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Abstract

Mast cells (MCs), apart from their classic role in allergy, contribute to a number of biologic processes including wound healing. In
particular, two aspects of their histologic distribution within the skin have attracted the attention of researchers to study their
wound healing role; they represent up to 8% of the total number of cells within the dermis and their cutaneous versions are
localized adjacent to the epidermis and the subdermal vasculature and nerves. At the onset of a cutaneous injury, the accumulation
of MCs and release of proinflammatory and immunomodulatory mediators have been well documented. The role of MC-derived
mediators has been investigated through the stages of wound healing including inflammation, proliferation, and remodeling.
They contribute to hemostasis and clot formation by enhancing the expression of factor XIlIla in dermal dendrocytes through
release of TNF-«, and contribute to clot stabilization. Keratinocytes, by secreting stem cell factor (SCF), recruit MCs to the site.
MC:s in return release inflammatory mediators, including predominantly histamine, VEGF, interleukin (IL)-6, and IL-8, that
contribute to increase of endothelial permeability and vasodilation, and facilitate migration of inflammatory cells, mainly
monocytes and neutrophils to the site of injury. MCs are capable of activating the fibroblasts and keratinocytes, the predominant
cells involved in wound healing. MCs stimulate fibroblast proliferation during the proliferative phase via IL-4, vascular endo-
thelial growth factor (VEGF), and basic fibroblast growth factor (bFGF) to produce a new extracellular matrix (ECM). MC-
derived mediators including fibroblast growth factor-2, VEGF, platelet-derived growth factor (PDGF), TGF-f3, nerve growth
factor (NGF), IL-4, and IL-8 contribute to neoangiogenesis, fibrinogenesis, or reepithelialization during the repair process. MC
activation inhibition and targeting the MC-derived mediators are potential therapeutic strategies to improve wound healing
through reduced inflammatory responses and scar formation.
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vascular and autoimmune diseases [2]. Inflammation, prolif-
eration, and remodeling are the three cardinal phases of
wound healing which require complicated intercellular inter-
actions, contribution of released soluble factors, and extracel-
lular matrix components [3, 4]. The inflammatory phase is
characterized by neutrophil and macrophage infiltration, an
important process for formation of new tissue in wound
healing [5]. NADPH oxidase-dependent “oxidative burst” by
these cells represents a main mechanism of pathogen removal
at the wound site [6]. Impaired wound healing, characterized
by excessive inflammation, is associated with increases in
TNF-« level. TGF- induces chemotaxis of inflammatory
and immune cells to the wound site and mediates the replace-
ment of collagen type III with collagen type I [7]. Wounds,
due to any number of etiologies, may persist into chronicity;
elevated levels of proinflammatory cytokines effect the reso-
lution of healing [8]. Fibroblasts are the most prevalent cell
type in the human dermis and encompass any stromal cell
without expression of markers for a more specific mesenchy-
mal lineage. Based on the location, fibroblasts are able to alter
their function and physiology or even transform into a new cell
type [9]. In the proliferative phase, fibroblasts proliferate and
migrate to the wound area and secrete a new extracellular ma-
trix (ECM); granulation tissue then fills the wound prior to
reepithelialization. In this phase, keratinocytes proliferate and
migrate from the edges of the wound toward the center.
Neoangiogenesis contributes to establishing blood supply to
the newly formed tissue during this proliferative phase [10].
The remodeling phase, characterized by maturation of the
ECM, involves collagen bundles that increase in diameter and
become organized to achieve greater tensile strength.
Fibroblasts also undergo transformation into myofibroblasts
to facilitate wound contraction. The wound healing process is
complete after removal of the excess ECM [10]. A variety of
cells undertake quite different duties during wound healing
phases. For example, neutrophils, during the inflammatory
phase, infiltrate into the injured tissue for the purpose of re-
moving microbes, debris, and necrotic tissue [11, 12]. M1
macrophages are characterized by their proinflammatory func-
tion in parallel with M2 macrophages that induce angio-
genesis and tissue remodeling in the early phases of healing
and reducing inflammation in the late phase of wound healing
[13]. Fibroblasts contribute to the wound healing process by
initially migrating into the wound site and subsequently syn-
thesizing various components of the new connective tissue
matrix [14, 15]. MCs are specialized secretory cells of the
innate immune system that originate from CD34+/CD117+
bone marrow progenitor cells [16—18]. MCs express the
high-affinity IgE receptor (FceRI). Cross-linking of IgE/
FceRI complex with the allergen-based epitope results in MC
activation and release of three categories of effector mol-
ecules [19]. These effectors are preformed mediators stored in
granules (e.g., serotonin, histamine, heparin, tryptase, and
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chymase); mediators synthesized de novo upon cell stimula-
tion (e.g., lipid mediators PAF, PDG2, and LTB4 and LTD4);
and a variety of cytokines (e.g., IL-1, IL-3, IL-5, IL-8, IL-10,
GM-CSF, TNF-«, TGF-f3, and VEGF) [16, 20]. At the time of
injury, MCs become activated, and through degranulation,
they release a wide variety of these mediators. The process
can be traced by observing the reduction of fully granulated
MCs and the presence of extracellular granules in stained sec-
tions prepared from injured tissue [21]. In normal skin, MCrc
cells (containing tryptase, chymase, and carboxypeptidase)
are the predominant cell type but together with MCc cells
(containing chymase and carboxypeptidase, but not tryptase)
they have a role in fibrosis, inflammation, and biological re-
generative processes [22]. Insights into the role of MCs in
wound healing open up new therapeutic strategies that act
via fine-tuning the MC degranulation mechanism during the
repair stages at the precise location of injury. This article sum-
marizes the MC-orchestrated cellular and molecular mecha-
nisms involved in every stage of wound healing to provide
potential therapeutic MC or MC-mediator targeting strategies.

