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Abstract

Painful, motion-limiting hypertrophic scars (HTS) form after protracted wound
healing in patients with severe full-thickness burns and pose difficult treatment challenges.
Despite substantial reduction in post-burn mortality, long-term outcomes of HTS are the
most serious therapeutic challenge following severe burn injury. Investigations into
cellular influences in post-burn scar pathophysiology are constrained to dermal fibroblast
activity in the wound and signaling among inflammatory cell populations such as
neutrophils, macrophages, and T-lymphocytes. However, mast cells are known to initiate
fibroproliferative signaling in other fibrotic pathologies and, their influence in burn wounds
is poorly understood. In the present investigation, we show increased mast cell density and
dissemination throughout post-burn scars concomitant with elevated serum tryptase

concentrations over time in pediatric burn survivors.



Using in vitro approaches, we demonstrate tryptase’s ability to activate
proliferation in primary post-burn HTS fibroblasts compared to that of non-burned skin
fibroblasts. Tryptase, an abundant mast cell protease, directly cleaves and activates the
protease-activator receptor-2 (PAR2) and activation has proliferative and fibrotic
consequences. We demonstrate that PAR2 is highly expressed in post-burn HTSs and,
activation sustains fibroproliferative signaling. Co-culture with post-burn HTS fibroblasts
and human mast cells elevated expression of collagen-1 and a-smooth muscle actin,
facilitating a myofibrotic shift. Most importantly, PAR2 blockade or PAR2 mRNA
knockdown significantly attenuated mast cell-induced fibrotic phenotype in post-burn HTS
fibroblasts.

We also demonstrate that mast cell stabilization minimizes HTS formation in a
post-burn in vivo model. Cromolyn sodium (CS) is an FDA-approved mast cell stabilizer
that significantly inhibits degranulation and has been used to successfully relieve
detrimental symptoms of mast cell activation. Here, we applied a 4% topical emulsification
of CS to post-burn HTSs of red Duroc pigs. CS significantly reduced mast cell density and
scar severity over time. Scar height, volume, and collagen deposition were all lessened
considerably compared to vehicle treatment alone or autologous split-thickness skin grafts.
Additionally, we show that mast cell stabilization decreases fibroproliferation by impeding
tryptase-induced PAR2 signaling. Together, this evidence suggests that localized mast cell
stabilization, in combination with current therapies, may be an effective approach to reduce

pathologic scarring following a severe burn.

Vi
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CHAPTER 1 - INTRODUCTION: NEGLECTED CELL POPULATION IN THE

HEALING BURN WOUND: EVIDENCE FOR MAST CELL INVOLVEMENT IN

POST-BURN SCARRING

BURN INJURY PATHOPHYSIOLOGY

Burns directly cause approximately 200,000 deaths each year and are a major global
health problem accounting for over 11 million injuries annually that require medical
attention.! However, with the incorporation of better strategies for burn wound closure,
decreasing the hypermetabolic response, and supporting inhalation injury, survival has
increased significantly? leading to more long-term problems such as scarring and its
negative effect on quality of life.> Suboptimal wound healing caused by inflammation,
delayed wound closure, and infection contributes to the formation of hypertrophic scars
(HTS) in 70-90% of patients with massive burns #. Histologically, HTS are devoid of
adnexal structures and have thick, densely packed, and immature collagen fibers that often
form nodules with sharp borders. These scars are pruritic, inflamed, painful and limit
movement of the affected area. Studies of the underlying scar pathophysiology have
typically focused on the dermal fibroblasts.®

Following a full-thickness burn, fibroblasts in the papillary dermis are destroyed,
leaving only a subpopulation of deep dermal fibroblasts to occupy the burn wound. Several
studies have demonstrated that these remaining fibroblasts express more collagen,
upregulate greater ECM production, and are inherently more fibrogenic.%’ This evidence
underscores the concept of a critical depth as hypothesized by Tredget et al. and Dunkin et

al.#1% A distinct depth above which, fibroblast populations are regenerative and a wound



will heal without scarring, but below which, altered fibroblasts proliferate, produce excess
collagen, and promote hypertrophic scar formation. However, fibrosis is an intricate and
complex process that involves complicated interplay between wound fibroblasts, migrating
cells and inflammatory signaling.*

Neutrophils, macrophages, and lymphocytes are other important cell populations
that have critical roles during the inflammatory phase post-burn. These cells release an
abundance of cytokines known to stimulate profibrotic signaling in wound fibroblasts,
which contributes to scar pathogenesis and will be discussed in detail below. However,
therapies such as interferon-alpha, transforming growth factor-p modulators, and
intralesional corticosteroid injections, designed to target these immune cells, inflammatory
cytokines, and fibrotic molecular mechanisms, have produced only moderate success.

Other therapy options exist to treat HTS only after scars have formed. Physical
manipulations such as silicone sheeting, pressure garments, surgical resections, and even
massage can improve aspects of HTS, but resolution is incomplete. Advanced therapies
such as lasers are being utilized more regularly today. Lasers ablate fibrotic tissue and
promote repopulation of normal tissue into the void, but long-term evidence for efficacy is
lacking. These therapies offer promise, however, the majority of cellular, molecular, and
physical manipulations to reduce scarring have been inadequate, and suggests other cell
populations and unknown mechanisms may be involved in HTS pathogenesis. A range of
cell populations during the wound healing cascade has been well described in the literature;
however, the mast cell has often been overlooked and under reported in the context of post-

burn wound healing. This review demonstrates that mast cells are a vital population in the
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healing burn wound and reveals that they may be critical components that initiate and drive

HTS progression.

IMMUNITY AND INFLAMMATION IN THE HEALING BURN WOUND

Cytokines produced by a variety of immune cell populations in the post-burn
wound may change the healing environment to oscillate between pro- and anti-
inflammatory states. However, protracted hypermetabolism favors extension of the initial
inflammatory phase in wound healing, further perturbing cellular proliferation and wound
remodeling. Of these immune cell populations, macrophages play important roles in
wound healing to eliminate pathogens and produce cytokines that trigger additional
immune responses. Macrophages may initiate the adaptive immune responses and are
major sources for Interleukin (IL)-1 and IL-6 that stimulate T-cell and antigen-presenting
cell (APC) activation as well as enhancing B-cell maturation. These other cells are
recruited by the macrophages by production of cytokines and growth factors. Macrophages
also produce IL-12 which promotes Tl cells while simultaneously suppressing Tr2 cells,
further shifting the balance of the healing burn wound to a more pro-inflammatory
landscape and possibly contributing to the pathogenesis of hypertrophic scar.  Next,
neutrophils migrate to the wound and are found to be consistently elevated and, as a result
of persistently increased post-burn catecholamine levels, migration to the wound continues
for weeks.*? This sustained neutrophil presence significantly delays healing.™® Despite the
documented influence of these immune cell populations on the healing burn wound, mast
cells are often overlooked in post-burn pathological scarring.

Growing evidence suggests mast cells within the healing burn wound may

contribute more to damaging fibrosis than previously thought. As the major source of
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histamine, which may have consequences in co-morbid post-burn itch and pain, mast cells
are now being implicated in the pathogenesis and progression of post-burn hypertrophic
scarring.}*1> Mast cells also participate in other scarring pathologies by inducing cardiac
hypertrophy and pulmonary and renal fibroses.*®*® Early investigations in human burn
survivors have shown increased mast cell density in both pediatric and adult hypertrophic
scars'#1920 compared to mature scars from uninjured, non-burned patients. Studies with
scald-injured mast cell-deficient mice show hallmarks of impaired wound healing
including decreased angiogenesis, reduced fibroblast proliferation and significantly altered
extracellular matrix.?! Furthermore, several key chemotactic factors known to influence
mast cell migration have been found in burn wounds. Mast cell presence in the healing

burn wound may indicate a vital role in the pathogenesis of post-burn hypertrophic.

MAST CELL CHEMOTAXIS TO THE BURN WOUND

A host of chemoattractant and chemotactic factors that are upregulated following
injury may enhance mast cell recruitment to areas of post-burn scarring. When compared
to non-burned patients, serum concentrations of pro- and anti-inflammatory cytokines and
chemokines remain significantly elevated in patients with large thermal burn injuries.?%
A number of these factors may serve to directly influence mast cell chemotaxis to the burn
wound including transforming growth factor-beta (TGF-B), stem cell factor (SCF),
monocyte chemoattractant protein -1 (MCP-1), and macrophage inflammatory protein-1
(MIP-1).

It is well-established that TGF-p is a powerful fibrogenic initiator. Many
investigations over the last half-century have demonstrated TGF-$ to induce pulmonary,

cardiac, and hepatic fibrosis 24?® through convergent cellular mechanisms activating
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SMAD pathways; in turn, promoting the increased production of collagen. Furthermore,
in burn injury, elevated serum levels of TGF-p are scen in patients with hypertrophic scars
compared to uninjured healthy adults.?® Animal studies utilizing neutralizing antibodies to
TGF-B in several fibrotic pathologies have been shown to inhibit fibrotic advancement and
TGF-B blockade has also been used to decrease dermal scarring in human in vitro models.?’
The abundance of TGF-p in the burn scar favors continued fibrotic progression, but it may
also serve to aid in the migration of mast cells to the scar as well. Indeed, several lines of
research indicate TGF-P to be a potent chemotactic factor for mast cells. Exposure to
nominal concentrations of TGF-B induces rapid morphologic changes in mast cells 28 and
TGF-f antagonism can mitigate mast cell migration by mechanism still not completely
understood.?® This evidence along with other soluble factors within the wound may
account for significantly elevated mast cell numbers within burn scars over time.

Stem cell Factor (SCF), also known as c-kit ligand, is required for myeloid
differentiation and essential for mast cell maturation. It is produced by cells at sites of
active hematopoiesis such as bone marrow, the fetal liver and, in the skin, by fibroblasts
and endothelial cells. Importantly, mast cells are the only hematopoietic progenitors to
express the SCF receptor, c-kit (CD117), as terminally differentiated cells. SCF presence
in wounds or ischemic areas is associated with increased mast cell accumulation and
thought to occur through signaling activation of Ras and mTORC pathways, leading to
actin rearrangement and subsequent chemotaxis. 33! Though limited evidence exists for
its increased presence post-burn, further investigations are needed to establish this

important factor’s role following severe burn injuries. In addition to TGF-B and SCF,
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expanding evidence now points to several members the CC Chemokine (CCL[X]) family
as potential mediators to mast cell chemotaxis.

Both macrophage inflammatory protein-1p (MIP-1p) as well as monocyte MCP-1,
CCL-4, and -2, respectively, are known to be elevated following burn injury ?2. Both of
these secreted chemokines have been reported as powerful chemoattractants to mast cells
in various pathologies and mast cells themselves may produce an abundance of CCL-2 to
act in an autocrine fashion. 323

A wide-ranging host of potential cytokines may induce mast cell migration and
these diverse mast cell chemoattractants may provide prospective targets for future study
in post-burn wound healing.3* Although divergent differentiation mechanisms involving
these cytokines and chemokines are responsible for mast cells destined for mucosal
residence than those fated for connective tissue such as skin, once residing in tissue, mast
cells exert their likely fibrotic effects through the process of degranulation which is

discussed below.

MAST CELL DEGRANULATION IN THE BURN WOUND

Mast cells may induce or continue to influence a hypertrophic fibroblast phenotype in
several ways through degranulation of preformed mediators. The process of degranulation
is classically initiated and mediated by antigen cross-linked IgE. Cross-linked IgE
activates the high affinity IgE receptor (FCeRI), abundant on mast cells, in turn increasing
calcium signaling which leads to rapid vesicle exocytosis of both pre-formed and de novo
mediators. IgE levels have been shown to increase significantly in burned adults compared
to non-burned adults between days 14 and 22 post-burn and some studies have measured

20-fold increases in IgE in the post-burn acute stage.®>3® This data suggests that mast cells
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have more than sufficient levels of its primary degranulation agonist and further indicates
active B-cell immunoglobulin synthesis. In addition to classical IgE mast cell activation,
further evidence points to mast cell degranulation by non-canonical, FCeRi-independent
means.

Other potentially important and somewhat surprising factors may impact mast cell
degranulation. First among these is the neuropeptide Substance P. It is best known for its
mediation of sensory pain signaling, but it may also play a role in inflammatory responses
following cutaneous injury. Elevated levels of Substance P are reported in post-burn
hypertrophic scars and it is has been demonstrated as well to enhance mast cell
degranulation.®-3 Consequently, in addition to histamine accounting for the induction of
post-burn neurogenic itch, Substance P may provide a novel and intriguing target in post-
burn hypertrophic scar pathophysiology in relation to mast cell activation.

Physical stretch or tissue distortion may also provide the means to directly activate
mast cells in post-burn wounds. Transient receptor vanilloid receptors are activated by
stretch such as during the physical trauma of burn injury or even subsequent post-burn anti
scarring treatments. Studies in microdeformational wound therapy, negative pressure-
stretched skin at the histological level, reported that mouse homologues MCP-4, -5, and -
6 to the most abundant mast cell proteases (chymase, elastase, and tryptase, respectively)
were significantly elevated following treatment suggesting that mast cells are still able to
degranulate in the absence of other perturbing stimuli. 4

Of further interest in alternate mast cell activation is the potential role for (-
adrenergic receptor (B-AR) signaling.  Although more investigations are needed to

determine if adrenergic stimulation can indeed degranulate mast cells, fascinating new data
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shows significantly increased expression of the f2-AR isoform in histological samples of

41 IF has similar

severe infantile hemangiomas (IF) compared to control tissue.
pathophysiological characteristics to those of post-burn hypertrophic scar and this line of
research suggest B-AR antagonism can be used to ease mast cell degranulation in healing
burn wounds. This is exceptionally relevant because of the considerably elevated
catecholamines levels post-burn and will be of increasing importance as propranolol
becomes the standard of care to reduce cardiac load and hypermetabolism following burn
injury. Further study is needed to establish this potential link.

Consequently, the burn wound environment not only attracts an influx of mast cells
to burn tissue through an excess of major chemoattractant molecules and peptides, but the
milieu also provides the prime environment, which actively allows persistent degranulation
of mast cells. However, the chief mast cell determinants to post-burn hypertrophy and

hyperplasia are pre-formed and de novo mediators released in this hyperinflammatory

setting as described below.

MAST CELL MEDIATORS AND THEIR POTENTIAL ROLE IN POST-BURN FIBROSIS

Potent pre-formed mast cell granules histamine, vascular endothelial growth factor,
and fibroblast growth factor exert proangiogenic effects within the burn wound that induce
vascular permeability.*?*> Vessel leakage allows other immune cells to infiltrate the
wound, which serves to increase and sustain pro-inflammatory paracrine signaling. This,
together with concomitant increases in chemotactic factors, subsequently allows further
mast cell migration to the wound in what can be described as a positive feedback loop.

Mast cells are critical reservoirs for abundant pre-formed and de novo mediators that may
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have profound consequences in post-burn fibrosis, summarized in Table 1. Several of the
most important of these mediators are discussed below.

Pre-formed Mediators

Histamine

Histamine is a powerful vasoactive amine and is one of the most bountiful granules
stored in mast cells. Histamine is rapidly released in response to IgE mast cell activation
and is the main compound implicated in hypersensitivity reactions. However, a role for
histamine has also been identified in fibrotic pathologies. Results from clinical samples of
life-threatening biliary atresia in humans show significantly elevated histamine levels in
the absence of other mast cell mediators and, in the resultant hepatic fibrosis, mast cell
density was shown to be considerably increased.*®4” Studies also show that histamine had
significant potential to activate immortalized 3T3 mice fibroblasts to close artificial
wounds in vitro. Investigators concluded that histamine, through the H2 histamine
receptor, induced mitogenic signaling and subsequent fibroblast proliferation.*® Blocking
the H2 receptor in another study, investigators completely abrogated fibroproliferation in
pulmonary fibroblasts, further confirming histamine’s proliferative impact, although, exact
mechanism have yet to be elucidated.

Importantly, Tredget et al. (1998) reported significantly elevated plasma N-
methylhistamine, the major histamine metabolite, in nine adult burn survivors (mean TBSA
= 49.7%) with severe hypertrophic scars approximately 1 year post-burn.?’ This was the
first clinical evidence suggesting active mast cell degranulation following burn injury. A
later study conducted by Johansson et al. (2012) in eight burned adults (mean TBSA =

24.0%) showed no significant increases in histamine or methylhistamine excretion up to
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48 hours after burn injury compared with healthy adults, although they may be implicated
in later inflammation.*® Completed at two different time points however, these independent
studies suggest that mast cells play a minimal role acutely following a burn, but may be
integral to the pathogenesis and progression of hypertrophic scars, months and years
following the initial burn injury.
Chymase

Chymase is a neutral serine protease and is found in moderate quantities in
connective tissue resident mast cells; concentrations of the protease are minimal in mucosal
mast cells.®® Chymase has broad enzymatic activity targeting extracellular matrix
components and has been shown to inactivate thrombin, which has major consequences in
hemostasis and during the initial inflammatory phase of wound healing. By cleaving
thrombin, mast cell chymase inhibits clot formation, thus promoting vascular permeability,
which sustains protracted inflammation.>* Mast cell chymase facilitates TGF-B activation
in post-burn wound, further progression hypertrophic scar through activation of pro-
fibrotic signaling in fibroblasts resulting in excess collagen deposition.>?% Additionally,
chymase has been demonstrated to promote pro-inflammatory and profibrotic cytokine
production in connective tissue fibroblasts®** and has also been shown to remodel
extracellular matrix post-burn.>® Chymase may be responsible for cleaving a wide variety
of extracellular targets and thus, indirectly be more permissive for fibroblast growth and
proliferation. However, evidence for direct involvement in fibrotic pathogenies remains

elusive.

Tryptase
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Tryptase is the most plentiful serine protease contained within stored granules and
accounts for over half of all factors produced by mast cells.>’ It is a tetrameric enzyme
with four active sites that has specificity for several extracellular matrix targets. Following
degranulation, tryptase has been demonstrated to cleave fibronectin and activate MMP-3,
which has major implications in extracellular matrix remodeling.>® Interestingly, tryptase
release has been shown to activate surrounding mast cells, further amplifying the signal
and leading to sustained inflammation.® However, its potential to act more as a growth
factor than to modify extracellular matrix components has greater consequences in the
context of fibrosis.

Elevated serum tryptase concentration is used to diagnose mast cell disorders such
as mastocytosis and is a clinical indicator of mast cell activation. Investigations reveal that
increased tryptase levels often accompany fibrotic disorders. Mentula et al. reported
elevated serum tryptase in over 40 patients with acute pancreatitis compared to healthy
patients and Klion et al. observed significantly increased serum tryptase in patients with
confirmed endomyocardial fibrosis compared to healthy adult tryptase levels.®%%! Studies
conducted in animal models of ventilator-induced pulmonary fibrosis also report raised
serum tryptase in lavage fluid during disease progression, which indicates that tryptase is

required for fibrotic onset and further links mast cell activation to fibrogenesis.

Several investigations have proposed mechanisms to explain tryptase’s fibrotic capacity.
Studies show that tryptase has potent angiogenic potential by directly stimulating
endothelial cell proliferation and tube formation.®? Furthermore, tryptase has also been

demonstrated to increase the expression and enhance the release of VEGF from
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osteoarthritic chondrocytes in vitro. % Increased vasculature is beneficial during early
wound healing in order to deliver nutrients and remove waste. However, sustained
angiogenesis is pathological and harmful in HTS progression as it provides excess
substrates for increased metabolism, which upregulates wound fibroblast proliferation.

In addition to enzymatically cleaving extracellular matrix targets and inducing enhanced
angiogenesis, tryptase is recognized to activate the protease-activated receptor-2 (PAR2).
Tryptase cleaves this unique G-protein coupled receptor, which initiates mitogenic
signaling. PAR2 signaling results in cellular proliferation and increased collagen output®*
and sustained activation is implicated in several fibrotic conditions including pulmonary,
pancreatic, and hepatic fibrosis.®>®” However, this important pathway has not been studied
in HTS pathophysiology and more investigations are required to elucidate the tryptase-
PAR2 signaling axis post-burn.

