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The epithelium serves as a highly selective barrier at mucosal surfaces. Upon injury, epithelial wound closure is

orchestrated by a series of events that emanate from the epithelium itself as well as by the temporal recruitment of

immunecells into thewoundbed.Epithelial cells adjoining thewound flattenout,migrate, andproliferate to rapidly cover

denuded surfaces and re-establish mucosal homeostasis. This process is highly regulated by proteins and lipids,

proresolving mediators such as Annexin A1 protein and resolvins released into the epithelial milieu by the epithelium

itself and infiltrating innate immune cells including neutrophils and macrophages. Failure to achieve these finely tuned

processes is observed in chronic inflammatory diseases that are associated with non-healing wounds. An improved

understanding of mechanisms that mediate repair is important in the development of therapeutics aimed to promote

mucosal wound repair.

MUCOSAL WOUND REPAIR

Epithelial barriers at mucosal surfaces prevent unrestricted
exchange of molecules between the external environment and
internal tissue compartments. Thus, the epithelium is uniquely
positioned tomediate cross-talk betweenmucosal immune cells
and complex external environmental agents including
microbes and antigens. Epithelial damage with disruption
of the mucosal barrier or wounds is seen in a number of
pathologic states such as inflammatory diseases, ischemic
events, and following mechanical injury.1 Thus, efficient repair
of this critical barrier is important in re-establishing home-
ostasis and suppressing mucosal inflammation.

Mucosal wound repair is orchestrated by spatial and
temporal network of mediators from different cell types that
include the epithelium itself, resident and recruited inflam-
matory cells, endothelial cells, and mesenchymal cells. These
biological mediators ensure repair of the epithelial barrier as
well as coordinated resolution of inflammation with removal of
damaged cells. Physiological wound healing is characterized by
sequential, yet overlapping, stages of hemostasis, inflammation,
proliferation, and remodeling.2 After mucosal injury, platelets
are recruited to the site of injury with subsequent formation of a
fibrin-rich clot that serves as a mechanical plug at the wound

site in addition to secretingmolecules that recruit inflammatory
cells to the damaged mucosa. The inflammatory response
initiated in the wounded tissue is associated with an early
recruitment of neutrophils that secrete antimicrobial agents
such as proteases, chemokines, and cytokines, which also
control the subsequent recruitment of monocytes that differ-
entiate into macrophages in the wound bed.

Wound repair has been extensively studied in other systems
such as the skin where recruited leukocytes have been reported
to stimulate proliferation and migration of keratinocytes that
cover denuded surfaces. The fibrin clot is replaced by a vessel-
and collagen-rich granulation tissue in which fibroblasts
differentiate into myofibroblasts that promote contraction
and closure of the wound. The last phase of wound healing
includes maturation and remodeling of the new tissue with
increase in tissue strength that is mediated by turnover and
remodeling of the extracellular matrix. Since the adult human
skin does not completely regenerate, scar formation is the
consequence of normal skin injury repair. A variety of different
cell types, including macrophages, fibroblasts, and contractile
myofibroblasts, participate in the proliferative phase of wound
repair and play a critical role in regulating the size and quality of
the scar. Insufficient or excessive healing responses such as
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observed in hypertrophic scars result in a failure of mucosal
wound healing with poor clinical outcome. A number of
parallels exist at mucosal surfaces. However, depending on the
mucosa involved, there are differences in the extent and
temporal recruitment of leukocytes, inflammatory as well as
pro-repairmediators, and the extent of collagen deposition. For
example, skin scars contain increased number of type I
procollagen immunopositive cells and fibronectin content
compared to oral mucosal wounds.3

In summary, wound healing is a complex process that is
orchestrated by a number of cell types encompassing epithelial
cells, leukocytes, and stromal cells. In this review, we focus on
some of the key events that coordinate epithelial wound
healing.

EPITHELIAL WOUND HEALING

Epithelial wound healing involves coordinated migration and
proliferation of epithelial cells. Epithelial cells adjacent to the
wound migrate as a sheet to cover denuded surfaces, which is
also referred to as ‘‘epithelial restitution’’.4 Such epithelial sheet
migration requires dynamic and coordinated remodeling of
cell–cell and cell–matrix adhesions. Epithelial cells at the
leading edge extrude filamentous-actin-rich protrusions that
dynamically adhere to the matrix and mediate forward
movement of the epithelial sheet. Epithelial transmembrane
integrins in focal adhesive contacts include b1 integrin that
mediate bidirectional cross-talk between the matrix and
intracellular signaling events to influence epithelial cytoskeletal
restructuring and polarity required to guide epithelial move-
ment and control cell proliferation.5,6 A number of small
GTPases coordinate cellular events during wound closure.
These include the Rho GTPase family member, Rac1 that
controls cellular protrusions at the leading edge.7 Expression of
constitutively active Rac1 influences epithelial movement and
proliferation by targeting b1 integrin in cellular protrusions
and modulating actin dynamics.7,8 In addition, formyl peptide
receptor-1 (FPR1) signaling activates Rac1 and Rho kinase to
regulate intestinal epithelial cell (IEC) migration and wound
repair.9,10 Epithelial-derived secreted proteins that include
epidermal growth factor (EGF) and transforming growth
factor-b1 (TGF-b1) coordinate repair of the epithelial barrier.11

