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Chapter One 

General Introduction 

Part of this chapter has been published in: Asghar SS and Pasch MC, Complement as a promiscuous signal 
transduction device. Lab. Investigation 78: 1203-1225, 1998 

At present, the mechanisms leading to inflammatory diseases of the skin are not fully 

understood. Recently, keratinocytes have been shown to be initiators of inflammation in the 

skin'. They comprise about 95% of the cells in epidermis and are known to produce cytokine (and 

chemokines) network. More recently, they were shown to be capable of expressing at least two 

components and several proteins belonging to another powerful system of inflammation, namely 

the complement system. Both the cytokine/chemokine and the complement systems are of great 

importance for initiation and maintenance of inflammation. 

Several models to study skin inflammation have been proposed in recent years by many 

investigators. An overview of the potential events involved in keratinocyte mediated skin 

inflammation is summarized as a unified model in Figure 1. Several immunological factors, such 

as cytokines, released from infiltrating inflammatory cells and keratinocytes, can induce the 

release of cytokines/chemokines from keratinocytes. Some cytokines have been shown to induce 

the synthesis of at least two complement components from keratinocytes. 
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Figure 1. Overview of the potential processes involved in epithelial cell mediated skin inflammation 

Activated T-cells are known to express CD40 ligand (CD40L) transiently and interact 

with CD40 expressing keratinocytes to release at least one cytokine from keratinocytes. Activated 

T cells may be postulated also to induce the release of some complement components from these 

cells and to express some other complement proteins on them. Some cytokines can up-regulate 

the expression of adhesion molecules on endothelial cells of cutaneous blood vessels and skin 

structures and cells. Chemokines and chemotactic complement fragments such as C5a finally 

make inflammatory cells to traverse across adhesion molecules expressing endothelium and 

infiltrate the skin, resulting in inflammation. Several external factors, such as mechanical 

damage, allergens, ultraviolet (UV) irradiation, and bacterial endotoxins also trigger 

keratinocytes to release cytokines (and chemokines). It may be postulated that at least some of 

the external factors can induce keratinocytes to enhance expression of complement proteins and 

thereby induce inflammation. 

In the following sections the complement system and the cytokine/chemokine network, 

and their expression in keratinocytes will be briefly described. A short description of the role of 

these systems in inflammation of the skin will also be given. 
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General introduction 

THE COMPLEMENT SYSTEM 

Complement is one of the most powerful effector systems involved in body's defense 

and inflammation. It consists of some 30 proteins which include soluble complement 

components, soluble regulators of complement activation, cell membrane embedded regulators 

of complement activation and complement receptors23. All these proteins together provide a 

system capable of destroying a large variety of pathogens without damaging autologous cells. 

Complement destroys pathogens either directly by causing their lysis or indirectly by recruiting 

phagocytic cells. Besides being a destructive entity for pathogens, the complement system has 

long been known to be a mediator of a variety of functions such as chemotaxis, phagocytosis, 

mast cell degranulation, and B and T cell activation. Recently, the complement system has been 

assigned new functions, many of them mediated by complement-receptors. These include 

enhancement of immunogenicity of antigens4 and regulation of IgE synthesis5*. Some 

complement-receptors also regulate activation of complement on body cells2;3;7;8. 

The primary site for the biosynthesis of plasma complement is the liver. However, cells 

of organs other than liver also produce complement components. The list of cells which have 

been shown to produce complement is growing rapidly and includes monocytes/ macrophages, 

fibroblasts, astrocytes, keratinocytes, endothelial cells, leukocytes, cells of renal glomerulus, and 

synovial lining cells9"". Locally produced complement is believed to be involved in triggering 

and perpetuating inflammation at local tissue level under the conditions when recruitment of 

plasma complement does not occur9"". It also appears to perform other functions assigned to 

complement in general, at tissue level. 

The physiological and pathological importance of local synthesis of complement in 

different organs is beginning to be realized10". Here we focus our attention upon the complement 

system, its synthesis and regulation of its synthesis in keratinocytes and involvement of 

keratinocyte-derived complement in skin inflammation. 