Other pre-formed mast cell mediators including fibroblast growth factor, tumor
necrosis factor, and platelet-derived growth factor have been implicated as fibrogenic.
Relative abundance is minimal in mast cells, and evidence detecting appreciable
concentrations at any time following major burn injury is lacking. However, de novo
mediators, rapidly synthesized upon mast cell activation, may also have an important role
in fibrotic pathogenesis.

De novo Mediators

Upon fulminate activation, mast cells rapidly degranulate releasing the contents of
stored granules. However, signaling also induces activation of phospholipase A2, which
hydrolyzes plasma membrane phospholipids, chiefly phosphatidylcholine, generating

arachidonic acid (AA). Further AA enzymatic proteolysis by cyclo-oxygenases (COX)
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and lipoxygenase(5) rapidly produces prostaglandins (PG) and leukotrienes, respectively.
%8 These de novo mediators have also been implicated as fibrotic stimuli.

Prostaglandins

Of the de novo mediators generated within seconds to minutes following mast cell
activation, prostaglandins have important inflammatory roles. Increased prostaglandin
synthesis was demonstrated in as little as fifteen seconds following IgE activation in human
mast cells in vitro® and other studies have shown acutely increased prostaglandin
concentrations following burn injury.”®™*  Prostaglandin D2 (PGD,) is abundantly
produced by mast cells and serves to recruit other inflammatory effectors such as basophils
and Th2 cells. Although Th2 recruitment is considered anti-inflammatory, several
investigations demonstrate that PGD» may be a fibrotic stimulus during wound healing.
Abe et al. showed that dermal fibroblasts exposed to PGD2 significantly increased
collagen-1 expression’? and Kohyama and colleagues demonstrated that PGD2 was able to
induce fibroblasts contraction in collagen gels in vitro.” Investigations are underway to
determine other potential fibrotic roles for prostaglandins; however, fibrosis may be
impacted to a lesser extent by other de novo mediators such as the leukotrienes by still
unknown mechanisms.

Leukotrienes

Leukotrienes are another class of inflammatory mediators rapidly produced during
mast cell activation. Early studies demonstrated significantly elevated leukotriene levels in
the blister fluid of burn survivors with large wounds’® suggesting that participation of this
key mediator following burn injury is important. In vitro, leukotriene C4 (LTC,) has been

shown to upregulate TGF-B1 expression by pulmonary epithelial cells through activation
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of p38-kinase, a critical mitogenic effector.” LTC4 has also demonstrated capacity to
increase collagen production and proliferation in bronchial fibroblasts in culture settings.’
In vivo, LTC4 was shown to exacerbate and sustain fibrogenesis in an animal model of
pulmonary fibrosis. Importantly, fibrotic lesions were diminished considerably by treating
animals with leukotriene receptor antagonists providing further evidence of the fibrotic
potential by this critical mast cell mediator. By releasing small peptides, vasoactive
molecules, matrix-degrading proteases and lipid mediators, mast cells are vitally important
during inflammation and further suggests that mast cell modulation following burn injury

may abrogate fibrotic pathology.

POTENTIAL MAST CELL MODULATION FOLLOWING BURN INJURY

Mast cells are resident within most tissues providing first-level responses of the
innate immune system. They are found actively degranulating in increased numbers at
sites of injury and numerous lines of evidence have demonstrated the fibrotic potential of
released mediators. Perturbing the action of these mediators may reduce fibrotic signaling
and strategies to attenuate mast cell-induced fibrosis are now being explored. This is further
highlighted in published studies showing how scarring can be lessened upon obstructing
mast cell activation.

Mast cell degranulation can be halted through pharmacologic stabilization. Several
naturally-derived and synthetic compounds have demonstrated the ability to selectively
block calcium and chloride channels on mast cell membranes as well as calcium and
chloride channels on the endoplasmic reticulum membrane. Impeding calcium and chloride
flow prohibits vesicle fusion to the plasma membrane and ultimately diminishes the ability

of mast cells to degranulate.”””® While mast cell stabilizers have proved effective in
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treating hypersensitivity disorders, their effects in preventing post-burn fibrosis are just
now being elucidated.

Cromolyn sodium, a natural plant-derived compound, is one of the first mast cell
stabilizers discovered and has been used to successfully relieve symptoms associated with
allergic reactions such as conjunctivitis,’*® ulcerative colitis,®* and systemic
mastocytosis.®? Used as a topical compound, cromolyn sodium has been shown to
considerably reduce pruritus associated with atopic dermatitis and eczema in several
clinical trials.23# Importantly however, cromolyn sodium has demonstrated anti-fibrotic
capabilities. In vitro, cromolyn sodium treatment reduced excessive collagen production
by hepatocytes obtained from fibrotic human livers®® and Chen et al. demonstrated reduced
fibrosis in the excisional wounds of mice systemically treated with cromolyn.®® Early
investigations revealed that treatment with the synthetic mast cell stabilizer ketotifen
prevented cutaneous fibrosis in mice.®” More recently, studies showed that systemic
ketotifen prevented wound contracture in a scarring model of the red Duroc pig® and
Monument et al. demonstrated that ketotifen reduced joint contractures in a rabbit model
of cutaneous scarring.®® These investigations establish the importance of mast cells as
moderators in fibrotic pathogenesis and underscore the need to explore new treatments.

Novel therapies may provide a fresh approach to combat the detrimental fibrosis of
post-burn HTS. Anti-tryptase therapies have been suggested to reduce fibrosis by
preventing permissive ECM remodeling or potential mitogenic activation of PAR2.
Several studies show that anti-tryptase treatment with synthetic molecules were able to
minimize mucosal inflammation during inflammatory bowel progression in several patient

cohorts®>*! and specific tryptase inhibition was also shown to minimize joint inflammation
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in arthritic mice.%? Inhibiting tryptase’s enzymatic potential may be difficult due to its
tetravalent active site structure; however, anti-tryptase therapy should be further explored
to reduce fibrosis post-burn.

Pepducins have recently been reported as modulators of G-protein coupled receptor
(GPCR) signaling and may have the promising ability to shunt tryptase-induced fibrotic
signaling via PAR2. Pepducins are small peptides synthetically attached to lipids.
Hydrophobicity allows incorporation into the plasma membrane, and specifically designed
peptides permit interaction with distinct GPCRs to cause signal disruption. Pepducins
directed against PAR2 (specific only for tryptase activation) have been shown to suppress
itch and inflammation in a mouse model of atopic dermatitis®® and other studies
demonstrated that PAR2 pepducins were able to protect mice from the caerulein-induced
onset of pancreatitis.* More recently, investigators were able to rescue mice from
intermediate hepatic fibrosis with aggressive PAR2 pepducin treatment.®® These
investigations highlight mast cell importance in the progression of fibrotic pathologies and
emphasize the need for new explorations in order to reduce post-burn fibrosis through mast

cell modulation.

CONCLUSION

Mast cells are critical effector inflammatory cells and are found in considerably
higher densities during injury and cutaneous wound healing. Chemoattractant molecules
that recruit mast cells to wound sites, directly chemotactic stimuli, and other factors that
potentiate degranulation are significantly increased following burn injury. While it is likely
that a multitude of cell populations contribute to fibroproliferation, mast cells have been

implicated in several scarring pathologies and should be considered integral during the
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post-burn wound healing cascade. From inhibiting degranulation by membrane
stabilization to direct targeting of potent pre-formed and de novo mediators, mast cell
modulation may attenuate fibrosis as part of the detrimental post-burn HTS sequelae.
Further investigations are warranted to explore mast cells influence in the healing burn

wound.
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CHAPTER 2: INCREASED MAST CELL DENSITY AND ELEVATED SERUM

TRYPTASE CONTRIBUTE TO FIBROTIC PROLIFERATION IN PEDIATRIC POST-

BURN HYPERTROPHIC SCARRING

INTRODUCTION

US burn centers treat over 400,000 injuries annually, with approximately 25,000
cases requiring intensive inpatient care.®® Although with considerable reduction in
mortality following severe burns,? attention is focused on long-term outcomes, with
treatment of post-burn scars remaining the most significant challenge. Painful, pruritic, and
raised hypertrophic scars (HTS), occurring subsequent to delayed wound healing, are a
major sequela in up to 70% of severely burned patients; these pathologic scars significantly
impair function and reduce quality of life.#%"%® Current therapeutic options have
demonstrated limited effectiveness. Pressure garments can modulate collagen production,
leading to thinner HTS, %1% however, compliance is demanding and premature abeyance
or interruption in therapy can result in worse contraction and scar thickening.'®* Newer
laser therapies can improve post-burn HTS considerably by reducing inflammation or
physically ablating collagen allowing for partial restoration of normal wound healing, 1>
104 but further clinical evidence is required to show sustained efficacy. These and other
interventions continue to evolve and show potential for scar improvement, however,
complete scar resolution remains elusive. Contractures persist and functional restoration is
incomplete, limiting the post-burn quality of life.

In order to identify novel therapies that can improve post-burn wound healing, we

have studied the role of mast cells in the innate immune response as moderators of
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pathologic scarring. Expression of several pro-inflammatory cytokines and chemokines
show sustained upregulation following severe burns.???® Elevated factors produced in the
burn wound, such as stem cell factor, can directly initiate mast cell cytoskeletal
rearrangement through cKit activation, triggering chemotaxis.®® TGF-B and macrophage
inflammatory protein-1la (CCL3), both considerably increased post-burn, are major mast
cell chemoattractants.?®2%1%5 Suych sustained increases in these key cytokines can provide
a critical path that might account for mast cell accretion to burn wounds and fibrotic
initiation.

There is now a growing body of investigations into mast cell involvement in several
fibrotic pathologies. Studies have shown that mast cells play an important role in the
induction of cardiac hypertrophy as well as pulmonary and renal fibrosis.'®1"1% Vasoactive
amines and other products released during mast cell degranulation are known to enhance
collagen production and perturb normal wound healing.'®” Furthermore, mast cell
proteinases contribute to both extracellular matrix remodeling and a fibrotic phenotype
through a mast cell-fibroblast paracrine axis.> This signaling axis may point to a role for
proteinase-activated receptors (PARs) in burn wound fibroblasts. Mast cell tryptase
cleaves PAR2 and the resulting cleaved peptide, SLIGKYV, acts as a tethered ligand
activating the receptor. Subsequent PAR2 signaling is implicated in other fibrotic
pathologies such as pulmonary fibrosis and rheumatoid arthritis'®1% and may provide a
valuable link between mast cells and dermal fibroblasts in the healing burn wound. Yet,
despite this evidence, new investigations to identify roles for mast cells in post-burn

scarring pathogenesis remain limited.
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In this study, we examined the density, location, and activation status of mast cells
within the post-burn HTS of pediatric patients. Additionally, we investigated the
proliferative capacity of the major mast cell protease granules tryptase and chymase in
primary post-burn HTS fibroblasts to determine a role for mast cells in HTS

pathophysiology.

METHODS
Mast cell density, location, and activation status following severe burn injury

All tissues were obtained with informed consent and approved by the Institutional
Review Board at the University of Texas Medical Branch. Non-burned skin (NBS) and
hypertrophic scar (HTS) tissues were obtained from pediatric burn patients, with burns
greater than or equal to 30% total body surface area, during revision surgeries at 6, 12, 18,
24, and 48 months post-burn (N=25, 5 per time point). HTS met histological and clinical
criteria for hypertrophic classification by presence of thick, densely packed, highly
eosinophilic and immature collagen, nodules with sharp borders, and global reduction in
elastin. Tissues were then washed in PBS and antibiotic solution then placed in 10% neutral
buffered formalin for 48-72 hours. After fixation, tissues were immersed in 70% ethanol
prior to being processed and dehydrated to absolute ethanol over 12 hours. Tissues were
then infiltrated with paraffin wax prior to sectioning at 4um. A total of 7 different patient
tissues were assessed at each time point post-burn.
Dual immunofluorescence for mast cell tryptase and chymase:

Sections were de-paraffinized and rehydrated to pure water. Sections were then
immersed in antigen retrieval solution (DAKO, Agilent, Santa Clara, CA, USA) heated to

95°C for 30 minutes, then blocked in 3% horse serum for one hour at room temperature.
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Primary mouse monoclonal antibody to human mast cell tryptase (Abcam, Cambridge,
MA, USA) diluted 1:350 in background-reducing antibody diluent (DAKO) was applied
to each section overnight at 4°C. The next day, sections were washed and re-blocked in
3% horse serum for 1 hour at room temperature, then primary rabbit monoclonal antibody
to human mast cell chymase (Abcam) diluted 1:350 in background-reducing antibody
diluent was added to each section overnight at 4°C. The next morning, sections were
washed in PBS then incubated for 1 hour at room temperature in fluorophore conjugated
secondary antibody diluted in PBS corresponding to the primary antibody: goat anti-mouse
AlexaFluor 568 (ThermoFisher, Waltham, MA, USA) or tryptase (1:500) and donkey anti-
rabbit AlexaFluor 488 (ThermoFisher) for chymase (1:500). Sections were washed and
nuclear stained in 1:10000 diamidino-2-phenylindole (DAPI) diluted in PBS for 20
minutes at room temperature. Each section was then cleared and mounted in resinous
media. Fluorescence images of the papillary and mid-dermis were then captured at 450nm
(blue-DAPI), 488nm (green-chymase) and 568nm (red-tryptase) then merged. Human
lung tissue served as a positive control. Negative skin/scar controls received either no
primary antibody or mouse/rabbit 1gG to serve as an isotype control.  Sections were
washed thoroughly between each step in PBS with Tween 3 times, 10 minutes each.
Immunofluorescent quantification:

Each image was quantified for fluorescent intensity using ImagelJ software (version
1.3 for Windows, NIH, Bethesda, MD). Five separate fields of the same mathematical area
in the papillary and mid-dermis for each section were quantified by obtaining the integrated

density of fluorescent stain at 488 and 568nm (blue signal was removed). Background
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fluorescence was calculated and subtracted from red/green fluorescence to yield the
corrected total tissue fluorescence (CTTF) in relative intensity units:

CTTF = Mean Integrated Fluorescence Density — Background Fluorescence Density
Mean CTTF was compared by one-way analysis of variance (ANOVA) to assess
differences in means followed by a post hoc Bonferonni test to assess for significant
differences between groups and time points.

Toluidine Blue stain:

Tissues were fixed, embedded, and prepared as before. Following rehydration,
sections were stained in toluidine blue solution (Sigma, 89640, St. Louis, MO, USA) for 5
minutes then dehydrated in xylene. Each section was mounted in resinous media and
enclosed by a glass coverslip. Trained observers in histopathology, and blinded to time
point, quantified mast cells and separately qualified each as intact or degranulated to yield

total mast cell density in the papillary and reticular dermis.

Serum mast cell tryptase in pediatric post-burn patients

Whole blood from pediatric burn patients (n=5) with >30% TBSA burns was
collected with consent during the acute care stage (<30 days post-burn) and again at 6
months following injury. Samples were patient-matched over time (n=10 total samples).
Age-matched blood from non-burned patients served as control (n=6). Serum was obtained
and tryptase concentration was measured in triplicate by sandwich enzyme-linked
immunosorbent assay (ELISA) specific to human mast cell tryptase- BII with a detection
range between 0.25 — 8.0 ng-mL™* (MyBioSource, San Diego, CA, USA). Colorimetric

changes were measured on the FLUOstar Optima Microplate reader (BMG Biotech, Cary,
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NC, USA). Mean serum tryptase concentration during the acute stage and again at 6 months

post-burn was compared to age-matched non-burned control by one-way ANOVA.

Proliferative effects of mast cell proteases on burn wound fibroblasts

Primary human fibroblasts from NBS and HTS were obtained from pediatric burn
patients during revision surgeries in this IRB approved study, washed in PBS and cultured
in Dulbecco’s Minimal Essential Media (DMEM) supplemented with 10% fetal bovine
serum and 1% antibiotic antimycotic solution (Cellgro-Mediatech, Manassas, Virginia
USA) at 37°C in 5% CO.. Cell passages 3-7 were used for all in vitro experiments. Neonatal
skin fibroblasts (PCS-201-010, ATCC, Manassas, Virginia USA) served as cellular
controls and DMEM alone served as an assay control. Next, 2.50 x 102 cells were plated
onto a 96-well microculture plate and allowed to attach. Cells were plated in 5 replicates
for each treatment and cell line. Cells were then treated with either 0.002, 0.02, 0.2, 2.0
pg-mL*? recombinant human (rh-) Chymase (R&D Systems, Minneapolis, Minnesota
USA), 0.001, 0.01, 0.1, 1.0, 10.0 pg-mL™* rh-Tryptase (Enzo Life Sciences, Farmindale,
New York USA), or 0.1, 1.0, 10, 100 uM SLIGKV (MilliporeSigma, Burlingame, MA,
USA) diluted in DMEM for assays. SLIGKYV is the tryptase-cleaved peptide serving as a
tethered ligand to activate PAR2 in the absence of mast cell tryptase. To assess metabolic
and proliferative activity after 24 hours, an MTT assay (ATCC) was performed. Briefly,
the soluble tetrazolium MTT reagent was added to each well and allowed to incubate for 3
hours for optimal metabolism of MTT. Following incubation, cells were lysed in detergent
and the subsequent colorimetric change was analyzed by recording absorbance at 570nm.

Mean absorbance for each cell line and treatment concentration was compared by one-way
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ANOVA. Range of treatment for each compound was assessed by determining the
concentrations that caused 50% cell death. This occurred at 100pg pg-mL ™ in rh-Tryptase,
ImM in SLIGKV, and at 100pg pg-mL™ in rh-Chymase treatment, respectively. The
experiment was repeated four times using matched NBS and HTS primary fibroblasts from

four separate patients.
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RESULTS
Mast cell density is significantly increased in post-burn hypertrophic scars and

remains elevated over time

Quantitative CTTF shows increased expression of mast cell Tryptase and Chymase
in post-burn HTS compared to non-burned skin. Moreover, this elevation continues for up
to 4 years following burn injury. Mean tryptase/chymase dual stain CTTF values for post-
burn HTS at 6 months (5.78 + 2.21 x 10%), 12 months (4.99 + 0.199 x 10%), 24 months (7.83
+0.193 x 10%), and 48 months (1.219 + 1.62 x 10°) were significantly elevated (p<0.005)
when compared to NBS (2.45 + 0.74 x 10%) (Fig 1a and 1b). Mean CTFF for HTS at 48
months was also significantly higher when compared to all other HTS time points (p<0.01).
Moreover, the immunofluorescent data demonstrate gradual dissemination of mast cells in
post-burn HTS, from initial localization around microvasculature to full propagation
throughout the papillary and mid-dermis. These data demonstrate mast cell localization to
burn scars after several years following the original injury, further showing that mast cell

density increases significantly over time.
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Figure 1: Mast cell presence is significantly higher in pediatric post-burn hypertrophic scars.
Dual immunofluorescence intensity for mast cell tryptase and chymase increased considerably in pediatric

HTS up to 4 years post-burn compared to that of non-burned skin (A). Quantification of corrected total tissue
fluorescence (CTTF) indicates elevated mast cell density over time (B). Data presented is mean CTTF +
SEM. Non-burned skin (NBS) from non-burned patients served as control and human lung (Hum Lung)
tissue served as an antibody staining control. A one-way ANOVA determined overall significance difference
in group means followed by a post hoc Bonferonni test to confirm differences between groups and time

points. *p<0.001 to non-burned skin.
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Additionally, these data suggest that mast cells play a vital role in the maintenance of the
post-burn scar tissue and provide further evidence that mast cells may indeed contribute to

the fibrotic phenotype seen in hypertrophic scar pathology.

