
Chemokine Regulation of Neutrophil Infiltration
of Skin Wounds

Yingjun Su3 and Ann Richmond1,2,*
1Department of Veterans Affairs, Tennessee Valley Healthcare System, Nashville, Tennessee.
2Department of Cancer Biology, Vanderbilt University School of Medicine, Nashville, Tennessee.
3Department of Plastic Surgery, Xijing Hospital, Fourth Military Medical University, Xi’an, China.

Significance: Efficient recruitment of neutrophils to an injured skin lesion is
an important innate immune response for wound repair. Defects in neutrophil
recruitment lead to impaired wound healing.
Recent Advances: Chemokines and chemokine receptors are known to regu-
late neutrophil recruitment. Recent research advances reveal more mecha-
nistic details about the regulation of chemokines and chemokine receptors on
neutrophil egress from bone marrow, transmigration into the wound site,
spatial navigation toward the necrotic skin tissue, and apoptosis-induced
clearance by efferocytosis.
Critical Issues: Skin injury triggers local and systemic alterations in the ex-
pression of multiple chemotactic molecules and the magnitude of chemokine
receptor-mediated signaling. The responses of a number of CXC and CX3C
chemokines and their receptors closely associate with the temporal and spatial
recruitment of neutrophils to wound sites during the inflammatory phase and
promote the clearance of necrotic neutrophils during the transition into the
proliferative phase. Functional aberrancy in these chemokines and chemokine
receptor systems is recognized as one of the important mechanisms underlying
the pathology of impaired wound healing.
Future Directions: Future research should aim to investigate the therapeutic
modulation of neutrophil activity through the targeting of specific chemokines
or chemokine receptors in the early inflammatory phase to improve clinical
management of wound healing.

SCOPE AND SIGNIFICANCE

This review highlights the roles of
chemoattractants and chemokine re-
ceptors in the regulated recruitment of
neutrophils into acute skin wounds. It
aims to provide readers with an over-
view of the multistep process of the
trafficking and chemotaxis of neutro-
phils under the control of chemokines
and chemokine receptors. It also re-
views the recent advances in chemo-
kine modulation of the resolution of
neutrophilic inflammation during the
progression from an inflammatory
phase to proliferative phase during

wound repair. Both temporal infiltra-
tion and clearance of wound neutro-
phils are critical for a normal wound
healing.

TRANSLATIONAL RELEVANCE

The wound healing process can be
divided into inflammatory, prolifera-
tive, and remodeling phases. Chemo-
kines play important roles for the
recruitment of leukocytes into the
wound bed. During the inflammatory
phase, neutrophils are the major im-
mune cells recruited to the wounds to
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rebuild a provisional barrier against microbe inva-
sion. Neutrophils produce reactive oxygen species
(ROS) and proteases and also function to debride
devitalized tissue. These functions are required in a
timely manner. Chronic wounds usually associate
with defect neutrophil function or with an extended
period of wound inflammation.

CLINICAL RELEVANCE

Defect of neutrophil infiltration makes wounds
vulnerable to infection. An uncontrolled neutro-
phil activity with excessive production of pro-
inflammatory mediators and proteases is often
observed in chronic wound tissues. Chemokines
and chemokine receptors are important regulators
of the robust recruitment and activation of neu-
trophils in local skin lesions, as well as for pro-
moting the egress of mature neutrophils from bone
marrow into the peripheral blood pool. The wound
chemokine profiles have been assessed to charac-
terize the inflammatory status of wound tissues
and evaluate the effectiveness of various treat-
ments for chronic wounds.4–7

OVERVIEW

Damage to the skin immediately initiates host
responses both topically and systemically. De-
pending on the severity of injury and the likely
involvement of invasive pathogens, the skin tissues
respond swiftly to wounding by mobilization of the
host innate immune system, characterized by in-
filtration of abundant neutrophils, followed by in-
filtration of subsets of monocytic phagocytes and T
lymphocytes. In addition, the major skin resident
cells, such as fibroblasts, vascular endothelial cells,
and keratinocytes, are activated to participate in
the formation of granulation tissues and the re-
building of the epidermal barrier. The final stage of
wound healing is tissue remodeling characterized
mainly by the clearance, deposition, and reorgani-
zation of the extracellular matrix. The above
pathophysiology of wound healing is categorized
into three succeeding and partially overlapping
phases, namely, the inflammatory, proliferative,
and remodeling phases. The initiation, transition,
and duration of each phase is required to be pre-
cisely regulated by many biologically active mol-
ecules; otherwise, an impaired healing will result.
Currently, these molecules are locally induced
cytokines, chemokines, and growth factors capa-
ble of actively modulating the migration, metab-
olism, proliferation, and fate of cells in wound
tissues.1 The biological activities of chemokines
and chemokine receptors have been intensively

studied in various cutaneous wound healing
models and are therefore the main focus of this
review.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE
Neutrophil functions in wound inflammation