However, a secreted Wnt antagonist (Dickkopf-1) Dkk-1
modifies the activation of another small GTPase, Cdc42 to
influence direction orientation of migrating IECs.12

Although small mucosal wounds efficiently reseal by
epithelial sheet migration and contraction of actin–myosin
cytoskeleton, additional epithelial proliferation is needed for
resealing of larger wounds. Proliferation of the epithelium
increases the number of cells that populate the wound thereby
contributing to mucosal wound closure. The intestinal
epithelium covers one of the largest mucosal surfaces and is
comprised of simple columnar epithelial cells that are highly
dynamic as they are continuously renewed by pluripotent stem
cells residing in crypt-like structures.13,14 The turnover of IECs
provides an additional challenge to the maintenance of
epithelial continuity after injury.15 Tissue regeneration requires

proper organization of stem cells for efficient re-establishment
of mucosal homeostasis.16 Our understanding of different stem
cell populations that reside in the base of intestinal epithelial
crypts has extensively grown and has opened therapeutic
avenues in regenerative medicine.17 The in vitro expansion of
intestinal organ cultures developed from adult stem cells, so-
called organoids that can be used to restore damaged mucosal
tissue have shown promising results.18 Mesenchymal stem cells
secrete growth factors and cytokines, which recruit progenitor
cells or endogenous stem cells to the injured site to mediate
wound repair. Importantly, mesenchymal stem cells are
multipotent and have been reported to differentiate into a
number of cell types.19,20 Topically delivered adipose-derived
stem cells exhibit an activated fibroblast phenotype, enhance
macrophage recruitment, and increase granulation tissue
formation in the rabbit ear wounds.21 Thus, epithelial barrier
repair is orchestrated by sequential events coordinated by a
number of cell types that ensure appropriate healing of wounds.

Epithelial cell migration in healing wounds is influenced by a
fibrinolytic enzyme, plasmin. Plasmin is derived from activated
plasminogen in the fibrin clot at the site of injury. The
importance of plasminogen in wound re-epithelialization is
demonstrated by the lack of wound repair in mice lacking the
plasminogen gene.22 In addition to plasmin, matrix metallo-
proteinases (MMPs) cleave and degrade collagens in thematrix
and basal lamina, thus promoting cell migration. As wound
healing progresses, the provisionalmatrix is replaced by a newly
formed matrix, rich in collagen synthesized by fibroblasts
migrating into the wound. The synthesis of specific extra-
cellular matrix molecules by fibroblasts in the wound is
regulated by TGF-b1 and other proteins such as interleukin-1a
(IL-1a) and IL-1b, IL-4, and vascular endothelial growth factor
(VEGF). Recently, IL-6, identified in epithelial cells, CD4þ

lymphocytes and monocytes, has been reported to be induced
early after injury and control wound repair by enhancing
epithelial cell proliferation.23

Within 10 days after injury, myofibroblasts derived from
fibroblasts in the wound bed express smooth muscle actin and
generate strong contractile forces that facilitate wound
contraction and repair. In addition, angiogenesis influenced
by a number of growth factors including fibroblast growth
factor-2 (FGF-2) synthesized by macrophages and damaged
endothelial cells promote wound repair.

A number of epithelial signaling events come into play to
coordinate wound closure. We have previously observed that a
membrane-associated, actin-binding protein, Annexin A2
(ANXA2), is upregulated in migrating IECs and enhances
wound closure by controlling dynamics ofb1 integrin at the cell
surface essential for the active turnover of cell–matrix
associations, epithelial cell migration, and wound closure.24

Recent studies have highlighted a role of reactive oxygen species
(ROS) signaling in coordinating mucosal wound repair.25–28

Intestinal microbiota such as lactobacilli promote FPR1
signaling and mucosal wound repair.29 Thus, FPRs function
as pattern recognition receptors during mucosal reparative
responses.25,29 The epithelial ROS is generated by the
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dihydronicotinamide-adenine dinucleotide phosphate oxidase
complex 1 (NOX1) in IECs in response to FPR1 signaling to
promote epithelial cell migration, proliferation, and ultimately
mucosal wound closure.27 Mice lacking FPR1 exhibit delayed
intestinal mucosal wound healing and recovery from acute
colitis.25,30