Mechanisms of complement activation 

Several reviews on the complement system have recently been published12"14; therefore 

only a passing reference of the two pathways of complement will be made here (Figure 2). In 

general, complement activation on foreign target cells via the classical pathway is initiated after 

the target cells are sensitized with the antibody. After the binding of an antibody to a cell surface 

antigen, the first component of complement (CI) is activated as follows. One of the subunits of 

CI , Clq, recognizes and interacts with the Fc portion of the antibody. This results in the 

activation of other subunits, Clr and Cls , within CI. Activated Cls (Cls) then split the fourth 
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component of complement (C4) into a smaller fragment, C4a, and a larger one, C4b. In freshly 

formed C4b, a thioester bond becomes exposed, which reacts rapidly with any nearby electron-

donating group. Thus, some of the freshly formed C4b can react covalently with the amino or 

hydroxyl group on sensitized target cells. C4b also has a binding site for the second component 

of complement (C2), which leads to the generation of C4b2 complex on the target cell. In this 

complex, if C2 is appropriately oriented toward Cls , it is cleaved by this enzyme. C4b2a 

complex, thus formed, is a protease with its active site in C2a. This enzyme, known as the C3-

convertase of the classical pathway, can cleave native C3 to generate C3b. 

Classical pathway f \ 
I immune \ 
I complexes I 

d (foreign ceh) 

H> C1 - INH 

Alternative pathway 

factor B H20 
C3.H2O.Bb -4 C3.H20 <— C3 

factor D 

C4, C2 

£ 
C4BP 

factor I 

Lysis 

Figure 2. Diagrammatic representation of the mechanism of lysis of foreign cell by classical and alternative pathways 

of the complement system. Both pathways are described briefly in the text. To keep the diagram simple, smaller 

complement products have not been depicted and the role of properdin in stabilizing C3/C5-convertase of alternative 

pathway has not been illustrated. Fluid phase complement regulatory proteins have been boxed with attached large 

empty arrow heads indicating the steps at which they regulate complement activation. 
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The activation of the alternative pathway is initially dependent on the continuous 

exposure of a thioester bond otherwise buried inside the C3 molecule15. This exposure takes 

place likely as a result of normal thermal unfolding. The exposed thioester bond is highly reactive 

and reacts with nucleophilic groups such as amino and hydroxyl groups. In fluid phase, most of 

the C3 with an exposed thioester bond reacts with water to form C3.H20. This intermediate can 

combine with factor B present in body fluids to generate C3.H2O.B complex which, in the 

presence of an enzyme factor D, is converted to C3.H2O.Bb complex. This complex is an enzyme 

known to be the initial C3-convertase of the alternative pathway. It can cleave C3 to generate C3b 

fragments. At this point, freshly formed C3b, which like C4b also has an exposed thioester bond, 

can rapidly bind covalently to hydroxyl or amino groups of molecules present in the membranes 

of foreign target cells or in the self cells present in the immediate vicinity. Membrane-bound C3b 

combines with factor B. In the presence of factor D, the C3b.Bb complex is generated. This 

complex is known as the C3-convertase of the alternative pathway. On foreign target cells, this 

enzyme performs its function of cleaving C3 to C3b, whereas on self cells, it is destroyed as we 

will see below (" Control of complement activation "). Fluid phase C3bBb is produced when C3b 

and factor B bind to each other through their mutual binding sites, followed by the action of 

factor D. Fluid-phase as well as membrane-bound C3bBb is stabilized by properdin. Both C3-

convertases generate large amounts of C3b and thus cause amplification of C3b generation and 

C3bBb formation in fluid phase and on cell surfaces. 

C3b generated by the classical or alternative pathway C3-convertases combines with 

the respective dimolecular C3-convertases (C4b2a and C3bBb, respectively). This results in the 

generation of C5-convertases of the classical (C4bC2aC3bn; n represents the number of C3b 

molecules) and alternative (C3bBbC3bn) pathways. C5-convertases are formed mainly on the cell 

surface but not significantly in fluid phase because of the low degree of quick availability of an 

appropriate orientation for attachment of C3b to soluble C3bBb. C5 then combines with C4b and 

C3b subunits of C5-convertase of the classical pathway or C3b and Bb subunits of C5-convertase 

of the alternative pathway in an orientation suitable for cleavage by C2a or Bb, respectively, 

within these C5-convertases. C5-convertases cleave C5 to C5a and C5b. Metastable C5b remains 

loosely bound to C5-convertases; C6 then combines with it. The binding of C7 to C5b6 complex 

causes the formation and release of C5b-7 from the C5-convertases and exposure of its 

metastable membrane binding site. At this point, the C5b-7 complex can bind to a foreign 

invading target cell or host cell present in the immediate vicinity. Incorporation of C8 and then 

C9 into the C5b-7 complex causes self-assembly of the cytolytic membrane attack complex (C5b-

