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 1AnAToMy of huMAn skin

The human skin is one of the largest organs of the body. It has a surface area of approximately 

1.8 m2 and is made up of multiple layers: the epidermis, dermis and hypodermis (Figure 1).

The epidermis is the outermost layer of the skin. It is a stratified squamous epithelium 

composed of proliferating basal and differentiated suprabasal keratinocytes. The epidermis 

contains keratinocytes, melanocytes, Langerhans’ Cells, Merkel cells and inflammatory cells. 

Keratinocytes are the major cell type, constituting 95% of the epidermis. Depending on the 

differentiation state of the keratinocytes the epidermis can be divided in 4 layers. Those lay-

ers in descending order are the cornified layer (stratum corneum), granular layer (stratum 

granulosum), spinous layer (stratum spinous) and basal layer (stratum basale) (Figure 2). The 

cornified layer is maintained by cell division within the basal layer. Differentiating cells in the 

basal layer are displaced outwards through the epidermal layers towards the cornified layer. 

In the cornified layer keratinocytes loose their cellular structures (nucleus, mitochondria, ri-

bosomes etc.) and the cytoplamsma is replaced by keratin. In the cornified layer keratinocytes 

are surrounded by a cell envelope composed of cross-linked proteins and lipids. They are 

eventually shed from the skin surface (desquamation). Melanocytes are melanin-producing 

cells located in-between the keratinocytes in the basal layer. Langerhans cells are immune-

competent cells and are located in the granular and spinous layer. In normal skin, the rate of 

epidermal keratinocyte production equals the rate of loss and takes about two weeks for a 

Figure 1: Schematic representation of the structure of human skin. 
Adapted from www.labtechindia.net.
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keratinocyte to differentiate and migrate from the basal cell layer to the top of the granular 

cell layer, and an additional four weeks to terminally differentiate and reach the top of the 

stratum corneum. The epidermis is replaced by new cells over a period of about 48 days.

In contrast to the epidermis, which consists entirely of cells, the dermis consists mainly of 

extracellular matrix proteins with cells dispersed throughout. The dermis contains fibroblasts, 

which synthesize extracellular matrix proteins like collagen, elastin, and glycosaminoglycans. 

It also contains endothelial cells, dermal dendritic cells, mast cells, neurons, macrophages and 

lymphocytes. It provides anchoring for skin appendages like sweat glands and hair follicles.

Under the dermis lies the hypodermis consisting of loose connective tissue and adipocytes. 

This layer known as subcutaneous fat usually separates dermis from underlying muscles, 

bones and other structures. It also protects against injury.

funCTion of huMAn skin

The principal function of the epidermis is to provide a protective barrier against transcutane-

ous water loss. This permeability barrier is localized to the stratum corneum, where lipids, 

cholesterol and ceramides form the impermeable lamellar sheets in which corneocytes are 

embedded. In addition to water loss, harmful toxic substances like allergens and microor-

ganisms are also blocked by the stratum corneum barrier. The dermis is responsible for the 

tensile strength of the skin. Its main functions are to regulate temperature and to supply the 

epidermis with nutrient-saturated blood by diffusion.

Wounding of the skin results in a breakdown of the protective function of the skin. When 

the human skin is wounded there is a high risk of infection. Bacteria and other microorgan-

isms may enter the human body through the damaged skin. When substantial amounts of 

skin are lost (e.g. burn wounds) the body is no longer protected from water loss resulting in 

Figure 2: Schematic representation of the different layers and cells of the epidermis.
 Adapted from www.marvistavet.com
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 1a high risk of dehydration. Therefore the process of wound healing is important to prevent 

infection and dehydration.

CuTAneous wound heAling

Immediately after skin injury the body responds with a series of events to repair the result-

ing damage. This response can be divided into three overlapping phases – inflammation, 

proliferation/repair and remodeling – typically ending in scar formation. Each phase is char-

acterized by interactions between cells and mediators, such as enzymes, growth factors and 

cytokines, resulting in a complex series of events that change the morphology and character-

istics of the wounded area. In recent years, research has greatly expanded our understanding 

Figure 3: Schematic representation of the different phases of wound healing. 
(A): Hours to days after injury a blood clot fills the wounded area. Neutrophils and platelets accumulate from the circulating blood to the wound 
site. (B): At days 2-10 after injury macrophages and activated platelets release growth factors and inflammatory cytokines. These factors induce 
proliferation and migration of endothelial cells, keratinocytes and fibroblasts. Endothelial cells form new blood vessels. Fibroblasts migrate 
into the wound area and deposit extracellular matrix, which is granulation tissue. Keratinocytes re-epithelialize the wound. (C): Fibroblasts 
differentiate into myofibroblasts, leading to wound contraction and extracellular matrix deposition. The wound is completely filled with 
granulation tissue and a new epidermis is formed. Adapted from www.biologyonline.org.
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of the phases involved in wound repair (1-3). Although wound healing is organized in distinct 

phases, no defined boundaries occur between these phases; events overlap in time. Below 

we describe a general overview of each phase of the wound healing response and address 

the cells and mediators involved in wound healing (Figure 3).

inflammatory phase – seconds to days

Hemostasis – seconds to hours

The early phase of inflammation is called hemostasis. Hemostasis serves as the initiating step 

acting to control local bleeding. During injury, the tissue is disrupted and blood vessels are 

severed, releasing blood plasma and peripheral blood cells such as platelets into the wound 

site. The injured blood vessels vasoconstrict and the endothelium and nearby platelets ac-

tivate the coagulation cascade resulting in the formation of a fibrin clot at the site of injury 

to seal the damaged blood vessel (4). The fibrin clot consists of collagen, platelets, thrombin 

and fibronectin and serves to stop blood loss after vascular injury and limit the spread of 

pathogens into the blood stream (4).

Once platelets from the ruptured vessels attach to the lesion or are incorporated in the 

clot they become activated. Platelet activation causes the release of a number of signaling 

molecules such as platelet derived growth factor (PDGF) (1,5), transforming growth factor-β 

(TGF-β) (1,6), vascular endothelial growth factor (VEGF) (7), epidermal growth factor (EGF) 

(4,8) interleukin 1 alpha (IL-1α) (2) and tumor necrosis factor alpha (TNF-α) (2) from their 

cytoplasmic granules. These platelet derived molecules are responsible for the chemotactic 

recruitment of circulating inflammatory cells like neutrophils, monocytes and macrophages 

into the wound site, which gives in turn rise to inflammation - the next stage in healing.