Although a role for oxygen in mediating wound healing
has been well known for decades, the importance of cellular
oxygen sensing in reparative mechanisms is a relatively new
area. In the zebrafish model system, epithelial cells were
reported to generate hydrogen peroxide gradients around
wounds, which influenced leukocyte recruitment and repair.31

A well-known regulator of oxygen homeostasis, the hypoxia-
inducible factor-1a (HIF-1a) also facilitates oxygen delivery to
oxygen-deprived tissues (injured tissue). Activation of HIF-1a
has been reported to be involved in a plethora of biological
events, such as angiogenesis cell growth, proliferation, and
wound healing.32–34 HIF-1a activation promotes synthesis of
downstream target proteins such as VEGF, heme oxygenase-1,
and C-X-C chemokine receptor type 4 (CXCR4), and the
CXCR4-ligand stromal cell-derived factor-1 (SDF-1) that in
turn facilitate the reparative response. HIF-1a has also been
reported to promote the synthesis of b1 integrin and epithelial
wound repair.33 In addition, HIF-1a increases expression of an
anti-adhesive protein, decay-accelerating factor (CD55) that
serves as an apical anti-adhesive ligand by promoting the
release of neutrophils from the epithelial surface.34 Thus, HIF-
1a and CD55 function to ultimately reduce the epithelial-
associated inflammation and mucosal wound repair.33

Recently, it has been shown that during colitis HIF-1a is
stabilized inmucosal wounds and a gaseousmediator hydrogen
sulfide (H2S) is important for HIF-1a stabilization.35 H2S is
generated and upregulated by macrophages at sites of mucosal
damage where it serves to promote resolution of inflammation
and wound healing.36

Studies inmultiple organ systems have reported a plethora of
autocrine and juxtacrine protein and lipid mediators that
coordinate and control wound repair. A number of chemo-
kines, defensins, and growth factors that influence mucosal
epithelial wound repair include TGF-a and TGF-b, EGF, FGF,
keratinocyte growth factor, insulin-like growth factor (IGF)-1
and IGF-2, hepatocyte growth factor, cytokines IL-1b, IL-2,
IL-6, IL-10, and a recent cytokine with pleiotropic actions,
IL-22.37,38 In acutemucosal injury during colitis, IL-22 released
by mucosal CD4þ T cells and neutrophils serves as a paracrine
signaling mediator to promote epithelial repair.39,40 Reparative
mechanisms mediated by IL-22 occur through signal transdu-
cer and activator of transcription (STAT3), a pleiotropic
transcription factor with important function in cytokine
signaling in a variety of tissues.41

One of the central phenomena in tissue regeneration is the
employment of signaling pathways that play pivotal roles in
controlling development and homeostasis. Among others, b-
catenin, a keymediator of canonicalWnt signaling in stem cells,
not only controls physiologic epithelial cell turnover, but it also
contributes to wound repair.2,16 A number of other intrinsic

epithelial signaling mechanisms have been reported to control
wound repair. Genetic targeting of Smad5, a protein reported to
mediate bone morphogenetic protein signals in IECs, leads to
impaired wound healing.42 Furthermore, Toll-like receptor
(TLR)-4 signaling in IECs leads to the induction of cycloox-
ygenase-2 and production of prostaglandin E2,43 which
promote restitution of damaged epithelia.44 Interestingly, IECs
regulate function of dentritic cells and macrophages by
secreting thymic stromal lymphopoietin and TGF-b. Incuba-
tion of monocyte-derived dentritic cells with supernatants of
bacteria-stimulated epithelial cells renders dentritic cells non-
inflammatory since they release IL-10 and promote T-reg-
ulatory cells and Th2 responses.44

Matrix components that underlie the epithelium also
contribute in coordinating mucosal wound repair. In the skin,
the basement membrane protein collagen VII (COL7A1)
secures the attachment of the epidermis to the dermis and con-
trols wound repair by promoting re-epithelialization through
organization of laminin-332 at the dermal–epidermal junction,
and by regulating dermal fibroblast migration and cytokine
production in the granulation tissue. These recent findings,
which were validated in human wounds support an important
role of COL7A1 in mediating epithelial wound repair.45

During restoration of denuded surfaces, directional migra-
tion of cells is pivotal for tissue regeneration. Such coordinated
migration is achieved by specific gradients of chemoattractants.
Migrating cells themselves can modify gradients of mediators
that influence wound closure by modulating the release of
chemoattractants such as leukotriene B4, LTB4.