Acute inflammation is the first tissue response
to wounding and is believed to be initiated by the
immediate activation of platelets and monocytes
entrapped in structurally destructed wound tis-
sues through bleeding. Shortly, a cascade of acti-
vation or mobilization of more cell types leads to
the swift formation of a proinflammatory micro-
environment which, depending on the extent of
tissue damage, normally lasts about 1 week, as
shown in many experimental animal models. The
influx of neutrophils is one of the notable events
in acute wound inflammation. Neutrophils are the
first immune cells recruited to the wound and
they prevent microbe invasion through the pro-
cesses of phagocytosis and generation of cellular
oxidative species. Neutrophils also play roles in
preparing the wound tissues for the following
proliferative phase through release of vascular
endothelial growth factor (VEGF) and proteolytic
enzymes.2,3

Neutrophil recruitment to wound tissue
Chemokines are a family of small (8–11 kD)

chemotactic peptides classified into CXC, CC,
CX3C, or C chemokines based on the positioning
of the conserved cysteine residues in the amino-
terminus regions (Fig. 1). Forty-six chemokines
have been discovered, and the expression of a
number of chemokines has been observed in skin
tissues,4 as summarized in Table 1.

Neutrophil infiltration is one of the hallmarks of
acute skin wounds (Fig. 2). Neutrophils constitute
about 50% of all cell types in wounds at day 1 after
injury.5 The abrupt infiltration of neutrophils is
initiated by chemoattractants, which are abun-
dantly produced and released locally in the wound
microenvironment. The onset of the cascade of
chemoattractant production lies on the immediate
activation of platelets upon their adhesion and
aggregation in wound blood clots. The activated
platelets release a battery of biologically active
molecules, including the platelet-derived growth
factor (PDGF), transforming growth factor beta
(TGFb), VEGF, platelet factor 4 (PF4, CXCL4),
and a number of other chemokines (Table 1).6 PF4 is
a potent chemoattractant for neutrophils that
likely along with cytokines from mast cells, triggers
the cascade of persistent leukocyte recruitment.
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Stromal-derived growth factor 1 (SDF-1, CXCL12)
is also released by activated platelets in skin lesions
and its functions in skin lesions include the en-
hancement of proliferation of tissue-resident cells
and recruitment of bone marrow-derived progenitor
cells. Therefore, chemokines are the first-line local
mediators responsible for initiating the inflamma-
tory phase.

As a large number of neutrophils are recruited
to the wound site in such a short period of time
postwounding, it is not surprising that many

types of cells are involved in the intense secre-
tion of chemoattractants in the early stage of
acute inflammatory phase. Recent studies showed
that elevations in IL-8 (CXCL8), IP-10 (CXCL10),
MIP-1a (CCL3), and MIP-1b (CCL4) were detected
in the wound fluid of human surgical wounds at
the first postoperative day and the constituents of
these chemokines favored a proinflammation
profile.7 Moreover, the destruction of the integrity
of the skin followed by invasion by microbes acti-
vates the Toll-like receptors (TLRs) through the

Figure 1. Classification of chemokines and chemokine receptors. Most chemokines interact with multiple receptors, and a single receptor can interact with
multiple chemokines. This is the case for most CC and CXC chemokines. Decoy receptors can also bind multiple chemokines. By contrast, a minority of
receptors has only one ligand (refer to Bachelerie et al.50).