Inflammation – hours to days

The inflammation response aims to control or eradicate the injury (9). The wound site in 

which inflammation begins is a mixture of injured tissue, components of the clot (platelets, 

red blood cells and fibrin), serum proteins and foreign material introduced at the time of 

injury. Neutrophils and monocytes, capable of ingesting foreign particles, bacteria and dead 

or dying cells, are attracted from the circulating blood to the wound site during the inflam-

mation phase by a huge variety of chemotactic signals. As mentioned above these include 

the growth factors released from fibrin clot (1). Additionally, components of the complement 

system contribute to inflammation when activated by foreign surfaces. Complement frag-

ments such as C5a and, less potently, C4a and C3a are important inflammatory activators 

involved in the recruitment and activation of neutrophils and monocytes (1,10,11).
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 1Neutrophils, the most common type of leukocyte, are the first type of inflammatory cell to 

arrive at the wound within 24 hours after injury (1,10). Immediately after acute injury neutro-

phils are released passively into the wound site from ruptured blood vessels. Hereafter, they 

actively migrate into the wound attracted by chemoattractants released by platelets in the 

fibrin clot, vessel associated cells and endothelial cells (1,10,15). In the wound site neutrophils 

release proteolytic enzymes for the digestion of foreign debris and bacteria by phagocytosis 

(12). Additionally neutrophils are a source of pro-inflammatory cytokines, such as IL-1α and 

TNF-α (13). Hereby neutrophils not only develop and maintain the inflammatory response 

but also serve as one of the earliest signals to activate local fibroblasts and keratinocytes (13). 

If wound decontamination is achieved, the neutrophil infiltration ceases after a few days, 

neutrophils undergo apoptosis and are phagocytosed by macrophages (1).

Within 2-3 days after injury neutrophils are replaced by monocytes which are recruited 

from the blood. They are drawn to the site of injury by release of chemoattractants released 

by activated endothelial cells (14,15). During inflammation monocytes differentiate into 

macrophages. Macrophages are versatile cells that play many roles during wound healing i) 

they remove debris and therefore remain present depending on the extent of injury and the 

amount of debris to be cleared (9); ii) they are involved in initiating an immune response via 

their antigen-presenting properties (16); iii) they secrete a large number of growth factors 

and pro-inflammatory cytokines at the wound, such as IL-1α, TNF-α, tumor growth factor 

beta (TGF-β1, 2 and 3) and fibroblast growth factor (FGF), thus amplifying the inflammatory 

response and further activating keratinocytes and fibroblasts (1,9).

If wound decontamination is achieved, several mechanisms operate to limit and down 

regulate inflammation (17). Such mechanisms include down-regulation of chemokine 

expression by anti-inflammatory cytokines eg. IL10 (18), receptor unresponsiveness and 

down-regulation by high concentrations of ligands (19).

Proliferation phase – 2-10 days

The proliferation phase aims to regenerate the skin tissue lost due to damage. The prolifera-

tion phase occurs generally 2-10 days after injury and is induced mainly by macrophages and 

activated platelets via production of growth factors and inflammatory cytokines (10,16). In 

the proliferation phase these factors induce cellular proliferation and migration of different 

cell types, such as keratinocytes, fibroblasts and endothelial cells. From this point on there 

are two main classifications in healing, namely “primary” and “secondary” healing. In partial 

thickness wounds only the epidermis is damaged, leaving the basement membrane intact 

along with the dermis and therefore these wounds will undergo “primary healing’. In full 

thickness wounds the basement membrane is damaged and substantial dermis is lost and 

therefore these wounds will undergo “secondary healing”.
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Primary repair (No extracellular matrix (ECM) production)

In partial thickness wounds, only the epidermis of the skin needs to be replaced, the synthesis 

and deposition of extracellular matrix is not required. Re-epithelialization of a wound occurs 

from a viable epidermal progenitor cell pool that resides in the basal layer of the epidermis 

and hair follicles deep in the dermis (20-24). In response to epidermal damage, these stem 

cells commit to an epidermal keratinocyte phenotype, and participate in the re-epitheliali-

zation process (24). Keratinocytes i) alter cell-matrix adhesions to enable their movement in 

and over the fibrin clot (25); ii) assemble actin-rich lamellar protrusion for crawling (26) and 

iii) secrete proteases to dissolve the dense fibrin clot to facilitate movement (1,27). Parallel to 

migration and behind the migrating front, the keratinocytes undergo a proliferative burst to 

replace epidermal cells lost during injury and to replenish the basal layer. The main stimulus 

for epidermal migration and proliferation are EGF and TGF-α produced by activated platelets 

and macrophages (28,29). In addition factors released from activated skin residential cells 

like fibroblasts, endothelial cells and keratinocytes also stimulate re-epithelialization, e.g. IL-

1α and TNF-α upregulate keratinocyte growth factor (KGF) and IL-6 release from fibroblasts, 

which in turn stimulate neighboring keratinocytes to migrate and proliferate (30,31). Migra-

tion and proliferation continues until epidermal cells receive a stop signal, most likely due to 

contact inhibition (1).

Secondary repair (ECM production)

Full thickness wounds cannot heal by re-epithelialization alone. In full thickness wounds the 

proliferation phase is characterized by epithelialization, angiogenesis, granulation tissue 

formation, and collagen deposition aimed at rebuilding the damaged tissue that has been 

removed during the inflammatory phase. Fibroblasts and endothelial cells are the predomi-

nant cells proliferating during this phase.

Endothelial cells located at intact venules form new capillary tubes which invade the 

wound site. This is triggered by fibroblast growth factor 2 (FGF-2) and VEGF, secreted mostly 

by keratinocytes, but also macrophages, fibroblasts, platelets and other endothelial cells 

(1,2). The fibrin clot formed during hemostasis provides a provisional matrix through which 

cells such as endothelial cells can migrate during angiogenesis. Proteolysis of the fibrin clot 

is necessary for angiogenesis to proceed and is induced by several cell types at the wound 

site (32). After a few days, a microvasular network is apparent throughout the wound, which 

provides nutrients and oxygen to the growing tissues (33).

In addition to the healing epidermis and angiogenesis, the underlying dermis must also 

be reconstituted. Approximately one day after wounding, resident dermal fibroblasts begin 

to proliferate and 3-4 days after wounding they migrate into the provisional matrix of the 

fibrin clot where they lay down their own extracellular matrix (ECM) (2,34,35). Many of the 
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 1growth factors present at the wound site can act as mitogens or as chemotactic factors for 

fibroblasts. Fibroblasts are drawn primarily from the healthy dermis at the wound margins, 

but also circulating fibrocytes and bone marrow progenitor cells, which have potential to dif-

ferentiate into dermal fibroblasts are drawn into the wound bed (36,37). Fibroblasts in close 

proximity to the wound are known to differentiate into α-smooth muscle actin-expressing 

myofibroblasts when stimulated by TGF-β1 (released by macrophages), the ECM and/

or mechanical stress (36,38). Myofibroblasts are contractile cells that, over time, bring the 

edges of a wound together. Together, fibroblasts and myofibroblasts synthesize a provisional 

matrix composed of collagen III, glycosaminoglycans, and fibronectin and contribute to the 

bundling and alignment of collagen III fibrils, the primary constituent of scar tissue (36,39). 

Epidermal cells utilize this newly produced ECM to migrate over and epithelialize the site of 

injury. The new stroma that replaces the fibrin clot is called granulation tissue, which consists 

of new blood vessels, fibroblasts, collagenIII, fibronectin and macrophages.