Intact and degranulating mast cells are significantly elevated in post-burn

hypertrophic scars up to 2 years post-burn

Blinded observers’ quantification shows significantly more intact and
degranulating mast cells (p<0.005) over time in the papillary and mid-dermis of post-burn
HTS compared to non-burned skin in toluidine blue stained tissues (Fig 2a and 2b). Intact
mast cells increased from 1.72:0.25mm™ at 6 months post-burn to 2.73-0.25mm2 at 24
months post injury in HTS compared to 0.35-0.25mm™ in non-burned skin (p<0.005).
Degranulating mast cells were measured in increasing densities in HTS from 1.32-0.25mm"
2 at 6 months post-burn to 1.55-0.25mm2 at 18 months.  Although increased in HTS,
degranulating mast cell density was not significantly elevated at 2 years following injury.
As analyzed by Fleiss’ kappa statistic, there was substantial inter-rater agreement among
four blinded observers (0.61-0.85) (Fig 2c). Taken together, these data indicate an active
scar with degranulating mast cells persisting over time for at least 2 years following burn

injury.
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Figure 2: Both intact and degranulating mast cells are significantly increased in post-burn
hypertrophic scars over time.

Toluidine blue stained tissues from NBS and HTS up to 2 years post-burn were imaged at 400X magnification
(A, representative images). Scale bar represents 50um. Mast cells in the papillary and mid-dermis were
quantified as intact or degranulated by blinded observers trained in burn histopathology. Quantification
shows significantly increased mast cell numbers, both intact and degranulating, in post-burn HTS compared
to NBS indicating an active scar up to 2 years following injury. Data is presented as mean = SEM among 4
blinded observers, *p<0.005 (B). Inter-observer variability was assessed as substantially in agreement (0.61-
0.85) by Fliess Kappa statistic (C).
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Serum mast cell tryptase concentration is considerably increased during the acute

post-burn stage and at 6 months

Mean serum mast cell tryptase is significantly increased in pediatric burn survivors
immediately following injury (6.104 = 0.930 ng-mL-1) and at 6 months post-burn (5.105
+ 0.802 ng-mL-1) compared to non-burned children (0.7083 * 0.2467 ng-mL-1) (Fig 3,
p<0.001). Compared to age-matched non-burned controls, burn injury increases mast cell
degranulation not only acutely following burn injury, but degranulation is sustained during

initial HTS formation suggesting that active mast cell degranulation may contribute to HTS

pathophysiology.
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Figure 3: Mast cells are activated following severe burn injury.
Serum mast cell tryptase is significantly elevated during the acute care stage of burn injury and at 6 months

post-burn compared to non-burned, age-matched controls, ***p<0.001 as measured by ELISA specific to

human mast cell tryptase-pIl. Data is presented as mean serum tryptase with 95% confidence interval.
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Mast cell tryptase significantly increases proliferation in post-burn dermal

fibroblasts

rh-Tryptase increased cell proliferation from control at only the highest concentration in
NBS cells. Proliferation ranged from 89 + 14 % at 0.001 pg-mL™* up to 118 + 17% at 10
pg-mL? in primary NBS fibroblasts. However, there was no significant difference in
proliferation at any concentration. In contrast, rh-Tryptase significantly increased
proliferation of primary HTS dermal fibroblasts at all concentrations. Proliferation
increased steadily from 146 + 18% at 0.001 pg-mL™2to 176 + 31% at 10 pg-mL?, peaking
at 209 + 23% at 1.0 pg-mL* (Fig 4a). The PAR2 activator, SLIGKV, showed similar
effects on proliferation as did rh-Tryptase in each fibroblast type. Surprisingly, SLIGKV
demonstrated no proliferative effect in NBS fibroblasts at any concentration, cresting at 95
+ 5% at the lowest concentration and reducing proliferation to 81 £ 6% at 100uM compared
to control cells (Fig 4b). Still, in post-burn HTS fibroblasts, SLIGKV increased
proliferation at all concentrations, peaking at 148 + 8% from control at 0.1uM. These rh-
Tryptase- and SLIGKV-induced proliferative increases were significantly different from
those in NBS fibroblasts (p<0.01). Most notably, the other major mast cell protease,
Chymase demonstrated no proliferative effect at any concentration on either NBS or HTS
primary fibroblasts (Fig 4c). Peak proliferation of 88 + 26% occurred at 0.02 pg-mL™? in
NBS fibroblasts and at 2.0 ug-mL™* in primary HTS fibroblasts. Proliferations was not
different from control cell (PCS) proliferation or from each other, NBS vs. HTS (p>0.05).
To ensure cellular apoptosis did not artificially inflate proliferation measurements, cells
morphology was monitored throughout the experiment. No morphological changes were

noted in any of the cell populations.
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Figure 4: Mast cell tryptase increases burn wound fibroblast proliferation.
rhTryptase and PAR2 activator SLIGKV significantly increased the proliferation of primary post-burn

dermal fibroblasts (A and B); proliferation was not altered by rh-Tryptase nor SLIGKV in non-burn skin
primary fibroblasts. Additionally, rh-Chymase failed to induce any significant changes to proliferation in
any NBS or HTS cell line at any concentration (C) demonstrating that tryptase is the main serine protease
released by mast cells to cause proliferation of dermal fibroblasts. Furthermore, the data show that this
proliferative effect occurs mainly in hypertrophic scar fibroblasts and not in non-burned fibroblasts. This
differential response may indicate a fundamental phenotypic modification following burn injury to wound
fibroblasts compared to their non-burned counterparts. Data is presented as mean percent proliferation from
control (PCS) fibroblasts + SD, *p<0.05.
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DISCUSSION

Painful and disfiguring HTS remain one of the most challenging post-burn
outcomes to treat clinically. Therapies such as compression garments, laser therapy, or
surgical revision are used in order to reduce HTS by physical means, reducing excess
collagen deposition, and minimizing many detrimental scar parameters. Cellular-based
therapies are now incorporating the use of autologously derived adipose stem cells that
beneficially alter ECM and flatten HTS, but the extent to which this unique cell population
contributes to improved healing is still unknown.!%!l Systemic pharmacologic
interventions are receiving more attention as well. In addition to reducing cardiac load and
blunting the hypermetabolic response following a severe burn, we have previously shown
that the non-selective beta-blocker propranolol, with or without Oxandrolone, reduces HTS
by reducing B-adrenergic receptor expression.>!2  These current therapeutic options,
although promising, remain inadequate for full scar resolution and painful and pruritic HTS
persist for years after the initial injury. We must continue to look in new directions to
develop more effective therapies and strategic immunomodulation may prove to be pivotal.

Recent evidence suggests that immune cell populations may play a fundamental
role in post-burn HTS pathology. Macrophages and T-cells in the early burn wound release
a plethora of pro-inflammatory cytokines that serve to recruit neutrophils and
monocytes.*3115 This immune milieu has been shown to be essential for the induction of
post-burn fibrosis.!®!!" Studies show that when macrophages are depleted during early
wound healing, subsequent scarring can be reduced.*'® Even with the evidence of increased
immune cell activity, mast cells have been often neglected in the post-burn wound healing

cascade, although they are implicated in several other fibrotic pathologies.'**2! However,
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growing evidence is demonstrating that mast cells may indeed play a more prominent role
in HTS pathogenesis than previously thought.

Kischer and colleagues provided the earliest data that mast cells may be involved
in cutaneous scarring following severe burns by observing increased mast cell numbers in
granulation tissue compared to bordering non-burned skin.*® Tredget et al. found elevated
mast cell quantities and increased histamine metabolism in adult patients with hypertrophic
scars.?%122 Results from the current study show significantly elevated mast cell density in
the hypertrophic scar tissues of pediatric burn patients. Importantly, mast cell presence
increases with time, from 6 months post-burn up to four years after initial injury. Itch and
pain from the scars during this time shows sustained impact on patient well-being and
quality of life.®> Moreover, during this same time, data indicate that mast cells disseminate
from microvasculature to most areas in the papillary and reticular dermis suggesting that
they have a sustained effect on dermal fibroblasts during HTS pathology.

As a part of their immune function, mast cells release an abundance of pre-formed
and de novo synthesized mediators upon activation. The serine protease tryptase is the most
abundant of these mediators and its actions are implicated in several fibrotic pathologies.
Previous studies have shown that tryptase inhibits apoptosis of synovial fibroblasts in
rheumatoid arthritis in a Rho-kinase dependent manner which further sustains a fibrotic
phenotype.'?® Others have demonstrated that tryptase can trigger collagen production in
circulating fibrocytes highlighting tryptase’s fibrotic inducing potential. In the present
study, we found increased serum tryptase levels in severely burned children. This

considerable tryptase elevation, although not within “normal” levels and not rising to
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concentrations associated with mast cell disorders such as mastocytosis, were up to 6 times
higher than concentrations found in healthy non-burned children.

Increased tryptase levels were expected acutely following a major burn due to the
canonical hypermetabolic response and general cellular necrosis that is part of large
cutaneous full-thickness injuries. Notably however, a surprising finding was that tryptase
concentrations remained elevated at 6 months post-burn from patient-matched samples.
Such continuous increases would assuredly have fibrotic consequences in the healing burn
wound. Studies have shown tryptase’s ability to induce proliferation in fetal fibroblasts
and adult skin fibroblasts through the activation of PAR2 and resultant MAPK
signaling.541%* However, our investigations show differential effects of tryptase on
proliferative capacity of primary fibroblasts from non-burned skin versus HTS. Tryptase
treatment, or the PAR2 activator SLIGKYV, induced significant proliferation in HTS
fibroblasts but not in non-burned fibroblasts which suggests there is an inherent phenotypic
difference in dermal fibroblast populations of burn survivors. Further studies are warranted
to explore PAR2 expression and activation in post-burn fibrosis.

Chymase is another critical protease released during mast cell degranulation and
strong evidence demonstrates that chymase promotes cardiac fibroblast proliferation,
induces pulmonary fibrosis, and stimulates epithelial proliferation in lung
carcinomas.>*1251%6 Contradictory evidence, however, suggested that chymase may inhibit
proliferation by modifying cell-matrix adhesions.*?” Here, we show that chymase had no
such proliferative effects in primary post-burn HTS fibroblasts at any experimental
concentration. It is possible that chymase may have other effects on wound healing or ECM

deposition. Although it did not affect proliferation of either non-burned skin fibroblasts or
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HTS fibroblasts, chymase remains an important mast cell protease that requires further
study in the context of cutaneous fibrosis and scarring.

Histamine is the major vasoactive amine released during mast cell degranulation
and is most often associated with immune hypersensitivity reactions. Although not
investigated here, others have reported increased histamine levels after a major burn®122
and the present study does provide evidence for actively degranulating mast cells during
post-burn wound healing. Importantly, increased mast cell density in post-burn HTS would
provide the source for histaminergic itch. Pruritus remains a significant factor reducing the
quality of life for burn survivors and the majority of pediatric patients still report moderate
itch up to 2 years after injury.'?812° Understanding mast cell activation following a major
burn may not only address scarring pathophysiology, but may also elucidate underlying
mechanisms of post-burn itch and provide a therapeutic path to alleviate such burden.

In conclusion, this study demonstrated that mast cells accumulate in pediatric post-burn
HTS in increasing densities long after the scar has matured. Moreover, mast cells were
found to be fully disseminated throughout the entire dermis indicating chemoattractant
stimuli are still present in the burn scar for years. Increased serum tryptase levels during
acute burn treatment and at 6 months post-burn supports the hypothesis that active mast
cell degranulation in HTS sustains a fibrotic environment over time. Finally, the current
study helps increase our understanding of post-burn HTS pathophysiology and highlights
the need for further investigations into potential cellular-based and immunomodulatory

treatments to alleviate cutaneous fibrosis and other detrimental post-burn sequelae.
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CHAPTER 3: MAST CELL TRYPTASE CONTRIBUTES TO POST-BURN FIBROSIS

THROUGH PROTEASE-ACTIVATED RECEPTOR-2 ACTIVATION

INTRODUCTION

Worldwide, burns account for almost 11 million traumatic injuries annually that
necessitate medical intervention and cause nearly 200,000 deaths. Emergent resuscitative
measures, immediate surgical interventions, and reformed nutritional standards have
remarkably reduced mortality in pediatric full thickness burn cases over the last few
decades.21*0131 However, post-burn hypertrophic scarring (HTS) remains a critical
morbidity with limited treatment options that ultimately diminishes quality of life for burn
survivors. Impaired movement, limited by fibrosis, and itching persist for years after the
initial injury and HTSs continue to be the most difficult treatment challenge.* Innovative
therapies such as laser ablation and autologous adipose tissue injections have greatly
improved detrimental scar sequelae. Novel treatments must be explored to restore normal
wound healing after traumatic burns. To understand better the consequences of HTS, we
have recently explored the roles of mast cells in post-burn HTS pathophysiology.

Mast cells are sentinel effector cells of the innate immune system activated to
degranulate during allergic hypersensitivity reactions, anaphylaxis, and in response to
certain bacterial and parasitic infections.'® Released factors serve as inflammatory stimuli
that initiate vasodilation and facilitate mobilization and infiltration of other immune cells
populations to sites of injury. Inflammatory cytokines such as transforming growth factor-
B (TGF-B), monocyte chemoattractant protein-1 (MCP-1), and macrophage inflammatory
protein-1 (MIP-1) are significantly increased following burn injury?? for sustained periods

and are known chemoattractants for mast cells.331%13%  The increased expression of
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cytokines may provide the impetus for mast cell chemotaxis and migration to sites of burn
injury. Once established in wound tissue, we hypothesize that the mast cells may drive
HTS progression.

Increased mast cell numbers are present in adult HTS with concomitant elevations in
systemic histamine, an important mediator produced by mast cells. Additionally, mast cells
are noted as key regulators of cardiac, adipose, and renal fibroses.!8106120.121 \We have
previously demonstrated increased mast cell density in pediatric HTS up to 4 years post-
burn with simultaneously increased serum tryptase concentration up to 6 months following
the initial injury, further supporting the notion of actively degranulating mast cells in long-
term HTS.2** Mast cells may be involved in a host of wound healing activities, but
importantly may contribute to HTS progression through a fibroblast paracrine axis that is
not well studied or understood.

Several studies have described mast cell — fibroblast interactions and their potential
link to scarring. Indirect mechanisms may involve mast cell released factors such as
vascular endothelial growth factor (VEGF), which stimulates vascular leakage and sustains
further inflammation, while others have proposed fibroblast migration and collagen
synthesis through the action of histamine, which is produced in ample amounts by mast
cells.*®% Interestingly, evidence also points to the direct interaction of mast cells and
fibroblasts and their ability to exchange proliferative signals through gap junctions.!36%
Of all granules produced by mast cells, tryptase is the most abundant protease, accounting
for up to 50% of the total protein contained in granules.>”® Tryptase is known to
proteolytically cleave the protease-activated receptor-2 (PAR2) in dermal fibroblasts and

is implicated in fibrotic pathologies including pulmonary fibrosis.3® However, whether

52



this important protease’s plays a role in post-burn scarring pathophysiology has not been
explored.

The protease-activated receptors (PAR) are a unique class of G-protein-coupled
receptors (GPCR) that are sensitive to a variety of enzymatic proteases in the extracellular
environment including mast cell tryptase. There are four known isoforms (PAR1-4) that
have a range of biological functions in many tissues. PAR activation and signaling is
required for maintenance of vascular tone in the pulmonary system and regulation of
secretion from pancreatic duct epithelial cells.’3*'%0 PARs share approximately 50%
sequence homology over all isoforms, but the receptors are highly conserved across
mammalian species.!*? GPCRs are canonically activated by distinct ligands that bind to
complementary extracellular N-terminal moieties of the receptor. Binding catalyzes a

physical conformation change that initiates G-protein mitogenic intracellular signaling.

N-terminal

Figure 5: Primary sequences for proteolytic cleavage sites for PARs 1-4 are specific for distinct
proteases including mast cell tryptase.

The extracellular portion of the second extracellular loop is specific for the tethered ligand binding site and
subsequent activation of the signal. N-terminal cleavage is irreversible, therefore, PARs must be synthesized
de novo for signal re-sensitization. Adapted from Macfarlane, S.R., et al., Proteinase-activated receptors.
Pharmacol Rev, 2001. 53(2): p. 245-82.
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However, PARs are very rare exceptions to classic GPCR activation and subsequent
signaling. PAR activation is achieved by targeted proteolytic cleavage of N-terminal
moieties. The cleaved peptide binds to the second extracellular loop of the receptor and
acts as a tethered ligand that stimulates signaling (Fig 5 and 6).14

"4 S,

[off] T [on] -

l

Signalling Pathways

Figure 6: Diagram of proteolytic activation of PARSs.
Adapted from Macfarlane, S.R., et al., Proteinase-activated receptors. Pharmacol Rev, 2001. 53(2): p. 245-

82.

Following receptor activation, intracellular G-proteins are recruited and coupled to
intracellular portions of the GPCR, which activates phospholipase C (PLC) and initiates
calcium mobilization. Repeated PAR activation stimulates increased B-Arrestin expression
and trafficking to the plasma membrane where B-arrestin and PAR interact to terminate
signaling. This accompanies receptor internalization by clathrin-coated pits and initial
direction to early endosomes with later delivery to lysosomes for degradation.
Interestingly, MAPK signaling (Fig 7) has been shown to continue even upon receptor

internalization, which may be a mechanism to target and activate specific kinases or
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localize signal propagation.*#143 Additionally, whereas most GPCRs can be recycled back
to the plasma membrane, PAR proteolytic cleavage is irreversible. New receptors must be
synthesized de novo to re-sensitize the cell for continued signaling.'** Thus greater PAR

expression indicates increased signaling.

* PAR2 PAR2

T B-arrestin

DNA replication, growth

DNA replication, Growth, Differentiation, Proliferation

Figure 7: PAR2 activation and MAPK signaling.
Following PAR2 activation by mast cell tryptase, G-proteins are rapidly recruited to propagate mitogenic

signaling. Activation induces B-Arrestin expression and endocytosis of the signaling complex. Signaling
continues even upon internalization prior to degradation in lysosomes. Unlike most GPCRs that can be
recycled back to the plasma membrane, PARs are irreversibly cleaved upon activation and must be made de
novo to re-sensitize the cell for continued signaling. Adapted from DeFea, K.A., et al., beta-arrestin-
dependent endocytosis of proteinase-activated receptor 2 is required for intracellular targeting of activated
ERK1/2. J Cell Biol, 2000. 148(6): p. 1267-81.
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Cleavage sequences for PARs provide specificity for distinct proteases. PARs-1, -
3, and -4 are activated by thrombin, which plays a major role in the clotting cascade.
Proteolysis at specific N-terminal moieties results in different tethered ligand activating
peptides.  Functional expression and receptor mutation studies revealed that the
hexapeptide SLIGKYV was the activating tethered ligand specific for PAR2 this peptide is
a very potent agonist at low concentrations.*® Unlike other isoforms, PAR2 is the only
described physiologic receptor targeted solely by a single protease — tryptase, which is
produced by mast cells. Importantly, the activation of PAR2 is implicated in several
scarring pathologies which may have critical consequences in post-burn HTS.*¢ Mast cell
tryptase induces lung fibroblast proliferation and subsequent fibrosis via PAR2
activation**” in vitro and is also implicated in liver and kidney fibrotic progression in
vivo.%>148 However, PAR2 expression, activation status and subsequent signaling post-burn
has never been explored. In the current study, we demonstrate a function for mast cell-
induced tryptase activation of post-burn PAR2 on post-burn HTS and establish a role for

mast cells in the progression HTS following severe burn injury in children.