Table 1. Chemokines involved in neutrophil migration and in skin wound healing

Chemokine name Alternate name Source Function

CXCL4 PF4 Platelets Neutrophil recruitment
CXCL8 IL-8 Keratinocytes, epithelial cells Polymorphonuclear leukocyte attractant
CXCL12 SDF-1 Platelets Proliferation and recruitment
CXCL10 IP-10 Multiple cell types Recruitment of monocytes and T lymphocytes
CX3CL1 Fractalkine Lymphocytes, endothelial cells, macrophages,

vascular smooth muscle cells
Monocyte/macrophage recruitment

CCL3 MIP-1a Macrophages, endothelial cells, fibroblasts, neutrophils Polymorphonuclear and T-lymphocyte recruitment
CCL4 MIP-1b Neutrophils Leukocyte recruitment
CCL5 RANTES Platelets, macrophages, CD4 + and CD8 + T lymphocytes Recruitment of monocytes, memory T-helper cells,

and eosinophils
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multiple endogenous damage-associated molecular
patterns (DAMPs) and the conserved pathogen-
associated molecular patterns. TLRs are ubiqui-
tously localized to the surface of many types of cells
in skin tissues.8,9 Many of the receptors in the TLR
family are capable of activating the signal trans-
duction pathway of nuclear factor kappa-beta
(NF-jB) in keratinocytes, vascular endothelial
cells, fibroblasts, monocytes, and T lymphocytes in
wounds leading to production of proinflammatory
cytokines, such as tumor necrosis factor alpha
(TNF-a), interleukin (IL)-1b, and IL-6.9 Each of
these proinflammatory cytokines is able to initiate
production of cascades of more proinflammatory
mediators, including chemokines in wound tissues
(Table 1). Of note, the recruited neutrophils are an
important source of chemokines, and the release of
these chemokines plays a critical role for consistent
recruitment of other neutrophils and leukocyte

subtypes through extravasation.10,11 For example,
the recruited neutrophils are responsible for in-
creased production of KC (CXCL1), MIP-1a
(CCL3), and RANTES (CCL5) in a skin air-pouch
wounding model.10

Enforced action of chemokines and chemokine
receptors on neutrophil recruitment

Persistent influx of neutrophils into wounding
sites relies on extravasation of neutrophils from
postcapillary venules in tissue lesions. The re-
cruitment of neutrophils starts at the interface
between hemopoietic cells and endothelial cells and
encompasses several steps, in which neutrophils
undergo slow rolling, adhesion strengthening, in-
traluminal crawling, paracellular and transcellular
migration, and migration through the basement
membrane.12,13 As more details in the molecular
mechanisms of each step are unraveling, it is clear
that the expression of chemokines on the ablum-
inal surface of the endothelium is critical for the
arrest of rolling neutrophils before transmigration
pursues. To arrest the rolling of neutrophils, neu-
trophil surface integrin molecules need to bind to
endothelium surface adhesion molecules with ap-
propriate affinities. Therefore, integrins need to
undergo conformational changes from low affinity
to intermediate or high affinity to become active.
The activation of integrins is completed in milli-
seconds and is highly dependent on the in-
tracellular events triggered by the binding of
chemoattractants to their corresponding receptors
on the neutrophil surface. In a wounding induced
acute inflammatory microenvironment, endothelial
cells are activated to express adhesion molecules
and chemokines. In addition, activated platelets
and mast cells transfer microparticles or exocy-
tosed intracellular granules containing chemo-
kines, such as CXCL4, CXCL5, and RANTES
(CCL5), to the nearby endothelial cells.14,15 CXCL8
is also transported to and immobilized on the lu-
minal surface of endothelial cells through trans-
cytosis after being secreted by activated cells in
the inflamed tissues.16 Leukocytes expressing
G-protein–coupled receptors (GPCRs), including
chemokine receptors at the plasma membrane, roll
along the surface of the endothelium and bind the
ligands for these GPCRs presented on endothelial
cells; this event swiftly initiates a cascade of in-
tracellular signaling leading to integrin activation
through an inside-out signaling process. As a re-
sult, the activated integrins are able to anchor the
rolling leukocytes firmly on the endothelium al-
lowing for initiation of their transmigration.17–19

The molecular mechanisms underlying chemokine

Figure 2. Schematic illustration of the regulation of neutrophil recruit-
ment into cutaneous wounds by both topical and systemic elements.
Chemokine gradients are formed by secretions from platelets, monocytes,
existing neutrophils, and resident cells in skin wound tissues shortly after
injury. Circulating neutrophils transmigrate through venules and then
follow a chemokine gradient to the site of the wound surface. Simulta-
neously, G-CSF (granulocyte colony-stimulating factor) and CXC-chemo-
kines are released and delivered by blood circulation to bone marrow,
leading to an imbalance between CXCR4- and CXCR2-mediated actions.
Consequently, more matured bone marrow neutrophils egress into the
peripheral pool and make their way to wound sites. To see this illustration
in color, the reader is referred to the web version of this article at
www.liebertpub.com/wound
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receptor-dependent inside-out modulation of
integrin activation are currently under vigorous
investigation and have been known to be mediated
by an early increase in intracellular Ca2 + followed
by a late activation of the small GTPase Rap1.20,21