46 Integrins, in
concert with neutrophil-derived LTB4 and other chemoat-
tractants, promote local neutrophil interaction while forming a
tight wound seal.47,48 Zebrafish epithelial–like cells migrate
along the body of the fish to reach the tip of the tail in response
to a gradient of SDF-1; interestingly, in the absence of SDF-1 or
its receptor (CXCR4) cells fail to achieve directional migra-
tion.49 Intravascular chemokine gradients and also formyl
peptide signals generated from necrotic cells guide neutrophils
toward the injury.50 In summary, wound healing initiated
upon injury is a highly coordinated process that is controlled
by a number of cell types and mediators in the epithelial
milieu.

SPATIAL AND TEMPORAL RECRUITMENT OF LEUKOCYTES

INTO THE INJURED MUCOSA

In response to mucosal injury and loss of the epithelial barrier,
coordinated recruitment of leukocytes plays an important role
in mediating host defense as well as in release of mediators that
coordinate the ultimate resolution of inflammation and wound
repair. Activation of leukocytes is followed by enhanced
adhesive ability and shape-change that together promote their
attachment to endothelial cells under hydrodynamic forces
while perivascular cells such asmacrophages regulate the exit of
leukocytes from the vascular lumen.51 Below, we highlight
some of the key inflammatory components that come into play
during the early vs. late phases of wound closure as seen in
Figure 1.
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EARLY PHASE OF WOUND HEALING

Neutrophils are the first responders that arrive at the site of
mucosal injurywithin the first 12 h and constitute nearly 50%of
all cells at the wound site (Figure 2).52 Rapid mobilization of
neutrophils from the circulation is primarily dependent on b2–
integrin interactions with endothelial adhesion molecules,
including intercellular adhesion molecule-1.53 Neutrophils
have been considered to serve as a ‘‘double-edge sword’’
fulfilling both beneficial and detrimental roles in mucosal
homeostasis. Antimicrobial activity of neutrophils is mediated
by phagocytosis, release of ROS and lytic enzymes as well as
formation of neutrophil extracellular traps that are composed
of DNA, histones, and granular proteins such as neutrophil
elastase.54 Neutrophil extracellular traps promote resolution of
neutrophilic inflammation by degrading cytokines and che-
mokines in addition to reducing further neutrophil recruitment
and activation.54

A recent study identified a role for the complement
component 3a receptor (C3aR) in regulating neutrophil
mobilization after acute intestinal injury, and highlighted
C3aR antagonism as a potential treatment for neutrophil-
driven pathologies.55 C3b covalently attaches to the surfaces of
the cells in which complement is activated to target them for
phagocytosis by macrophages. Interestingly, Sinno et al.56 also
demonstrated that the topical application of C5 in a collagen
vehicle also accelerated wound healing.

Neutrophils not only serve as scavengers to remove cellular
debris but they also carry a vast arsenal of soluble mediators,
including proteases and antimicrobial polypeptides that are
essential for efficient recruitment of neutrophils toward the site
of injury while also playing an important role in mediating
physiologic epithelial repair.57 Neutrophils secrete anti-bacter-
ial peptides referred to as defensins that further contribute in
killing phagocytosed bacteria and facilitate wound healing in
the skin58 and airway epithelium.59 Furthermore, neutrophils

secrete antimicrobial cationic peptides, LL-37 that has been
shown to serve as a leukocyte chemoattractant60 in addition to
stimulating airway epithelial cell proliferation and wound
closure.61 Mice genetically deficient for secretory leukocyte
protease inhibitor display delayed cutaneous wound healing.
The deficiency of secretory leukocyte protease inhibitor in these
mice enhanced the inflammatory response and the elastase
activity at the wound site, which ultimately led to delayed
healing.62

Beneficial effects of neutrophils may be mediated by their
direct interaction with epithelial ligands, or indirectly through
synthesis and release of proresolving mediators.63,64 As such,
neutrophil association with epithelia at mucosal surfaces
activates b-catenin signaling to increase epithelial proliferation
and promote wound closure.65 In addition, neutrophils are
important sources of nitric oxide (NO) and TGF-b, both key
regulators of wound healing; in fact, healing after acute
intestinal epithelial injury is impaired in the presence of NO
synthase inhibitors implicating NO an important mediator of
mucosal wound closure.66 On the converse, neutrophils that
traverse the epithelium influence cadherins in epithelial cells
that mediate intercellular adhesion and neutrophil-derived
proteases such as elastase have been reported to cleave the
epithelial adherens junction cadherin, E-cadherin, thereby
modifying epithelial adhesion that in turn influences epithelial
wound closure.67

Neutrophils not only cleanse the wound of foreign particles,
debris, and bacteria, but they also serve as an important source

Neutrophil

Lymphocyte

Macrophage

Fibroblast

Epithelial cell

Mucosal wound repair
epithelial cell migration

and proliferation 

Figure 1 Spatio-temporal control of wound closure. The initial phase of
wound closure is characterized by an influx of neutrophils (day 1) followed
by increased presence of macrophages (days 2–4) at the injured site. The
inflammatory response is associated with re-epithelialization of the
mucosa that is achieved by migration and subsequent proliferation of
epithelial cells.