Methods

To identify articles for inclusion in this review, an online
search, from January 1986 to January 2018, was performed
using the scientific reference search engine of the National
Library of Medicine, PubMed, and Elsevier’s Embase. The
keywords used were “mast and cell and wound healing.”
The search was performed in all languages. Using this search
method, 547 articles were identified of which 75 were directly
cited. Additionally, the basic and general information regard-
ing mast cell biology were provided by citing the most recent-
ly published papers in the field.

Mast Cells in Hemostasis

MCs initiate their role in wound healing during this stage as
they are recruited by anaphylatoxins C3a and C5a which are
produced under influence of Hageman factor (XII) [14].
Moreover, MC-derived 3-tryptase has been reported to gen-
erate C3a and C5a at sites of inflammation [23, 24]. It should
be noted that only the MCr¢ type of MCs (including skin
MCs) has receptors for C3a and C5a [23, 25]. MC-derived
tryptase inactivates the thrombin-induced clotting activity of
fibrinogen. MCs, likely through secretion of TNF-«, enhance
expression of XIlla, a potent fibrin-stabilizing factor which
catalyzes covalent cross-binding of fibrin fibrils in dermal
dendrocytes [14, 26]. MCs, via producing tissue-type plas-
minogen activator (t-PA) in a resting state and through ex-
pressing plasminogen activator inhibitor 1 (PAI-1) upon acti-
vation by C5a [27], are hypothesized to participate in
balancing the proteases and protease inhibitors in regulation
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of'tissue injury and repair [28] (Fig. 1). The results of Oschatz
et al. reported that heparin isolated from either peritoneal or
human lung MCs (HLMCs) when added to plasma activates
contact system and promotes bradykinin (BK) generation
[29]. Additionally, the coagulation system activity has been
studied in MC-related diseases. In chronic spontaneous urti-
caria, tissue factor expressed on endothelial cells and eosino-
phils has been reported to activate the extrinsic coagulation
pathway and is followed by leakage of plasma from blood
vessels concurrent with MC activation [30]. For instance,
plasma levels of activated factor VII were found higher in
patients with acute urticaria, while levels of factor IX and
tissue factor were lower in patients with chronic urticaria.
Moreover, plasma levels of tissue factor pathway inhibitor/
activated factor X (TFPI/Xa) were higher in chronic urticaria
patients when compared with healthy controls [31]. Prolonged
bleeding, mainly in gastrointestinal track and skin, has been
documented in pediatric mastocytosis [32]. Menstrual-like
bleeding in association with the anaphylactic episodes in some
women has also been documented [33]. Considering the
mMCP-6, mMCP-7, and hTryptase-3 anticoagulant activity,
tryptase inhibitors might be used to hinder the bleeding abnor-
malities that occur in patients with MC-related diseases [34].

Mast Cells in the Inflammatory Stage
Mast Cell Recruitment to the Site of Injury

MC recruitment to the site of wound has been investigated by
Trautmann and colleagues [35]. They reported that monocyte
chemoattractant protein-1 (MCP-1) released by keratinocytes
and macrophages is correlated with recruitment of MC in situ.
MCP-1-mediated recruitment of MCs to the site of injury
places MCs and fibroblasts in close proximity, which provides
the opportunity for fibroblast proliferation triggered by MC-
released IL-4 [35]. The fivefold increase in MC numbers at the
site of a wound during the wound healing process is a result of
chemokine-dependent recruitment rather than proliferation
[35, 36].

Mast Cell Mediated Monocyte Recruitment
in the Inflammatory Stage

Monocytes are recruited from blood to sites of inflammation,
utilizing integrin o431 and CD62L to arrest on the endothe-
lium and chemokine receptors CCR2 and CCRS to migrate
toward gradients of inflammatory cytokines, mainly MCP-1
released by keratinocytes [36—38]. Monocytes, after being re-
cruited to the wound site and under the influence of MC-
released MCP-1, transform into efficient phagocytic cells;
these macrophages are now capable of secreting PDGF,

fibroblast growth factor, vascular endothelial growth factor,
TGF-f, and TGF-« [39].

