
Summary. Wound healing requires a complex series of
reactions and interactions among cells and their
mediators, resulting in an overlapping series of events
including coagulation, inflammation, epithelialization,
formation of granulation tissue, matrix and scar
formation. Cytokines and chemokines promote
inflammation, angiogenesis, facilitate the passage of
leukocytes from circulation into the tissue, and
contribute to the regulation of epithelialization. They
integrate inflammatory events and reparative processes
that are important for modulating wound healing. Thus
both cytokines and chemokines are important targets for
therapeutic intervention.

The chemokine-mediated regulation of angiogenesis
is highly sophisticated, fine tuned, and involves pro-
angiogenic chemokines, including CXCL1-3, 5-8 and
their receptors, CXCR1 and CXCR2. CXCL1 and
CXCR2 are expressed in normal human epidermis and
are further induced during the wound healing process of
human burn wounds, especially during the inflammatory,
epithelialization and angiogenic processes. Human skin
explant studies also show CXCR2 is expressed in
wounded keratinocytes and Th/1/Th2 cytokine
modulation of CXCR2 expression correlates with
proliferation of epidermal keratinocytes. Murine
excision wound healing, chemical burn wounds and skin
organ culture systems are valuable models for examining
the role of inflammatory cytokines and chemokines in
wound healing.
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Introduction

Response to injury is an essential innate host
immune response for restoration of tissue integrity.
Tissue disruption results not only in tissue regeneration,
but in a rapid repair process leading to formation of a
fibrotic scar (Martin, 1997). Wound healing, whether
initiated by trauma, microbes or foreign materials,
proceeds via an overlapping pattern of events including
coagulation, inflammation, epithelialization, formation
of granulation tissue, matrix and tissue remodeling.
Many of these processes are regulated by chemokines, a
large superfamily of 8-15kD proteins that possess
diverse biologic activities. Defined by a tetra-cysteine
motif, these small proteins are subdivided into four
distinct families according to the configurations of the
cysteine residues at the amino terminus. 

Chemokines are structurally related and are usually
secreted upon cell stimulation. Most cell types, have the
potential to actively participate in chemokine
production. Chemokines selectively mediate the
regionally specific recruitment of neutrophils,
macrophages and lymphocytes. The role of individual
chemokines or their receptors in wound healing has been
studied mainly in rodent models. For example,
transgenic mice over-expressing CXCL10 (an
angiostatic chemokine that recruits T lymphocytes)
exhibit impaired wound healing (Luster et al., 1998).
Moreover, loss of CXCR2 (a receptor for angiogenic
chemokines) results in delayed cutaneous wound
healing, impaired angiogenesis, and repaired neutrophil
recruitment into the wound bed (Devalaraja et al., 2000).
It is not clear whether human and murine chemokine
homologues exhibit similar functions in vivo, leaving
open the question whether their physiological roles
during inflammatory reactions are comparable
(Engelhardt et al., 1998). However, topical application of
CXCL-8 to human skin grafts on chimeric mice resulted
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in enhanced wound healing (Rennekampff et al., 2000). 

The wound healing process modeled in the skin

Skin serves as a protective barrier against the
environment. The initial injury triggers coagulation and
an acute local inflammatory response followed by
mesenchymal cell recruitment, proliferation and matrix
synthesis. Failure to resolve the inflammation can lead to
chronic non-healing wounds, whereas uncontrolled
matrix accumulation, often involving aberrant cytokine
pathways, leads to excess scarring and necrosis. Better
understanding of the essential and complex role of
cytokines in wound healing will provide opportunities to
investigate pathways to inhibit/enhance cytokines to
control or modulate pathologic healing (Efron and
Moldawer, 2004).

Most types of cutaneous injury include damage of
the blood vessels, and coagulation as a rapid response to
initiate homeostasis and protect the host from excessive
blood loss. With the adhesion, aggregation and
degranulation of circulating platelets within the forming
fibrin clot, several mediators and cytokines are released,
including transforming growth factor beta (TGF-ß),
platelet derived growth factor (PDGF), and vascular
endothelial growth factor (VEGF) (Anitua et al., 2004).
As the inflammatory mediators accumulate, the nearby
blood vessels vasodilate and increase cellular trafficking.