Furthermore, the paired immunoglobulin-like type 2
receptor (PILRa) has been found to negatively regu-
late the chemoattractant binding-induced integrin
activation.22 The PILRa - / - neutrophils show ro-
bust transmigration activities in a number of acute
inflammation models. These data reveal a pivotal
role for neutrophil arrest in neutrophilic inflam-
mation and render the related chemokines and
their receptors as potential targets for modulation
of wound inflammation (Table 1).

The simultaneous expression of multiple che-
mokines in inflamed wound tissues was previously
considered to be redundant, ensuring a very robust
infiltration of leukocytes. However, the chemoat-
tractant expression and function are regulated in a
restrictively temporal and spatial manner. For ex-
ample, on one hand, the proinflammatory cytokine
TNF-a - and IL-1–induced expression of CXCL1 is
localized in keratinocytes at the stratum spinosum
and granulosum, and in surface exudate of the
wound during the early inflammatory phase.23 The
CXCL8 expression also localizes at the superficial
wound bed where a chemokine gradient is main-
tained. In addition, prominent expression of both
CXCL1 and CXCL8 peaks at day 1 postwounding
and persists for the first four postwounding
days.23,24 On the other hand, the expression of
chemokine receptors on leukocytes is dynamically
and differentially modified in the wound microen-
vironment. For example, CXCL8 upregulates the
expression of the neutrophil chemokine receptor
CXCR1,while theexpressionofneutrophilCXCR2is
suppressed by the proinflammatory cytokine TNF-a
in the inflamed tissues. Furthermore, experimental
data show that CXCL8-induced respiratory burst in
neutrophils depends on CXCR1-mediated signaling
rather than that of CXCR2.24–26 Therefore, the
timely and spatially expressed inflammatory me-
diators are setting the favorable tissue milieu not
only for leukocytes to migrate precisely to the
wounding sites but also to enforce their antimicro-
bial capability through the modulation of chemo-
kine receptor expression.

Another interesting finding about persistent
recruitment of neutrophils to the necrotic center of
a tissue lesion is the ability of neutrophils to pri-
oritize different receptor-mediated intracellular
signaling. This occurs as neutrophils move through
diverse gradient zones formed by chemotactic
molecules, which are released either from necrotic

neutrophils or activated resident cells. In a tissue
injury model, distinct inner and outer chemoat-
tractant zones surrounding the foci of the necrotic
lesion are formed. The inner zone comprised the
gradients of C5a, C3a, and N-formyl peptides. In
the outer zone, the DAMPs and adenosine tri-
phosphate molecules released by injured necrotic
cells stimulate tissue-resident cells to secret IL-1b
that upregulates intravascular intercellular adhe-
sion molecule 1 (ICAM-1) expression. Meanwhile,
intravascular gradients of CXCR2 ligands CXCL1
and CXCL2 are formed toward the necrotic site.
When approaching from the outer zone into the
inner zone, neutrophils at first prioritize the
CXCR2-mediated phosphatidylinositol 3-kinase
(PI3K) activation for intravascular chemotaxis,
then prioritize the formyl peptide receptor 1
(FPR1)-mediated activation of both PI3K and P38
mitogen-activated protein kinase (MAPK) cas-
cades for necrotaxis.27–30 Therefore, differential
prioritization of receptors allows neutrophils to be
recruited spatially and sequentially from periph-
eral regions toward the center of necrotic lesions
(Fig. 3).