9; MAC) on a foreign cell and non-cytolytic MAC on a self cell, as will be described in more 

detail in the following sections. Cytolytic MAC can form pores in the membrane of the foreign 

target cell, resulting in its death. 
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Control of complement activation 

As described above, C3b generated by classical and alternative pathway C3-convertases 

can cause subsequent activation of complement on a foreign invading cell such as a bacterium 

and eliminate it. Similarly, C3b formed by C3-convertases of both pathways can get fixed on a 

self cell, cause subsequent activation of complement on it, and can damage it. Although 

elimination of the foreign cell by the complement system is highly desirable, damage of self cells 

must be prevented. Damage of self cells is prevented by the following mechanisms, which control 

activation of complement in fluid phase and on the surface of autologous cells. 

Mechanisms that control activation of complement in fluid phase 

The mechanisms that protect self cells from classical or alternative pathway-mediated 

lysis by keeping complement dormant in fluid phase involve several plasma inhibitors and 

inacti vators that act at virtually every step of the complement cascade. These regulators minimize 

the formation of complement fragments, such as C4b and C3b, and complement complexes, such 

as C5b-7, so that a minimum of them in active form collide with self cells and a minimum of 

complement activation on self cells occurs. These include CI-inhibitor (CI-INH), factor H,C4-

binding protein (C4BP), factor I, vitronectin and clusterin (Figure 2, Table 1). 

CI-INH has recently been reviewed16, and its structure is known. CI-INH keeps the 

activation of C1 checked in circulation and body fluids. It efficiently interacts with C1 r and C1 s 

to form Clr-Cls-(C1-INH)2 complex and causes the dissociation Clr and Cls from Clq. 

Inhibition of CI s results in the inhibition of both the cleavage of C4 and C2 and the formation 

of C4b and C2a. CI-INH inhibits CI 100-times more strongly in fluid phase than on cell 

surface17. 

Factor H18, C4BP19 and factor I20 have recently been reviewed. They prevent the 

assembly of C3/C5-convertases of the classical and alternative pathways in fluid phase. Factor 

H and C4BP combine with freshly formed C3b and C4b, respectively. They then develop cofactor 

activities for the enzyme factor I, which cleaves the a-chains of C3b and C4b to inactivate them 

before they collide with self cells. In this way, they protect self cells. In the context of this thesis 

description of factor H is important. Models of domain structures of factor H are depicted in 

Figure 3. C4BP controls the activation of the classical pathway and factor H controls the activity 

of both pathways more efficiently in fluid phase than on cell surface. 

Two structurally distinct serum proteins, vitronectin21 and clusterin22, whose structures 

and functions have recently been reviewed, inhibit MAC formation by identical mechanisms. 

Both bind to C5b-7 as it is assembled in fluid phase. C5b-7 complex in which vitronectin or 

clusterin has been incorporated is unable to fix on cell membranes but can take up C8 and C9 

molecules to form nonlytic C5b-8 and C5b-9 complexes, respectively. Thus, vitronectin and 
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clusterin render the MAC nonlytic and offer protection to the self cell. 

Humoral mechanisms minimize the formation and maximize the inactivation of 

complement fragments and complexes. In this way, these mechanisms prevent complement 

fixation and activation on body cells, thereby preventing their damage. 

Table 1. Fluid-Phase and Cell-Membrane Regulators of Complement Activation1* 

Regulator Ligand specificity Functional activity 

Fluid phase regulators 

CI stage 

Cl-INH 

C3/C5 convertase formation stage 

C4BP 

Factor H 

Factor I 

MAC formation stage 

Vitronectin 

Clusterin 

Clr/Cls 

C4b 

C3b 

Factor H/C4BP 

MCP/CR1 

C5b-8/C9 

C5b-8/C8 

Inhibits Clr and Cls mainly in fluid phase 

Cofactor for factor I in cleavage of C4b 

Cofactor for factor I in cleavage of C3b 

Cleaves C3b and C4b using cofactors 

Prevents the assembly of cytolytic MAC 

Prevents the assembly of cytolytic MAC 

Membrane embedded regulators 

C3/C5-convertase formation stage 

DAF 

MCP 

MAC formation stage 

CD59 

HRF 

C4b/C3b 

C3b/C3b 

C5b-8/C9 

C5b-8/C9 

Dissociates C2a and Bb from C4b and C3b 

Cofactor for factor I in cleaving C4b and C3b 

Prevents assembly of cytolytic MAC on self cell 

Prevents assembly of cytolytic MAC on self cell 

* Abbreviations used: C4BP, C4-binding protein; CR1, complement receptor-1; DAF, decay-accelerating factor; 

HRF, homologous restriction factor; INH, inhibitor; MAC, membrane attack complex; MCP, membrane cofactor 

protein. 
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Figure 3. Schematic representation of the structural organization of the large and the small forms of factor H protein. 