Remodeling – 8 days to years

The remodeling phase aims to restore skin integrity to as it was before wounding. Granulation 

tissue is remodeled by proteolytic degradation of type III collagen which is replaced for the 

stronger type I collagen (40). Additionally, disorganized fibers are bundled, cross-linked and 

aligned along tension lines. These changes increase the tensile strength of the newly formed 

skin tissue. Cells that are no longer needed such as most of the neutrophils, endothelial cells, 

macrophages and myofibroblasts, undergo apoptosis or exit from the wound, transforming 

the wound from cell-rich granulation tissue to cell-poor scar tissue with an excess of ECM 

(36,41,42,43). Subsequently, angiogenesis diminishes and blood vessels mature to form a 

functional network. This causes the wound to loose its pink color and to become progres-

sively paler (43). Dermal structures such as hair follicles, sweat glands, and sebaceous glands 

that are lost during injury are not regenerated (1,2).

Matrix metalloproteinases (MMPs), secreted by fibroblasts, macrophages and endothelial 

cells, are an important regulator of the remodeling phase. They are able to degrade a number 

of extracellular matrix molecules, such as collagen and fibronectin. Additionally they are 

involved in the release of apoptotic ligands, like FAS ligand. MMPs are known to be under 

control of different cytokines (TGFb, PDGF, IL-1α, EGF). MMP activity is further suppressed by 

tissue inhibitors of metalloproteinases (TIMP), whose production by fibroblasts is upregu-

lated by e.g. IL-6 and TNF-α (44).

In tissue that undergoes primary healing, very little remodeling occurs since extracellu-

lar matrix is not produced during primary healing. As a result, there is no scarring and the 

repaired tissue is virtually indistinguishable from uninjured tissue. Secondary healing, in 

contrast, involves the replacement of the fibrin clot by granulation tissue and requires matrix 

remodeling to restore normal architecture to the dermis. This results in a normotrophic scar. 
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This scar functions satisfactory despite altered ECM formation. The last stage of wound heal-

ing – remodeling – can overlap with the proliferative phase as it begins as early as 1-3 weeks 

after injury and lasts for a year or more, depending on the size and depth of the wound.

sTeM Cells And wound heAling

In the wound healing process, inflammation is very important because induction of inflam-

matory factors and inflammatory cells starts tissue regeneration by replenishment of skin 

residential cells via proliferation and migration. Additionally, mesenchymal stem cells (MSCs) 

are also thought to contribute to wound repair (89-101). Current data suggest that MSC 

enhance wound repair by at least two different mechanisms: differentiation (98,100,102,105) 

and paracrine signalling (101,103,104).

Reports show that MSCs have the ability to differentiate into other lineage cells in vitro, 

such as endothelial cells, neural cells and hepatocytes. In vivo studies have also shown that 

MSCs can differentiate into tissue-specific cells in response to cues provided by different 

organs. Bone-marrow-derived MSCs (BM-MSC) have been reported to differentiate into ke-

ratinocytes during wound repair (100,105). Evidence indicates that MSCs may also promote 

tissue repair by secreting paracrine signals that improve responses to injury by resident skin 

cells. Wounds treated with BM-MSC-conditioned medium accelerates wound closure, and in 

vitro experiments demonstrated that BM-MSC-conditioned medium also promotes prolifera-

tion and migration of fibroblasts, keratinocytes and endothelial cells (104, 100,101,103).

Bone-marrow derived stem cells were first described by Friedenstein et al and are still the 

most frequently investigated mesencymal cell type (106). Mesenchymal stem cells derived 

from adipose tissue (ASCs) however have also shown promising potential for proliferation 

into different cell types (107). It has been shown that ASC differentiate into keratinocytes 

when applied to cutaneous wounds (102). Additionally in vitro secretory factors from ASC 

stimulate migration of skin residential cells, and in vivo stimulates wound closure and re-

epithelialization (108).

The general idea of the contribution of MSCs to wound healing is as follows: Damage of 

the skin results in the release of various cytokines, especially chemokines which recruit MSC 

from the bone marrow and/ or the adipose tissue into sites of wound healing. Accumulat-

ing MSCs at wounded sites are able to transdifferentiate into multiple skin residential cell 

types. Additionally, MSCs at the wounded sites secrete factors such as growth factors and 

cytokines which stimulate wound healing processes such as migration and proliferation of 

skin residential cells.
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 1AbnoRMAl wound heAling

As described above, successful or normal wound healing results in the formation of a normo-

trophic scar and represents the completion of a sequence of inflammation, proliferation and 

remodeling. But, abnormal wound healing may occur during any phase of the wound-healing 

process and may result in abnormal scars (eg. hypertrophic scars and keloids) or insufficient 

repair (eg. chronic wounds) (47,48). Abnormal wound healing may be caused or facilitated by 

local factors (infection, edema, ischaemia etc.), systemic factors (age, smoking, malnutrition 

etc.), disease (obesity, diabetes, renal disease etc.) or excessive trauma (eg. burns, surgery) 

(45,46).

Hypertrophic scars usually develop within 4 to 8 weeks following wound infection, exces-

sive tension at the wound site and/or deep burns. These scars rapidly increase in size for up 

to 6 months, and they gradually regress over periods up to a few years, eventually trans-

forming into normotrophic scars (52). In contrast, keloids may develop up to several years 

after minor injury such as skin piercing and vaccination in people predisposed to forming 

keloids. Keloids generally persist for long periods of time and do not regress spontaneously 

(52). A more distinct difference is that hypertrophic scars remain within the margins of the 

original wound while keloids expand outside original wound margins. Although apparently 

different mechanisms are involved in the formation of hypertrophic scars and keloids, both 

types of excessive scars demonstrate histologically overproduction of fibroblast proteins 

(eg. collagen and fibronectin) and hyper cellularity (e.g. regarding (myo)fibroblasts) (52). The 

pathogenesis leading to excessive scars is still poorly understood but may involve i) failure 

of fibroblast apoptosis (55); ii) prolonged inflammation causing increased fibroblast activity 

(52,54); iii) alteration of fibroblast phenotype during proliferation phase (52); iv) presence of 

deeper layer fibroblasts (56) and v) disbalance of MMPs during the remodeling phase (52,54).

Chronic wounds are defined as wounds which fail to heal within three months of optimal 

standard care (83). All wound types have the potential to become chronic and, as such, 

chronic wounds are traditionally divided on an etiological basis. Identifying and treating 

the underlying etiology of a chronic wound such as venous insufficiency, arterial perfusion, 

diabetes, or unrelieved pressure are key to successful wound treatment. Chronic wounds are 

often identified by the presence of a raised, hyper proliferative, yet non advancing wound 

margin (84). Although there is no single, unifying theory as to why chronic wounds fail to 

heal, the major contributory factors in the persistence of the wound chronicity are tought 

to be: i) chronic inflammation and changed cytokine profile (49,50); ii) bacterial infection 

(51); iii) reduction in tissue growth factors (54); iv) imbalance between proteinases and their 

inhibitors (54) and v) senescent fibroblasts (53,83).
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gRowTh fACToRs And CyTokines

During wound healing a collection of soluble factors are released by damaged cells, platelets 

and leukocytes in an attempt to control the damage and begin the healing process. Soluble 

factors include, but are not limited to, growth factors and cytokines. They regulate immune 

responses, function as mediators and inhibitors of inflammatory processes and/or play and 

active role in tissue repair and remodeling. Three types of cell-cell signaling are relevant to 

wound healing i) autocrine, in which a cell signals itself, ii) paracrine, in which a cell signals 

its immediate adjacent cells, and iii) endocrine, in which a cell or cell group signals remote 

cells via the bloodstream. Autocrine and paracrine communications are most important 

in coordinating the wound healing process; soluble factors are effective at extremely low 

concentration (10-9M). Growth factors and cytokines are effective because of their rapid and 

precise binding to cell surface receptors.