Among the chemokine receptors that play criti-
cal roles in wound repair, CXCR1 and CXCR2 have
been shown as dominant receptors for leukocyte
chemotaxis in human inflammatory tissues.31–35 In
rodent models, CXCR2 is speculated as the major
chemokine receptor for leukocyte recruitment into

Figure 3. Multistep intravascular trafficking of neutrophils toward the site
of injury. Necrotic cells induce spatially distinct chemoattractant gradient
zones around the center of necrotic foci in the wound bed. When entering
the wound adjacent area, neutrophils traffic at first by CXCR2-mediated
chemotaxis along the endothelium lumen following intravascular chemokine
gradients. Afterward, formyl-peptide receptor-dependent signaling domi-
nates and neutrophils migrate into sites of necrosis by necrotaxis through a
formyl-peptide gradient. To see this illustration in color, the reader is re-
ferred to the web version of this article at www.liebertpub.com/wound
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the wound sites. We previously observed that
CXCR2 - / - mice showed delayed healing in a skin
excisional wounding model.32 Such deficiency in
healing was also confirmed in CXCR2 - / - mice with
a chemical-induced skin injury model.36 Specifically,
CXCR2 deficiency associates with a spectrum of
dysfunctions of cell migration and proliferation in
keratinocytes and endothelial cells leading to delayed
reepithelialization, granulation tissue formation, and
neovascularization. Notably, neutrophil infiltration
was severely impaired in the inflammatory phase
of wound healing that may likely negatively impact
granulation tissue formation, neovascularization,
and reepithelialization in the CXCR2- / - mice. In
addition, a nonpeptide antagonist against CXCR2
abolished CXCR2-mediated signaling and delayed
wound closure.36 In contrast, in mice with a b-
arrestin-2 gene knockout that leads to constitutively
upregulated CXCR2 signaling, neutrophil recruit-
ment into both CXCL1 initiated skin inflammatory
tissues and excisional skin wound tissues was sig-
nificantly enhanced and the wound re-
epithelialization was expedited (Fig. 4).37

Mobilization of bone marrow leukocyte
progenitor cells by chemokines
and chemokine receptor systems

The infiltration of neutrophils into wounds re-
quires the provision of a persistent supply from the

peripheral vasculature of neutrophils that mature
at and are released from the bone marrow. Abun-
dant neutrophils are produced in the bone marrow
and retained there for their whole lifespan unless
released into the peripheral pool under certain
pathological conditions. It has been shown that
severe skin injury, infection, and other diseases are
able to mobilize the production of bone marrow
neutrophil precursor cells and promote the release
of mature neutrophils into the peripheral circula-
tion pool.38 Currently, a large body of data support
the notion that the egress of neutrophils is antag-
onistically regulated by the CXCR2 and CXCR4
chemokine receptor systems (Fig. 5). In the bone
marrow microenvironment, the CXCR2 ligands
CXCL1 and CXCL2 are constitutively expressed
mainly by endothelial cells, while the CXCR4 li-
gand CXCL12 is largely expressed by osteoblasts.
Although bone marrow neutrophils express both
CXCR2 and CXCR4 on their surface, the CXCL12
dominates to retain most neutrophils within bone
marrow through augmented binding of a4 integrin
very later antigen (VLA-4) on neutrophils to vas-
cular cell adhesion molecule 1 (VCAM-1) on bone
marrow endothelial and stromal cells.38,39 During
maturation in bone marrow, the expression of
neutrophil CXCR4 and VLA-4 are downregulated,
resulting in a switch of signaling dominance from
CXCR4 to CXCR2 that promotes the release of

Figure 4. Chemokine receptor CXCR2 plays important roles for cutaneous wound healing. Ligand binding-induced CXCR2 signaling is required for normal
recruitment of neutrophils and macrophages and for neovascularization and wound reepithelialization (A). In CXCR2 - / - mice (B), the lack of CXCR2-mediated
signaling leads to delayed neutrophil and macrophage recruitment into wound tissues, compromised angiogenesis, and significantly delayed reepithelialization.
b-arrestin2 (barr2) binds to the G-protein–coupled receptor kinase phosphorylated C-terminus of CXCR2 and functions as a regulator for CXCR2 signaling. In
comparison to normal CXCR2 signaling during wound healing (C), knockout of barr2 impedes receptor internalization so that CXCR2 receptors are detained in
the cell membrane, leading to enhanced CXCR2-mediated signaling. As a result, neutrophil recruitment, wound tissue vessel density, and reepithelialization are
significantly improved (D). To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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mature neutrophils into the peripheral pool. Under
pathological conditions, however, skin injury and
wound infection stimulate the production of
CXCR2 ligands as well as granulocyte colony-
stimulating factor (G-CSF). The G-CSF on one
hand decreases the number of osteoblasts leading
to the reduction of CXCL12 expression, while si-
multaneously upregulating the expression of
CXCR2 ligands. On the other hand, G-CSF en-
forces or prioritizes the switch of hematopoiesis

toward myeloid lineages through the G-CSF sig-
nal transducer and activator of transcription 3
(STAT3) axis.40,41 Consequently, more mature
neutrophils are developed and released into pe-
ripheral circulation.