The 155-kD factor H protein consists of 20 short consensus repeats (SCRs) (open circles) and the 45-kD factor H 

protein of 7 SCRs. The first 5 SCRs are involved in binding of C3b. 

Mechanisms that control activation of complement on autologous cell surface 

Despite efficient control of activation of the classical and alternative pathways by 

plasma regulators, some complement fragments and complement complexes can escape 

regulation, get deposited on self cells, and activate the rest of the complement cascade on their 

surfaces2;13;M. Activation of complement by either pathway can potentially damage self cells. 

Activation of complement on self cells is, however, prevented by multiple membrane-embedded 

regulators of complement. These include decay-accelerating factor (DAF), membrane cofactor 

protein (MCP), complement receptor-1 (CRI), CD59 and homologous restriction factor (HRF). 

The ligand specificities and functional activities of these regulators are summarized in Table 1. 

DAF13, MCP13, and CR18 restrict complement activation on self cells at the C3/C5-

convertase formation stage. Models of the domain structures of DAF, MCP, and CR1 are shown 

in Figure 4. The cell type distribution of DAF is very wide. When C4b and C3b are fixed on a 

self cell, DAF present in the membrane of the same cell binds to the deposited C4b and C3b and 

inhibits the interaction of C2 with C4b and of factor B with C3b. It also dissociates C2a and Bb 

from preformed C4b2a and C3bBb, respectively. Thus, DAF inhibits activation of complement 

on the surface of a self cell at the C3-convertase formation stage and protects the cell from both 

pathways of autologous complement. MCP is also expressed on a wide variety of cell types. 

When C4b and C3b formed during complement activation are fixed on the membrane of a self 

cell, MCP present in the membrane of the same cell combines with these fragments and develops 

cofactor activity for factor I, which then proteolytically degrades C4b and C3b to inactive 

products iC4b and iC3b, respectively. Thus, MCP interferes with ongoing classical and 
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alternative pathways on an autologous cell by intercepting the formation of C3/C5-convertases 

and mediating their destruction. CR1 is present on a limited number of cell types (Table 1). 

When C4b and C3b formed during complement activation are fixed on the membrane of a self 

cell, CR1 present in the membranes of CR1 bearing cells combines with these fragments and acts 

as a cofactor for the enzyme factor I, which cleaves C3b to iC3b; iC3b to C3c and C3dg; C4b to 

iC4b; and iC4b to C4c and C4d. Thus, CR1 can regulate the formation and activities of C3/C5-

convertases of the classical and alternative pathways on cells on which it is expressed. 

CD5923 and HRF2:24 control complement activation on the surface of a self cell at the 

MAC formation stage. Both have a wide tissue distribution. The amino acid structure of CD59 

has been determined; a schematic model is presented in Figure 4. The amino acid structure of 

HRF is not yet known, but it has been shown to be a distinct 65-kD single chain protein that 

during storage is cleaved into a fully active 38-kD product. HRF, like DAF and CD59, is 

anchored to the cell membrane through its glycosylphosphatidylinositol (GPI)-anchor. CD59 

inhibits complement lysis by preventing the assembly of cytolytic MAC. It accomplishes this by 

binding to an epitope on the a-chain of C8 that is exposed when C8 interacts with the C5b-7 

complex on the cell membrane, on the one hand, and to an exposed site of C9, on the other. HRF 

inhibits the assembly of MAC in a manner reminiscent of CD59. 

DAF, MCP, HRF, and CD59 (and CR1 on CR1 bearing cells) act synergistically to 

control different steps of complement activation on self cells and protect them from both 

complement pathways. 

Control of cell lysis by elimination of membrane attack complex (MAC) 

The above-described humoral and membrane-associated mechanisms, in most instances, 

do not allow cytolytic MAC formation on autologous cells. However, if activation of complement 

is so extensive that a limited number of cytolytic MAC complexes have been formed on the body 

cells, these complexes are eliminated by vesicular shedding and endocytosis26;27. 

Expression of functional receptors for complement components and their fragments on 

keratinocytes 

Local complement activation can have profound non-lethal effects on keratinocytes 

through interaction with specific complement receptors or through membrane attack complex-

induced cell activation3. 