Mast Cell Mediated Neutrophil Recruitment
in the Inflammatory Stage

MC-derived mediators including TNF-«, MIP-2, and IL-8
have been shown to be potent recruiters of neutrophils during
wound healing [40]. Rapid mobilization of neutrophils from
the circulation depends on (32-integrin interactions with endo-
thelial adhesion molecules such as intercellular adhesion
molecule-1 [41]. Recruited neutrophils produce proinflamma-
tory cytokines, such as IL-1x and TNF-o which act as signals
to activate local fibroblasts and keratinocytes by inducing the
expression of FGF7 [42]. The role of MCs in neutrophil re-
cruitment during the inflammatory stage has been already in-
vestigated using MC-deficient W/W" mice and +/+ mice
—.This study reported that neutrophil infiltration was signifi-
cantly decreased in W/W" mice compared with wild-type +/+
control [43].

Mast Cells Released Mediators in the Inflammatory
Stage

Once an injury occurs, MCs degranulate and release a wide
spectrum of vasoactive and proinflammatory mediators in-
cluding preformed molecules such as histamine, serotonin,
TNF, kinins, and proteases stored in secretory granules [35,
44]. MC-derived histamine induces capillary permeability, in
addition to vasodilation, resulting in a significantly induced
influx of neutrophils to the site. Other potent vasoactive agents
include vascular endothelial growth factor (VEGF), IL-6, and
IL-8 [45]. Tryptase binds to protease-activated receptor-2
(PAR2) on endothelial cells and causes vasodilatation.
Tryptase-induced vasodilation paves the way for infiltration
of neutrophils and other inflammatory mediators into the in-
jury site [46]. The exact mechanisms by which the MCs be-
come activated during injury are still unknown. However, it is
reported that thymic stromal lymphopoietin (TSLP), released
in response to trauma in the presence of cytokines such as IL-1
and TNF, is a potent activating mediator [44] (Fig. 2). MCs are
capable of promoting human (-defensin-3 (hBD-3) release
from epidermal keratinocytes through H1 receptors by acti-
vating STAT3 and AP-1 via JAK2 and MEK/ERK [47]. The
latter pathway is activated in early stages of inflammation
during an infection [48]. hBD-3 acts among the first lines of
defense after tissue bacterial invasion [49]. hBD-3 induces
histamine release from MCs [47]. The other biological effects
of the cationic antimicrobial peptide hBD-3 include promot-
ing wound closure [50], promoting defense against gram-
positive and gram-negative bacteria as well as fungi, chemo-
attracting CCR6+ cells, and inducing the production of IL-18,
IL-8, and IL-20 in epidermal keratinocytes. Histamine
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<« Fig. 1 Role of mast cells in hemostasis. MCs induce expression of factor
XIII in dermal dendrocytes by releasing TNF-«. Factor X1II is converted
to factor XIIla in the presence of Ca®*, fibrin, and thrombin. Factor XIIla
then supports the fibrin cross-link and stabilizes the clot. Upon activation
by C5a, MCs expressed PAI-1 inducing the x-SMA expression in fibro-
blasts. MCs also play a regulatory role in hemostasis; PAI-1 is capable of
blocking the conversion of plasminogen to plasmin. MC-derived tryptase
is able to inactivate the thrombin-induced clotting activity of fibrinogen

promotes antibacterial activity of keratinocytes via enhancing
the expression of pathogen recognition receptors such as
TLR-2 and Dectin-1 or increasing the production of GM-
CSF to enhance opsonophagocytosis of macrophages and
IL-8, a potent cytokine in neutrophil chemotaxis [47]. MC
or other immune cell-mediated infiltration of inflammatory
cells into the site of injury orchestrates the responses that
contribute to removal of debris and pathogens and activation
of residing cells to produce ECM proteins and induce the
process of angiogenesis links the inflammatory and prolifera-
tion phases [51].