Figure 2 Resealing intestinal mucosal wounds. (a) Photographs
obtained by colonoscopy of mice with resealing biopsy-induced colonic
wounds on days 2 and 4 after injury highlighted with methylene blue. (b)
Histology of intestinal mucosal wounds stained with hematoxylin and
eosin. (c) Representative immunofluorescence confocal images showing
neutrophils (visualized by anti-Ly6G staining, pink) and macrophages
(visualized by anti-F4/80 staining, green) in intestinal mucosal wounds on
days 2 and 4 post wounding.
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of proinflammatory cytokines. By day 3, the neutrophils are
phagocytized either by macrophages or fibroblasts. Peripheral
blood monocytes that continue to be recruited into the wound
site differentiate into macrophages upon activation, further
cleansing the wound and releasing cytokines and growth
factors. Tauzin et al. recently reported a mechanism by which
macrophages reduce inflammation by promoting neutrophil
exit from the wounded tissue by a process referred to as reverse
migration. Like neutrophils, macrophages are attracted to the
injured site by ROS and Src family kinase signaling. Macro-
phages lacking the p22phox subunit of NOX2 or the tyrosine
kinase Yrk were unable to migrate into wounds and promote
the clearance of neutrophils in wounds.68

Defective neutrophil recruitment in individuals with neu-
trophil-specific granule deficiency and leukocyte adhesion
deficiency results in frequent and repetitive infections leading
to wound complications. On the converse, when in excess,
neutrophils contribute to mucosal damage with impaired
wound healing as observed in chronic inflammatory disorders
such as inflammatory bowel disease.69,70 Infiltrating neutro-
phils in the mucosa trigger epithelial signaling events that
control barrier properties and repair;71 however, the specific
contribution of neutrophils on wound repair still remains
elusive. A number of conflicting reports have argued both the
detrimental and beneficial effects of neutrophils in mediating
wound closure. Early studies in the 1970s showed that depletion
of neutrophils with antisera in guinea pigs did not significantly
influence healing of cutaneous wounds.72 More recent reports
in the dental literature emphasize the role of macrophages and
neutrophils in controlling tissue regeneration and repair.73 In
gingival tissues, inflammatory mediators promote repair and
dentin formation by odontoblasts and the differentiation of
progenitor cells into a repair phenotype. If expression of these
mediators persists, however, inflammation becomes sustained
in the pulp, creating uncontrolled cell proliferation, angiogen-
esis, and collagen synthesis.3,74 On the converse, another
study reported increased wound healing in the absence of
neutrophils.75 These reports imply that at least under sterile
conditions neutrophils are either not essential or perhaps
detrimental for wound repair. In contrast, another study
reported that neutrophil depletion in aging mice delayed
wound repair supporting beneficial effects of neutrophils in
wound closure.76 These differences could be related to extent of
neutrophil depletion in the respective experimental models and
the organ/model systems that were used to study wound repair.
While in the circulation neutrophils are short lived, and it is
now appreciated that following their migration across
endothelia/epithelia their apoptosis is inhibited.77 As a result,
neutrophils recruited to sites ofmucosal injurymay reside there
for extended time periods. Thus, assays to evaluate neutrophil
depletion in the circulation may not accurately reflect their loss
in mucosal compartments, and therefore make the correlation
of neutrophil loss and wound closure variable. These studies
also suggest that a delicate balance of neutrophil numbers in the
wound determines their ultimate influence on wound closure.
Future studies to analyze and correlate extent of neutrophil loss

and mucosal wound repair will therefore be helpful in
determining their role in controlling wound repair.

In summary, a number of studies have implicated a crucial
role of neutrophils in promoting wound healing and con-
tributing to the resolution of inflammation after injury.