Most of the activities of complement are mediated through interaction of complement 

fragments with specific receptors on effector-cell membranes. Key players in this are CR1, 

CR2,CR3 and CR4, which bind to large, opsonized fragments of C3 and C4, and C3aR and C5aR 
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Figure 4. Diagrammatic representation of structural organization of membrane embedded complement regulatory 

proteins. DAF: A single chain protein containing four short consensus repeats (SCRs) (closed circles) at amino 

terminus. Short consensus repeats are referred to repeating domains of approximately 60 amino acids which are 

believed to be involved in protein-protein interactions25. Locations of a single N-linked carbohydrate side chain (-N-

CHO) and of multiple O-linked carbohydrate chains (-0-CHO-) present in DAF are shown. A 

glycosylphosphatidylinositol (GPI)-moeity at the carboxy terminal is involved in anchoring DAF into the cell 

membrane. MCP: A single chain protein which contains four SCRs (closed circles) at amino terminus. Locations of 

three -N-CHO- side chains are indicated. Next is an STP-rich heavily O-glycosylated region followed by a 

hydrophobic transmembrane spanning domain and basic amino acid-region typical of cytoplasmic anchor and the 

rest of the cytoplasmic tail. CD59: Made up of 103 amino acid residues. Amino terminus 70 of these are rich in 

cysteine and constitute the main body and the remaining 33 a hydrophobic tail. Residue 71 appears to be the site of 

GPI-anchor attachment through which the molecule is embedded in cell membranes. CR1: The extracellular domain 

of a most common allotype (allotype A; frequency 0.82) of CR1 consists of 30 SCRs (closed circles) 28 of which 

are organized into four homologous repeats (LHR) each comprising of 7 SCRs. The extracellular domain is followed 

by a transmembrane spanning segment and a cytoplasmic tail. SCRs 1 -2 (most N-terminal) of LHR-A have a binding 

site for C4b and SCRs 8-9 of LHR-B and SCRs 15-16 of LHR-C have binding sites for C3b. Collagen region of C1 q 

binds to CR1 at two points: SCRs 22-28 of LHR-D, a region most homologous to SCR of C1 r and C1 s, and the last 

two SCR 29 and 30. 
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which bind to small chcmotactic fragments of C3 and C5. Data indicate that CR1, the receptor 

for C3b, and CR2, the receptor for C3d, are distributed among cells of the epidermis as well as 

on cultured keratinocytes2*. In situ hybridization experiments in this study also suggested the 

expression of CR1 and CR2 mRNA in human epidermis. Expression of CR2 has also been shown 

at protein and mRNA level29 on keratinocytes and keratinocyte cell lines RHEK-1 and HeLa. 

There are no reports on expression of CR3, CR4, and ClqR on keratinocytes. 

Recently, Werfel etal.30 have studied the expression of C5aR on keratinocytes. Among 

the evidences which favored the conclusion that C5aR is not expressed by keratinocytes were the 

fact that C5a did not cause transient Ca2+ fluxes in keratinocytes and C5aR mRNA could not be 

detected in keratinocytes or in HaCat cells. C3aR on keratinocytes remains to be studied. 

Expression and regulation of complement proteins in keratinocytes 

In the skin, epidermis is separated from the dermis by a basement membrane. The 

epidermal compartment is avascular. In the dermal compartment, plasma in the blood vessels is 

separated from the dermal tissue by vascular endothelial cells and underlying basement 

membrane which act as a molecular sieve and restrict the passage of large molecules, including 

complement components, into the dermis31. Thus, plasma complement will not reach the dermis 

and the epidermis in the presence of an intact microvascular system. The absence of plasma 

complement within dermal-epidermal tissue is perhaps an advantage in that it prevents the 

damage to self cells but is disadvantageous in that an important component of immune defense 

is missing at this vital site. Therefore, there should exist a mechanism(s) which switches on the 

local synthesis of complement in the skin when it is needed and shuts it off when it is not needed. 

One major cell type which can synthesize complement locally could be the keratinocyte, and 

signals which could switch on the synthesis of complement by keratinocytes could be some 

cytokines. Keratinocytes respond to a variety of cytokines32, resulting in the expression of several 

molecules including adhesion molecules and MHC antigens. Therefore, it is highly likely that 

keratinocytes also synthesize many other proteins, including complement, in response to 

cytokines. However, complement synthesizing capacity of keratinocytes has not yet been 

thoroughly explored. 