Mast Cells in the Proliferative Stage

Interaction of Mast Cells and Keratinocytes
in the Proliferative Stage

This stage of wound healing is mostly predominated by cel-
lular activity and includes reepithelialization, angiogenesis,
and fibroplasia. Histologically, reepithelialization includes
proliferation and migration of adjacent epidermal
keratinocytes into the injury site, differentiation of the
neoepithelium into a stratified epidermis, and finally the res-
toration of an intact basement membrane zone (BMZ) for
anchoring the epidermis to the underlying dermis [39]. The
implicated elements in keratinocyte migration include extra-
cellular matrix, integrin receptors, a number of growth factors,
fibronectin, type V collagen, and matrix metalloproteinases
(MMPs) such as MMP-9. MMP-9 specifically degrades mol-
ecules in the basement membrane, including type IV collagen
and laminins, to enable keratinocytes to elevate from the base-
ment membrane and migrate into the wound [39]. MC-derived
tryptase plays a key role in the interaction between MCs and
keratinocytes owing to its capability of cleaving fibronectin
and activating PAR-2 (a G protein-coupled receptor on
keratinocytes). Keratinocytes, in return, may attract MCs to-
ward the epidermis by releasing stem cell factor (SCF) [22].
Indeed, MCs as dermal cells have limited contact with
keratinocytes in normal skin. In conditions, mainly chronic
ulcers, epidermal MCs can be found within keratinocytes to
interact with them [22]. In vitro studies of the interaction be-
tween MCs and keratinocytes revealed that MC-produced his-
tamine inhibits keratinocyte mitosis. This heparin also acts as
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Fig. 2 Mast cells are recruited to the site of injury by macrophage and
keratinocyte-derived MCP-1. MCs in return release mediators mainly
histamine, VEGF, IL-6, and IL-8 that contribute to the increase of endo-
thelial permeability and vasodilation and facilitate migration of inflam-
matory cells such as monocyte and neutrophil to the site of injury.
Monocytes transform into macrophages and play a key role in wound
healing. Neutrophils in humans are recruited by IL-8 to injury sites where
they release IL-1 and TNF-x and activate fibroblasts and keratinocytes
to facilitate wound healing

an inhibitor of keratinocyte proliferation, without inducing
cell differentiation. In contrast, metabolic products of arachi-
donic acid produced by MCs, including LTB4, LTC4, and
LTD4, stimulate keratinocyte proliferation [52]. The
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contrasting and disparate functions of MCs have contributed
to the complexity of unraveling their roles in vivo and in
various pathogenic states.

Interaction of Mast Cells and Fibroblasts
in the Proliferative Stage

After entering the wound, fibroblasts, under influence of
PDGF and TGF-f3, epidermal growth factor, and fibroblast
growth factor, form the early extracellular matrix by secreting
collagen, proteoglycans, and elastin [45]. To better understand
the effect of MCs on fibroblast behavior, fibroblasts have been
exposed to MC products in vitro, including histamine, hepa-
rin, and proteases; human MCs have also been co-cultured
with fibroblasts [53]. Histamine and tryptase are able to stim-
ulate dermal fibroblasts to release growth factors including
FGF-2 or FGF-7, respectively [22]. Surprisingly, interactions
between fibroblasts and their ECM control their morphology,
growth, motility, differentiation, and even gene expression
[54]. Fibroblasts also release SCF which has been reported
to upregulate monocyte chemoattractant protein-1 (MCP-1)
expression and synthesis in MCs. MCP-1 acts on fibroblasts
in favor of enhancing the «1(I) collagen mRNA expression
[55]. A study comparing scald injury in MC-deficient W/W"
mice with controls showed there was no significant difference
in the process of wound closure and reepithelialization, but
less fibrous proliferation at the wound edge comparing higher
neovascularization and less accumulation of chymase, FGF2,
TGF-1, and VEGF producing MCs observed at the wound
edge [56] (Fig. 3). Another study in cutaneous excisional
wounds that were splinted open with rubber washers conclud-
ed that excisional wounds in MC-deficient mice close at rates
and produce scars that are similar in terms of size, collagen
content, collagen maturity, and collagen density to those of
control mice. This supported that MCs are not essential for
controlling the rate of reepithelialization, the ultimate collagen
deposition, and scar maturation [57] (Fig. 4). MCs have been
shown to stimulate fibroblast proliferation via 1L-4, VEGF,
and basic fibroblast growth factor (bFGF) [35, 58].
Fibroblasts generate a new ECM that replaces the fibrin clot
which ultimately forms the mature scar [59, 60].

Role of Mast Cells in Promoting Angiogenesis
in the Site of Injury

Angiogenesis begins with degradation of the basement mem-
brane by cellular proteases including MC-derived tryptase
[61]. This allows endothelial cells to penetrate and migrate
into the ECM and then proliferate. Topographic distribution
of connective tissue MCs within the vicinity of small vessels
guarantees provisions of the essential mediators needed for
normal angiogenesis [61]. During injury, not only are resident
MCs contributing to angiogenesis but also further MCs
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Fig.3 Azan-stained cross sections of +/+and W/W" mouse skin showed
an impaired fibrous proliferation and thinner dermis (blue) at the wound
edge in W/W" mice at 21 days after scald injury. Toluidine blue staining
was used for observing mast cell distribution. Many mast cells were
present at the wound edge in +/+ mice, while few were observed at the
wound edge in W/W" mice. Immunohistochemical localization of
chymase, FGF2, TGF-1, and VEGF in +/+ mice was done using antibod-
ies followed by a visualizing step with diaminobenzidine substrate
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Fig. 4 Nauta et al., using three MC-deficient mice and comparing them
with normal littermates, studied the role of MCs in a splinted model of
excisional wound. Excisional wounds in MC-deficient mice of each
group close at similar rates to control. They reported then that collagen
density and its microarchitecture were similar between MC-deficient
mice of each group and their wild-type counterparts