METHODS
Tissue procurement and primary cell culture

All tissues were obtained under a protocol approved by the University of Texas
Medical Branch Institutional Review Board. Hypertrophic scar (HTS) and bordering non-
burned skin tissues were excised and obtained during revision surgeries on pediatric
patients with full-thickness burns covering at least 20% of the total body surface area
(TBSA). Post-burn hypertrophic scar tissues were identified via clinical examination and

histologically confirmed by a certified histopathologist. Tissue was washed in phosphate
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buffered saline (PBS) and soaked in antibiotic solution for 1 hour prior to processing.
Tissue was then minced and cultured in sterile Dulbecco’s minimal essential media
(DMEM, ThermoFisher, Waltham, MA, USA) supplemented with 1%
antibiotic/antimycotic solution (ThermoFisher) and 10% fetal bovine serum (FBS,
MilliporeSigma, St. Louis, MO, USA). Fibroblasts were isolated and further expanded in
10%-FBS supplemented DMEM (10% DMEM) at 37°C and 5% CO. for experiments.
Commercially purchased primary neonatal skin fibroblasts (PCS, American Type Culture
Collection [ATCC], Manassas, VA, USA) served as natural non-burned controls and were
cultured and expanded under the same conditions. In vitro experiments were completed in
replicates with 3 sets of patient-matched, and 2 sets of non-matched, fibroblasts isolated

from non-burned skin and HTS, between passages 3-7.

PAR2 immunocytochemistry

1.50 x 10° HTS and NBS cells were cultured as described and plated onto glass
coverslips in 6-well plates and expanded for 24 hours to reach 30-40% confluence. After
attachment, cells were washed in PBS and cultured in serum-free DMEM for 24 hours.
Cells were then treated either with 10uM of the PAR?2 activating peptide SLIGKV (S9192,
MilliporeSigma, Burlingame, MA, USA) solubilized in water or 10% DMEM alone for 10,
20, 30, and 60 minutes. Independent experiments were performed for three patient-matched
fibroblasts from non-burned skin and HTS in triplicate. At each time point, treatments
were removed and cells were washed in ice cold PBS prior to fixation in 4%
paraformaldehyde diluted in methanol for 20 minutes then blocked in 3% horse serum for

1 hour at room temperature. Cells were then incubated in rabbit monoclonal anti-PAR2
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antibody (1:300, Abcam 180953, Cambridge, MA, USA) diluted in background-reducing
antibody diluent (DAKO) at 4°C overnight. After washing 3 times in phosphate-buffered
saline with Tween20, fibroblasts were incubated with secondary antibody AlexFluor488
(1:350, ThermoFisher A-21206) for 1 hour at room temperature. Subsequently, cells were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI) 1:10000 for fluorescent nuclear
visualization and coverslipped for imaging.

Images were acquired on an Olympus BX41 microscope utilizing cellSens software
(version 1.7, Olympus, Tokyo, Japan). Fluorescent intensity, indicative of PAR2
expression, was quantified by corrected total cell fluorescence (CTCF) in ImageJ (version
1.3 for Windows, NIH, Bethesda, MD). Briefly, a region of interest area was outlined
around individual cells in the field of view. Background regions of interests were defined
as non-cellular areas. Pixel intensity of each region of interest was calculated as integrated
density; greater integrated density corresponds to increased fluorescent intensity and
greater PAR2 expression. Integrated density was normalized to area of measurement to
account for differences in cell size and subtracted from the mean background integrated
density to correct for non-specific fluorescence to yield the corrected value CTCF:
CTCF = measured fluorescence intensity (PAR2) — background fluorescence. A one-way
ANOVA assessed PAR2 expression (CTCF) differences produced by SLIGKYV treatment

between cell lines at each time point.

Proliferation and Wound Healing / Scratch Assays

Proliferation assay: Primary non-burned skin and HTS fibroblasts were cultured as

described. In each well of a 96-well microculture plate, 3.0 x 102 fibroblasts were plated in
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10% DMEM and allowed to attach overnight. The next day, media was removed and cells
were treated with 10uM of the PAR2 inhibitor, GB83, (Axon MedChem, Reston, VA,
USA) solubilized in dimethyl sulfoxide (DMSO) and diluted in 10% DMEM, for 2 hours
prior to treatment with either 10pg-mL™ recombinant human mast cell tryptase (Enzo Life
Sciences, Farmingdale, New York USA), 20ng-mL? recombinant human mast cell
chymase (R&D Systems, Minneapolis, Minnesota USA), or the combination of both. The
placebo controls were independent treatments with 10% DMEM or 0.01% DMSO.
Following 1-hour treatment, an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (ATCC, Manassas, VA, USA) measured percent proliferation from
control. Briefly, tetrazolium dye (MTT) was added to each well and incubated for 3 hours
at 37°C until a purple precipitate formed from the metabolism of MTT reagent. Cells were
then lysed in detergent buffer and the ensuring color change was spectroscopically
measured at 570nm. Mean absorbance values were normalized to control treatment and
compared by one-way analysis of variance to assess differences in proliferation between
cell lines and treatments.

Wound healing / Scratch assay: Both non-burned skin and HTS fibroblasts were
cultured as before. In each well of a 6-well culture plate, 2.5 x 108 fibroblasts were plated
and allowed to grow 24-48 hours to reach 100% confluence. Next, cells were treated with
10uM GBS83. After 2 hours, GB83 pre-treatment was removed and the fibroblasts were
then treated with either 10% DMEM (control), 0.01% DMSO, 10uM of the PAR2 activator
SLIGKYV, or inverse peptide VKGILS as control. Immediately following treatment, a
sterile 100uL pipette tip was used to form two artificial scratches approximately 1cm apart

in each well. The scratch created a uniform gap averaging 500-600pm. Culture plates were
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re-incubated at 37°C and brightfield images of the scratch were captured every two hours
over the course of 12 hours on an inverted Nikon Diaphot 300 (version 3.22.15, NIS
software, Melville, NY, USA). The same area of each well and scratch gap was imaged
during each time point. TScratch software (version 1.0, Koumoutsakos group (CSE Lab),
ETH Zurich, Zurich, Switzerland)** quantified the percent open area for each wound and
a 2-way ANOVA analyzed differences between treatments at each time point. Significance
was accepted at p<0.05. Experiments were repeated three times for three patient-matched

non-burned skin and HTS fibroblast cell lines.

RT-gPCR for mRNA markers of fibrotic signaling

HTS and NBS cells were cultured and treated as before in 6-well plates in three
independent experiments. After 2-hour GB83 pre-incubation and following 1-hour
SLIGKYV treatment, mMRNA was harvested to investigate fibrotic and mitogenic signaling
pathways. RNA was isolated via the RNEasy Mini Kit (Qiagen, Los Angeles, California
USA) and proceeded according to manufacturer’s instructions. Briefly, cells were lysed in
RLT buffer and RNA was allowed to precipitate in 75% ethanol before transfer to the RNA
mini column. Following centrifugation, the column was washed twice in wash buffer, once
in RPE buffer, and RNA was eluted in approximately 20 pL. RNase-free water. RNA
concentration and purity were assessed by UV spectroscopy (NanoDrop 1000,
ThermoFisher) with absorbance measured at the ratio of 260 and 280nm. Next, 500ug of
isolated RNA was reverse transcribed to yield pure complimentary DNA (cDNA) via
iScript Reverse Transcriptase kit (Biorad, Hercules, California USA). Thermocycling was

set to 5 minutes at 25°C, 30 minutes at 42°C, and then 5 minutes at 85°C. After cycling was
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complete, cONA was held at 4°C until gene expression assessment via polymerase chain

reaction (PCR). Prior to PCR, cDNA was diluted in DNase-free water 1:10. Transcripts

were then amplified using the StepOne Plus PCR system (Applied Biosystems, Foster City,

California USA) with SYBR Green Master Mix (Biorad) along with primer pairs for

markers of PAR2 activation and subsequent fibrotic signaling (Table 1). Melt curves were

analyzed to ensure the purity and specificity of the primer. Gene expression was then

normalized to B-Actin and fold change was calculated utilizing the delta-delta threshold

cycle (AACt) method for comparisons between treatment groups.

Primers (5' - 3")

Target Sense Antisense
PAR-1 CAGTTTGGGTCTGAATTGTGTCG TGCACGAGCTTATGCTGCTGAC
PAR-2 GGGTTTGCCAAGTAACGGC GGGAACCAGATGACAGAGAGG
PAR-3 TCCCCTTTTCTGCCTTGGAAG AAACTGTTGCCCACACCAGTCCAC
PAR-4 AACCTCTATGGTGCCTACGTGC CCAAGCCCAGCTAATTTITG
B-Arrestin-1 CAAAGGGACCCGAGTGTTCA TGGGAACGACTGTACGTTGG
Collagen- CGACCGCTTCACCTACAG TTTTGTATTCAATCACTGTCTTGC
Collagen-ll GGGAACAACTTGATGGTGCT CCTCCTTCAACAGCTTCCTG
a-SMA GACGAAGCACAGAGCAAAAGAG  TGGTGATGATGCCATGTTCTATCG
bFGF GGCTTCTTCCTGCGCATCCA GCTCTTAGCAGACATTGGAAGA
KGF AGGGACCCAAGAGATGAAG TGATTGCCACAATTCCA
VEGF GGGCAGAATCATCACGA CCGCCTCGGCTTGTCACA
MMP-1 CTGAAGGTGATGAAGCAGCC AGTCCAAGAGAATGGCCGAG
MMP-2 GCGACAAGAAGTATGGCTTC TGCCAAGGTCAATGTCAGGA
MMP-8 CGCAGACATCGTCATCCAGT GGATTGGCCTTGGAAGATGA

Table 1: Primer pairs for proliferative and fibrotic targets in post-burn hypertrophic scar pathophysiology

signaling.

PAR2 knockdown

In three independent experiments with three patient matched non-burned skin and

hypertrophic scar fibroblasts cell lines, 1.50 x 10° HTS fibroblasts were grown to 50%
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confluence in 6 well tissue culture plates and treated with 10uM siRNA to PAR2
(ThermoFisher). Lipofectamine served as the transfection reagent. Control fibroblasts
received 10% DMEM, lipofectaime, or scrambled siRNA alone. siRNA pre-treatment was
removed after 72 hours and then cells were treated with 10uM SLIGKV for 1-hour.
Following treatment, protein was harvested to confirm efficient PAR2 knockdown and
RNA was collected to analyze markers of fibrotic signaling as previously described.

Primers are listed in Table 1.

Human mast cell and burn wound fibroblast direct co-culture

Patient-matched primary non-burned skin and HTS fibroblasts were cultured and
expanded as previously described. Human mast cells (LUVA) were purchased
commercially (Kerafast, Boston, MA, USA) and expanded in StemPro-34 media
(ThermoFisher) supplemented with 200mM L-glutamine, 1% penicillin and streptomycin,
and 0.2% primocin at 37°C in 5% CO.. LUVA mast cells proliferate independent of stem
cell factor, but express a non-mutated and functional c-kit receptor. These mast cells have
also been shown to express the full complement of endogenous pre-made and de novo
mediators including tryptase and chymase. Following expansion, 1.0 x 10 mast cells were
treated with 20pg-mL™* compound 48/80 (MilliporeSigma) overnight to activate the cells
and potentiate degranulation.®® The next morning, mast cells were removed and the
conditioned media (MC Cond Med), containing the contents of the degranulated mast cell
granules, was harvested for use in vitro. Depleted mast cells were discarded.

For co-culture experiments, 2.50 x 10° patient matched non-burned skin and HTS

fibroblasts were separately plated in each well of 6-well culture plates and allowed to reach

62



approximately 90% confluence in DMEM supplemented with 10% fetal bovine serum. For
immunocytochemistry experiments, fibroblasts were grown to approximately 30-40%
confluence on glass coverslips in 6-well culture plates. Next, media was removed and the
fibroblasts were washed in warm PBS. Fibroblasts were then treated either with 2%
DMEM, 10% DMEM, 1.0 x 10° LUVA MC Cond Med with or without PAR2 inhibition
(GB83), or 1.0 x 10° activated LUVA mast cells with or without PAR2 inhibition.
Fibroblasts were pre-treated with10uM GB83 for 2 hours prior to subsequent treatments.
Fibroblasts and mast cells were in direct contact for described treatment conditions.
Treatment conditions were applied for 1 hour. Subsequent processing to assess
myofibroblast differentiation and protein expression differences in order to elucidate
proliferative and fibrotic signaling is described below.
Myofibroblast immunocytochemistry in mast cell — fibroblast co-culture

Following co-culture, all treatments including mast cells and media were removed
from culture dishes. Fibroblasts, grown on glass coverslips, were prepared as before (see
PAR2 Immunocytochemistry). Briefly, cells were washed in ice-cold PBS, fixed in 4%
paraformaldehyde, and blocked in 3% goat serum for 1 hour. Following heated antigen
retrieval, cells were incubated in 1:300 mouse 1gG to human alpha-smooth muscle actin
(aSMA, MilliporeSigma) overnight at 4°C to assess myofibroblast phenotype. The next
day, coverslips were washed and incubated in secondary fluorophore conjugated 1:500
anti-mouse 1gG AlexaFluor 568 (ThermoFisher) for 1 hour. Subsequently, nuclei were
stained with 1:10,000 DAPI and coverslips were washed in PBS and mounted onto slides
for visualization. Fluorescent images were captured on an Olympus BX41 microscope

utilizing cellSens software. CTCF for aSMA expression was calculated as previously
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described. Individual actin filaments within the same microscopic plane were measured
via cellSens software. A minimum of 10 filament measurements were obtained for

individual cells.

Western Blot

Co-cultured fibroblasts were washed in PBS and lysed in buffer containing 20mM
Tris, 150mM NaCl, 1ImM EDTA, 1% Triton-X, and a cocktail containing protease- and
phosphatase inhibitors (ThermoFisher). Protein concentration was determined by Pierce
bicinchoninic assay (BCA) (ThermoFisher). Thirty-five micrograms of total protein were
loaded onto a 4-15% gradient polyacrylamide gel under denaturing conditions. Following
electrophoretic separation, proteins were transferred to a polyvinylidene difluoride (PVDF,
MilliporeSigma) membrane. The membrane was then blocked in 5% bovine serum
albumin for 1 hour at room temperature, washed thoroughly in tris-buffered saline with
Tween 20 (TBST), and incubated in 1:1000 anti-Collagen-1 (Abcam) or aSMA
(MilliporeSigma) primary antibody diluted in TBTS overnight at 4°C. The next day,
membranes were again washed and then incubated in anti-rabbit or anti-mouse HRP-
conjugated secondary antibody for 1 hour at room temperature. Pierce enhanced
chemiluminescence solution (ThermoFisher) served as the substrate for detection on
autoradiography film. Expression was quantified via densitometry using ImageJ (ver. 1.3);
mean expression was quantified from a minimum of three independent experiments.
Statistical analyses

Standard parametric tests including two-tailed student’s t tests, one-way or two-

way ANOVAs with Bonferonni post hoc analyses compared differences between treatment
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groups for normally distributed data using GraphPad Prism (version 7.03, GraphPad
Software, La Jolla California, USA). Non-parametric tests including the Mann-Whitney
rank sum test for 2 groups and the Kruskal-Wallis test for more than 2 groups were applied
in cases where data were not normally distributed. Unless otherwise indicated, data is

presented as mean * standard deviation; significant was accepted at p < 0.05.

RESULTS

PAR2 expression in primary post-burn HTS fibroblasts is significantly elevated

PAR2 fluorescence intensity is significantly increased in primary post-burn HTS
fibroblasts compared to primary non-burned skin fibroblasts (Fig 1a-b). PAR2 expression,
reported as mean CTCF, in untreated post-burn HTS fibroblasts (1.0 x 10° + 4.2 x 10*)
was significantly greater than untreated non-burned skin fibroblasts (1.3 x 10° + 2.9 x 10°),
p<0.001.

Additionally, PAR2 expression increases over time following treatment with the
PAR?2 activating peptide SLIGKV and expression is significantly elevated compared to
SLIGKYV treated non-burn controls (Fig 8c-d). Mean CTCF values for non-burned skin
fibroblasts remained stable from just prior to SLIGKYV activation at 2.0 x 10* + 6.2 x 103
(0 minutes) to 1.8 x 10* + 6.1 x 10% (60 minutes) indicating that receptor expression remains
unchanged with PAR2 activation. However, PAR2 CTCF was significantly elevated in
primary HTS fibroblasts at each time point compared to PAR2 expression in non-burned
skin fibroblasts, peaking at 4.9 x 10* +9.5 x 10° at 10 minutes following SLIGKV
treatment. The CTCF values remained elevated over the 1 hour course of treatment and

were significantly higher in HTS fibroblasts compared to either PCS control fibroblasts or
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non-burned skin fibroblasts at each time point (p<0.001). This evidence may represent two
distinct and phenotypically different fibroblast populations and suggests that HTS
fibroblasts, derived from burn survivors, are primed for PAR2 activation by mast cell
tryptase. Moreover, PAR2 activation initiates increased receptor expression that may help

maintain tryptase sensitization over time in post-burn HTSs.
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Figure 8: PAR2 expression is increased in hypertrophic scar fibroblasts.
Post-burn hypertrophic scar fibroblasts express significantly increased basal levels of PAR2 (green)

compared to non-burned skin fibroblasts (*p<0.0001, t-test) (A and B). Scale bar = 20um. Following
SLIGKV treatment, PAR2 expression is elevated and remains consistently elevated after 1 hour in
hypertrophic scar fibroblasts. A two-way ANOVA compared mean CTCF values between SLIGKV-treated
cell lines at each time point. (C and D). CTCF values for HTS fibroblasts were significantly higher,
*p<0.001, than CTCF values in PCS control or non-burned skin fibroblasts for each time point tested. Data

is presented as mean CTCF + SD.

PAR2 inhibition significantly reduces tryptase-induced post-burn HTS fibroblast

proliferation

Mast cell tryptase treatment increased the proliferative capacity of primary post-
burn HTS fibroblasts compared to non-burned fibroblasts. Mean percent proliferation
significantly increased in response to tryptase from 84.8 = 11.8% in non-burned skin
fibroblasts to 121.4 + 13.6% in HTS fibroblasts (Fig 9a, p<0.001). Furthermore, tryptase-

induced proliferation was significantly diminished in HTS fibroblasts, from 121.4 + 13.6%
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to 64.2% * 31.3% (p<0.01) with GB83 pre-treatment. However, the same proliferative
reduction did not occur in non-burned skin fibroblasts with PAR2 antagonism.

Mast cell chymase treatment did not affect proliferation in either post-burn HTS fibroblasts
or in non-burned skin fibroblasts. Additionally, GB83 pre-treatment did not alter
proliferation in either cell line. No significant differences were found in proliferation
following chymase or PAR2 antagonism treatment between cell lines (Fig 9b).