Cytokines and their role in the wound-healing
process

The response to injury is an essential host immune
response for restoration of tissue integrity. The process
of repair is mediated in large part by interacting
molecular signals, primarily cytokines, which
orchestrate cellular activities, and underscore
inflammation and healing. The concept is that some
cytokines function primarily to induce inflammation,
while others suppress. Under pathologic conditions, anti-
inflammatory mediators may either provide insufficient
control over pro-inflammatory activities or may
overcompensate and inhibit the immune response,
rendering the host at risk from systemic infection. On the
other side pro-inflammatory cytokines clearly promote
inflammation and facilitate the passage of leukocytes
from the circulation into the tissues. Depending on the
cytokine and its role, it may be appropriate to either
enhance (using some recombinant cytokines and gene
transfer), or inhibit (cytokine receptor antibodies, soluble
receptors, signal transduction inhibitors) the cytokine to
achieve the desired outcome. Gene therapy is the future
for wound-healing strategies. 

The CXC chemokine family of chemotactic
cytokines has been implicated in the regulation of
proliferation and differentiation of normal keratinocytes
in inflammatory processes that involve the skin. CXC
chemokines have been shown to be angiogenic, and the
first angiogenic chemokine to be described was CXCL8

(Koch et al.,1992). Angiogenesis is stimulated
concomitantly with neutrophil recruitment on post-
wound day 1 and continues through post-wound day 4,
resulting in granulation tissue formation (Romagnani et
al., 2004). Chemokines play a critical role in the
recruitment of leukocytes to sites of inflammation, in the
migration of keratinocytes during epithelial repair, and
in angiogenesis during wound repair (McKay and
Leight, 1991; Gillitzer and Goebeler, 2001). The
chemokine receptors, CXCR2 and CXCR1, are involved
differentially in all of these events. The CXCR2 receptor
is the main target receptor for the angiogenic
chemokines. We have demonstrated that CXCL1 and
CXCR2 are expressed in normal human epidermis and
are induced during the wound healing process of human
burn wounds, especially during the inflammatory,
epithelialization and angiogenic processes (Nanney et al,
1995). When studying wound healing in CXCR2(-/-)
mice, (Devalaraja et al.,2000) showed decreased
recruitment of neutrophils, reduced keratinocyte
migration and proliferation during epithelialization, and
a significant delay in neovascularization (Fig. 1). The
authors concluded that CXCR2(-/-) mice exhibited a
delayed wound healing response, impaired
neovascularization, compromised neutrophil
recruitment, altered monocyte recruitment, and
decreased secretion of IL-1ß into the wound bed (Table
1A). In vitro wound healing experiments performed with
primary mouse keratinocytes cultures from CXCR2-/-
mice demonstrated a defective proliferative response in
these cells. Mice with a targeted deletion of ß-arrestin
exhibited enhanced recruitment of neutrophils to wound
beds after excisional wounding, faster re-
epithelialization post wounding, and exhibited enhanced
recruitment of neutrophils into an artifically made air
pouch injected with CXCL1 (Su et al., 2005). These data
suggested that ß-arrestin binding to CXCR2 serves as a
negative regulator of CXCR2 in vivo signaling. 

In healing human skin excision wounds, CXCL8 is
highly expressed along the denuded wound surface
exactly where keratinocytes migrate from the wound
edge to the closure point. The importance of CXCR2,
and its interaction with ELR-motif CXC chemokines in
the wound healing process is supported by the fact that
CXCR2(-/-) mice or CXCR2(+/+) mice treated with the
CXCR2 specific non-peptide antagonist SB 225002
(White et al., 1998) also showed delayed wound healing
(Milatovic et al., 2003).

CXCL10 acting through activation of its receptor,
CXCR3, plays a role in inhibiting wound repair.
Transgenic mice developed to over-express CXCL10 in
the skin exhibited an altered wound healing response
characterized by enhancement of the inflammatory phase
with lengthened and disorganized granulation phase that
was characterized by impaired formation of the
vasculature of the wound bed (Luster et al., 1998).
Another chemokine that is reported to affect
angiogenesis during wound repair is CXCL12. When
human skin biopsies were analyzed for CXCL12
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expression after excisional wounding, it was noted that
CXCL12 accumulates at the margins of the wounds
where it can potentially influence angiogenesis, where in
response to TNFα and IFNγ, the ligand is down-
regulated (Toksoy et al., 2007). 