Growth factors, which are quickly up regulated upon tissue damage, act on cells to 

modulate wound healing by stimulating cellular growth, proliferation, differentiation and 

protein production. Growth factors are proteins weighing between 4000 and 60.000 kDa. 

There are five known superfamilies of growth factors; the platelet-derived growth factors 

(PDGF), fibroblast growth factors (FGF), epidermal growth factors (EGF), transforming growth 

factors (TGF), and the insulin growth factors (IGF) (57,58). Most growth factors originate from 

large proteins that have undergone posttranslational modification before being released in 

an active state. Each superfamily of growth factors binds to its own receptor. Growth factor 

receptors are transmembrane glycoproteins that exert their effect through a tyrosine kinase 

enzyme and phosphorylation reactions (59).

Cytokines are small regulatory peptides or glycoproteins with a molecular weight of 4 to 30 

kDa. They act on cells to modulate immune or repair processes by controlling cellular growth, 

differentiation, metabolism, and protein synthesis. Cytokines can be subcategorized as che-

mokines, lymphokines, monokines, interleukins, colony-stimulating factors, and interferons. 

Here we focus mainly on chemokines.

CheMokines

Chemokines constitute a large family of chemotactic cytokines that exert their action via 

chemokine receptors. To date, the chemokine system in humans comprises approximately 50 

chemokine ligands and approximately 20 chemokine receptors (Table 1) (60). Chemokines 

are synthesized and released by a variety of cell types, namely leukocytes, endothelial cells, 

keratinocytes, fibroblasts and smooth muscle cells, during the initial phase of host responses 

to injury, allergens, antigens or invading microorganisms. Basically, any nucleated cell is 

capable of producing at least some chemokines constitutively or upon activation. Most of 
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 1Table 1: Chemokine nomenclature and corresponding chemokine receptors
Chemokine family new name Abbreviation full name (old name) Chemokine 

receptor
CC CCL1 I-309 CCR8

Hoofdstuk 1

Chemokine family New name Abbreviation Full name (old name) Chemokine receptor
CC CCL1 I 309 CCR8

CCL2 MCP 1 Monocyte chemoattractant protein 1 CCR2
CCL3 MIP 1 Macrophage inflammatory protein 1 CCR1, 5
CCL4 MIP 1 Macrophage inflammatory protein 1 CCR5
CCL5 RANTES Regulated on activation normal T cell expressed and secreted CCR1, 3, 5
CCL7 MCP 3 Monocyte chemoattractant protein 3 CCR1,2, 3
CCL8 MCP 2 Monocyte chemoattractant protein 2 CCR2, 3
CCL11 Eotaxin 1 CCR2, 3
CCL13 MCP 4 Monocyte chemoattractant protein 4 CCR2, 3
CCL14 HCC 1 Hemofiltrate CC chemokine 1 CCR1
CCL15 HCC 2 Hemofiltrate CC chemokine 2 CCR1, 3
CCL16 HCC 4 Hemofiltrate CC chemokine 4 CCR1, 2, 5
CCL17 TARC Thymus and activation related chemokine CCR4
CCL18 PARC Pulmonary and activation regulated chemokine CCR3
CCL19 ELC Epstein Barr virus induced receptor ligand chemokine CCR7
CCL20 LARC Liver and activation related chemokine CCR6
CCL21 SLC Secondary Lymphoid tissue chemokine CCR7
CCL22 MDC Macrophage derived chemokine CCR4
CCL23 MPIF 1 Myeloid progenitor inhibitory factor 1 CCR1
CCL24 MPIF 2/ eotaxin 2 Myeloid progenitor inhibitory factor 2 CCR3
CCL25 TECK Thymus expressed chemokine CCR9
CCL26 Eotaxin 3 CCR3
CCL27 CTACK Cutaneous T cell attrackting chemokine CCR10
CCL28 MEG Mucosa associated epithelial chemokine CCR10

CXC CXCL1 GRO Growth related oncogene CXCR2
CXCL2 GRO Growth related oncogene CXCR2
CXCL3 GRO Growth related oncogene CXCR2
CXCL4 PF 4 Platelet factor 4 CXCR3
CXCL5 ENA 78 Epithelial cell derived neutrophil activating factor 78 CXCR2
CXCL6 GCP 2 Granulocyte chemoattractant protein 2 CXCR1, 2
CXCL7 NAP 2 Neutrophil activating protein 2 CXCR2
CXCL8 IL 8 Interleukin 8 CXCR1, 2
CXCL9 Mig Monokine induced by interferon CXCR3
CXCL10 IP10 Interferon inducible protein 10 CXCR3
CXCL11 ITAC Interferon inducible T cell chemoattractant CXCR3
CXCL12 SDF 1 Stromal cell derived factor 1 CXCR4
CXCL13 BCA B cell activating chemokine1 CXCR5
CXCL14 BRAK Breast and kidney chemokine unknown

C XCL1 Lymphotactin XCR1
XCL2 Lymphotactin XCR1

CX3C CX3CL1 Fractalkine CX3CR1

Table 1: Chemokine nomenclature and corresponsing chemokine receptors. 

In 2000 a new chemokine nomenclature was introduced (71). Some chemokines have several old names in addition to their 
new name, only the most commonly used old name for each chemokine is given in the current table. 
                   disulphide bridges;                      peptide chain. 
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cc xxx

CCL2 MCP-1 Monocyte chemoattractant protein-1 CCR2
CCL3 MIP-1α Macrophage inflammatory protein-1α CCR1, 5
CCL4 MIP-1β Macrophage inflammatory protein-1β CCR5
CCL5 RANTES Regulated on activation normal T-cell-expressed and secreted CCR1, 3, 5
CCL7 MCP-3 Monocyte chemoattractant protein-3 CCR1, 2, 3
CCL8 MCP-2 Monocyte chemoattractant protein-2 CCR2, 3
CCL11 Eotaxin-1 CCR2, 3
CCL13 MCP-4 Monocyte chemoattractant protein-4 CCR2, 3
CCL14 HCC-1 Hemofiltrate CC-chemokine-1 CCR1
CCL15 HCC-2 Hemofiltrate CC-chemokine-2 CCR1, 3
CCL16 HCC-4 Hemofiltrate CC-chemokine-4 CCR1, 2, 5
CCL17 TARC Thymus-and activation-related chemokine CCR4
CCL18 PARC Pulmonary-and activation regulated chemokine CCR3
CCL19 ELC Epstein-Barr virus induced receptor ligand chemokine CCR7
CCL20 LARC Liver-and activation-related chemokine CCR6
CCL21 SLC Secondary Lymphoid tissue chemokine CCR7
CCL22 MDC Macrophage-derived chemokine CCR4
CCL23 MPIF-1 Myeloid progenitor inhibitory factor-1 CCR1
CCL24 MPIF-2/ eotaxin-2 Myeloid progenitor inhibitory factor-2 CCR3
CCL25 TECK Thymus-expressed chemokine CCR9
CCL26 Eotaxin-3 CCR3
CCL27 CTACK Cutaneous T-cell attrackting chemokine CCR10
CCL28 MEG Mucosa-associated epithelial chemokine CCR10