Combined tryptase and chymase treatment demonstrated similar results as tryptase
treatment alone (Fig 9¢). Mean percent proliferation was unchanged from 107.1 + 16.8%
in non-burned skin fibroblasts compared to 121.2 + 9.2% in HTS fibroblast with combined
treatment. Proliferation was considerably reduced in GB83-treated HTS fibroblasts, from
121.2 + 9.2% to 36.8 £ 33.4% (p<0.001), but not in non-burned skin fibroblasts (107.1 +

16.8% to 98.1 + 12.8%).
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Figure 9: PAR?2 blockade reduces hypertrophic scar fibroblasts proliferation.
MTT assays show that mast cell tryptase increases the proliferation of hypertrophic scar fibroblasts compared

to non-burned skin fibroblasts. However, PAR2 antagonism by GB83 significantly reduces the tryptase-
induced proliferative effect (A, **p<0.01). Mast cell chymase or GB83 treatment does not effect the
proliferative capacity in ether non-burned skin or hypertrophic scar fibroblasts (B). The combination of both
mast cell tryptase and chymase treatment did not increase cellular proliferation, however, tryptase-induced
proliferation was significantly reduced again in primary hypertrophic scar fibroblasts compared to non-
burned skin fibroblasts when cells were pre-treated with the PAR2 inhibitor, GB83 (C, **p<0.01). Data is

presented as mean percent proliferation from untreated controls + SD.
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Comparable differential proliferative effects between cell lines were also
demonstrated in the wound healing scratch assay (Fig 10a). In non-burned skin fibroblasts,
open wound gap percent decreased from 92.9 + 6.9% to 59.0 + 25.6% after 12 hours with
SLIGKYV treatment. In GB83 pre-treated non-burned fibroblasts, open wound percent
decreased to 70.5 + 4.5% after 12 hours with SLIGKYV treatment. However, there were no
significant differences in wound closure with GB83 in non-burned skin fibroblasts (Fig
10b). However, in post-burn HTS fibroblasts, GB83 pre-treatment resulted in 70.7 + 7.6%
wound closure after 12 hours, but 26.2 + 5.7% closure in fibroblasts treated with SLIGKV
alone (Fig 10c), a significant difference (p<0.05) indicating PAR2 inhibition with GB83
significantly reduces SLIGKV-induced proliferation. Additionally, wound gaps closed
only 4.4% in treatment with the inverse peptide VKGILS after 12 hours in non-burned skin
fibroblasts and 10.3% in hypertrophic scar fibroblasts, which was significantly less from
SLIGKYV treatment (p<0.05), indicating that SLIGKYV is the activating peptide for PAR2,

which is consistent with previous studies.*5>1%
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Figure 10: GB83 reduces tryptase-induced proliferation in hypertrophic scar fibroblasts.
Percent wound closure was measured over 12 hours in both non-burned skin and post-burn hypertrophic scar

fibroblasts (A). Scale bar = 200um. Scratch assay results show PAR2 antagonism with GB83 does not alter
non-burned skin fibroblast proliferation as no difference in wound closure was calculated between treatments
at any time point (B). However, GB83 pre-treatment significantly impeded wound closure in hypertrophic
scar fibroblasts after 12 hours compared to PAR2 activation with SLIGKV treatment alone (C, *p<0.05).
Data is presented as mean % open scratch area from 0 time point £ SD. Treatment with inverse peptide
VKGILS did not produce wound closure, indicating SLIGKYV is the activating peptide for PAR2.
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PAR?2 activation stimulates fibrotic and proliferative signaling in HTS fibroblasts

Following SLIGKV treatment, PAR2 activation significantly increased mRNA
expression of mitogenic and fibrogenic signaling effectors. Expression of PAR2
transcripts increased by almost 2-fold in HTS fibroblasts following PAR2 activation
compared with non-burned skin fibroblasts, but this effect was significantly blunted with
GB83 pre-treatment (p<0.01, Fig 11a). No comparable attenuation was measured in non-
burned skin fibroblasts. PAR2 activation is initiated by N-terminal cleavage and
endocytosis of the G protein-coupled receptor complex. For re-sensitization, PAR2 must
be synthesized de novo; consequently, elevated PAR2 mRNA expression is likely the result
of increased signaling. This is confirmed by concomitantly increased B-Arrestin-1. HTS
expression of B-Arrestin-1 was increased nearly 5-fold from non-burned fibroblasts
(p<0.01), but decreased significantly with GB83 PAR2 inhibition (Fig 11b). Elevated -
Arrestin-1 would signify increased receptor internalization suggesting further PAR2
activation and signaling.

Keratinocyte growth factor (KGF) and basic fibroblasts growth factor (bFGF) are
important elements in the wound healing cascade conveying mitogenic signaling,
specifically during the inflammatory phase. Here, we show two-fold increases in both
factors produced in HTS fibroblasts compared to non-burned skin fibroblasts after PAR2
activation with SLIGKV (Fig 11c-d). Both KGF and bFGF mRNA expression was
significantly reduced with GB83 pre-treatment (p<0.01) suggesting PARZ2 inhibition may
be critical to reduce fibrotic signaling stimuli.

Vascularity is another essential feature in wound healing. Increased vascularity

accompanies initial inflammation and numerous factors contribute to angiogenic signaling,
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chief among these is vascular endothelial growth factor (VEGF). SLIGKV-treated post-
burn HTS fibroblasts produced an almost 2-fold increase compared with non-burned
fibroblast controls, but again, mMRNA expression was significantly reduced (p<0.01) with
PAR2 blockade back to levels comparable to those produced by non-burned skin

fibroblasts (Fig 11e).
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Figure 11: PARZ2 activation stimulates fibrotic and proliferative signaling in HTS fibroblasts.
Quantitative reverse transcriptase polymerase chain reaction results show significantly elevated expression

levels of proliferative signaling markers PAR2 (A) B-Arrestin-1 (B), Keratinocyte Growth Factor (KGF) (C),
and basic Fibroblast GF (bFGF) (D) following SLIGKYV activation of PAR2. Similarly, vasoactive vascular
endothelial GF (VEGF) mRNA was considerably upregulated (E). Furthermore, PAR2 activation also
stimulated significantly elevated mRNA expression in the fibrotic markers aSMA (F) and Collagen-1 (G);
however, there were no comparable increases in Collagen-3 (H). The proliferative and fibrotic signaling
induced by PAR2 was significantly abated by pre-treatment with the PAR2 inhibitor, GB83 in all markers
except Collagen-3. These effects only occurred in post-burn hypertrophic scar fibroblasts and not in non-
burned skin fibroblasts suggesting fundamental phenotypic differences between burned and non-burned
fibroblasts. **p<0.05. Data is presented as mean mRNA expression fold change to control-treated cells £
SD.
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In cutaneous scar pathophysiology, increased proliferative and mitogenic signaling
contributes to fibrosis with excessive collagen production and subsequent contraction. As
a result of this aberrant signaling, normal fibroblasts are converted to myofibroblasts.
aSMA is an important indicator of this phenotypic switch. Here, we show aSMA
expression is considerably increased 3-fold following PAR2 activation (Fig 11f) in HTS
fibroblasts compared to non-burned skin fibroblasts. The SLIGKV-induced increased
aSMA expression was abated by PAR2 blockade (p<0.01) producing an approximate 4-
fold decreased expression. Additionally, GB83 pre-treatment showed similar results in
collagen-1 expression, but not in collagen-3 (Fig 11g-h). This data demonstrates
differential effects of PAR2 activation between non-burned skin fibroblasts and post-burn
HTS fibroblasts in vitro and importantly, shows the fibrotic and proliferative-inducing
capacity of PAR2 activation by mast cell tryptase can be diminished through PAR2

antagonism.

PAR2 knockdown attenuates fibrotic gene expression in HTS fibroblasts in vitro

In the previous set of experiments, we demonstrated that PAR2 activation
stimulated elevated mitogenic signaling with accompanying increases in aSMA and
Collagen-1 mRNA transcript expression in HTS fibroblasts derived from severely burned
children. To ensure that this fibrotic stimulus was initiated through PAR2 signaling, we
next treated these fibroblasts with SiRNA to reduce PAR2 expression. SLIGKYV treatment
in control fibroblasts significantly elevated expression of several proliferative and fibrotic
genes including PAR2, collagens-1 and 3, aSMA, and matrix metalloproteinases (MMP)-

2 and -9 (Fig 12a-f). All mRNA targets were significantly elevated in comparison to
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control-treated cells by at least 1.5-fold (p<0.01). Similar expression increases were shown
following PAR2 activation with SLIGKV in HTS fibroblasts pre-treated with scrambled
SiRNA for PAR2. Expression of mRNA transcripts for all proliferative and fibrotic targets
was significantly decreased in HTS fibroblasts pre-treated with siRNA to PAR2 alone.
Furthermore, expression of PAR2, collagens-1 and 3, aSMA, and MMP-2 and -9 was
decreased by at least 2-fold (p<0.01) even after SLIGKYV treatment in HTS fibroblasts with
PAR2 knockdown via siRNA, confirming PAR2 activation is important in the initiation of
signaling necessary for post-burn wound healing and HTS progression. The siRNA to
PAR2 was specific to only this isoform as mRNA expression for PARs -1, -3, and -4 was
not significantly altered from control (Fig 12g-j). PAR2 expression was significantly
diminished (p<0.05) at all siIRNA concentrations tested (Fig12h). Supplemental figure 16

shows PAR2 protein expression was considerably decreased, confirming qRT-PCR results.
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Figure 12: PAR2 knockdown attenuates fibrotic gene expression in HTS fibroblasts in vitro.
Primary post-burn hypertrophic scar fibroblasts were pre-treated with 50uM siRNA to PAR2 for 72 hours

followed by 1 hour treatment with 10uM PAR2 activator SLIGKV. gRT-PCR results show significantly
increased expression of several important fibrotic markers (*p<0.01 compared to DMEM-treated controls)
following SLIGKV treatment -3,

metalloproteinases(MMP)-2 and -9 (A-F). However, SLIGKV-increased transcriptional expression of all

including PAR2, Collagens-1 and a-aSMA and martrix
fibrotic markers was also significantly decreased with siRNA to PAR2 pre-treatment (£p<0.01 to SLIGKV
or Scrambled+SLIGKYV treatment). Synthesized siRNA to PAR2 was specific only to PAR2 and no other
PAR isoform as transcriptional knockdown was measured only in PAR2 (G-J). Scrambled = random
sequence siRNA to PAR2.
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PAR2 antagonism reduces the fibrotic phenotype in HTS fibroblasts co-cultured

with human mast cells

A co-culture approach was then used to elucidate possible paracrine interactions
between mast cells, their released factors, and primary dermal fibroblasts on subsequent
fibrotic signaling; Non-burned skin and HTS fibroblasts were immunostained for aSMA
(Fig 13a). aSMA expression and filamentous(F-)actin length were increased in control,
non-burned, and HTS fibroblasts following treatment with either degranulation of co-
cultured mast cells (Active MC) or culture with conditioned media from activated mast
cells (MC Con Med) compared to non-treated (2-10% DMEM only) control cells (Fig 13b-
c). Expression of aSMA was highest in HTS fibroblasts with both Active MC and MC
Con Med treatments, 4.3 x 10° and 4.5 x 108, respectively, compared to non-burned skin
fibroblasts with the same treatments, 3. x 10° and 3.9 x 10° relative expression (p<0.05).
Additionally, F-actin length was similar across all cell types with treatment, averaging
approximately 20-22um. Importantly, this myofibrotic conversion was considerably
diminished (p<0.001) with PAR2 inhibition via GB83 pre-treatment in all cell types. Mast
cell-induced aSMA expression was most significantly decreased in HTS fibroblasts,
declining from 4.5 x 10% with MC Con Med to 2.4 x 10°® and 4.3 x 10° to 2.2 x 10° with
Active MC alone, a 2-fold decrease in relative expression. A decline in aSMA expression
with PAR2 inhibition was confirmed by significant decreases in F-actin length across all
cell types (p<0.001), again with the most significant reductions in HTS fibroblasts. F-actin
was reduced from 20.9 = 7.3um in MC Cond Med-treated HTS fibroblasts to 8.8 + 2.7um

with GB83 pre-treatment. Additionally, F-actin length decreased from 23.2 + 6.4um to
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15.1 + 6.5um in Active MC-treated HTS fibroblasts pre-treated with GB83 indicating

PAR2 inhibition impeded transition into myofibroblasts.

MC Con Med GB83 + MC Con Med GB83 + Active MC

Non-burned Skin

—~
®
Hypertrophic Scar

5.26:10° 30

DS s
. P
| ;

Neonatal PCS Non-burned Hypertrophic
e Control Skin Scar

mm MC Cond Med

3 Active MC

GB83 | Active MC

A GB83 | MC Cond Med

ns ns
—

*

3.5x10° o

N
o

*

X 1.75:10°

=
o
I

F-Actin Length (um)

R

7777777774
77777777772

%

r ]
Neonatal PCS Non-burned Hypertrophic
Control Skin Scar

o
I

Corrected Total Cell Fluorescence
SMA - Relative Expression

Figure 13: PARZ2 blockade reduces myofibrotic phenotype in post-burn hypertrophic scar
fibroblasts.

Representative images (A) show immunostained hypertrophic scar fibroblasts for aSMA (red) treated with
2% or 10% serum-supplemented DMEM, activated mast cell conditioned media (MC Con Med), or activated
mast cells (Active MC) (columns 1-4). Cells were also pre-treated with the PAR2 inhibitor GB83 for 2 hours
prior to treatment with either MC Con Med or Active MC (columns 5-6). Cell nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI, blue). aSMA expression, as quantified by CTCF, was increased in all cell
lines with MC Cond Med or Active MC alone, most notably in hypertrophic scar fibroblasts. CTCF
expression was significantly reduced with PAR2 blockade in all cell lines (B). Additionally, filamentous(F-
) actin length was concurrently decreased with GB83 pre-treatment (C) indicating PAR2 blockade effectively

reduces a myofibrotic phenotype in fibroblasts.
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Similarly, both Active MC and MC Con Med treatment increased fibrotic signaling

in HTS fibroblasts. Expression of mRNA transcripts for PAR2, aSMA, MMP-1 and -2,

and collagens-1, -3, and -5 was elevated in HTS fibroblasts during co-culture conditions

compared to TGF-B1-treated controls. Mast cell-induced proliferative and fibrotic gene

expression was significantly suppressed with GB83 treatment (Fig 14a-e); PAR2 and

aSMA mRNA transcripts were reduced by 2-fold (p<0.05), whereas MMP-1, -2, collagens-

1, -3, and -5 were decreased by up to 4-fold (p<0.01).
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Figure 14: Mast cell-induced fibrotic phenotype is reduced with PAR2 antagonism in hypertrophic

scar fibroblasts in vitro.

Activated mast cell conditioned media (MC Cond Med) or activated mast cells (Activated MC) alone co-

cultured with post-burn hypertrophic scar fibroblasts caused elevated expression of several proliferative and

fibrotic genes. However, PAR2 blockade with the synthetic molecule GB83 significantly diminished mast
cell-induced expression of PAR2 (A), aSMA (B), matrix metalloproteinases-1 and -2 (MMP1, -2, C,D) and
collagens-1 and -3, but not collagen-5 (E) in hypertrophic scar fibroblasts. *p<0.05 compared to TGF-p1-

treated control fibroblasts.
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These results were further confirmed as mast cell-induced expression of aSMA and
collagen-1 protein was blunted with GB83 pre-treatment (Fig 15a-b). Compared to TGF-
B1-treated controls, HTS fibroblasts treated with MC Con Med or co-cultured with Active
MC produced equivalent amounts of collagen-1 (Fig 15a) and aSMA (Fig 15b) protein.
However, when pre-treated with GB83, then subsequently treated with either Active MC
or MC Con Med, HTS fibroblasts produced significantly less collagen-1 (4-fold decrease,
p<0.01) and aSMA (4-fold decrease, p<0.05), further confirming that PAR2 blockade can

reduce a myofibrotic phenotype in post-burn HTS fibroblasts.
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Figure 15: GB83 reduces protein expression of collagen-1 and a-SMA in post-burn hypertrophic
scar fibroblasts.

Primary post-burn hypertrophic scar fibroblasts were pre-treated with PAR2 inhibitor GB83 prior to co-
culture with either activated mast cell media or activated mast cells alone. Following 1 hour of co-culture,
protein expression of collagen-1 and aSMA are significantly elevated. However, PAR2 blockade reduced
the fibrotic expression (A and B) indicating PAR2 activation via mast cell tryptase contributes considerably
to fibrosis in post-burn hypertrophic scar pathophysiology. *p<0.05, expression is significantly reduced from

TGF-B1-treated controls; samples were normalized to GAPDH.
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Figure 16: PAR2 siRNA efficiently knocks down PAR2 protein expression.
PAR2 expression is significantly reduced at PAR2 siRNA concentrations >50uM in this immunoblot for

PAR2 following 72 hours treatment. Expression was normalized to GAPDH. siVeh = siRNA Vehicle,

lipofectamine; siScram = Scrambled siRNA control.
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DISCUSSION

Severe burn injury is a devastating and traumatic event that has lifelong emotional
and physical consequences. Painful and pruritic HTS develop in up to 70% of burn
survivors*97154155 with massive full-thickness injury and are much more prevalent in
children than in adults.®® The wound healing cascade following burn injury is a complex
process classically defined by three overlapping phases that involve a multitude of
interactions among numerous cell populations: inflammation, proliferation, and
remodeling. The initial inflammatory phase lasts approximately 3-4 days and begins
immediately following hemostasis. Neutrophils are attracted to wound sites by elevated
concentrations of TGF- and complement protein, and act to clear necrotic tissue and
phagocytize bacteria to prevent systemic infection.'> Post-burn neutrophil secretory
profiles show significantly elevated IL-1 and IFN-y along with other dynamic growth
factors that serve as stimuli for macrophage migration during the proliferation phase.!®’
Macrophages not only engulf depleted neutrophils but also serve as reservoirs for potent
cytokines that direct continued wound healing and influence infiltrating lymphocytes.
However, these inflammatory phase cytokines remain elevated up to 5 weeks after initial
injury in severely burned children,?? which protracts the inflammatory and proliferation
phases for weeks and results in aberrant development of deep dermal fibroblasts.1*

The cellular and molecular basis for post-burn scarring has been well defined, yet,
mast cells remain a noticeably understudied cell population in the wound healing literature,
and there is limited evidence suggesting mast cells as potential moderators in post-burn
HTS progression. However, mast cells are clearly implicated in many non-cutaneous

scarring pathologies and are found in greater numbers within adult hypertrophic scar
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tissue.?° Concordantly, we have shown significantly elevated mast cell density and
dissemination throughout dermal layers in pediatric HTS tissue up to 2 years post-burn
with concomitantly increased serum tryptase levels up to 6 months post-burn. Shiota et al.
demonstrated that active mast cells in hypertensive cardiac tissue upregulated de novo
production of profibrotic growth factors that induced cardiac fibrosis.'® More recent
evidence has shown that pulmonary fibrosis fails to develop in mast cell deficient mice
suggesting a causal link between mast cells and fibrotic pathogenesis.*’

Mast cells exert influence through release of pre-formed or de novo synthesized
mediators and chief among these is the potent serine protease tryptase. Elevated serum
tryptase levels occur in mice with ventilator-induced lung fibrosis.' Furthermore, tryptase
exposure enhanced the proliferative and fibrogenic capacity of primary human lung
fibroblasts and increased the collagen production of fibrocytes in vitro through PAR2
activation,%51%°

In the present study, we showed significantly elevated PAR2 expression in post-
burn HTS fibroblasts after receptor activation with SLIGKYV treatment. The data confirms
signaling re-sensitization via de novo PAR2 expression over time. Moreover, we also
demonstrated a differential PAR2 profile in non-burned skin fibroblasts where PAR2
expression remained unchanged over time with or without receptor activation. Importantly
however, PAR2 expression was significantly increased in HTS fibroblasts without
SLIGKYV stimulation (basal expression), demonstrating a distinct phenotypic difference
between non-burned skin fibroblasts and post-burn HTS fibroblasts and further suggests
that burn injury may prime wound fibroblasts for PAR2 signaling. Several studies have

previously established important phenotypic differences in fibroblast populations
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attributed to burn trauma. ElI Ayadi et al showed that B-adrenergic receptor expression,
localization, and degradation was significantly altered in burn wound fibroblasts resulting
in modified catecholamine signaling that may account for part of the over exuberant
fibrotic response after a severe burn.® Zhang and colleagues (2012) showed that HTS
fibroblasts express elevated levels of Smurf2 protein, associated with increased TGF-1
mediated fibrosis.'®® Others have revealed adverse and differential responses to cytokines
in post-burn fibroblasts compared to their non-burned counterparts.’61162 |t is our
understanding that this is the first study to show distinct PAR2 expression differences
between non-burned skin fibroblasts and HTS fibroblasts. Ultimately, these differences
aberrantly affect dermal fibroblast responses to stimuli and have devastating consequences
in HTS progression. Interestingly, we also show increased PAR2 expression in neonatal
fibroblasts (PCS control), which may indicate a functional role for PAR2 activation during
dermal remodeling as is consistent with neonatal skin formation.