The re-epithelialization process can also be
influenced by the influx of bone marow-derived
keratinocyte stem cells. Another chemokine, CCL27 is
reported to regulate this process through recruitment of
these stem cells into wounded skin through interaction
with its receptor, CCR10. The influx of these cells into
the wound bed in response to CCL27 speeds up the
wound healing process without affecting angiogenesis or
the proliferation of keratinocytes (Inokuma et al., 2006).

Neutrophil recruitment

Neutrophils are the first type of immune cells found
at the site if injury; they arrive first within a few
minutes, followed by monocytes and lymphocytes. After
acute injury, platelets and neutrophils are released
passively from disrupted blood vessels. Their primary
role is phagocytosis, and they are moved into the injured
area by interleukin-1 (IL-1), tumor necrosis factor-alpha
(TNF-α), and transforming growth factor-beta (TGF-ß).

Some authors hypothesize that neutrophils may also
contribute to early induction of angiogenesis in wound
healing (Lingen, 2001). CXCL1, 5, and 8 are normally
expressed in keratinocytes and can be released by
wounding and further induced by proinflammatory
cytokines such as IL-1 and TNF-α, bacterial products,
and hypoxia. The simultaneous expression of several
neutrophil-attractant chemokines in the acute phase of
inflammation during wound healing may reflect the
redundancy and robustness of the chemokine system
(Mantovani, 1999). The spatially and timely differential
expression of multiple neutrophil-specific chemokines,
however, argues strongly in favor of a sophisticated
multistep event, which enables neutrophils to leave
occluded vessels and rapidly travel a rather long distance
to enter the denuded wound surface, which is severely
prone to infections with extrinsic pathogens. 

Pro-inflammatory cytokines such as TNF-α not only
induce CXCL8 and other chemokines, but may also
suppress CXCR2 expression on neutrophils. In addition,
the peak level of CXCL8 below the wound surface may
stimulate migration and proliferation of keratinocytes,
which express the CXCR2 at the wound edge. CXCL8
also stimulates the expression of CXCR1 on neutrophils
(Murdoch and Finn, 2000), so they will be able to mount
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Fig. 1. Delayed epithelial
resurfacing and wound
closure in CXCR2-/- mice.
Representative micrographs
from trichome-stained
sections in parts A-H show
responses to excisional injury
on days 3, 5, 7 and 10 post-
injury. Parts A, C, E and G
depict the normal sequence of
repair in +/+ (wild-type) mice.
Epithelialization underneath
the vivid red scab is nearly
complete by day 3 with a
hypertrophic epidermis by day
5. Robust cellularity in the
wound bed, increasing
collagen deposit ion, and
wound contracture are evident
at days 5, 7 and 10. By
contrast, wounds from CXCR2
knockout mice shown in B, D,
F, and H reveal impaired
reparative responses.
Resurfacing across the wound
bed remains incomplete until
days 7-8. Severely inhibited
cellularity of the granulation
tissue (gt) is noted at days 3-5
and delays in wound
contracture are evident at
days 3, 5 and 7. Immature
granulation tissue is visible at

day 7 followed by eventual wound closure and complete resurfacing by day 10. All wounds eventually show complete epidermal and dermal healing
with no scarring. After resurfacing is achieved, sites of excisional wounding can only be detected by a discontinuity in the underlying panniculus-
carnosus layer (pc). Scale bars: 100 µm. (Reprinted with permission from Devalaraja et al., J. Invest. Dermatol. (2000) 115, 234-244.) 

 



a second response and migrate to the superficial wound
bed. It is interesting that the induction of the respiratory
burst in neutrophils depends on interaction of CXCL8
with CXCR1 rather than CXCR2 (Jones et al., 1996) In
addition to its neutrophil chemoattractant properties,
CXCL8 also directly stimulates keratinocyte migration
and proliferation. In our skin explant study we have
shown that CXCL8 stimulates the proliferation of
epidermal keratinocytes. CXCL 1, 5 and 8 may act as
mediators of neutrophil inflammation in the early
catabolic phase of wound repair as well as act as
stimulators of re-epithelialization and neo-angiogenesis
in the anabolic phase of wound repair. Thus, CXCL 1, 5,
8 might be used as specific therapeutic agent in the
regulation of wound healing process (Engelhardt et al.,
1998). 