factors such as VEGF, bFGF, and platelet-derived growth fac-
tor (PDGF) [61]. An increasing number of studies have re-
vealed a possible role for MCs in the modulation of wound
angiogenesis. In this regard, MC-derived mediators including
FGF-2, VEGF, PDGF, TGF-f3, NGF, IL-4, and IL-8 contrib-
ute to neoangiogenesis, fibrinogenesis, or reepithelization

during the repair process [14, 62]. Moreover, tryptase and
chymase (MC-derived serine proteases) [40], bFGF, and
angiopoietin-1-(ANG-1) possess proangiogenic activity [63].
During this stage, interaction between MCs recruited mainly
from the inflammatory stage with fibroblasts guarantees MC
survival within the site of injury and, in return, MCs activate
fibroblasts to migrate to the site of injury to produce ECM
proteins. Additionally, under the influence of MC-released
mediators, the process of angiogenesis accelerates and neo-
vascularization supplies the new tissue with cells and nutri-
ents. The outcome of mutual MC fibroblast interactions pro-
motes the formation of granulation tissue [45, 64].

Mast Cells in the Remodeling Stage

Vascular regression in the remodeling phase becomes predom-
inant over angiogenesis leading to a transition from granula-
tion tissue to collagen-rich avascular scar tissue [65]. MC-
released tryptase via PAR-2 activation may promote fibroblast
migration and proliferation, and support ECM synthesis [66].
Other MC mediators which directly support the growth and
differentiation of fibroblasts include TGF-f3, SCF, NGF, GM-
CSF, PDGF, VEGF, and FGF-2, histamine, and proteases
[67]. Additionally, other recruited cell types are able to partic-
ipate in the remodeling stage. For instance, macrophages play
a role in reepithelialization, fibroblast proliferation, and re-
modeling by releasing FGFs and TGF-f3 [68]. During wound
healing, a portion of the wound fibroblasts differentiate into
myofibroblasts, which are responsible for wound contraction
[59]. Myofibroblasts are known for depositing high amounts
of collagen and expressing x-smooth muscle actin (x-SMA),
which later facilitates wound strength [69]. Th2-type cyto-
kines (mainly IL-13 and IL-4) activate myofibroblasts through
IL-4Ra/Sta6 signaling [64]. Activated myofibroblasts become
the main producers and organizers of ECM and are required
for restoring tissue integrity when injury occurs [64] (Fig. 5).
Gap-junctional intercellular communication (GJIC) plays an
important role in mast cell fibroblasts and/or myofibroblast
interactions within granulation tissue in directing excessive
fibrosis [70, 71]. The role of gap-junctional intercellular com-
munication in MC-fibroblast interaction was studied by obser-
vations that the fluorescent dye, Calcein AM green, passes
from the rat mast cell-1 (RMC-1) to the fibroblasts via gap-
junction channels in MC-fibroblast co-culture [71].

Mast Cells and Scar Formation

The myofibroblasts undergo apoptosis when scarring is com-
plete, while in pathological fibroses, myofibroblasts persist in
the tissue and support fibrosis via increased matrix synthesis
[72]. The results of experimental research aimed to reveal the
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role of MCs in scar formation are conflicting. Some studies
report that MC numbers or their activation is lower in tissues
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<« Fig. 5 Cellular and molecular interactions in wound site. Keratinocytes

by secreting SCF recruit MCs to the site. MCs then recruit other
inflammatory cells including neutrophils and monocytes. Proliferation
of fibroblast and differentiation to myofibroblast are essential to
produce ECM, collagen, and «x-SMA to restore damaged barriers. MCs
by releasing mediators facilitate angiogenesis for the purpose of nourish-
ing infiltrated and recently proliferated cells in the wound site

that heal with minimal scarring, such as oral mucosal wounds,
compared with other tissues that heal with more fibrotic scars
[3, 73-76]. Cutaneous wound healing is accompanied by no
inflammation or scarring at early stages of fetal development
quite unlike the wounds of mature skin. There is a possible
contribution of MCs in fetal wound as MCs of E15 (embry-
onic day 15) mice are smaller in size, less granular, and less
abundant (by nearly half) when compared with MCs of E18
mice [73]. Interestingly, injection of lysate obtained from cul-
tured skin MCs of E18 to dorsal wounds of E15 mice healed
with scarring, while injection of lysate from E15 mice to E15
littermates healed without leaving a scar. Another approach to
assess the role of MCs in wound healing is to compare the
process of healing in terms of scar formation between wild-
type mice and those with deficient MCs (Kit™"V™ mice).
Waulff et al. [73] managed to wound E18 (Kit""V") and
wild-type E18 (Kit+/+) fetuses and harvested samples of skin
at 7 or 10 days post-wounding to study the presence/absence
of MCs in scar formation. Interestingly, the production of scar
tissue was found significantly reduced in Kit"""V"" mice, sug-
gesting that MCs play a role in enhancing scar formation [73]
(Fig. 6).