LATE PHASE OF WOUND HEALING

Like neutrophils, macrophages are an important component of
the innate immune response to intestinal injury and wound
repair, in part due to their ability to initiate and resolve
inflammation and to communicate with other innate and
adaptive immune cells. In general, macrophages can be
classified into twomajor subtypes, which include inflammatory
monocytes that rapidly differentiate into activated macro-
phages (M1 macrophages) and tissue-resident macrophages
(M2 macrophages).78 M1 macrophages are phagocytes and
along with neutrophils they are critical for mounting a
protective immune response and in dealing with invading
pathogens. M1 macrophages secrete proinflammatory cyto-
kines such as tumor necrosis factor, IL-1, IL-6, and IL-12 as well
as ROS.78–80 In contrast, tissue-resident macrophages have
intrinsic anti-inflammatory functions, which play a key role in
maintaining homeostasis and in promoting healing. Tissue-
resident macrophages antagonize the inflammatory responses
of activated macrophages, thus promoting resolution of
inflammation and allowing initiation of healing. Their effects
occur, for example, through secretion of IL-10, a key anti-
inflammatory cytokine81 and novel proresolving lipid products
such asmaresins (MaRs), resolvins (Rvs), and protectins. MaRs
exert potent proresolving and tissue homeostatic actions by
inhibition of proinflammatory mediator production.82 In
addition, macrophages produce neuroprotectin/protectin
D1, which has been implicated in accelerating diabetic wound
healing.83 Macrophages are also known to be a key source of
NO,84 which is mainly used for pathogen killing. However, NO
also plays an important role in the early phase of wound healing
by contributing to re-epithelialization, collagen deposition, and
wound repair.85 Although cues controlling the balance between
macrophage subsets continue to emerge, recent evidence
suggests that plasticity of phenotypes may also be involved.
For example, during resolution of inflammation, activated M1
macrophages can acquire the phenotype of tissue-resident
macrophages.86 Through their phagocytic activity, and secre-
tion of immunomodulatory factors and cytokines, macro-
phages have been reported to contribute to bacterial clearance
and wound debridement, collagen production, and wound
contraction.78 The critical role of macrophages in wound
healing was first described in 1970s and 1980s87 and
subsequently confirmed in murine experimental models.
Experiments in the 1970s established the concept that under
sterile conditions, the influx of macrophages is essential for
efficient healing of incisional skinwounds, whereas the influx of
neutrophils was not critical.72,88 The importance of macro-
phages in mediating physiological wound repair has been
elucidated in mice with attenuated number of macrophages at
the wound site that exhibit delayed wound healing.89,90 Studies
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of repair in the skin with temporal and conditional depletion of
macrophages have revealed that a reduction in macrophages
during the inflammatory phase of wound closure impaired
epithelialization, but reduced the formation of vascularized
granulation tissue and scar formation. However, macrophage
depletion in the subsequent repair phase resulted in severe
hemorrhage and defects in wound closure. Finally, macrophage
depletion during the late stage of repair (phase of tissue
maturation) did not significantly impact the outcome of the
repair response. These findings support a temporal role of
macrophages in mucosal repair.91

Following mucosal damage, inflammatory monocytes are
initially recruited into the mucosal wound site after the first
wave of neutrophil infiltration. Monocytes recruited to sites of
injury rapidly differentiate into so-called ‘‘wound-associated
macrophages’’.92,93 Two to three days post injury, macrophages
represent one of the predominant inflammatory cell compo-
nents in the wound bed.94 In addition to their well-
characterized anti-bacterial activities at the wound site,
macrophages have also been reported to stimulate the intestinal
epithelial progenitor niche during injury in order to help
maintain the epithelial barrier.95,96 Macrophages further
coordinate wound closure by secreting cytokines and growth
factors that play a pivotal role in restructuring of the wound bed
with accompanying matrix reorganization, angiogenesis, and
epithelial barrier repair.97 One important cytokine in this
regard is TGF-b. Remarkably, mice harboring a macrophage-
specific deletion of the gene encoding b-catenin exhibited
delayed skin wound healing associated with macrophage-
specific defects inmigration, adhesion to fibroblasts, and ability
to produce TGF-b1. Thus, b-catenin-mediated macrophage
motility contributes to the scar size following cutaneous
injury.98 In addition, colonic macrophages express the
triggering receptor expressed on myeloid cells 2 (Trem2)
and Trem2-null mice exhibit delayed wound healing.96

Furthermore, macrophages may be activated via TLR-
MyD88 pathway and contribute to the repair of intestinal
mucosa by inducing regenerative responses by epithelial
progenitors cells.95 However, uncontrolled release of proin-
flammatory and cytotoxic mediators by macrophages may also
be detrimental to tissue repair in pathologic conditions. Indeed,
increased numbers of macrophages during inflammation is a
hallmark of an attenuated repair response in human diseases
such as diabetes mellitus, vascular disease, and aging.88,99

Thus, macrophages are involved in many aspects of wound
healing and their precise role depends on the ability to integrate
cues from the microenvironment.