Our previous studies (Devalaraja et al., 2000;
Milatovic et al., 2003) showed that recruitment of
neutrophils to the wound site was significantly reduced
in CXCR2(-/-) mice through post-wound day 10 (Table
1A,B). Normally, recruitment of monocytes and
lymphocytes sequentially follows neutrophilic
recruitment, then rapidly subsides. Moreover, whereas
monocyte recruitment diminished after post-wound day
4 in CXCR2(+/+) mice, the monocyte infiltrate was still
elevated in CXCR2(-/-) mice on post-wound days 7 and
day 10. CXCR2 is expressed to some extent on
monocytes in addition to its robust expression on
neutrophils. This data imply that other chemokine/
chemokine receptor interactions also modulate monocyte
infiltration into the wound bed. Clearly loss of CXCR2
delays the timing of recruitment of neutrophils into the
wound bed and significantly delays the wound healing
process.

Macrophage recruitment

Macrophages are essential for normal wound repair

(DiPietro, 1995). Their primary role is to exhibit
immunological functions as antigen-presenting cells and
phagocytes. Macrophages are also an important source
of growth factors (Riches, 1996). With exception to the
direct presence of neutrophils through extravasation after
vessel injury and the immediate action of NAP-2, both
leukocyte subtypes migrate equally fast into the injured
tissue (Engelhardt et al., 1998). It is known that
considerable amounts of additional monocyte-attractant
chemokines are present in human skin wounds. In a
murine skin-wound healing model, macrophage-
inflammatory protein (MIP-1α), monocyte
chemoattractan proein MCP-1 and RANTES play a
critical role in macrophage recruitment (DiPietro, 1995;
DiPietro et al., 1998; Frank et al., 2000; Jackman et al.,
2000; Wetzler et al., 2000) in addition to MCP-1.
Accumulating evidence indicates that MCP-1, a CC
chemokine also named CCL2, also displays
immunoregulatory functions and may be involved in Th
subset differentiation. Monocyte chemotactic protein-
1/CCL2, plays a role in the recruitment of monocytes to
sites of injury and infection. Monocytes attracted to the
wounded tissue 48 to 96 hours after injury, where they
differentiate into macrophages. Activated macrophages
are important for the transition into the proliferative
phase of wound repair and they are the most important
mediators in process of angiogenesis, fibroplasia and
synthesis of nitric oxide (Rosenkilde and Schwartz,
2004). Some authors present macrophages as essential
cells involved in wound healing process, because of their
role in development of angiogenesis, which is the most
critical phase of successful wound healing process
(Broughton et al., 2006). The macrophage orchestrates
tissue repair and seems to be the only inflammatory cell
type absolutely required (Prockop et al., 1979).

Numerous enzymes and cytokines are secreted by
the macrophages, including collagenases (Singer and
Clark, 1999).Their role is to clean the wound and help to
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Table 1A. Delayed neutrophil recruitment in CXCR2(-/-) mice after
excision wounding. 

Day post–wounding CXCR2 Genotype (Neutrophil Number) 

+/+ +/- -/-

3 56±2.80 32±1.60 6.0±0.47* 
5 48±2.33 42±2.05 2.8±0.99* 
7 17±1.70 60±3.48 12.5±1.37 
10 11±1.28 37±2.64 16.5±0.75* 

Neutrophil recruitment to the wound bed at days 3, 5, 7 and 10 after
cutaneous wounding. Total numbers of neutrophils in CXCR2 wild-type
(+/+), CXCR2 heterozygous (-/+), and CXCR2 knockout mice (-/-) were
manually counted within standardized areas of hematoxylin and eosin
sections of the wound bed. Data are expressed as the mean ±SEM for
the total number of neutrophils around the wounds based on six
different mice at each time point after injury. The level of statistical
significance of the comparison between wild type CXCR2(-/-) mice is
indicated by the asterisk to denote p<0.05 based upon the Student’s
two-tailed test and ANOVA.

Table 1B. Delayed neutrophil recruitment in CXCR2 (+/+, +/-, -/-) mice
after chemical wounding with nitrogen mustard.