Role of Mast Cell Mediators in Wound Healing

MCs participate in different phases of wound healing, largely
through releasing mediators that induce the activity of the
main cells involved in wound healing (including fibroblasts,
endothelial cells, and keratinocytes) (reviewed in Table 1).
Using transgenic (Tg) and knockdown mice with deficiency
in producing MC mediators, the role of a majority of these
mediators has been revealed in animal models. For instance,
Succar et al., using Tg mice lacking mMCP-4, mMCP-5, and
mMCP-6, revealed that these enzymes play a role in the pro-
liferative phase of healing [79]. In some cases, to determine
the role of a MC mediator, researchers benefit from co-
culturing the MCs and cell lines that actively participate in
wound healing and investigating the effects of a defined MC
mediator or inhibitor on the process. For example, co-cultured
HLMCs and human lung fibroblasts (HLFs) from patients
with idiopathic pulmonary fibrosis (IPF) underwent MC de-
granulation induced using C48/80. The effect of tryptase on
promoting the fibroblast proliferation was investigated by
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HLF proliferation induced by degranulating MCs could be
attenuated through the application of APC366 [87].

<« Fig. 6 a Morphologic comparison of MCs of E15 and E18 mice showed

that MCs of E18 were larger in size and more granular. b Injection of
lysate obtained from cultured skin MCs of E18 to dorsal wounds of E15
mice healed with scarring, while injection of lysate from E15 mice to E15
littermates healed without leaving a scar. ¢ Comparison of wound healing
in wounded E18 (Kit"""") and E18 (Kit+/+) fetuses showed that MC-
deficient Kit"™"""¥ wound healed with significantly less production of scar

Mast Cells in Chronic Wounds

Various pathophysiologies of wounds that do not follow the
normal healing process and have a significant delay in healing
receive the clinical designation of a chronic wound. The inci-
dence of chronic wounds is estimated to be about 1-2% in
developed countries [88]. In normal tissue, MCs vary depend-
ing on source and are slightly more abundant in distal sites but
proximal biopsies from healthy adult individuals are distribut-
ed at around 79.5 mast cells/mm? [89]. MCs may be more of a
heterogeneous cell population than previously thought and
evidence exists that they may readily change phenotype dur-
ing the course of infection based on distance to wound margin
and local inflammatory milieu [3]. In chronic wounds, MCs
have a significantly different functional repertoire and location
than in acute healing. It has been observed that MCs can
migrate to the epithelium margin where they express tryptase,
and to the perilesional skin and wound bed where they express
chymase. Many MCs in the perilesional skin are double pos-
itive for TNFa and tryptase as measured by immunohisto-
chemistry [22]. Tryptase-positive MCs go on to strongly ex-
press extracellular markers that appear tightly regulated in
MCs of acute healing wounds, including SCF and the receptor
Kit [90]. Signaling through Kit induces degranulation, pro-
motes migration, and prevents apoptosis thereby potentially
contributing to the chronic inflammatory microenvironment
[91]. Functionally, in vitro assays show a role for MCs in
inhibiting wound healing through the MC-keratinocyte axis
mediated by histamine. This dose-dependent response on the
inhibition of proliferation could be biologically relevant in
areas where MCs and keratinocytes are in close proximity to
one another [52]. An interesting epidermal source of MCs
where chronic wounds regularly occur is the tympanic
membrane—in particular, MCs are found abundantly
(298.8 mast cells/mm?) in the pars flaccida of both rats and
humans, and these cells are also prominent in the mucosa of
the middle ear [92-94]. In chronic and secretory otitis media,
MCs increase in number and degranulate histamine, heparin,
and tryptase [95, 96]. The authors postulated that this degran-
ulation is a key contributor to generating a state with chronic
effusion, yet antihistamines were regularly used in treating
this condition in the past and are now advised against as no
substantial benefit has been observed [97]. Further work will
undoubtedly be necessary to clarify these pathological disease
states and potential mechanisms to aid in their resolution.
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Table 1 General properties and effects of mast cell-derived mediators in wound healing process

