
cell chemotaxis.

Translational Significance: Glyburide is an anti-hyperglycemic and an NLRP3 activation
blocker. Although acute inflammation is necessary for healing, chronic inflammation and
NLRP3 activation contribute to development of hyperproliferative conditions. We
demonstrate that early as opposed to delayed glyburide administration impairs healing,
highlighting the potential beneficial effects of acute inflammation in normal wound
healing after burns.
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Figure 1.

NLRP3 is upregulated in human and murine skin after burn. (a) Time course of gene

expression of NLRP3, IL1p and 1L18 and protein expression of cleaved to pro-caspase-1
and cleaved to pro-IL1p at 0-10 days after burn compared to normal skin. (b) Gene

expression of NLRP3, IL1p and 1L18 and protein expression of cleaved to pro-caspase-1
and cleaved to pro-IL1p in murine skin after burn. (c) Immunohistochemical staining for

NLRP3 at 0-2 days post-burn in human burn skin indicates more NLRP3 positive cells in the

dermis. (d) Staining for NLRP3 at 3 and 7 days after burn in murine skin indicates more

NLRP3 positive cells in the dermis of WT at 3 days. Areas of positive staining are marked
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with an arrow. Values are presented as mean * standard error. Burn versus normal skin *p <
0.05; **p < 0.01; ***p<0.001.
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Figure 2.
Impaired wound healing in NLRP3™/~. Trichrome staining of excised burn wounds in WT at

(a) 3 days and (c) 7 days exhibits greater dermal collagen deposition and keratinization
compared to NLRP3~/~ at (b) 3 days and (d) 7 days post-burn. “Normal skin” demarcates
the edge of the wound, and “burn” denotes the wound.
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Figure 3.
Reduced macrophage proportion acutely after burn in NLRP3~/~. (a) F4/80 staining for

macrophage infiltration in NLRP3™~ and WT mice shams, 3 days and 7 days after burn is
corroborated by (b) PCR analysis, which indicates greater expression of F4/80 in WT at
both time points. (c) F4/80-positive cell counts obtained at 40X magnification (n=3). (d)
Flow cytometry for skin macrophage distribution shows greater macrophage infiltration in
WT. (e) Flow cytometry analysis for CD206-positive anti-inflammatory macrophages
indicates a greater percentage in NLRP3™~ at 3 days compared to WT. (f) Expression of
pro- and anti-inflammatory markers at 3 days indicates a pro-inflammatory profile in WT
and an anti-inflammatory profile in NLRP3~/~, with no significant differences in marker
expression between WT and NLRP3~/~ at 7 days. Values are presented as mean =+ standard
error. Burn versus sham *p < 0.05; **p < 0.01; ***p< 0.001, WT versus NLRP3™/~ burn #p
< 0.05; #p < 0.01; ##p < 0.001.
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Figure 4.
Decreased expression of pro-inflammatory cytokines, chemokines, and growth factors in

NLRP3~~ skin. Gene expression of the inflammatory cytokines (a) L6 and (b) TNFa,
chemokine (c) CCL2, inflammatory mediator (d) s100a8, and growth factors (e) VEGF, (f)
FGF2 and (g) TGFB. Values are presented as mean burn/sham + standard error. WT versus
NLRP3~/~ burn/sham #p < 0.05; #p< 0.01; ##p<0.001.
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Inhibition of NLRP3 during the acute phase with glyburide impairs wound healing. Similar
to NLRP3~/~, trichrome staining of excised burn wounds in treated mice at (b) 3 days and
(d) 7 days exhibit decreased dermal collagen deposition and keratinization compared to
delayed treated mice (a,c). (e) Flow cytometry in glyburide treated skin shows significantly
lower levels of macrophages compared to WT and (f) greater CD206-positive macrophages
at 3 days. “Normal skin” demarcates the edge of the wound, and “burn” denotes the wound.
Values are presented as mean burn/sham + standard error. WT versus NLRP3~/~ burn #p <
0.05; ##p < 0.01; ##p < 0.001, WT versus glyburide treated burn *p < 0.05; **p < 0.01;
***p < 0.001.
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Figure 6.
Glyburide treatment results in comparable reductions in pro-inflammatory cytokines,

chemokines, and growth factors to NLRP3~/~. Gene expression of the inflammatory
cytokines (a) IL6 and (b) TNFa, chemokine (c) CCL2, inflammatory mediator (d) s100a8,
and growth factors (e) VEGF, (f) FGF2 and (g) TGFp. Values are presented as mean
standard error. WT versus NLRP3~/~ burn #p < 0.05; #p < 0.01; *##p < 0.001, WT versus
glyburide treated burn *p < 0.05; **p < 0.01; ***p< 0.001, NLRP3~/~ versus glyburide
treated burn °p < 0.05; °°p < 0.01; °°°p < 0.001, daily treated versus delayed treatment *p <
0.05; **p < 0.01; ***p<0.001.
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