Day post–wounding CXCR2 Genotype (Neutrophil number)

+/+ +/- -/-

4 102.00±10.50 88.00±9.01 36.33±4.33* 
7 90.60±3.84 79.33±4.66 47.00±6.02* 
10 77.66±1.76 56.66±2.33 63.66±2.40

Neutrophil recruitment to the wound bed at days 4, 7, and 10 after
cutaneous wounding. Total numbers of neutrophils in CXCR2 knockout,
wild type, and heterozygous mice were manually counted within
standardized areas of H&E stain sections of the wound bed at 100_.
Data are expressed as the mean ± SEM for the total number of
neutrophils in wounded skin sections based on wounds from three
different mice at each time point after wounding, The level of statistical
significance of the comparison between wild type and CXCR2(-/-) mice
was based upon Student's two-tailed t-test and .is indicated by the *
where p values were < 0.05.



remove debris from the wound bed. In general,
macrophages can induce angiogenesis via three different
mechanisms. First, macrophages can secrete factors that
can directly induce new blood vessel growth. There are
many mechanisms by which macrophages become
activated to secrete angiogenic factors. Macrophages can
be activated to induce angiogenesis under conditions of
hypoxia. In addition, cytokines produced by endothelial
cells activate macrophages, which then secrete factors
that degrade connective tissue matrix (Knighton et al.,
1983). Finally, macrophages may secrete factors that
stimulate secretion of angiogenic factors by other cell
types, such as endothelial cells, fibroblasts, or
keratinocytes. 

Macrophages have long been known to participate in
the induction of new blood vessel growth in a number of
different settings, including pathologic and physiologic
wound healing and tumors. They are essential for
optimal wound healing, and the introduction of activated
macrophages into healing wounds results in enhanced
wound repair (Singer and Clark, 1999). Newly formed
blood vessels not only allow leukocyte migration into
the wound site, but also supply the oxygen and nutrients
necessary to sustain the growth of granulation tissues
(Suh et al., 2005), in the last phase of tissue remodeling,
converting granulation tissue into a mature scar.

The role of CXCR2 in wound healing process

Our laboratory has previously characterized the role
of the CXC chemokine receptor, CXCR2, in excision
wound repair (Devalaraja et al., 2000) and in wound
repair after chemical burn (Milatovic et al., 2003).
CXCR2 expression is reported to be suppressed by LPS,
TNF-α, and induced by IFN-γ (Khandaker et al., 1999).
In our recent study, we have investigated the wound
healing response of wounded human skin tissue explants
to pro-inflammatory and anti-inflammatory cytokines.
We also evaluated the proliferation of epidermal cells, as
an important step in the healing process in response to
wounding using a skin organ culture system. The skin
organ culture system used in our study seems to be
useful for studying the effects of interleukins in
cutaneous wound healing.

Proinflammatory cytokines, including interleukins
IL-1α and IL-1ß, IL-6, and TNF-α, play an important
role in wound repair. They likely influence various
processes at the wound site, including stimulation of
keratinocyte and fibroblast proliferation, synthesis and
breakdown of extracellular matrix proteins, fibroblast
chemotaxis, and regulation of the immune response
(Glaser et al., 1999). 

In support of a role for proinflammatory cytokines in
wound repair, expression of IL-1·, IL-6, and TNF-α
were shown to be strongly up-regulated during the
inflammatory phase of healing (Hübner et al., 1996).
Interferon-gamma (IFN-γ) is secreted predominantly by
T-lymphocytes. The primary effect of IFN-γ is not
limited to PMN leukocytes and macrophage activation

and cytotoxicity (Rumalla and Borah, 2001) IFN-γ also
induces tissue remodeling and directly reduces wound
contraction (Tredget et al., 2000). Essential to wound
healing PMN leukocytes and macrophages were shown
to be the major source of these cytokines, but expression
was also observed in some resident cell types (Feiken et
al., 1995). Another early proinflammatory cytokine IL-1
which exists in two forms IL-1α and IL-1ß, is released
principally by monocytes, and shares many properties
similar to TNF-α. Initial IL-1 expression is required and
beneficial to the wound healing process by increasing
collagen synthesis as well as keratinocyte and fibroblast
growth. High levels of IL-1 after the first week of
healing process appear to be deleterious and pathogenic
(Broughton and Attinger, 2006). Thus, the coordinated
expression of these cytokines is likely to be important
for normal repair.