Mediator General properties and effects in wound healing process Ref
TGF-p1 * Profibrotic multifunctional growth factor [56]
» Stimulates fibroblast proliferation and matrix formation
* Some mast cell mediators including protease and chymase through activation
of latent TGF-1 contribute in the regulation of extracellular matrix formation
TGF-p2 * Is involved in: [56]
1. Marked collagen deposition
2. Increasing mechanical strength of regenerated tissue
3. Accelerating the rate of wound healing
Histamine * Capable of inducing proliferation and collagen synthesis of fibroblasts [22]
* Causes the dilatation of arterials and increases permeability of venules [39]
Chymase * Possesses mitogenic effect on fibroblasts [22, 77]
* Promotes myocardial and skin fibroblast proliferation [77]
* Regulates angiotensin (Ang) II generation
* Regulates degradation of procollagen protein which participates
in tissue remodeling and inflammation
IL-4 * Increases collagen production [22]
» Stimulates accumulation of extracellular matrix macromolecules [78]
» Stimulates synthesis of the extracellular matrix proteins including type I and II1 [22]
collagen and fibronectin in fibroblast culture
mMCP-6 + Stimulates dermal fibroblasts, inducing DNA synthesis in quiescent cells [63]
* Increases «-1 collagen production [79]
« Stimulates fibroblast and smooth muscle proliferation
MMP-9 * Facilitates tissue remodeling by degradation of extracellular matrix (ECM) [80]
mMCP-4 * Human homolog: chymase [79]
* Increases fibroblast proliferation [79]
« Directly proangiogenic by angiotensin I conversion [81]
« Indirectly proangiogenic by modulating ECM, releasing VEGF, and activating progelatinase B
« Participates in neutrophil recruitment during the inflammatory phase
mMCP-5 * Human homolog: elastase [79]
* Induces the release of TGF-{31
Tryptase + Contributes to angiogenesis through directly degrading the ECM components [82]
* Releases matrix-bound growth factors owing to its proteolytic activity [82]
* Activates latent matrix metalloproteases [82]
* Induces endothelial cell proliferation in a dose-dependent manner [82]
« Participates in inflammation by leukocyte recruitment [83]
* Induces x-SMA expression [84]
* Mitogenic for fibroblasts, smooth muscle cells [85]
* Possesses chemotactic and mitogenic effects on fibroblasts [21]
+ Stimulates collagen synthesis [21]
* Involved in contraction, and fibroblast differentiation into myofibroblasts [21]
Carboxypeptidase A * Increases fibroblast proliferation, and type I collagen production [53]
bFGF * Mitogenic factor for fibroblasts, endothelial cells [86]

Defective Signaling and Molecular Interaction
in Wound Healing Involved Cell Lines

In addition to the role of MCs in supporting the cells involved
in wound healing in different phases, there are signaling or
molecular deficiencies reported in cell lines that hamper the
process of normal wound healing.

Fibroblasts
1131 integrin is required for the conversion of dermal fibro-

blasts to myofibroblasts. The absence of «111 results in
formation of scar tissue but with compromised strength.
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Schulz et al. studied the process of wound healing in
o113 1-deficient mice and used normal littermate mice as con-
trols. They concluded that oc11”~ mice have abnormal colla-
gen remodeling due to TGF-3-dependent JNK signaling [98].
Discoidin domain receptor 2 (DDR?2) acts as a tyrosine kinase
receptor for fibrillar collagen. DDR2™ mice have been re-
ported to have reduced xSMA expression, defective collagen
type I synthesis, reduced MMP-2 activity, and defective re-
cruitment of skin fibroblasts. Consequently, DDR2™" mice
show defective remodeling of the extracellular matrix [99].
CCNI1/CYR61 which is a matricellular protein expressed at
sites of wound repair has been reported to induce fibroblast
senescence through binding to integrin o631 and heparan
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sulfate proteoglycans and damaging DNA [100].
Additionally, deletion of type II TGF{ receptor (TRRII) in
fibroblasts results in defective wound contraction [101]. c-
Myb oncogene induces IGF-I-independent growth and con-
trols the proliferation of fibroblasts. c-Myb '~ embryos have
thinner skin when compared to wild type and their skins show
complete absence of collagen type I. In vivo experiments
showed that c-Myb deficiency hampers dermal cell prolifera-
tion during wound healing [102]. Additionally, CD18 (a com-
mon (32 subunit) binding to variable & subunit (such as CD11)
forms integrins that are expressed on a variety of cells. It has
been reported that CD18”~ mice have a severely delayed
wound healing during granulation tissue contraction. These
studied mice were found with reduced TGF-f31 levels and
defective myofibroblast differentiation [103].

Endothelial Cells

Nuclear receptor co-activator AIB1/SRC-3 defective mice
were reported to have a defective neoangiogenic response.
AIB1/SRC-37" endothelial cells were found to have reduced
proliferation in response to growth factors. Moreover, AIB1/
SRC-3 knockout mice had delayed healing of excisional skin
[104].

Keratinocyte

Interestingly, deficiency in FVII results in defective skin
wound healing. The mechanism involved is associated with
delayed keratinocyte migration. Keratinocytes of low-
expressing FVII mice failed to actively participate in mechan-
ical support of the injured site and reepithelialization phase
[105]. Mice lacking CD151 have impaired wound healing.
Lack of CD151 in mouse keratinocytes effected laminin-
332-mediated biological functions during epithelialization—
mainly adhesion, migration, and proliferation [106].