CXC CXCL1 GROα Growth-related oncogene α CXCR2

Hoofdstuk 1

Chemokine family New name Abbreviation Full name (old name) Chemokine receptor
CC CCL1 I 309 CCR8

CCL2 MCP 1 Monocyte chemoattractant protein 1 CCR2
CCL3 MIP 1 Macrophage inflammatory protein 1 CCR1, 5
CCL4 MIP 1 Macrophage inflammatory protein 1 CCR5
CCL5 RANTES Regulated on activation normal T cell expressed and secreted CCR1, 3, 5
CCL7 MCP 3 Monocyte chemoattractant protein 3 CCR1,2, 3
CCL8 MCP 2 Monocyte chemoattractant protein 2 CCR2, 3
CCL11 Eotaxin 1 CCR2, 3
CCL13 MCP 4 Monocyte chemoattractant protein 4 CCR2, 3
CCL14 HCC 1 Hemofiltrate CC chemokine 1 CCR1
CCL15 HCC 2 Hemofiltrate CC chemokine 2 CCR1, 3
CCL16 HCC 4 Hemofiltrate CC chemokine 4 CCR1, 2, 5
CCL17 TARC Thymus and activation related chemokine CCR4
CCL18 PARC Pulmonary and activation regulated chemokine CCR3
CCL19 ELC Epstein Barr virus induced receptor ligand chemokine CCR7
CCL20 LARC Liver and activation related chemokine CCR6
CCL21 SLC Secondary Lymphoid tissue chemokine CCR7
CCL22 MDC Macrophage derived chemokine CCR4
CCL23 MPIF 1 Myeloid progenitor inhibitory factor 1 CCR1
CCL24 MPIF 2/ eotaxin 2 Myeloid progenitor inhibitory factor 2 CCR3
CCL25 TECK Thymus expressed chemokine CCR9
CCL26 Eotaxin 3 CCR3
CCL27 CTACK Cutaneous T cell attrackting chemokine CCR10
CCL28 MEG Mucosa associated epithelial chemokine CCR10

CXC CXCL1 GRO Growth related oncogene CXCR2
CXCL2 GRO Growth related oncogene CXCR2
CXCL3 GRO Growth related oncogene CXCR2
CXCL4 PF 4 Platelet factor 4 CXCR3
CXCL5 ENA 78 Epithelial cell derived neutrophil activating factor 78 CXCR2
CXCL6 GCP 2 Granulocyte chemoattractant protein 2 CXCR1, 2
CXCL7 NAP 2 Neutrophil activating protein 2 CXCR2
CXCL8 IL 8 Interleukin 8 CXCR1, 2
CXCL9 Mig Monokine induced by interferon CXCR3
CXCL10 IP10 Interferon inducible protein 10 CXCR3
CXCL11 ITAC Interferon inducible T cell chemoattractant CXCR3
CXCL12 SDF 1 Stromal cell derived factor 1 CXCR4
CXCL13 BCA B cell activating chemokine1 CXCR5
CXCL14 BRAK Breast and kidney chemokine unknown

C XCL1 Lymphotactin XCR1
XCL2 Lymphotactin XCR1

CX3C CX3CL1 Fractalkine CX3CR1

Table 1: Chemokine nomenclature and corresponsing chemokine receptors. 

In 2000 a new chemokine nomenclature was introduced (71). Some chemokines have several old names in addition to their 
new name, only the most commonly used old name for each chemokine is given in the current table. 
                   disulphide bridges;                      peptide chain. 

c

cc

c

x

c

cc

c

c

c

c

c

cc xxx

CXCL2 GROβ Growth-related oncogene β CXCR2
CXCL3 GROγ Growth-related oncogene γ CXCR2
CXCL4 PF-4 Platelet factor-4 CXCR3
CXCL5 ENA-78 Epithelial cell-derived neutrophil-activating factor 78 CXCR2
CXCL6 GCP-2 Granulocyte chemoattractant protein-2 CXCR1, 2
CXCL7 NAP-2 Neutrophil-activating protein-2 CXCR2
CXCL8 IL-8 Interleukin-8 CXCR1, 2
CXCL9 Mig Monokine induced by γ-interferon CXCR3
CXCL10 IP10 γ-Interferon inducible protein-10 CXCR3
CXCL11 ITAC Interferon-inducible T-cell α-chemoattractant CXCR3
CXCL12 SDF-1 Stromal cell-derived factor-1 CXCR4
CXCL13 BCA B-cell-activating chemokine1 CXCR5
CXCL14 BRAK Breast and kidney chemokine unknown

C XCL1 Lymphotactin-α XCR1

Hoofdstuk 1

Chemokine family New name Abbreviation Full name (old name) Chemokine receptor
CC CCL1 I 309 CCR8

CCL2 MCP 1 Monocyte chemoattractant protein 1 CCR2
CCL3 MIP 1 Macrophage inflammatory protein 1 CCR1, 5
CCL4 MIP 1 Macrophage inflammatory protein 1 CCR5
CCL5 RANTES Regulated on activation normal T cell expressed and secreted CCR1, 3, 5
CCL7 MCP 3 Monocyte chemoattractant protein 3 CCR1,2, 3
CCL8 MCP 2 Monocyte chemoattractant protein 2 CCR2, 3
CCL11 Eotaxin 1 CCR2, 3
CCL13 MCP 4 Monocyte chemoattractant protein 4 CCR2, 3
CCL14 HCC 1 Hemofiltrate CC chemokine 1 CCR1
CCL15 HCC 2 Hemofiltrate CC chemokine 2 CCR1, 3
CCL16 HCC 4 Hemofiltrate CC chemokine 4 CCR1, 2, 5
CCL17 TARC Thymus and activation related chemokine CCR4
CCL18 PARC Pulmonary and activation regulated chemokine CCR3
CCL19 ELC Epstein Barr virus induced receptor ligand chemokine CCR7
CCL20 LARC Liver and activation related chemokine CCR6
CCL21 SLC Secondary Lymphoid tissue chemokine CCR7
CCL22 MDC Macrophage derived chemokine CCR4
CCL23 MPIF 1 Myeloid progenitor inhibitory factor 1 CCR1
CCL24 MPIF 2/ eotaxin 2 Myeloid progenitor inhibitory factor 2 CCR3
CCL25 TECK Thymus expressed chemokine CCR9
CCL26 Eotaxin 3 CCR3
CCL27 CTACK Cutaneous T cell attrackting chemokine CCR10
CCL28 MEG Mucosa associated epithelial chemokine CCR10