Epidermal injury represents a dramatic change and
keratinocytes that normally differentiate to form rigid
structures are required to become more flexible so that
they are able to facilitate epidermal migration across the
wound bed and rapidly close the wound. Though
epidermal keratinocytes are the major source of
cytokines in cutaneous wound healing, melanocytes,
Langerhans cells, and leukocytes also produce several
cytokines. Type 1 and Type 2 polarized T cells secrete
cytokines that interact with various subsets of
leukocytes. It appears that cytokines released by Th1 and
Th2 lymphocytes may exert a pro-inflammatory function
on keratinocytes in terms of chemokine induction, but
the role of soluble factors derived by the Th1 (IFN-γ, IL-
2, TNF-α), and Th2 (IL-4, IL-5, IL-6, IL-9, IL-10, IL-
13) lymphocytes in promoting chemokine/chemokine
receptor expression in keratinocytes is poorly defined.
We have examined the role of cytokines produced by
Th1, and Th2 lymphocytes in vitro in wound repair and
expression of CXCR2 using an organ explant culture
system. CXCR2 is thought to be predominantly
responsible for neutrophil recruitment in response to its
many ligands including CXCL8, and antagonists of
CXCR2, open promise for treatment of inflammation.
Using a skin explant model, we evaluated the
proliferation of epidermal basal cells, an important
process in wound healing, in the wound margin using
human skin culture and immunohistochemical labeling
with proliferating cell nuclear antigen (PCNA) as marker
of cell proliferation (Fivenson et al.,1997). We
postulated that cytokine treatment of wounded skin
would induce proliferation of keratinocytes as monitored
by PCNA staining. In the tissue sections examined, cells
containing PCNA positive nuclei were present sparsely
in migratory epidermis. PCNA positive cells were also
found among epidermal basal cells in contact with the
migratory epidermis and in one or two of the prickle cell
layers immediately above the basal cells. We observed
that keratinocytes from the skin explants treated for 24
hours with either IL-1 or CXCL8 showed increased
proliferation, compared to untreated controls and
compared to the 12 hours time point, as monitored by
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PCNA staining. In contrast IL-13 treatment inhibited
proliferation after 48 hours treatment (Fig. 2).

We also noticed that treatment of human tissue with
IL-1, and CXCL8, was associated with increased
CXCR2 expression. However, IL-13 produced a small
but not statistically significant CXCR2 expression
compared to untreated control after 12 hours of
treatment (Figs. 3, 4B). This suppression in CXCR2
expression in response to IL-13 correlates with a
reduction in PCNA positive cells at the same time point
(Fig. 2). IL-13 and IL-4 strongly increased CXCR1 and
CXCR2 chemokine receptor expression in human
monocytes, macrophages, and dendritic cells (Bonecchi
et al., 2000). Alternatively, macrophages can be
activated by IL-4 and IL-13, two Th2 cytokines. The
results presented by Bonecchi (Bonecchi et al., 2000)
showed that IL-4 and IL-13 convert ELR+ CXC

chemokines into potent monocyte attractants by up
regulating receptor expression. Their study reported that
two Th2 pathologies characterized by the presence of IL-
4 and IL-13 are characterized by an infiltrate of IL-8
receptor positive mononuclear cells. Interestingly, they
found that IL-4 and IL-13 down-regulate CXCR1 and
CXCR2 expression in neutrophils and reduce their
ability to migrate in response to IL-8. 

Conclusions

Chemokines and their receptors are growing family
of inflammatory molecules that are associated with
many tissue specific inflammatory events. Chemokines
regulate the migration and/or accumulation of leukocytes
at a particular tissue site to function in infection
clearance and tissue repair (Karpus and Fife, 2001). In
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Fig. 2. Evaluation of the proliferative cellular
nuclear antigen (PCNA) in human skin explant
cultures treated with cytokines. Para-
formaldehyde fixed, paraffin embedded human
skin tissue sections were immunostained for
proliferating cell nuclear antigen (PCNA). PCNA
immunostaining showed a significant decrease
(p<0.05) in the number of proliferating cells in
the skin tissue explants treated with IL-13 after
48 hours of cytokine treatment. Treatments with
IL-1 and IL-8 showed significant increase
(p<0.05) in the number of proliferative cells
(p<0.05) after 24 hours as compared to
untreated control.