Mast Cell Stabilizers and TKIs in Wound
Healing

Negative impacts of H1 blocker antihistamines, including
mepyramine and promethazine, on wound healing include
decreasing the strength of incision wounds and the strength
of granulation tissue and collagen content which have previ-
ously been reported in rats [107]. Ketotifen, a MC stabilizer,
has been reported to have positive effects in reducing exces-
sive wound contraction and fibrosis when applied on post-
excisional wounding in animal models [108]. The effects of
disodium cromoglycate (DSCG), a widely used MC stabilizer
on wound healing, were investigated by Chen et al. in Balb/c
mice. They reported that application of DSCG could reduce
the levels of inflammatory cytokines IL-1«, IL-1f3, and

CXCLI, decrease scar width, and accelerate collagen reorga-
nization [109]. Furthermore, the effects of cromolyn on mesh-
induced host tissue reactions in subcutaneously mesh-
implanted C57BL/6 J mice show that cromolyn treatment
could decrease fibrotic responses and inflammation in re-
sponse to the implemented meshes [110]. Several
angiogenesis-targeting tyrosine kinase inhibitors (TKIs) have
been suggested to be discontinued in patients with impaired
wound healing. For instance, bevacizumab, which specifically
binds to VEGF, prevents the mediator from interacting with
VEGFR and may result in hemorrhage and the possibility of
wound healing complications [111]. Furthermore, the capabil-
ity of lenvatinib, a VEGFR tyrosine kinase inhibitor, to induce
wound healing complications has been discussed [112].

Conclusion

Literature related to the role of MCs in wound healing process
is increasingly full of research papers with inconsistent results.
Some studies provide evidence of the positive or active con-
tribution of MCs, for instance, by comparing the wound
healing process in MC-deficient Kit™/Kit" ¥ mice and normal
Kit+/+ mice, and then restoring the wound healing capacity of
wild-type mice in MC-reconstituted Kit™/Kit"™ mice [80].
Some studies deliberately apply MC mediators to investigate
the role of these cells on the molecular level. For example,
Younan et al. reported the reconstitution of rmMCP-5 by top-
ical application in scald burn injury to the burn site of mMCP-
57" mice; human MC chymase was also applied to the burn
site of MMCP-4"" mice [113]. In contrast, the results of some
studies just imply a fluctuation in the number of these cells
during wound healing [114]. In this regard, one should note
that a majority of this research have benefitted from the meth-
od of a simple skin incision or small excision to induce a
cutaneous injury (mainly in rodents) and have only analyzed
MCs in the early proliferative phase. In rodents, contraction is
considered as the main mechanism of wound closure upon
occurrence of surgical injury. The consequence of the contrac-
tion is rapid defect closure of the injured site before allowing
time for granular tissue formation and MC proliferation [56];
therefore, the cellular and molecular mechanisms of wound
closure may differ from mechanisms observed in humans and
may not be applied to humans. One reason that studying the
role of MCs in wound healing is problematic is the fact that
recruitment of CD117+/CD34+ mast cell takes a few weeks to
the site of the wound (plus the additional time needed for their
proliferation); therefore, a small cutaneous injury may not be
suitable for analyzing the role of MCs in the wound healing
process in this model. One possible source of controversy in
these results could be the type of studied wounds ranging the
gamut from scald, surgical, and diabetes to burn wounds. For
instance, Dong et al. used the end of a 50-ml syringe with no
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plunger to expose the bared dorsal skin to 75 °C water for
creating a wound by burning [77], while Chen et al. made a
4-cm full-thickness skin incision closed with surgical clips
until the fifth post-operative day [109]. To the best of our
knowledge, still there is no standard procedure of creating
experimental wounds especially in rodents (perhaps, but some
attempts have been made—see Dorsett-Martin 2004 [115]). It
should also be noted that the biological mechanisms of
healing differ among animals, for instance, while skin wound
healing in Yorkshire pigs closely approximates human wound
healing, the prominent mechanism in red Duroc pigs is
forming fibroproliferative, hypercontractile scars [108].
Moreover, the precise role of MCs in negative-pressure
wound therapy and involvement in wound healing through
gap-junction communications [116] and the diabetic wound
healing needs to be investigated. Finally, although direct in-
teraction between MCs and fibroblasts through gap-junction
protein has been documented, still its possible role in the de-
velopment of fibrosis in vivo remains unknown. Targeting
MCs by stabilizers including cromolyn (disodium
cromoglycate) and ketotifen [117], in addition to application
of c-Kit-blocking antibodies and small molecules such as ty-
rosine kinase inhibitors (to reduce MC accumulation during
wound healing), has provided promising prospects in wound
healing [21]. Mast cells in wounds are likely playing roles of
yet undiscovered importance. Of great interest will be
uncovering key mechanisms during wound healing to allow
for future therapeutic successes directed at mast cells.
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