MEDIATORS OF RESOLUTION OF INFLAMMATION AND

WOUND HEALING

Repair of wounds requires timely resolution of inflammation
that is an active process. In this context, we have previously
reported that ANXA1 protein (shown in Figure 3), expressed
in epithelial cells and phagocytes, promotes IEC wound repair
by activating FPRs (FPR1 and FPR2/ALX; FPR1 and FPR2 also
called ALX -the lipoxin A4 receptor) and NOX1 signaling.27 In

addition, ANXA1-derived peptide Ac2-26 counteracts integrin
activation and apoptosis of neutrophils, events involved in the
resolution of inflammation and wound repair.100,101 Recently,
we demonstrated that ANXA1 is released as a component of
extracellular vesicles derived from IECs, where it activates
wound repair circuits. Secreted ANXA1 containing extra-
cellular vesicles were elevated in the serum of patients with
active mucosal inflammation in inflammatory bowel disease.
We further demonstrated that the local intestinal delivery of an
exogenous ANXA1 mimetic peptide, Ac2-26 encapsulated in
targeted polymeric nanoparticles, promotes mucosal wound
repair and resolution of inflammation in a model of murine
colitis.102 Another study highlighted the importance of these
polymeric nanoparticles in the resolution of atherosclerosis.103

The anti-inflammatory and proresolving peptide chemerin 15,
a ligand for the G-protein-coupled chemokine-like receptor-1
expressed onmacrophages, neutrophils, and epithelial cells has
also been reported to accelerate wound closure.104

In addition to protein and peptides, lipid mediators
including eicosanoids and omega-3 derived ‘‘specialized
pro-resolution mediators’’ (SPMs) such as lipoxins (LXs),
Rvs, protectins, and MaRs control the acute inflammatory
response by activating local resolution programs and tissue
repair.105,106 SPMs generated in the resolution phase, limit
leukocyte infiltration and enhance phagocytic activity of
macrophages to remove apoptotic cells and/or microbes.
Furthermore, SPMs stimulate the clearance of polymorpho-
nuclear leukocytes from mucosal surfaces and contribute to
their antimicrobial activity. LXA4 facilitates recovery of corneal
epithelial wounds107,108 and recent studies have highlighted the
importance of RvD1 in a model of acute zymosan-induced
peritoneal inflammation by decreasing LTB4 biosynthesis and
promoting LXA4 generation in macrophages. This effect of

Figure 3 Mucosal ANXA1 expression is increased in repairing intestinal
mucosal wounds. Representative image of murine colonic mucosa 2 days
after biopsy-induced injury. Frozen sections were stained with antibodies
against ANXA1 (red), F-actin (phalloidin, green), and nuclei (TO-PRO-3,
blue). Arrows show ANXA1 expression by epithelial and immune cells in
the injured mucosa.
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RvD1 is mediated by suppression of a calcium-sensing kinase
calcium–calmodulin-dependent protein kinase II.109 Neutro-
phils in wounds shed microparticles containing ANXA1 that
activate FPR2/ALX signaling in leukocytes,110 as well as in the
epithelium to promote resolution of inflammation and
repair.27 Furthermore, human neutrophil-derived micropar-
ticles enriched in RvD1 and LXA4 analogs have been reported to
facilitate resolution of inflammation and repair.111 In humans,
LXs are in large part biosynthesized by transcellular metabolic
events, which occur when leukocytes interact with epithelial
cells of the gastrointestinal tract or bronchial tissue within the
vasculature.112 Recent studies have highlighted a role of the
MaR family of mediators, such as MaR1 that are generated by
immune cells during self-limited infections, and in the human
milk to promote tissue regeneration and repair.113 Interest-
ingly, structural elucidation of MaRs family members indicates
that they are peptido-lipidmediators, namely sulfido-conjugate
MaRs.

Another member of SMPs is RvD2 that influences leukocyte
function and recruitment by promoting nitric oxide generation,
and by modulating leukocyte adhesion receptor expression.114

Recent evidence indicates that aging mice display a dysregu-
lated resolution response to acute inflammation, and the SPM
RvD3 has beneficial effects in this scenario.115,116 Thus, SPMs
have potential as next generation therapeutics for promoting
resolution of inflammation and reparative responses without
the immunosuppressive effects observed with current anti-
inflammatory drugs.112,114 SPMs indeed increase survival from
bacterial and viral infections in mice. For example, RvE1 has
been shown to have beneficial effects in a murine model of
pneumonia by influencing proinflammatory cytokine secre-
tion, neutrophil recruitment, and bacterial survival.117

In conclusion, endogenous proresolving proteins/peptides
and lipid mediators released by a number of cell types
orchestrate the resolution of inflammation and wound repair.
Given these beneficial effects, proresolving mediators also
represent ideal candidates that can be used as therapeutic agents
to facilitate healing of wounds in chronic disorders.