Resolution of neutrophilic inflammation
in wounds

Acute wound inflammation is regarded as an
innate immune response to injury. The promi-
nent neutrophil infiltration at the early inflam-
matory phase is critical for the restoration of
tissue homeostasis. Neutrophils are capable of
performing versatile functions upon their ex-
travasation into wound tissues. After infiltrating
into the wounds, the neutrophils normally func-
tion to debride the devitalized tissue, phagocytize
microbe particles, synthesize and release ROS and
proteases. Acute wounds require these functions
of neutrophils during the early stage postwounding,
so that the microenvironment of injured tissues will
favor the progression of wound physiopathology
from the inflammatory phase into the prolifera-
tive phase.42,43

Neutrophils along with macrophages are the
major cell sources for protease and ROS produc-
tion. Therefore, withdrawal of neutrophils and
resolution of neutrophilic inflammation at the end
of the inflammatory phase play important roles
for appropriate wound healing. How neutrophil-
associated inflammatory events are resolved is
not fully understood. The cleavage of proin-
flammatory CXC chemokines by macrophage-
specific matrix metalloproteinases (MMPs) and
apoptotic neutrophil-induced clearance are piv-
otal steps for the resolution of wound inflamma-
tion. Following the infiltration of neutrophils,
monocytes are recruited into wound tissues where
they undergo differentiation into macrophages.
Macrophage-specific MMP-12 was characterized
in a skin air-pouch acute inflammation model and
has been shown to effectively cleave several ELR +

CXC-chemokines at the ELR motif, thus render-
ing the chemokine incapable of activating its re-
ceptor. Several monocyte chemotactic proteins,
namely, CCL2, 7, 8, and 13, are also modified by
macrophage-specific MMP-12 and turned into
antagonists.44 In mice, since the ELR + CXC che-
mokines bind to the neutrophil chemotactic
CXCR2 receptor, depletion of the functional CXC
chemokines by cleavage of the ELR motif may
markedly discontinue the neutrophil influx in the
inflammatory wound tissues.45 Moreover, al-
though the lifespan of neutrophils is usually pro-
longed after recruitment into inflamed tissues,

Figure 5. CXCR2/CXCR4 ligands antagonistically regulate neutrophil
egress from bone marrow to peripheral pool. (A) Under physiological
conditions, CXCR2 ligands CXCL1 and CXCL2 are constitutively expressed
mainly by endothelial cells, while the CXCR4 ligand CXCL12 is largely ex-
pressed by osteoblasts in the bone marrow. Although bone marrow neu-
trophils express both CXCR2 and CXCR4, the CXCL12/CXCR4 interaction
dominates, resulting in retention of most neutrophils within bone marrow
through augmented binding of VLA-4 on neutrophils to VCAM-1 on bone
marrow endothelial and stromal cells. During the maturation in bone mar-
row, the expression of neutrophil CXCR4 and VLA-4 are downregulated,
resulting in a switch of dominant signaling from CXCR4 to CXCR2 that
promotes egress of neutrophils into the peripheral pool. (B) Under patho-
logical conditions, injury and infection stimulate production of CXCR2 li-
gands and G-CSF. G-CSF decreases the osteoblast numbers leading to
reduction of CXCL12 expression, while simultaneously upregulating the
expression of CXCR2 ligands. In addition, G-CSF prioritizes the switch of
hematopoiesis toward myeloid lineages through the G-CSF-STAT3 axis. As
a result, more mature neutrophils are developed and released into pe-
ripheral circulation. STAT3, signal transducer and activator of transcription
3; VCAM-1, vascular cell adhesion molecule 1; VLA-4, a4 integrin very later
antigen. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/wound
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local factors in the wound are capa-
ble of triggering neutrophils to undergo
apoptosis, likely through the PI3K-
mediated ROS production pathway.46,47

The apoptotic cells actively initiate their
own clearance by macrophage effero-
cytosis, in which several find-me mole-
cules establish unique signal cues for the
attraction of macrophages to the site of
apoptotic cells.48,49 CX3CL1 is one of the
proposed find-me signaling molecules.
As CX3CL1 and its receptor CX3CR1 are
involved in macrophage recruitment and
mediate skin wound healing,34 it is
speculated that, similar to other inflam-
matory models, CX3CL1-mediated effer-
ocytosis is an important mechanism for
resolution of neutrophilic inflammation
in wound tissues through clearance by
recruited macrophages.