CXC CXCL1 GRO Growth related oncogene CXCR2
CXCL2 GRO Growth related oncogene CXCR2
CXCL3 GRO Growth related oncogene CXCR2
CXCL4 PF 4 Platelet factor 4 CXCR3
CXCL5 ENA 78 Epithelial cell derived neutrophil activating factor 78 CXCR2
CXCL6 GCP 2 Granulocyte chemoattractant protein 2 CXCR1, 2
CXCL7 NAP 2 Neutrophil activating protein 2 CXCR2
CXCL8 IL 8 Interleukin 8 CXCR1, 2
CXCL9 Mig Monokine induced by interferon CXCR3
CXCL10 IP10 Interferon inducible protein 10 CXCR3
CXCL11 ITAC Interferon inducible T cell chemoattractant CXCR3
CXCL12 SDF 1 Stromal cell derived factor 1 CXCR4
CXCL13 BCA B cell activating chemokine1 CXCR5
CXCL14 BRAK Breast and kidney chemokine unknown

C XCL1 Lymphotactin XCR1
XCL2 Lymphotactin XCR1

CX3C CX3CL1 Fractalkine CX3CR1

Table 1: Chemokine nomenclature and corresponsing chemokine receptors. 

In 2000 a new chemokine nomenclature was introduced (71). Some chemokines have several old names in addition to their 
new name, only the most commonly used old name for each chemokine is given in the current table. 
                   disulphide bridges;                      peptide chain. 

c

cc

c

x

c

cc

c

c

c

c

c

cc xxx

XCL2

Lymphotactin-β

XCR1

CX3C CX3CL1 Fractalkine CX3CR1

Hoofdstuk 1

Chemokine family New name Abbreviation Full name (old name) Chemokine receptor
CC CCL1 I 309 CCR8

CCL2 MCP 1 Monocyte chemoattractant protein 1 CCR2
CCL3 MIP 1 Macrophage inflammatory protein 1 CCR1, 5
CCL4 MIP 1 Macrophage inflammatory protein 1 CCR5
CCL5 RANTES Regulated on activation normal T cell expressed and secreted CCR1, 3, 5
CCL7 MCP 3 Monocyte chemoattractant protein 3 CCR1,2, 3
CCL8 MCP 2 Monocyte chemoattractant protein 2 CCR2, 3
CCL11 Eotaxin 1 CCR2, 3
CCL13 MCP 4 Monocyte chemoattractant protein 4 CCR2, 3
CCL14 HCC 1 Hemofiltrate CC chemokine 1 CCR1
CCL15 HCC 2 Hemofiltrate CC chemokine 2 CCR1, 3
CCL16 HCC 4 Hemofiltrate CC chemokine 4 CCR1, 2, 5
CCL17 TARC Thymus and activation related chemokine CCR4
CCL18 PARC Pulmonary and activation regulated chemokine CCR3
CCL19 ELC Epstein Barr virus induced receptor ligand chemokine CCR7
CCL20 LARC Liver and activation related chemokine CCR6
CCL21 SLC Secondary Lymphoid tissue chemokine CCR7
CCL22 MDC Macrophage derived chemokine CCR4
CCL23 MPIF 1 Myeloid progenitor inhibitory factor 1 CCR1
CCL24 MPIF 2/ eotaxin 2 Myeloid progenitor inhibitory factor 2 CCR3
CCL25 TECK Thymus expressed chemokine CCR9
CCL26 Eotaxin 3 CCR3
CCL27 CTACK Cutaneous T cell attrackting chemokine CCR10
CCL28 MEG Mucosa associated epithelial chemokine CCR10

CXC CXCL1 GRO Growth related oncogene CXCR2
CXCL2 GRO Growth related oncogene CXCR2
CXCL3 GRO Growth related oncogene CXCR2
CXCL4 PF 4 Platelet factor 4 CXCR3
CXCL5 ENA 78 Epithelial cell derived neutrophil activating factor 78 CXCR2
CXCL6 GCP 2 Granulocyte chemoattractant protein 2 CXCR1, 2
CXCL7 NAP 2 Neutrophil activating protein 2 CXCR2
CXCL8 IL 8 Interleukin 8 CXCR1, 2
CXCL9 Mig Monokine induced by interferon CXCR3
CXCL10 IP10 Interferon inducible protein 10 CXCR3
CXCL11 ITAC Interferon inducible T cell chemoattractant CXCR3
CXCL12 SDF 1 Stromal cell derived factor 1 CXCR4
CXCL13 BCA B cell activating chemokine1 CXCR5
CXCL14 BRAK Breast and kidney chemokine unknown

C XCL1 Lymphotactin XCR1
XCL2 Lymphotactin XCR1

CX3C CX3CL1 Fractalkine CX3CR1

Table 1: Chemokine nomenclature and corresponsing chemokine receptors. 

In 2000 a new chemokine nomenclature was introduced (71). Some chemokines have several old names in addition to their 
new name, only the most commonly used old name for each chemokine is given in the current table. 
                   disulphide bridges;                      peptide chain. 

c

cc

c

x

c

cc

c

c

c

c

c

cc xxx

In 2000 a new chemokine nomenclature was introduced (71). Some chemokines have several old names in addition to their new name, only the 
most commonly used old name for each chemokine is given in the current table.
 ---------------- disulphide bridges;                          peptide chain



Introduction

22

these cells also express the corresponding chemokine receptors suggestive of immediate 

autocrine feedback mechanisms.

Chemokines were first described to mediate inflammation by inducing migration of leuko-

cytes from the blood to the site of an infection (60-62). The role of chemokines in leukocyte 

recruitment is two-fold. First, chemokines arrest the circulation of the leukocyte by bind-

ing to glycoaminoglycans (GAGs) on the cell surface of vessel associated endothelial cells 

followed by an interaction of chemokine receptors on leukocytes with the chemokine (63). 

Additionally, chemokines activate intergrins on leukocytes to facilitate rolling and adhesion 

to the vascular endothelium during diapedesis. Next, they direct leukocyte migration along 

a chemokine gradient via chemotaxis, haptotaxis and/ or chemokinesis (Figure 4). In the case 

of inflammation chemokine concentration is increased, due to the release of chemokines by 

damaged cells. In this way a chemokine gradient develops in a soluble fluid inducing chemo-

taxis of leukocytes. Additionally, chemokines may bind to GAGs and other negatively charged 

sugar moieties in the extracellular matrix developing a gradient of bound chemokines which 

induce haptotaxis of leukocytes (63,64). Many chemokines form dimers or oligomers in vivo 

promoting even higher local concentration of chemokines (67,68). Once the leukocytes 

have crossed the endothelium into the tissue, their migration to the site of inflammation is 

directed by the gradient of matrix-associated chemokines and soluble chemokines.

In addition to inducing directional migration of leukocytes, chemokines demonstrate a va-

riety of other bioactivities involved in inflammation. Chemokines can i) activate leukocytes, 

triggering the degranulation and release of lysosomal enzymes, ii) activate leukocytes, trig-

Figure 4: Schematic representation of different migratory responses induced by chemoattractants such as chemokines. 
Adapted from www.absoluteastronomy.com.