CHRONIC INFLAMMATION AND DELAYEDWOUND HEALING

Delayed or incomplete wound healing is observed in chronic
inflammatory disorders such as diabetes, psoriasis, inflamma-
tory bowel disease, systemic or local bacterial infections,
chronic ischemia, or secondary to general immune suppres-
sion. Chronic wounds are defined as barrier defects that have
not proceeded through timely repair events. In general there is
an imbalance of pro- and anti-inflammatory stimuli at sites of
injury in chronic diseases. Several factors, as presented and
described in this review, including compromised immunolo-
gical status and advanced age contribute to poor wound
healing. Although inflammation is a pivotal component of the
healing process, uncontrolled inflammation is detrimental to
tissue regeneration. In contrast to early events in wound closure
and early stages of inflammation, pathology of aberrant
mucosal healing in chronic diseases is not well understood.118

Because of its known detrimental effect on wound closure a

number of studies have examined chronic skin wound repair in
patients with diabetes.119 Chronic wounds are characterized by
an excessive inflammatory phase and the inability of the tissue
to respond to reparative stimuli thereby leading to a chronically
inflamed wound bed and failure to heal. The inflammatory
response itself in chronic wounds differs from acute injury.120

Furthermore, chronic mucosal diseases with epithelial barrier
disruption are associated with concomitant translocation of
commensal bacteria that further perpetuate the inflammatory
response (Figure 4).88 This in turn further damages the epi-
thelium thereby contributing to the increased mucosal inflam-
mation. Whereas during the acute phase neutrophils diminish
after the first 24–72 h, in chronic wounds neutrophils continue to
reside at sites of inflammation.121 One likely possibility for this
phenomenon is the continued recruitment of neutrophils in
response to invasion of bacteria at the injured site.122

Another major feature of non-healing wounds is the
imbalance of extracellular protease activity such as MMPs
in the inflammatory milieu.48,123 The failure of chronic wound
healing has been attributed in part to deregulation of proteases
and their inhibitors.124 Increased activity of MMPs such as
collagenase and gelatinase A and B has been observed
in chronic compared to acute wounds.125 Increased MMP
activity influences epithelial adhesion and is also asso-
ciated with degradation of growth factors and other peptides
involved in the repair process,126 and ultimately results in
immune-mediated tissue injury such as seen in inflammatory
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ROS ROS

ROS

Lymphocyte

SPMs

Figure 4 Acute and chronic wounds. During acute wound closure a
plethora of signaling molecules emanating from the epithelium and
immune cells coordinate wound repair (upper panel). In addition to
cytokines, chemokines and growth factors, a distinct set of proresolving
mediators such as protectins, resolvins, maresins, and proteins such as
ANXA1 orchestrate wound repair. Chronic wounds (lower panel) are
characterized by the presence of a high number of inflammatory cells
(neutrophils) that generate a predominantly proinflammatory milieu,
characterized by high concentrations of reactive oxygen species (ROS) as
well asmatrixmetalloproteinases (MMPs) that in turn lead to destruction of
the extracellular matrix, disruption of epithelial contacts, and result in
further invasion of pathogens. HIF-1, hypoxia-inducible factor-1; MPO,
myeloperoxidase.
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bowel disease.127–129 Furthermore, inflammatory mediators
have been reported to influence migration of fibroblasts and
epithelial cells and therefore impact the rate ofwound closure in
chronic intestinal inflammation.130,131 Altogether these events
lead to instability of the extracellular matrix and prevent
interactions between cells andmatrix proteins that are essential
for cell migration and wound resealing.

CONCLUDING REMARKS

The mucosal epithelium is at the interface of the external
environment containing bacteria and antigens, and internal
tissue compartments. Thus, repair of the mucosal surface does
not occur in a sterile environment. Clinical and experimental
studies have highlighted the importance of inflammation in
coordinating mucosal wound repair. A delicate balance of pro-
and anti-inflammatory mediators orchestrates the cross-talk of
neutrophils, macrophages, and the epithelium to promote
wound repair. An imbalance of the inflammatorymilieu results
in delayed wound repair seen in chronic inflammatory diseases.
An improved understanding of pro-repair mediators is
important for the design of therapeutic agents to promote
healing of wounds in such chronic diseases.
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