In addition to expression differences, the current study also demonstrated
functional proliferation differences between fibroblast populations. We showed that
tryptase treatment significantly increased proliferation almost 2-fold in post-burn HTS
fibroblasts compared to non-burned skin fibroblasts, but importantly, proliferation could
be effectively blunted through PAR2 antagonism with GB83. GB83 is a small molecular
weight synthetic compound that is a specific and potent inhibitor of PAR2.1%? Although
PAR2 activation induces significant proliferation in epidermal keratinocytes,'%3164 effects
on signaling in dermal fibroblasts are largely unknown. Other investigations have
suggested that the other major serine protease, chymase, has proliferative potential.

Several studies have demonstrated that mast cell chymase promotes cellular proliferation
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independent of PAR2 activation.>* Recent enzymatic evidence demonstrates that chymase
can directly cleave and activate stromelysin and collagenase MMPs.12>126  These data
indicate chymase’s potential to indirectly influence proliferation by aiding in ECM
reconstruction and reducing dermal fibroblast contact inhibition, thereby, creating a
conducive environment for growth and proliferation. Only one investigation has exhibited
the potential for chymase activation of PAR2. Groschwitz et al indicated that chymase
increased MAPK expression and activity in intestinal epithelial cells solely through PAR2
activation; 1% however, other studies have failed to confirm chymase’s ability to activate
PAR2. Moreover, contradictory results show chymase has no proliferative potential in
fibroblasts. Indeed, chymase inhibited proliferation of airway epithelia by enzymatically
reducing CD44 contact with pericellular matrix.*?’ Similarly, other studies have shown that
chymase has no effect on calcium mobilization in fibroblasts — including that induced by
tryptase, which implicates PAR2 activation.'® In the present study, we have demonstrated
that chymase treatment alone did not induce proliferation or increase metabolism in either
fibroblasts from non-burned skin or HTS. Tryptase-induced dermal fibroblasts
proliferation may contribute to the injurious consequences of post-burn HTS.

Results from functional wound healing assays confirm the PAR2-dependent
proliferative effect of tryptase. We show that PAR2 antagonism with GB83 pre-treatment
significantly reduced SLIGKV-induced proliferation in HTS fibroblasts prevented closure
of the artificial wound in scratch assays; SLIGKYV treatment alone, however, rapidly closed
the scratch by almost 75% after 12 hours. Artificial wounds were only closed
approximately 40% in SLIGKYV treated non-burned skin fibroblasts, further demonstrating

functional differences in addition to the phenotypic differences between fibroblast
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populations. This has important implications in post-burn and general wound healing.
Whereas rapid wound closure is evolutionarily beneficial, excessive proliferation is
considered pathologic and significantly promotes scar formation. In the present study,
GB83 blockade of PAR2 activation decreased excessive proliferation in our in vitro
investigations. PAR2 antagonism may result in returning the wound environment back to
a more normal physiologic state which would be beneficial to reduce post-burn HTS.
Gene and protein expression profiles are also significantly altered in dermal
fibroblasts following severe burn injury. Fibroblast inflammatory cytokine profiles are
known to be severely deranged acutely following burn injury,*®” an effect thought mainly
induced by catecholamine surges and increased TGF-p signaling. Protracted aberration of
mitogenic fibroblast signaling is a critical underlying cause of post-burn HTS formation.
PAR2 activation is part of this detrimental cascade that stimulates mitogenic signaling
through ERK phosphorylation and targeted activation of MAPK intermediates, which
ultimately induces expression of fibrotic markers and modulators of ECM.® In the present
study, we show increased SLIGKV-induced expression of KGF, FGF, aSMA and collagen-
1 mRNA in HTS fibroblasts. KGF and FGF are potent growth factors that are able to
stimulate enhanced proliferation and fibrotic output in an autocrine fashion,*%8%° whereas
collagen-1 overproduction contributes directly to fibrosis. Most importantly however,
PAR2 antagonism attenuated SLIGKV-induced expression of these proliferative and
fibrotic markers, restoring a normal fibroblast phenotype. Similar results observed upon
transcriptional PAR2 knockdown in vitro confirmed that limited PAR2 activation may

minimize mast cell-induced fibrosis after severe burn injury.
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Increased vascularity is another important hallmark of HTS pathology and is
associated with scars that are more active. Sustained increases in VEGF bolster this effect
and serve to initiate endothelial cell proliferation and vascular structure formation. Critical
studies have shown that VEGF neutralization decreased fibrotic scarring in adult wounds
and that fetal wounds were less vascular, due to inherently reduced VEGF levels, and
healed scar-free.!® Previous investigations have also shown that tryptase exposure
enhanced the production of VEGF in fibrotic chondrocytes.®*?® Similarly, in the present
study, we show that PAR2 activation by SLIGKYV significantly elevated VEGF expression
by HTS fibroblasts compared with non-burned skin fibroblasts, and PAR2 blockade
diminished the response considerably. Reducing pathological angiogenesis in the burn
wound is considered fundamental to reduce scarring.

Myofibroblast transdifferentiation is another important manifestation in HTS
pathogenesis. Myofibroblasts secrete significantly greater amounts of ECM and provide
the initial contractile force to pull the wound edges together. However, aberrant wound
healing following burn injury reinforces myofibroblast dysregulation, contributing greatly
to post-burn HTS development. Numerous mechanisms driving this critical change have
been proposed; however, increased aSMA expression is the identifying feature. aSMA is
abundantly expressed in HTS fibroblasts and is functionally responsible for HTS
contraction clinically.*”® In the present study, both mast cells and their activated
conditioned media, cultured directly with post-burn fibroblasts, significantly elevated
aSMA expression by the fibroblasts. Tryptase activation of PAR2 is thought to increase
aSMA expression through MAPK signaling as well as to induce increases in [-arrestin

expression, allowing filamentous actin arrangement.’* PAR2 inhibition reduced
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expression of aSMA, decreasing fiber length even in the presence of actively degranulating
mast cells. Moreover, mast cell-induced aSMA and collagen-1 expression in vitro was
reduced as well, both at the mRNA and protein levels, supporting previous evidence that
PAR2 blockade can reduce the fibrotic phenotype of burn wound myofibroblasts.

Overall, this investigation identified a central role for mast cells during post-burn
wound healing and confirmed MAPK-mediated upregulation of fibrotic phenotype in HTS
fibroblasts. Through paracrine interactions, we demonstrated that these effects were
induced by mast cell tryptase activation of PAR2. This evidence provides a potential
mechanism that mast cell degranulation may contribute directly to HTS progression
through continued expression and activation of this important receptor. Most importantly,
we show that tryptase-induced fibrotic stimulus can be attenuated through PAR2 blockade.
Although numerous post-burn HTS treatment options exists, most are expensive and
require therapy that lasts for years. With future investigations, suppression of this paracrine
axis through targeted PAR inhibition might provide a beneficial adjunct therapy to reduce

HTS following a severe burn injury.
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CHAPTER 4: TOPICAL MAST CELL STABILIZER CROMOLYN SODIUM

REDUCES POST-BURN HYPERTROPHIC SCAR FIBROSIS IN THE FEMALE RED

DUROC PIG

INTRODUCTION

The majority of severe, full-thickness burn wounds result in extremely debilitating
and disfiguring hypertrophic scars (HTS). These scars are a major source of itch and pain
that critically affect function and are notoriously difficult to treat. Although treatment
options such as corrective surgeries, compression garments, and ablative lasers show
promise, long-term efficacy is limited and scars persist for years.*121® Complex
molecular mechanisms that regulate post-burn scar pathogenesis have been identified, but
have yet to be translated into viable clinically therapies. The lack of success in human trials
coupled with the paucity of post-burn tissue samples have led investigators to use human
cell cultures and animal models to study human HTS. Consequently, recent investigations
have focused on new cellular targets and signaling pathways to uncover novel treatment
approaches that may alleviate post-burn HTS.

The immune system plays a major role in the response to burn injury by triggering
sustained inflammation. After initial hemostasis, macrophages and T lymphocytes are
stimulated to release an abundance of pro-inflammatory cytokines to attract neutrophils
and monocytes to the burn wound. These cell populations are essential during wound
healing and are critical regulators of fibrosis that drive pivotal changes in dermal
fibroblasts.}’1> Manipulations of these cell phenotypes or their secretomes have shown

limited success in reducing inflammation or fibrosis.’®1’” Despite mast cells having been
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linked to fibrosis, their role in post-burn fibroproliferative pathogenesis is not well
understood.

Mast cells are of hematopoietic origin and play important roles in both innate and
adaptive immunity. In addition to protecting against pathogens including bacterial
infections and, 32178 mast cells serve as sentinels and are located in large numbers in tissues
with proximity to the external environment such as the skin and lungs. These highly
versatile cells are principally identified as mediators of hypersensitivity or allergic
reactions, but their presence and activity have been documented in several disorders
including hepatic ischemia,*”® hypertensive cardiac disease,'® and even cancer.'®
Moreover, previous studies have demonstrated increased mast cell numbers in the HTS of
adults?® and children®® with concomitantly elevated histamine metabolites during scar
progression.t??> There is now considerable evidence confirming that mast cells have major
impacts in fibrogenesis. 8182

Several factors released by mast cell degranulation may be responsible for
induction of fibrosis. The vasoactive amine histamine is produced in large quantities by
mast cells and promotes fibroblasts proliferation and increases collagen synthesis. 838 De
novo synthesis of prostaglandin-2 and leukotriene C4 enhances fibroblast proliferation in
vitro and also increases the collagen expression of pulmonary fibroblasts.”? Furthermore,
studies have demonstrated that mast cell chymase can convert pro-collagen-1 to collagen-
1 and directly activate latent TGF-B,%31 the inflammatory cytokine known to sustain
fibrotic signaling. However, mast cell tryptase is the most abundant stored protease'® and

may have the greatest direct effect, driving fibrotic pathologies.
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Unlike chymase, mast cell tryptase has been shown to promote angiogenesis by activating
endothelial cells®? and significantly reducing skin fibroblast apoptosis.*?® Of all released
factors, only tryptase has demonstrated a consistent ability to induce myofibroblast

differentiation.®’

Myofibroblasts produce significantly more collagen than other
fibroblasts, contribute directly to wound contraction, and are the defining phenotype in
post-burn HTS. Mast cell tryptase directly cleaves protease-activated receptor-2 (PAR2)
on dermal fibroblasts, which we have shown to be significantly upregulated in HTS
fibroblasts from pediatric burn patients.'® PAR2 signaling promotes fibroblast
proliferation and significantly induces myofibroblast differentiation,'® further suggesting
that the mast cell tryptase-fibroblast paracrine axis contributes to post-burn HTS
progression. Together, this ample evidence suggests that, given the involvement of mast
cells in the development and persistence of scarring, pharmacologic mast cell stabilization
may provide a viable anti-scarring intervention following severe burn injury.

Cromolyn sodium (CS) is a small, 500 Dalton synthetic compound that has been
FDA-approved for over two decades as a mast cell stabilizer. Although the mechanism of
action remains unclear, evidence suggests that the compound interrupts mast cell plasma
membrane and endoplasmic reticulum calcium (Ca?*) channels.!*%%! Inhibiting this ionic
flux impedes vesicle transport and fusion to the cellular membrane. This ultimately
obstructs vesicle exocytosis and blocks mast cell degranulation. CS demonstrates broad
anti-inflammatory properties with very low toxicity at high doses and is safely prescribed
to prophylactically manage symptoms associated with mast cell disorders such as

mastocytosis. Several clinical trials have demonstrated the efficacy of CS for reducing

pruritus associated with atopic dermatitis'®> and symptoms associated with atopic
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eczema.'® However, stabilization of cutaneous mast cell localized to post-burn HTSs has
not been explored.

To investigate the anti-fibrotic effects of the mast cell stabilizer CS, we utilized the
red Duroc pig model of HTS. Several animal models have tried to recapitulate human HTS
with limited success, but current evidence shows the red Duroc as a reliable model to
reproduce HTS most similar to human pathology, especially following burn injury.1%419

In the current study, we show for the first time that topical application of CS, localized to

HTS tissue, may be a beneficial treatment to reduce fibrosis following burn injury.

METHODS
Post-burn hypertrophic scar model in the female red Duroc pig

Animals:  The institutional Animal Care and Use Committee of the
University of Texas Medical Branch-Galveston (UTMB) approved all protocols. Healthy
female red Duroc pigs (N=6) weighing 10-40 kg were acquired from the University of
Texas MD Anderson center (Bastrop, Texas) and were socially housed at UTMB with free
access to food and water. Animals were acclimatized for one week and were fasted for
eight hours before all surgical procedures.

Burn wound: Prior to surgery, animals received a combination cocktail of telazol,
ketamine, and xylazine (TKX, 0.25 mL/kg) for pre-procedural anesthesia. The dorsum of
the animal was then shaved and scrubbed with betadine antiseptic. Following intubation,
1-5% inhaled isoflurane was continuously administered throughout the procedure. A brass
block, heated to 200°C,*% was applied for 40 seconds at 0.04kg/cm? to create 6.5 cm? full
thickness 3"- degree burns spaced evenly apart, bilaterally on the dorsum of the animal.

After completion of the procedures, animals were extubated and provided intensive acute
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care until ambulating and respiring normally. Animal subjects were then transferred to
individual housing to maintain wound sterility. Wounds remained uncovered until excision
and grafting procedures were performed the next day. Animals were administered
buprenorphine-sustained release (SR, 0.6 mg/kg, q. 72 hours) for continuous pain control.
Short-acting Buprenorphine (0.02 mg/kg) was administered as needed to relieve acute pain.

Excision and autograft: To simulate clinical care as practiced at our institution,
excision and grafting procedures were conducted 24 hours following burn injury. Animals
received anesthesia and analgesia as before and wounds were scrubbed with betadine
solution. Individual wounds were tangentially excised down to viable tissue using a cold
scalpel and then were electrocauterized to achieve hemostasis. Excised wounds were
frozen and fixed in formalin for later analyses; histological evaluation of each excised
wound confirmed a full-thickness burn. Split-thickness autologous donor skin (500-
700um) was then obtained by pneumatic dermatome (Integra, Plainsboro, NJ, USA)
bilaterally from the non-burned thigh. Donor skin was aseptically meshed 1:4 and trimmed
to match the wounds to be grafted, positioned on each wound bed, and stapled in place to
the non-burned edges creating a split-thickness skin graft (STSG) (Supplemental Fig 1A-
C). Wounds were dressed in sterile oil-emulsion gauze and surgical non-adhesive
absorptive padding, then wrapped in elastic bandages that would not impede movement.
Dressings were removed and wounds were debrided at 2, 5, 7, and 14 days post-burn to
prevent infection and to promote wound closure. Complete closure of all wounds occurred
approximately 3 weeks after initial injury for each animal. Healed wound fields remained

open throughout the study. Porcine HTS morphologically resembling human HTS
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developed and progressed throughout the experiment (Supplemental Fig 1D). Animals

were euthanized after 4 months.
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Figure 17: Post-burn hypertrophic scar model in the red Duroc pig.
Bilateral paraspinal burns were created on the dorsum of female red Duroc pigs utilizing a brass block heated

to 120°C for 40 seconds (A). Wounds were excised after 24 hours and grafted with 1:4 meshed split-thickness
skin autologously derived (B and C). All wounds were closed around 3 weeks post-burn and were followed
by raised and erythematous HTSs that were allowed to progress for approximately 4 months following initial

injury (D). This model consistently recapitulated progression of human hypertrophic scars.
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Cromolyn sodium preparation and treatment: Formulations of all substances
administered to animals were prepared, stored, and administered sterilely. Cromolyn
sodium (CS, MilliporeSigma C0399, Burlington, MA, USA) was emulsified in
Hydrocerin® cream (Geritrex, Mt. Vernon, NY, USA) to achieve 4% (wt/vol)
concentration. Hydrocerin cream is used in many burn centers to relieve skin dryness and
was used for this study as the vehicle control (CS Vehicle). Immediately following wound
closure (21 £ 3 days) study personnel, blinded to treatment, applied 2mL CS (N=10) or CS
Vehicle (N=9) topically to wounds, twice per week until the end of the study. Untreated
STSG (N=9) served as a standard-of-care control.

Tissue sampling: Prior to sampling procedures, animals received anesthesia and
analgesia as before. Dorsal hair was then shaved and 5 mm punch biopsies inclusive down
to the underlying fascia were obtained once per month following wound closure. To reduce
confounding wound healing effects in HTS pathophysiology, biopsy locations were
alternated over wound sites each month, and biopsies were preferentially taken from the
lattice of the grafted area. For histology, non-burned tissue was obtained from sites distant
from the wounds at each time point. Tissues were snap frozen in liquid nitrogen or fixed

in 10% neutral buffered formalin for future analyses.

Mast cell density

Biopsies were fixed in 10% neutral buffered formalin for 72 hours then dehydrated
to 100% ethanol prior to paraffin embedding. HTS samples were cut transversely to 4 um
sections and mounted on slides. Tissues were cleared in xylene, rehydrated to pure water,

and stained in 10% toluidine blue (MilliporeSigma, 89640) solution at pH 2.2 for 5
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minutes. Excess stain was removed in ethanol washes and then the sections were cleared
in xylene, mounted in resinous media, and coverslipped. Metachromatic-stained mast cells
were identified by observers trained in cutaneous histopathology and blinded to treatment.
Mast cells were quantified in the papillary and reticular dermis and averaged for each

section to yield mast cell density (mast cells - mm™) at 1, 2, 3, and 4 months post-burn.

PAR2 and myofibroblast expression

Immunohistochemistry for PAR2: Tissues were fixed, paraffin embedded, and cut
as previously described. Following rehydration, tissues were immersed in target antigen
retrieval solution (§1699 DAKO, Agilent Technologies, Santa Clara, CA, USA) heated to
95°C for 30 minutes, and then rinsed in phosphate buffered saline with Tween20 (PBST).
Endogenous peroxidase activity was quenched by a 30 minute incubation of the tissues in
3% hydrogen peroxide diluted in methanol. The sections were then blocked in 5% goat
serum for 1 hour at room temperature. Next, sections were thoroughly washed in PBST
prior to antibody incubation. Tissues were incubated in primary antibody to PAR2
(180953, Abcam, Cambridge, MA, USA) diluted in background-reducing antibody dilutent
reagent (S3022, DAKO) 1:300 overnight at 4°C. The next morning, sections were again
washed in PBST and incubated in biotinylated secondary antibody (PK6101, Vector
Laboratories, Burlingame, CA, USA) diluted 1:500 in PBST for 30 minutes. Next, sections
were incubated with avidin and biotinylated-horseradish peroxidase (HRP) reagents for 30
minutes at room temperature. After washes in PBST, tissues were immersed in

Diaminobenzidine (DAB) substrate, pH 7.5 for 3 minutes and counterstained in
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hematoxylin for nuclear visualization. Slides were dehydrated through progressive xylene
washes and mounted in resinous media.

Brightfield images of each section were captured at 200X magnification on an
Olympus BX41 microscope and digitized utilizing cellSens software (version 1.7,
Olympus, Tokyo, Japan). Images were gridded and positive PAR2 DAB stained cells in
the papillary and reticular dermis were identified and quantified using ImageJ (version 1.3
for Windows, NIH, Bethesda, MD, USA),**” and utilizing the validated IHC toolbox for
image analysis.'® Hematoxylin stained nuclei were counted for total dermal cellularity.
The ratio of PAR2-postive cells to total cellularity was used to calculate the percent
positive PAR2 (PAR2") expression for each condition and time point.