23

 

CH
A

PT
ER

 1gering the release of other chemokines and iii) prime leukocytes to respond to sub-optimal 

levels of other soluble factors (61). The control of leukocyte recruitment and activation 

provides the chemokine system with a pivotal role in the host immune response against 

invading pathogens.

The presence of chemokine receptors on cells other than leukocytes, such as endothelial 

cells, keratinocytes, fibroblasts and smooth muscle cells, extends the role of the chemokine 

system to other aspects of tissue regulation than hemostasis and inflammation, such as, for 

instance wound healing. This is further discussed below.

Chemokine subfamilies

In general, chemokines are low-molecular-mass proteins with a weight of 8-12 kDa and are 

produced over a wide concentration range (1-100 ng/ml) (65,66). Chemokines show 20-50% 

sequence homology among each other in their amino acid sequence. Additionally their sec-

ondary and tertiary structures are very similar (Table 1). They all possess conserved cysteine 

residues which form disulphide bonds in the tertiary structure of proteins. Chemokines are 

defined by conserved amino acid sequences and can be classified into one of four groups 

(C, CC, CXC, CX3C) based on the number and arrangement of conserved cysteines (71). The 

C chemokine subfamily has a single cysteine in the amino terminal region and lacks another 

cysteine elsewhere in the protein (Table 1). The CC and CXC chemokine subfamilies are char-

acterized by the presence of two N-terminal cysteine residues that are immediately adjacent 

to one another (CC) or separated by one amino acid (CXC). The CXC family of chemokines 

is further divided into two subtypes separated by the presence or absence of a glutamic 

acid-leucine-arginine sequence near the N terminus (ELR motif ). In chemokines of the CXXXC 

subfamliy the first two of four conserved cysteines are separated by three amino acids (Table 

1). The members of each subfamily are more homologous to one another than members 

of the other subfamily. In general, different subfamilies are chemoattractive to different 

types of leukocytes; C chemokines attract neutrophils; CC chemokines attract lymphocytes, 

monocytes, eosinophils and basophils; CXC chemokines attract neutrophils and lympho-

cytes; CXXXC chemokines are associated with lymphocytes and natural killer cell activation 

(2,60,71) (Table 2).

Functionally, the chemokines can be divided into two groups – the homeostatic and 

inducible chemokines (Table 2). Homeostatic chemokines are produced in discrete micro-

environments within lymphoid or non-lymphoid tissues such as mucosa and the skin. They 

are produced and secreted without any need to stimulate their source cell. Homeostatic 

chemokines are involved in maintaining traffic and positioning of leukocytes that mainly 

belong to the adaptive immune system during eg. hematopoiesis and immune surveillance 

(60,71). Inducible chemokines are produced in inflamed tissue by resident and infiltrating 

cells on stimulation by pro-inflammatory stimuli or during contact with pathogens. Many 
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Table 2: Chemokines and their target cells

Chemokine Physiological features Target cells
CCL1 Inflamm, Homeo M
CCL2 Inflamm M, B, T, NK, DC, EC
CCL3 Inflamm M, B, E, T, NK, DC, FB
CCL4 Inflamm M, T, NK, DC
CCL5 Inflamm E, B, T, NK, KC, DC, FB
CCL7 Inflamm M, B, E, T, NK, DC, FB
CCL8 Inflamm M, E, B, T, NK
CCL11 Inflamm E, B, T, NK, DC
CCL13 Inflamm M, B, E, T 
CCL12 Unknown M, E, T
CCL13 Inflamm M, E, B, T, FB
CCL14 Unknown M, KC
CCL15 Unknown M, N, T, FB
CCL16 Unknown M, T 
CCL17 Inflamm, Homeo T, FB
CCL18 Homeo T, FB
CCL19 Homeo T, FB
CCL20 Inflamm, Homeo T, DC, KC, FB
CCL21 Homeo FB
CCL22 Inflamm, Homeo M, T, NK, KC, DC, FB
CCL23 Unknown M, N, T 
CCL24 Inflamm E, KC
CCL25 Inflamm, Homeo M, T, DC
CCL26 Inflamm M, B, E
CCL27 Inflamm, Homeo T, KC, FB
CCL28 Inflamm, Homeo E, T
CXCL1 Inflamm N, KC, EC, FB
CXCL2 Inflamm N, EC
CXCL3 Inflamm N, EC
CXCL4 Unknown T, EC, FB
CXCL5 Unknown N
CXCL6 Unknown N
CXCL7 Unknown N, B, FB
CXCL8 Inflamm N, T, B, KC, EC, FB
CXCL9 Inflamm, Homeo T, EC
CXCL10 Inflamm, Homeo T, EC
CXCL11 Inflamm, Homeo N, KC, EC, FB
CXCL12 Homeo T, KC, EC, FB
CXCL13 Homeo T
CXCL14 Homeo M, NK, DC, EC
CXCL16 Inflamm, Homeo T, NK
XCL1 Unknown T
XCL2 Unknown T
CX3CL1 Inflamm M,T

Abbreviations: M, monocyte; N, neutrophil; B, basaphil; E, eosinophil; T, T lymphocyte; NK, natural killer cell; KC, keratinocyte; DC, dendritic 
cell; EC, endothelial cell; FB, fibroblast; Inflamm, inflammatory chemokine; Homeo, homeostatic chemokine. Adapted from the following 
references10, 62, 89, 90-97.
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 1are upregulated by pro-inflammatory cytokines such as tumor necrosis factor (TNF) and 

interleukin-1 (IL-1); others are upregulated specifically by interferon (IFN)-gamma, and most 

are down regulated by IL-10. Inducible chemokines recruit and activate leukocytes to mount 

an immune response and initiate wound healing. The distinction

between homeostatic and inducible chemokines is not absolute; several chemokines have 

to be ascribed to both subfamilies.

Although virtually all chemokines act as intercellular signals, their sources, targets, and 

regulation vary widely, presumably to match the complexity and to provide flexibility in all 

their functions.

Chemokine receptors

The ability of a specific cell to respond to a particular chemokine is dependent upon the ex-

pression of the appropriate chemokine receptor on its surface (Table 3). Chemokine receptors 

consist of seven-transmembrane spanning domains (Figure 5). Each chemokine receptor has 

an extracellular N-terminal chemokine binding site, three extracellular and three intracellular 

loops and an intracellular C-terminus to which G-proteins are coupled to allow intracellular 

signaling (Figure 5).

In chemokine receptors the G protein is composed of a Giα, Gβ and Gγ subunit, of which 

the last two subunits are tightly associated with each other. G proteins regulate metabolic en-

zymes, ion channels, transporters and other parts of the cell machinery, controlling transcrip-

Table 3: Chemokine receptors and their expression pattern

neutrophil eosinophil monocyte T-lymphocyte dendritic cell keratinocyte fibroblast endothelial 
cell

CCR1
CCR2
CCR3
CCR4
CCR5
CCR6
CCR7
CCR8
CCR10
CXCR1
CXCR2
CXCR3
CXCR4
CXCR5
XCR1
CX3CR1

Adapted from the following references: 65, 66, 85, 86, 87, 88,
Black , present; grey, not present; white, not described.
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tion, motility, contractility and secretion. Upon chemokine binding a conformational change 

allows the receptor to function as a guanine nucleotide exchange factor that exchanges GDP 

for GTP on the Giα subunit. This triggers dissociation of the Giα subunit from the Gβγ subunit 

and the receptor. Both Giα and Gβγ can then modulate several cellular signaling cascades. 