SUMMARY

Efficient recruitment of neutrophils to an in-
jured skin lesion is the earliest crucial step
for restoration of tissue homeostasis; moreover,
neutrophilic infiltration is a prerequisite for the
inflammatory-to-proliferative transition that is
necessary for quality wound repair. Redundancy
and overlapping functions among chemokines and
chemokine receptors have complicated data in-
terpretation of experiments designed to alter
specific chemokine functions in wound tissues.
However, insights gained from recent research
into the spatial and temporal modulation of neu-
trophil chemotaxis and fate during wound repair
underscore the differential actions of individual
chemokines or chemokine receptors in the devel-
opment of acute wound inflammation. Additional
experimental data will be needed to provide the
basis of therapeutic modulation of neutrophil ac-
tivity through the targeting of specific chemokines
or chemokine receptors in the early inflammatory
phase to improve clinical management of wound
healing.
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TAKE-HOME MESSAGE

� Infiltration of abundant neutrophils is critical for wound repair and pre-
vention of microbe invasion.

� Efficient infiltration of wound neutrophils depends on multistep processes
that include rolling, arrest, transmigration, and chemotaxis events. The
infiltrated neutrophils are sourced from bone marrow where they dif-
ferentiate and mature before egress into the peripheral blood pool.

� The injured skin tissues produce CXC and CCL chemokines and other
chemoattractant molecules. These chemotactic substances establish
gradients that guide neutrophils and other types of leukocytes to navi-
gate into the wounding sites. Meanwhile, the injury triggers the pro-
duction of G-CSF that converts the CXCR4 dominant signaling to that of
CXCR2 in the bone marrow microenvironment, leading to the release of
more mature neutrophils into the peripheral blood stream.

� The timely clearance of necrotic neutrophils from wound sites is critical
for wound healing to progress from the early inflammatory phase to the
next proliferative phase. The chemokine CX3CL1 and its receptor CX3CR1
plays important roles in the clearance of wound necrotic neutrophils.
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Abbreviations and Acronyms

C3¼ complement component 3
C5¼ complement component 5

CCL¼ chemokine (C-C motif ) ligand
CCR¼ chemokine (C-C motif ) receptor

CX3CL¼ chemokine (C-X3-C motif ) ligand
CXCL¼ chemokine (C-X-C motif ) ligand

CX3CR¼ chemokine (C-X3-C motif ) receptor
CXCR¼ chemokine (C-X-C motif ) receptor

DAMPs¼ damage-associated molecular patterns

ELR¼ glutamate, leucine, arginine

FPR1¼ formyl peptide receptor 1

G-CSF¼ granulocyte colony-stimulating factor

GPCRs¼G-protein–coupled receptors

ICAM-1¼ intercellular adhesion molecule 1
IL¼ interleukin

IP-10¼ interferon inducible protein-10
KC¼murine ortholog of CXCL1 or CXCL8

MAPK¼mitogen-activated protein kinase
MMPs¼matrix metalloproteinases

MIP-1a¼macrophage inflammatory protein
1-alpha

MIP-1b¼macrophage inflammatory protein
1-beta

NF-jB¼ nuclear factor of kappa light
polypeptide gene enhancer
in B cells

PDGF¼ platelet-derived growth factor
PF4¼ platelet factor 4

PI3K¼ phosphatidylinositol 3-kinases
PILRa¼ paired immunoglobulin-like type 2

receptor

RANTES¼ regulated upon activation normal
T cell expressed and secreted
factor

ROS¼ reactive oxygen species

SDF-1¼ stromal-derived growth factor 1

STAT3¼ signal transducer and activator of
transcription 3

TGFb¼ transforming growth factor beta

TLRs¼ Toll-like receptors

TNF-a¼ tumor necrosis factor alpha

VEGF¼ vascular endothelial growth factor

VLA-4¼ a4 integrin very later antigen

VCAM-1¼ vascular cell adhesion molecule 1
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