Immunoblot: PAR2-induced myofibrotic expression of alpha-smooth muscle actin
(«SMA) and collagen-1 was assessed by western blot. Epidermis and subcutaneous tissues
were first removed from frozen biopsies leaving intact dermal tissue. The remaining dermis
was ground under liquid nitrogen then lysed in buffer containing protease and phosphatase
inhibitor cocktails (11836170001 and P5726, MilliporeSigma). Protein separation was
achieved by electrophoresis on 4-15% gradient polyacrylamide gels under denaturing
conditions, and then transferred to a PVDF membrane. Membranes were blocked in 5%
bovine serum albumin (BSA) and washed in tris-buffered saline with Tween20 (TBST)
after protein transfer. Next, membranes were incubated in primary antibody to PAR2
(1:2000, 180953, Abcam), aSMA (1:1000, A5228, MilliporeSigma), collagen-1 (1:1000,
34710, Abcam), or B-actin (1:2000, 4970, Cell Signaling Technologies, Danvers, MA,
USA) diluted in 1% BSA in TBST overnight at 4°C. The next day, membranes were

thoroughly washed in TBST and then incubated in HRP-conjugated secondary antibody
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for 1 hour at room temperature. Pierce ECL served as the chemiluminescent substrate for
autoradiographic detection. Expression was quantified through densitometry in ImageJ

and normalized to B-actin.

3-dimensional (3D) HTS imaging and analysis

Prior to each biopsy procedure, the 3D LifeViz Il system (Quantificare, San
Francisco, CA, USA) was used to capture individual wound field images in order to
calculate wound or scar volume. To ensure accurate calculations, uniform distances from
the camera system lens to the wound surface were calibrated using the two onboard lasers.
Images were digitized and rendered in 3D by proprietary scar analysis software (DermaPix,
Quantificare) validated to be reliable for post-burn wound assessment.**® For each post-
burn time point, the edges of each HTS outlined digitally for each wound to define the scar
baseline Quantitative analyses for scar perimeter (mm), surface area (mm?), total volume
(mm?3), and height (mm) were performed within the software. Roughness measurements
were based on the regularity of the skin surface adjacent to wound edges and defined as
the average height of the scar surface variation compared to surrounding normal skin. Mean
roughness = (|Positive Volume| + |Negative Volume|) / Surface Area). Differences in
measured scar parameter values were calculated as percent change from the previous
month to account for differences in wound healing, in addition to variation of absolute skin
depths between animals. Percent change was then averaged for each treatment time point

for all animals.
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HTS Epidermal Height

Tissues were fixed and mounted to slides as previously described. Following
rehydration, sections were stained in hematoxylin and eosin (H&E). H&E Images were
digitized at 200X magnification using an Olympus BX41 microscope utilizing CellSens
software. Composite color images were split resulting in separate red, blue, and green
channel images. Utilizing the blue color channel image, the epidermis of each scar was
outlined in ImageJ to yield a calibrated area (mm?). Mean epidermal height (mm) was
derived by dividing the measured area by the length of the epidermal basal lamina
(Supplemental Fig 2). Epidermal height was normalized to non-burned skin at the same
post-burn time point to yield the epidermal thickness index (ETI) as previously

described.?®® ETI was compared between treatments for each time point.

Figure 18: Objective epidermal thickness measurements.
Histological images were captured at 200X magnification and digitized. H&E images were converted to

binary, 8-bit images and the epidermis was outlined in ImageJ to yield a calibrated area (mm?). Area was
divided by the average length to yield the mean epidermal height (mm). Mean epidermal scar heights were
then compared to epidermal heights of non-burned skin at the same time point post-burn to yield the

epidermal thickness index (ETI) as previously defined by Tandera and Mustoe.?® Scale bar = 100um.
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Dermal collagen density

HTS tissue sections were cut to 4 uM, mounted to slides and stained in Masson’s
trichrome (KTMTRPT, American MasterTech, Lodi, CA, USA) to allow quantitative
measurement of collagen density and quality over time. Brightfield images were captured
at 40X magnification on an Olympus BX41 microscope and digitized with CellSens
software. Integrated optical density (IOD) was measured as changes in pixel intensity in
ImageJ, with higher values corresponding to increased density and closely packed collagen
fibers. Mean 10D was measured over 15 independent and non-overlapping regions for each
HTS biopsy and normalized to non-burned skin at each time point to yield a ratio known
as the collagen density index. Collagen density index was compared across treatments for

each time point.

HTS vascular density

Tissues were processed using the immunohistochemistry method as described
above in Immunohistochemistry for PAR2. Primary antibody for CD31 (28364, Abcam)
diluted in background reducing solution (DAKO) 1:350 was used to identify endothelial
cells in vascular structures within the papillary and reticular dermis of HTS and non-burned
samples. Brightfield images of DAB stained tissues were captured at 100X magnification
on an Olympus BX41 microscope and analyzed in imagelJ. Optical density of CD31*
expression was quantified by validated methods.?® Briefly, all images were first white-
balanced for consistent color. For maximal separation of DAB chromogen, color was
deconvoluted and monochromatic pixel values for staining intensity were converted to

optical density (OD = log[max pixel intensity/mean pixel intensity]). Background staining
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was removed by density standardization using a blank field image that was white-balanced
as before. Epidermal and blank areas were digitally removed from analysis resulting in
CD31 OD-mm. Higher OD values per area indicated denser areas of DAB chromogen,
greater expression of CD31, and marked increased vasculature within the tissue, which was
then compared at each post-burn time point between treatments.
Statistical analyses

Unless otherwise noted, normally distributed data was compared by standard
parametric tests. One-way analysis of variance (ANOVAS) assessed total differences in
means followed by a post hoc Bonferonni test to assess significant difference between
treatment groups and time points. In cases of non-normal distributions, non-parametric
tests including the Mann-Whitney rank sum test for 2 groups or the Kruskal-Wallis test for

more than 2 groups were applied. Significance was accepted at p < 0.05.

RESULTS
Topical cromolyn sodium reduces both mast cell density and PAR2 expression in

post-burn red Duroc HTS

Mast cell density decreases after 2 months of cromolyn sodium treatment following
post-burn wound closure (Fig 19). Mast cells were found in significantly higher densities
in HTS at 1 month (28 days) following burn injury when compared to non-burned skin,
p<0.05. At 1 month post-burn, mast cell density averaged 59.4 + 6.7-mm2 with STSG
standard of care, 57.4 + 12.3 -mm2in CS Vehicle treatment, and 60.9 + 2.9 -mm2in CS
4% treatment compared to 22.5 + 7.2 -mm? in dermal areas of non-burned skin. Mast cell

densities in all treatment groups remained considerably elevated over non-burned skin mast
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cell densities (24.1 + 3.8 -mm2) at 2 months post-burn, p<0.05. However, 3 months
following burn injury, and approximately 2 months after the start of treatment, mast cell
numbers were significantly reduced in CS 4%-treated HTS (27.8 + 12.9 -mm) compared
to CS Vehicle-treated (66.1 + 11.2 -mm?) HTS, p<0.01. At 4 months post-burn, mast cell
numbers continued to decrease in HTS treated with CS 4% (25.9 + 4.6 -mm?), which was
statistically indistinguishable from non-burned skin (20.9 + 8.1 -mm). Moreover, these
densities were significantly reduced from mast cell densities in both CS Vehicle-treated

(36.5 + 9.6 -mm™) and STSG-only treated (37.8 + 6.8 -mm™) HTS.
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Figure 19: Cromolyn sodium significantly reduces mast cell density in post-burn red Duroc HTS.
In toluidine blue stained tissues, mast cell density is significantly elevated following burn injury in HTSs

compared to non-burned skin. However, beginning at 3-months post-burn, mast cell density decreases in
HTS with CS treatment to statistically similar densities found in non-burned skin. Mast cell numbers
remained elevated in STSG or CS Vehicle treated wounds over 4-months. *p<0.05, data is presented as mean

number of mast cells - mm2 + SD.
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Mast cell tryptase is a potent serine protease that cleaves and activates PAR2,
inducing proliferation and initiating fibrotic signaling within dermal fibroblasts. Here, we
show that topical CS treatment substantially diminished PAR2 expression in dermal
fibroblasts up to 3 months in DAB immunostained HTS of red Durocs compared to CS
vehicle treatment or STSG alone, p<0.05 (Fig. 20A). Quantitatively, the percent of PAR2+
fibroblasts (Fig 20B) were significantly lower at 1, 2, and 3 months post-burn with topical
CS treatment (mean = 2.5 + 0.9%) compared to standard of care STSG alone (mean = 7.1
+ 1.2%) and CS Vehicle treatment (8.6 + 2.3%). With CS treatment, the percent of PAR2+
fibroblasts was reduced to that of non-burned skin at 1, 2, and 3 months following burn.
However, at 4 months post-burn, there were no differences between any groups due to an

increase in PAR2+ fibroblasts in all conditions.
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Figure 20. Post-burn cromolyn sodium treatment significantly alters PAR2 expression in HTS.
Representative images showing PAR2* DAB immunostained HTS samples from STSG, CS Vehicle, and

topical CS at 3-months post-burn (A). Scale bar = 100um. Total cellularity as measured by the sum of
individual nuclei (second column) was averaged for each treatment and divided by the average of PAR2*
cells (third column) to yield percent positive PAR2 staining within the dermis. Epidermal staining was not
quantified. The percentage of PAR2* immunoreactive cells was reduced with CS treatment at 1-, 2-, and 3-

months post-burn compared STSG and CS Vehicle treated wounds (B). Data is presented as mean + SD,
*p<0.05.
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Mast cell stabilization diminishes fibrotic phenotype during early treatment in post-

burn scar fibroblasts

Western blots show that PAR2 protein expression is considerably increased after
burn injury in red Duroc HTS compared to non-burned skin. CS treatment significantly
reduced PAR2 protein expression after 2 months compared to STSG or CS Vehicle
treatment (Fig 21A, p<0.05), but expression increased 3 and 4 months post-burn,
statistically insignificant between all three treatments. Contractile protein aSMA showed
minimal expression in non-burned skin throughout the investigation, but was significantly
upregulated in all HTS wounds (Fig 21B). However, aSMA expression was reduced at 2
months in CS treated HTS compared to both STSG and CS Vehicle treatment, p<0.05), but
expression returned at 3 and 4 months post-burn to statistically similar levels for all three
treatments. Additionally, immunoblots showed that collagen-1 protein expression
decreased in CS treated wounds at 3 months post-burn (Fig 21C), but remained similar at

all other time points.

105



2.0
Em Non-burned Skin = CS Vehicle
= STSG KN CS 4%
1.54
= *
° p—
<
< 1.0-
o
14
<
o
0.54
0.0-
° 1 Month 2 Months 3 Months 4 Months

PAR-2 e wn e Gl " WD wny w— ——— ———— ey W www ww» 32 kDa

B-ACHN — — —————— e i ———— o— 45 kDa

0.8
Ml Non-burned Skin =3 CS Vehicle
06 =3 STSG ¥ CS 4%
Sl
=
(8]
<
= 0.4-
< *
s —
0
-]
0.2
0.0
(] 1 Month 2 Months 3 Months 4 Months
aSMA - - " — o - waw 42 kDa
B-ACtn s———— ——— — e — ———— > 15 KDa
2.0
Hl Non-burned Skin =3 CS Vehicle
B3 STSG XY CS 4%
=
£ 1.5
()
<
< 1.0
c
Q
E’ *
3 —
§ 0.5 |‘| ﬂ
o 0.0- . i . ﬁ
1 Month 2 Months 3 Months 4 Months
Collagen-1 3 - T == = P > . 140 kDa
B-ACtin S———— ——— — e e —— ———— 5, kD3
Figure 21: Topical cromolyn sodium attenuates PAR2-induced fibrotic phenotype during early

treatment in red Duroc scars.
Immunoblots showed that both PAR2 and aSMA (A and B) expression was significantly reduced at 2 months

post-burn, and collagen-1 was reduced at 3 months post-burn (C), compared to STSG and CS vehicle-treated
HTS. Expression of these fibrotic markers in CS-treated HTS rebounded at 4 months post-burn. Data is

presented as mean expression + SD, *p<0.05.

106



Cromolyn Sodium flattens and smooths post-burn hypertrophic scars over time

Three-dimensional imaging revealed significant alterations in several detrimental
scarring parameters after 3 months of biweekly topical cromolyn sodium application (Fig
22A). The percent change in scar height was significantly reduced from 1 to 2 months (-30
* 6%) and again from 3 to 4 months (-6 £ 5%) compared to standard of care STSG (6 +
5% and 11 + 7%) and CS Vehicle treatments (17 + 7% and 15 £ 7%) which increased over
the same period, p<0.001 (Fig 22B). Both the perimeter of the scar and the total surface
area increased with topical CS over the course of the treatment period. Percent change in
scar perimeter increased significantly from 2 to 3 months (8 + 6%) and from 3 to 4 months
(11 £ 5%) with CS treatment whereas perimeter decreased in both STSG and CS Vehicle-
treated scars over the same period (Fig 22C), p<0.001. Although the percent change in
surface area increased over time for all treatments, there were no significant differences
between groups at any time point (Fig 22D).

CS treatment had a major impact on scar volume and roughness as well. Analysis showed
that topical CS 4% application decreased scar volume from 1 to 2 months (percent change:
-21 + 8%) and again from 3 to 4 months post-burn (0 £ 5%) which was significantly
different from STSG (-4 = 6% and 10 + 5%) and CS Vehicle-treated HTS (4 £ 9 and 24 +
8%) over the course of treatment, p<0.001 (Fig 22E). The percent change in scar roughness
decreased considerably as well in CS-treated HTS during the same time periods (Fig 22F).
Overall, 3D analysis showed that CS treatment reduced the height and volume of red Duroc
post-burn HTS while increasing the perimeter and surface area. Whereas, in STSG or CS
Vehicle-treated wounds, both height and volume increased and perimeter decreased, which

indicated a contracting wound and more pathologic scar.
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Figure 22: Cromolyn treatment flattens red Duroc burn-induced HTS.

3-Dimensional topographical analysis shows decreased scar height (inset images) over time in CS treated
HTS in the red Duroc pig compared to STSG or CS vehicle only treated scars (A) after 4 months of treatment;
scale =0 (blue) — 5 mm (red). Quantitatively, scar height % change significantly decreased from 1 to 2 months
and again from 3 to 4 months in CS treated wounds compared to either STSG or CS Vehicle treatment (B).
Wound edges (outlined) were measured as the baseline and defined by DermaPix® software. HTS perimeter

(C) increased steadily over the treatment period and this, together with increasing surface area (D) and
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decreased volume (E), indicated a flattening scar with CS treatment. Additionally, HTS roughness was
decreased (F) as well over time suggesting a smoothened interface with surrounding non-burned skin.

*p<0.05, data is presented as mean % percent change + SD.

Topical cromolyn treatment reduces hypertrophic scar epidermal thickness

H&E stained transverse sections of red Duroc HTS showed decreased epidermal
height in CS treated wounds over time (Fig 23A). There were no statistical differences in
epidermal thickness index (ETI) at either 1 month or 2 months following burn injury
between any treatment groups, but all were significantly thicker than non-burned skin.
However, ETI was significantly reduced in CS-treated scars (1.3 = 0.3) compared to STSG
(1.7 £0.1) or CS Vehicle-treated HTS (1.7 + 0.2) at 3 months post-burn, p<0.01 (Fig 23B).
Again at 4 months, ETI was significantly diminished with CS treatment (1.0 £ 0.2) when
compared to STSG (1.6 + 1.3) or CS Vebhicle treatment (1.5 + 0.9), p<0.01. Interestingly,
epidermal height was reduced to the thickness of non-burned skin after 4 months with CS

4% treatment, unlike in STSG or CS Vehicle treated HTS.
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Figure 23: HTS epidermal thickness index (ETI) is reduced in cromolyn treated post-burn scars.

Representative images demonstrate reduced HTS with CS treatment over 4-months (A). Scale bar = 100um.
Mean epidermal height was normalized to non-burned skin epidermis at each time point post-burn to yield
ETI. Epidermal thickness was reduced following 4% topical CS treatment in red Duroc HTS 3- and 4-months
(*p<0.05) post-burn compared to CS vehicle or STSG alone (B). ETI = 1.0 is the equivalent thickness of

non-burned skin. Thinner epidermal layers indicates an improved water barrier compared to vehicle-treated
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or STSG alone further suggesting regular mast cell stabilization may optimize wound healing following

severe burn injury. Data is presented as mean ETI + SD.

Cromolyn sodium treatment improves collagen organization and reduces collagen

density

Masson’s trichrome stained HTS sections show significant changes in collagen
density and organization over time following CS treatment (Fig 24A). At each time point,
non-burned skin biopsies maintained equal collagen density throughout the tissue and
demonstrated orderly collagen fibers with no particular orientation. There were no
significant differences in collagen density index between any treatment group for the first
3 months after initial burn injury. However, at 4 months post-burn, collagen density was
significantly reduced with CS treatment (0.79 + 0.06) compared to standard-of-care STSG
(0.97 £ 0.13) or CS Vehicle-treated (0.95 + 0.11) post-burn HTS, p<0.05 (Fig 24B).
Compared to non-burned skin, collagen fibers ran relatively parallel to the skin surface at
all time points post-burn in all treatments. However, after 4 months, CS treated wounds

demonstrated less densely packed collagen.
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Figure 24: Collagen density decreases in post-burn HTS treated with topical cromolyn.
Biweekly topical CS treatment reduced collagen density in post-burn red Duroc HTS after 4-months

compared to STSG alone or CS Vehicle treatment in Masson’s Trichrome stained HTS biopsies (A). Scale
bar = 1mm. Mean integrated optical density (IOD) was measured over 15 independent regions for each HTS
biopsy and normalized to non-burned skin 10D at each time point to yield the collagen density index ratio.
Mean collagen density was significantly reduced in 4% CS treated HTS compared to STSG or CS Vehicle
treatment alone at 4-months post burn, *p=0.02, p=0.04, respectively; collagen density remained unchanged
between treatment groups prior to 4 months (B).*p<0.05, data is presented as mean collagen density index =+
SD.
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Topical cromolyn reduces HTS vascular density

Immunohistochemical identification of HTS dermal microvasculature showed that
CS treatment significantly diminished vascularity over the treatment time course (Fig
25A). DAB stained CD31" HTS sections demonstrated reduced vascular density at 4
months post-burn (IOD: 0.061 £ 0.008) compared to STSG-treated (0.134 + 0.056) or CS
Vehicle-treated wounds (0.119 = 0.052), p<0.05 (Fig 25B). Vascular density was

statistically equivalent for all treatment groups prior to 4 months.
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Figure 25: HTS Vascularity is diminished during cromolyn treatment following burn injury.

Representative images of CD31 immunostained 4 month biopsies (A); scale bar = 200um. DAB-stained
images (first column) were digitally deconvoluted in ImageJ to measure specific CD31 staining intensity
(second column); with background removed (third column). Topical CS treatment significantly reduced
dermal HTS vascularity compared to both STSG and CS vehicle treatment alone after 4 months post-burn,
*p<0.05 (B). No significant differences in vascularity were measured prior to 4 months. Data is presented as

mean vascular density 10D + SD.
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DISCUSSION

What is known about the cellular and molecular basis of post-burn HTS is well
described in the literature. Much of this work is focused on the role of the fibroblast in HTS
development. However, recent investigations are revealing a more complex pathogenesis
than previously understood, changing how we think about the healing burn wound and
subsequent scarring. Prolonged inflammation, directed primarily by tissue macrophages,
neutrophils, and lymphocytes, supports differentiation of deep dermal myofibroblasts.
Protracted inflammatory signaling drives these fibroblasts to produce contractile proteins
and excess collagen, which promotes HTS development and progression. However,
treatments targeting this aberrant process and investigations to prevent or correct the
phenotypic switch were marginally effective.2922% Newly identified cell populations
within the scar are now revealing fresh insights into the pathophysiology of post-burn HTS.