These include, among others, stimulation of MAPK, activation of phospholipases, as well as 

activation of kinase C and regulation of calcium channel activity. Collectively these events 

lead to functional responses such as chemotaxis, chemokine/ cytokine release etc. (71,72).

Chemokine receptors are divided into four families depending on the type of chemokine 

they bind; CXCR binds CXC chemokines, CCR binds CC chemokines, CX3CR1 binds CX3C che-

mokines and XCR1 binds XCL1 and XCL2. The majority of chemokines are basic proteins and 

the corresponding binding pocket/ areas in the receptors are acidic (69). In general the ligand 

specificities of the receptors can overlap, as some chemokines bind to multiple receptors and 

some receptors can bind multiple chemokines (60,72). Nevertheless, some chemokines may 

be receptor specific and bind to only one receptor, and some receptors may bind only one 

ligand.

CheMokines And wound heAling

Wound healing consists of coordinated phases. Chemokines were first described to play a 

role in leukocyte trafficking during inflammation since they are released at sites of inflam-

mation and are the main regulatory proteins for leukocyte recruitment. However, many cells 

Figure 5: Schematic representation of structure of a chemokine receptor with seven transmembrane domains. 
Chemokine receptors are linked to a G-protein through which they signal. Adapted from http://en.wikipedio.org/wiki/Chemokine_receptor.
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 1other than hematopoietic cells express chemokine receptors. These include skin residential 

cells such as keratinocytes, fibroblasts and endothelial cells. This suggests a role for chemo-

kines in other phases of wound healing besides inflammation, such as in the proliferation 

and remodeling phase. During these phases chemokines may possibly coordinate activation, 

division, migration and differentiation of a variety of cells expressing chemokine receptors. 

Some evidence exists for chemokines having a role in wound healing and its associated 

tissue repair processes like re-epithelialization, angiogenesis, granulation tissue formation, 

collagen production, contraction etc. These are discussed below.

The CC chemokine macrophage chemoattractant protein (MCP-1/CCL2) is one of the major 

chemoattractants for monocytes/macrophages (15). In vitro experiments showed that MCP-1 

stimulated collagen production in rat fibroblasts (78). Weber et al. demonstrated expression 

of the MCP-1 receptor CCR2 by human endothelial cells and migration of the latter upon 

stimulation with MCP-1 (79). Also, wound healing in MCP-1/CCL2 knock-out mice was char-

acterized by significantly delayed wound re-epithelialization and angiogenesis, and collagen 

synthesis was also reduced in these mice (80).

CXCL1 and CXCL8/IL-8 are ligands for CXCR2, which have been reported to trigger re-

sponses in keratinocytes and endothelial cells. In vitro experiments demonstrated that CXCL8 

and CXCL1 stimulated keratinocyte migration, proliferation and angiogenesis (15, 66, 75, 

76, 77, 82). In athymic mice CXCL1 stimulated re-epithelialization of meshed split-thickness 

human skin grafts, while wound contraction was inhibited (76). Also, in CXCR2 -/- mice a 

delayed re-epithelialization and neovascularization was observed in vivo (74). In healing 

incisional human wounds, CXCL8 was highly expressed along the denuded wound surface 

exactly where keratinocytes migrated from the wound edge to close the epidermal defect 

(15). These results indicate that CXCR2 and its ligands are not only involved in inflammatory 

cell recruitment, but also regulate the behavior of resident cells within the wound.

IP10/CXCL10 is a chemokine that acts primarily in the recruitment of lymphocytes carrying 

the receptor CXCR3. Overexpression of the angiostatic CXCL10 in transgenic mice showed no 

obvious abnormalities under normal laboratory conditions (81). After full-thickness injury, 

however, IP-10/CXCL10 overexpressing mice displayed a more intense inflammatory phase, 

delayed re-epithelialization, and a prolonged, disorganized granulation phase with impaired 

angiogenesis (81). The inhibitory effect of CXCL10 on angiogenesis was also demonstrated 

on human endothelial cells (66). These data suggests that IP-10/CXCL10 may disrupt the 

normal development of the granulation tissue thereby inhibiting wound healing (82).

The results described above support the view that chemokines act directly on skin residen-

tial cells, thereby regulating wound healing processes like re-epithelialization, angiogenesis, 

granulation tissue formation and collagen production. Additionally, this suggests that che-

mokines may play a role in abnormal woundhealing as observed in burn and chronic skin 

wounds.
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ouTline of This Thesis

The principal aim of this thesis was to facilitate wound healing in burn and chronic wounds 

by using chemokine based therapies. Therefore, this thesis evaluates which chemokines were 

secreted in several types of wounds (burn wounds, chronic wounds and surgical wounds). In 

addition, the response of skin residential cells to chemokines in order to regenerate skin after 

wounding will be discussed. This knowledge will be used to propose chemokine therapies for 

burn and chronic skin wounds.

For this purpose, we first needed to study extensively which chemokines / angiogenic fac-

tors are present during normal and adverse wound healing. We made a detailed study with 

the aid of proteomics to determine the profile and kinetics of a large panel of chemokines 

/ angiogenic factors present in the wound bed during healing. Chapter 2 describes a novel 

and simple method to collect chronic wound extracts enabling the identification of bioac-

tive cytokines and chemokines. In chapter 3 we determined chemokine profiles in wound 

exudates collected during the first hours after breast reduction (acute, surgical wound). The 

factors present in 3 different wound beds are described in detail in Chapters 4. We studied 

chronic leg wounds (also representative of chronic open burn areas) as well as acute burn 

wounds (after removal of eschar) and compared their profiles with good healing surgical 

excision wounds. Chapter 5 shows how the wound exudates of excision and chronic wounds 

influences the take and healing action of a skin substitute applied to a wound.

Next, we needed to determine the chemokine receptor exression profile on keratinocytes, 

dermal fibroblasts and adipose derived mesenchymal stem cells and the effect of chemokine 

ligands on migration and proliferation of these cells (Chapter 6 and 7). In the study described 

in chapter 6 we also discovered that cells which had been referred to as dermal fibroblasts 

for decades were in fact dermal mesenchymal stem cells with multi-lineage differentiation 

potential. Therefore this study automatically became a pivotal study describing the migra-

tory behavior of skin derived stem cells. Chapter 8 identifies the novel function of chemokine 

CCL27/ CTACK in wound healing; an unique chemokine ligand since it binds to only one 

chemokine receptor, CCR10, which is present on many different cell types. In chapter 9 we 

studied histatin, a novel peptide derived from saliva, since oral wounds heal with extremely 

good scar quality (negligible scaring) compared to skin. Histatin functions by binding to an 

as yet unknown chemokine-like receptor.

Finally, in the concluding chapter 10 we summarize our current knowledge gained from 

chapter 2 till 9 and use it to propose options for chemokine therapy of burn and chronic 

wounds.
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