Fig. 3. Expression of hCXCR2 in the epidermis
of human skin explant cultures treated with
cytokines. Paraformaldehyde fixed, paraffin
embedded human skin tissue sections were
immunostained for hCXCR2. IL-13 showed a
significant decrease (p<0.05) in the number of
CXCR2 posit ive cells after 12 hours of
treatment as compared to untreated control.



our skin-explant study we evaluated the proliferation of
epidermal cells, as an important step in the healing
process, in response to wounding using a skin organ
culture system. The results obtained in cell culture
systems do not necessarily reflect the actual process in
vivo (Akasaka et al., 2004). The methods used in our
experiments are more closely aligned with the in vivo
process as compared to cell culture. The skin organ
culture system offers utility for studying the effects of
some interleukins and chemokines, such as IL-1 and
CXCL8 that have been reported to stimulate the
proliferation of epidermal cells (Balkwill and
Manotovani, 2001).

Some in vitro studies have shown an inhibitory
effect of CXCL8 on keratinocyte proliferation,
suggesting that an increased level of this chemokine may
directly contribute to delayed wound healing (Iocono et
al., 2000). In contrast to these studies, others found a
stimulatory effect of CXCL8 on keratinocyte
proliferation in vitro (Rennekampff et al., 2000). Based
on our histology work we noticed that topically applied
IL-1 and IFN-α caused a delay in the wound healing
process based upon wound closure. It seems likely that
potent activators of keratinocytes such as IL-1 will

perhaps enhance keratinocyte proliferation and prolong
wound closure (data not shown). 

In contrast to the work of Bonecchi, we have shown
that treatment of human tissue with IL-4 did not
significantly affect CXCR2 expression. Expression of
IL-4 was detected by immunohistochemistry in the
lower epidermis below the wound as early as 24 hours
after wounding. IL-4 is mostly expressed by T
lymphocytes, basophils and mast cells (Brown and
Hural, 1997) and is known to have pleiotropic biological
effects (Peyron and Banchereau, 1994) on not only
hematopoetic cells but also non-hematopoetic cells,
especially fibroblasts, where it stimulates extracellular
matrix synthesis (Gillery et al., 1992). The effects of IL-
4 include suppressing the expression of pro-
inflammatory cytokines, as well as promoting B cell
proliferation, and mediating IgE production
(Banchereau, 1995). Animal studies by Salmon-Her
showed that application of 250ng of IL-4 once a day on
mouse wounds induced a rapid and dramatic increase in
formation of the granulation tissue (Salmon-Her et al.,
2000). It has also been shown that IL-4 enhanced the
production of collagen and other extracellular matrix
macromolecules by human fibroblasts (Serpier et al.,
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Fig. 4. A. Histological analysis of wounded human skin explants treated with IL-8, IL-13, or IL-1. Trichrome stained human skin tissue samples showed
new collagen and immature epidermal cells at 12 hours after injury. Pictures were taken at 10x magnification. B. Immunohistochemical analysis of
CXCR2 expression in IL-1, IL-13, and IL-8 treated human skin tissue explants. Analysis showed that IL-13 significantly decreased the number of
CXCR2 positive cells after 12 hours of treatment as compared as IL-1 and IL-8.



1997). Taken together, these data suggest that IL-4 could
be involved in connective tissue formation during
normal and pathological wound healing. 

Chemokines regulate the migration of resident and
inflammatory cells during wound repair mechanisms.
However, data obtained from animal models,
particularly in mice with a different skin morphology,
are not easily applicable to the human wound-healing
situation. It is becoming increasingly clear that the host
defense system involves many interactive processes.
These interactive processes range from non-specific
reaction to pattern recognition molecules to the
exquisitely specific cell-mediated response to a single
antigen (Coehlo et al., 2005). The regulated expression
of chemokines and chemokine receptors enables
appropriate modulation of leukocyte development and
differentiation, lymphocyte trafficking, and immune
surveillance.

The human skin organ culture system presented here
should be useful for evaluation of topical wound healing
treatments in humans. The ability to correlate molecular
events with more obvious morphologic changes will
assist clinicians in understanding the wound healing
process, and allow dissection of molecular events during
this process.
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