Mast cells are sources of potent growth factors and protease, and evidence indicates
that they may directly contribute to the initiation and progression of post-burn scars. These
multifaceted cells are recognized regulators of anaphylaxis and hypersensitivity reactions;
however, ample evidence indicates that mast cells are pivotal in several fibrotic
pathologies. We have previously found elevated mast cell densities in post-burn HTS of
pediatric burn survivors up to 4 years after initial injury compared to uninjured tissue?®
and other investigations show increased mast cell numbers in pulmonary, renal, and
myocardial fibroses.!8%1822% Thjs evidence is corroborated in the current study.
Examination of biopsies from the red Duroc model confirm that mast cells aggregate in
significantly greater densities acutely following burn injury within the wounds and scars.

Moreover, mast cell densities remain elevated through HTS progression, further
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confirming that mast cells are involved in cutaneous fibrosis following burn. Importantly,
these data indicate that inhibition of the critical mast cell-dermal fibroblast paracrine axis
may prove beneficial to reduce scarring.

Mast cells are blocked from releasing their contents by antagonizing degranulation
pharmacologically in a process known as “stabilization.” Although definitive evidence is
lacking, mast cells are thought to be stabilized by inhibiting plasma membrane chloride
and Ca?" channels as well as and endoplasmic reticulum Ca?* channels. Obstructing
membrane chloride flux or endoplasmic reticulum calcium exchange prevents granule-
containing vesicle exocytosis, thus, stabilizing mast cell membranes and preventing
degranulation.”” %191 Several mast cell stabilizers have been developed to combat allergic
reactions or reduce symptoms associated with mastocytosis. However, CS is the most
extensively studied stabilizer in clinical trials and is documented to prevent mast cell
degranulation. Several trials concluded that topical CS was effective at reducing mast cell-
induced pruritus,®297-20° byt importantly, newer investigations have indicated that CS may
reduce fibrosis as well. Choi et al. (2015) reported that CS ameliorated TGF-B-induced
fibrosis in a validated in vitro model of hepatic cirrhosis where mast cell numbers were
increased.® Recently, Jiang and colleagues (2018), using a polycystic kidney rat model,
concluded that CS may be beneficial to reduce fibrosis in mast cell-induced renal cystic
disease.?0,

In the present study, we observed that mast cell densities are increased in post-burn
HTS of red Duroc pigs and demonstrated that CS treatment significantly reduced mast cell
accumulation in HTS over time. Through 3D analysis, we also showed that topical CS

considerably decreased scar volume and height over time, while flattening and smoothing
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the scar corroborating its anti-fibrotic effect. Together, these data indicate that CS
treatment in the post-burn model of HTS mitigates additional mast cell recruitment, which
serves to improve the wound healing cascade and reduce fibrosis.

Re-epithelialization is a hallmark of cutaneous wound healing that acts to restore
the critical epithelial barrier to retain fluid and prevent infection. Greater transepidermal
water loss during wound healing is linked with increased scarring.?2*2 Major burn injury
compromises the barrier capacity of the epidermis and keratinocytes are rapidly induced to
proliferate and migrate to replenish the barrier. Acutely, increased epidermal thickness is
normal following wound closure, but continued keratinocyte proliferation is considered
pathologic and results in elevated scars, abnormal formation of cellular junctions, and
increased fibrotic progression. Formation of a thinner epidermis during re-epithelialization
results in a more effective water barrier and less fibrosis in HTS pathology.?® In our study,
histological sections show HTS epidermis was significantly thinner in CS-treated wounds
after 3 months and resembled a more mature and flattened scar. These data validate
previous 3D wound analyses, which showed significantly decreased scar height over the
treatment period and further suggests that CS treatment may restore normal keratinocyte
signaling and proliferation to provide a more natural cutaneous barrier and a reduction in
scarring.

Mast cells release multiple effectors through degranulation and tryptase, as the most
abundant stored protease, is a powerful proliferative stimulus in the context of fibrotic
pathogenesis. Tryptase robustly induces pulmonary, hepatic, and cardiac fibroblast
proliferation®>13213 and we have previously shown that serum tryptase is significantly

elevated in pediatric burn survivors.?% Molecularly, mast cell tryptase cleaves and activates
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the protease-activated receptor-2 (PAR2). PAR2 is a unique G-protein coupled receptor
(GPCR) that is activated by amino-terminal cleavage. The cleaved hexapeptide (SLIGKV)
then binds to the second extracellular loop, acting as a tethered ligand to stimulate a
conformational change and potent mitogenic signaling. Physiologically, since the receptor
must be cleaved for activation, PAR2 must be synthesized de novo to re-sensitize the cell
for continued stimuli. This is in contrast to other GPCRs, which can be recycled back to
the plasma membrane once internalized. Thus, greater PAR2 expression indicates
continued PAR2 activation and signaling.?!#?'®> Presently, we show that topical CS
significantly limited PAR2 expression during the first three months of treatment in
immuno-stained red Duroc HTS. Immunoblots confirmed downregulated PAR2
expression at 2 months post-burn suggesting that global reduction in mast cell
degranulation limits PAR2 mitogenic activation, thereby reducing fibroblast proliferation
and HTS-associated fibrosis. Additionally, immunoblots revealed that CS treatment
reduced protein expression of a-smooth muscle actin and collagen-1 after two and three
months, respectively. Histologically, trichrome stained HTS tissue showed less dense
dermal collagen after 4 months with CS treatment suggesting that a reduction in PAR2
signaling via mast cell stabilization may reduce fibrosis associated with post-burn HTS.
Vascularity is another important feature of cutaneous wound healing. Angiogenesis
results in new blood vessels that allow cellular trafficking and endocrine signaling to and
from wound sites as well as nutrient delivery and waste disposal. However, angiogenesis
must be balanced with the needs of the healing wound. During burn wound healing,
vascularity is subjectively monitored by erythema observations, but dermoscopy can offer

a more reliable objective assessment. Importantly, increased wound vascularity is

118



associated with more detrimental scarring and a poorer prognosis in post-burn HTS.216:217
Histologically, our study revealed that CS treatment reduced red Duroc HTS after 4
months. Mast cells produce, store, and release vascular endothelial growth factor, which
is the major factor that dramatically increases endothelial cell proliferation and vessel
formation. Moreover, PAR2 activation results in concomitant activation of the vascular
endothelial growth factor receptor, which in turn induces angiogenesis. This suggests that
vascularity can be reduced through mast cell stabilization with simultaneous reduction in
PAR2 expression and activation via CS, resulting in a reduced scar.

Interestingly, we observed a rebounding effect approximately 6 to 8 weeks after CS
treatment (2 to 3 months after initial injury) in several quantitative parameters of post-burn
HTS in the red Duroc pig. Many scarring criteria, including volume, roughness, and
collagen deposition, displayed marked improvement during acute topical CS treatment.
However, after approximately 2 months of treatment, equivalent scarring parameters
showed a regression back to split-thickness skin graft alone or CS Vehicle treated HTSs.
Mpyofibroblast phenotype as measured by PAR2, aSMA, and collagen expression were all
decreased during initial CS treatment, but expression returned to basal levels as the study
progressed. We suspect that mast cells were becoming refractory to treatment, meaning
dose escalation or more frequent applications of the current CS concentration should be
explored in the future. Importantly however, the physical manifestations of reduced
mitogenic stimuli and resultant decrease in fibrotic signaling showed an improved scar at
4 months post-burn, which was the endpoint of this study.

Split-thickness skin graft is the current standard of care following severe full-

thickness burn injury for patients with sufficient availability of donor skin. Autologous
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grafting is immunologically safe and has been shown to reduce scarring when it is
completed in a timely manner, within the first 72 hours following a third-degree burn.?®
Split-thickness meshed skin grafts serve multiple purposes. Grafts promptly revitalize the
epidermis to provide a critical intact fluid barrier and may contain intact adnexal structures
which have been shown to drastically improve wound healing.?**??° Importantly, here we
demonstrated that topical CS treatment in the post-burn HTS model in the red Duroc pig
significantly improved the wound healing capacity and reduced scarring more consistently

than STSG standard of care alone. Table 2 provides summary scar observations in red

Durocs following CS treatment over time.

STSG Control CS Vehicle CS 4%
Scar Perimeter Decreased Decreased Increased
Scar Surface Area Increased Increased No Change
Scar Volume Increased Increased Decreased
Scar Height Increased Increased Decreased
Scar Roughness No Change Increased Decreased
Epidermal Thickness No Change No Change Decreased
Collagen Increased Increased No Change
Vascularity Increased Increased Decreased
Table 2: Summary observations of scarring parameters over time during administration of tropical

cromolyn sodium in the post HTS model of the red Duroc pig.

Topical cromolyn sodium treatment reduces post-burn HTS compared to STSG or vehicle treatment alone.
CS treatment flattened the scar and reduced vascularity and collagen deposition over 3 months.

Previous investigations have demonstrated decreased scarring in red Durocs treated
with the mast cell stabilizer ketotifen. Systemic treatment lessened contraction and dermal

fibrosis after 10 weeks and scar improvement was sustained for several weeks after
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treatment cessation.®® Ketotifen has also been used to successfully treat contractures in a
rabbit model of joint fibrosis. Researchers showed that systemic ketotifen administration
reduced a-SMA and collagen-1 expression in wounds.®® Both investigations demonstrated
fibrotic improvement, however, systemic mast cell stabilization would not be ideal. Mast
cells are sentinel cells and provide critical protection against pathogens. Directly targeting
scar tissue through topical application is most likely the best tolerated, will have less
detrimental side effects, and minimize confounding variables associated with systemic
approaches.

In addition to limiting systemic variables, we chose topical application in the
current study because CS shows poor gastrointestinal absorption and demonstrates very
little hepatic metabolism when intestinally absorbed. Most CS (up to 99%) is excreted
unmodified.?? CS is small, approximately 500 Daltons, which is easily transported through
epidermal layers and dosed directly into dermal tissue making targeted delivery and anti-
fibrotic efficacy more likely through topical application.???> Additionally, CS is FDA
approved, easy to emulsify, and inexpensive compared to newer mast cell stabilizers. A
recent randomized clinical trial that included 177 subjects concluded topical 4% SC was
safe and well tolerated in children for up to 15 months,?®” making it a potential candidate
for reducing HTS fibrosis in pediatric burn survivors. Moreover, a majority of pediatric
burn survivors with large burns and HTS still report significant itch up to two years
following injury.® In addition to the anti-fibrotic potential, CS treatment may have the
additional benefit to reduce histaminergic itch.

Overall, it is likely that many cell populations create vast and complex molecular

signaling mechanisms that contribute to HTS pathogenesis. However, in our current study,
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we show that mast cells contribute directly to fibrosis and may provide a viable target to
reduce post-burn HTS pathology. Topical mast cell stabilization with cromolyn sodium

may be a reliable adjuvant with emergent therapies to improve the function and well-being

of burn survivors.
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CHAPTER 5: SIGNIFICANCE AND CONCLUSION

Hypertrophic scar (HTS) result from cutaneous full-thickness burn injuries that
pose difficult and expensive treatment challenges long-term. Increased systemic
catecholamines along with protracted inflammatory stimuli act as detrimental catalysts to
increase fibrotic output of burn wound fibroblasts. However, our understanding of the
cellular and molecular basis of post-burn HTS is now evolving. Evidence points directly
to aberrant signaling and dysfunction in deep dermal fibroblasts within the healing burn
wound and shows that they are responsible for excess collagen production and contraction
in post-burn HTS. Many investigations have reported the fibrotic influence of
macrophages, circulating monocytes, and T lymphocytes; significantly upregulating
expression of pro-inflammatory cytokines, which prolongs the inflammatory phase of
wound healing and stimulates a myofibroblast phenotypic switch in remaining wound
fibroblasts. Despite this knowledge, current therapies are inadequate to completely resolve
post-burn HTS, limiting the quality of life for burn survivors. Other cell populations and
molecular mechanisms must play a role in post-burn scarring. Mast cells, often found at
sites of injury, are regularly understudied in post-burn HTS investigations, yet they are
implicated in several fibrotic pathologies. We hypothesized that mast cell infiltration
following burn injury initiates and drives HTS pathophysiology.

A major finding in this investigation is that mast cells are found in increasing
densities within the post-burn HTS of pediatric burn survivors compared to non-burned
skin. This is consistent with other studies linking mast cell infiltration to fibrogenesis.
Increased numbers of mast cells are reported in myocardial, renal, and hepatic

fibrosis'®179180 where mast cells are thought to impact wound healing acutely, during initial

123



inflammation. Histamine and VEGF, released by mast cells, contribute directly to
vasodilation, allowing further influx of lymphoid cells to sites of injury and drive
myofibroblast phenotype through paracrine signaling.*®® Studies also show increased
histamine concentrations acutely following burn injury, which confirms active mast cell
degranulation.?%® Surprisingly, we found significantly elevated mast cell densities in HTS
up to 4 years post-burn. This is the first evidence to report long-term mast cell persistence
in burn HTS and validates a crucial link to scar progression. Critically, atopic dermatitis or
any other mast cell disorder were not diagnosed for any patient, further highlighting that
mast cell presence was important to maintain chronic post-burn HTS.

Additionally, our investigations measured elevated serum tryptase concentrations
in patient-matched samples after a severe burn. Elevated tryptase has been reported during
progression of pancreatic lesions and idiopathic pulmonary fibrosis, indicating a potential
fibrotic association.’2®* Here, we show that tryptase was significantly increased acutely
following injury in pediatric patients with large burns (=30% total body surface area)
compared to healthy uninjured children. Notably, six months after initial injury, tryptase
remained significantly elevated. Chronic elevation is surprising, but the data indicates that
mast cell degranulation is sustained over time and further corroborates histological data in
human samples. A limitation of this study was the paucity of consistently matched patient
samples over time. Although significance was achieved with five patient-matched samples,
a larger cohort would confirm these results. However, data demonstrated that mast cells
are not only found in increasing numbers in burn scars, but also establishes that they are

actively degranulating at least up to six months post-burn.
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Proteinases such as tryptase contribute to both extracellular matrix remodeling and a
fibrotic phenotype through a mast cell-fibroblast paracrine axis, although mechanisms
remain poorly understood. This paracrine axis points to a role for proteinase-activated
receptors (PAR) in dermal fibroblasts. Physiologically, tryptase is the only mast cell
granule known to activate PAR2 and stimulation initiates fibroblast proliferation,®2'3 yet
PAR2 expression, activation, and subsequent signaling have yet to be reported in post-burn
HTS pathology. Here, we show that PAR2 expression increases over time after tryptase
activation in HTS fibroblasts. This data supports earlier studies that show PAR2 must be
synthesized de novo in order to re-sensitize the cell for continued signaling.?*4223
Interestingly, basal PAR2 expression was significantly increased in untreated HTS
fibroblasts compared to non-burned skin fibroblasts, indicating a distinct phenotypic
difference between fibroblast populations. This suggests that deep thermal injury primes
wound fibroblasts for sustained PAR2 signaling and further supports the hypothesis of a
dermal “critical depth”,®! below which, myofibroblasts dominate to promote scarring.
Future investigations will need to determine what post-burn factors and mechanisms
contribute to this phenotypic switch.

The present studies also demonstrate that mast cell tryptase is the major serine
protease to elicit proliferation via PAR2 activation in burn wound fibroblasts; chymase
induced no proliferation or migration. Furthermore, PAR2 activation significantly
upregulated collagen-1 and a-smooth muscle actin production, which are both hallmarks
of myofibroblasts — the dominant cell type in post-burn HTS. Many other fibrotic markers
including potent growth factors like keratinocyte growth factor and fibroblast growth factor

were also significantly elevated following PAR2 activation, which is consistent with
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previous studies demonstrating that PAR2 signaling is profoundly mitogenic.??422
Consequently, PAR2 blockade with synthetic antagonists or expression knockdown with
PAR2 siRNA significantly diminished tryptase-induced proliferation and fibrotic
phenotype of HTS fibroblasts. With positive in vitro results, we then aimed to explore
mast cell stabilization in vivo to reduce scarring.

Pharmacologic mast cell stabilization has been utilized for decades to relieve
symptoms associated with mast cell activation disorders such as atopic dermatitis.
Stabilizing compounds block calcium and chloride flux through mast cell membranes to
prevent degranulation of irritating pruritic and vasoactive stimuli. However, their use to
minimize mast cell-induced fibrosis is now gaining attention. Previous studies have
demonstrated that systemic application of mast cell stabilizers, specifically ketotifen,
effectively reduced small cutaneous scars in excisional wound models.8”%° Cromolyn
sodium is a small molecular weight, naturally-derived mast cell stabilizer. Due to its small
size, it can easily penetrate epidermal barriers when carried in appropriate vehicles. In the
present investigation, we applied a 4% cromolyn sodium emulsification topically to post-
burn hypertrophic scars of red Duroc pigs. After 4 months, cromolyn sodium diminished
many scarring parameters when compared with standard of care, split-thickness skin grafts
alone. Biweekly cromolyn treatment significantly reduced mast cell numbers in the scar
over time. Consequently, collagen density, scar height, volume, and roughness were all
lessened, and epidermal thickness decreased, further indicating an improved water barrier
after four months with topical cromolyn treatment. Importantly, we observed significantly
decreased PAR2 expression in HTS treated with cromolyn as well, which further links mast

cell presence and degranulation with signaling of this mitogenic receptor. As a result of
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reduced PAR2 expression, fibrotic signaling and production of collagen and a-smooth
muscle actin was reduced up to 4 months post-burn, significantly improving the scar. These
investigations have also validated our model of the red Duroc pig as a reliable model to
consistently recapitulate HTSs that closely resemble human pathology. Furthermore, to
simulate real-life scenarios, full-thickness burns were excised and grafted 24 to 48 hours
post-burn, giving this model greater pre-clinical application.

Although results from the current investigations highlight the importance of mast
cells in wound healing, HTS pathogenesis and subsequent fibrotic progression is most
likely the result of interplay between numerous inflammatory cells and convergent
molecular signaling. To inhibit one of these will assuredly limit scar development, but it
will be inadequate to completely resolve the entire fibrotic pathophysiology. Returning the
scar to a normal wound healing state, and ultimately a “scarless” wound, will likely require
combined therapies. These studies nhow demonstrate that mast cells contribute to the
pathogenesis and progression of post-burn HTS. Therefore, it may be possible to minimize
or limit some detrimental aspects of scarring through mast cell stabilization. Importantly,
stabilization may also provide the added benefit of minimizing histaminergic pruritus.
Since mast cells are sentinel cells, required to fight bacterial and parasitic infections, a
more focused approach may be necessary to reduce mast cell-induced fibrosis. Ultimately,
PAR2 inhibition, targeted directly in post-burn HTS tissue, may provide the greatest anti-
fibrotic benefit with fewer side effects than complete mast cell stabilization. Overall, this
project established mast cells as moderators of fibrotic progression in HTS and that
targeting this vital cell population may be a means to reduce HTS to improve the life and

well-being of pediatric burn survivors.
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Appendix A

3-Dimensional Quantitative Analysis: Equipment, Software, and Calculations

LifeVizIl Imaging System:
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= Perimeter: boundary length of the wound (in mm.); user
defines wound/scar boundary

= Surface Area: real 3D surface area of the user defined
wound/scar (in mm?)

= Volume: total volume of the wound/scar based on user defined
boundaries (in mm?3); Volume = volume > 0 + volume < 0
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— Baseline

Positive volume

[] mNegative volume

" Depth: Average based on the contour of wound/scar;
Avg. Depth (in mm) = Negative Volume / Surface Area

= Height: Average based on the contour of wound/scar;
Avg. Height (in mm) = Positive Volume / Surface Area

* Roughness: Based on the regularity (or lack thereof) of
the skin surface adjacent to user-defined wound/scar;
Avg. Roughness (unit less) = (| Positive Volume]| +
| Negative Volume|) / Surface Area
It is the average height of the surface variation from
normal skin
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