The possibility that keratinocytes may be capable of synthesizing complement was 

raised by Basset-Seguin et alP who showed that C3dg, a 41 -kD fragment of a chain of C3, is 

present in normal human epidermal basement membrane but absent in dermal vascular basal 

membrane. They hypothesized that epidermal keratinocytes synthesize C3 whose breakdown 

product, C3dg, is passively incorporated into the adjacent epidermal basement membrane and 

becomes its integral part. Later studies by these workers showed that human keratinocytes and 
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a human keratinocyte cell line, A431, in culture produce C334 and factor B " . This was 

demonstrated at mRNA level from harvested cells and at protein level from products released in 

culture by Dovezenski etal.2*. More recently, Terui et al. showed that constitutive secretion of 

C3 by keratinocytes was very low but synthesis of C3 was greatly enhanced by IFN-y and 

TNF-a36. 

Synthesis of C3 and factor B raised the question as to whether keratinocytes are able 

to synthesize other components of complement as well, particularly the late components. Perhaps 

keratinocytes will be found to produce a complete functional complement system. Keratinocytes 

themselves can synthesize inflammatory cytokines, raising the prospect that some cytokines can 

switch on complement biosynthesis in an autocrine manner. 

Keratinocyte-derived complement can provide immune defense against pathogens but 

it may also damage cells in the epidermis. Activation of this complement must, therefore, be 

tightly regulated likely by the same mechanisms which regulate complement activation in the 

plasma. In the plasma, activation is restricted by fluid phase regulatory proteins (e.g., C l -

inhibitor, C4 binding protein, factor H, factor I) that inhibit at several stages in the complement 

pathways (Figure 2, Table 1). Human keratinocytes have not yet been studied for their ability 

to synthesize these proteins. The synthesis and the regulation of synthesis in keratinocytes of 

even factor H which plays a pivotal role have not yet been studied. By virtue of being able to 

inactivate C3b, factor H is a restrictive factor in the assembly of C3/C5 convertase of both the 

classical and alternative pathways. Production of C3 and factor B suggests that keratinocytes may 

also be able to produce factor H to regulate the activation of these components in fluid phase as 

apart of the mechanism of prevention of epidermal cell damage by autologous complement. The 

role of factor H in suppression of complement at C3/C5-convertase stage demands that, if 

produced by keratinocytes, its production be up-regulated when there is up-regulation of C3 and 

factor B production. Therefore, the mechanisms for the regulation of the synthesis of factor H 

may also involve some inflammatory mediators. 

More important for the survival in the face of complement attack is the fact that human 

keratinocytes express membrane regulators, decay accelerating factor (DAF), membrane cofactor 

protein (MCP), and in particular abundance, CD592837. Owing to the high level of expression of 

membrane regulators, human keratinocytes and human keratinocyte cell line SCC-12F are 

extremely resistant to complement lysis38;39. In human diseases aberrant expression of 

complement regulatory proteins on some cell types has been observed. These include paroxysmal 

nocturnal hemoglobulinuria, in which increased susceptibility of eryhrocytes to complement 

mediated lysis is caused by genetic deficiencies in expression of DAF and myocardial infarction 

in which infarcted areas of the myocardium is selectively deficient in CD592. Decreased 

expression of complement regulatory proteins has also been observed on keratinocytes (and also 

on melanocytes and other cells) in lesional in comparison to non-lesional epidermis in vitiligo40. 
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The mechanisms and the factors which regulate the expression of complement regulatory proteins 

on different cell types including keratinocytes have not been studied. 

Complement, keratinocytes and skin inflammation 

The support for the above concept that complement biosynthesis and its regulation by 

cytokines occur within the epidermis could be gathered from several observations in 

inflammatory diseases such as psoriasis, and in bullous diseases such as pemphigus. In psoriasis 

which is characterized by epidermal acanthosis, elongation of the rete ridges, and a mononuclear 

cell infiltrate in the upper dermis, complement synthesis and activation seems to take place in the 

epidermis; not in the circulation. This is evidenced by (1) the presence of C5b-9 complexes in 

the lesion and in the circulation without an associated presence of Clr-Cls-Cl-INH and 

C3b.Bb.P complexes41, and (2) high levels of complement activation products, particularly C5a-

des arg in the lesional epidermis but not in the circulation4243. These findings, particularly the 

latter one, suggest that C5a in the lesion could not have originated from the plasma. They 

strongly suggest that both complement production and activation take place in the lesional 

epidermis in psoriasis. If complement production takes place in the lesional epidermis, the most 

likely source of production of this complement is the keratinocyte. 

In some bullous diseases, the source of complement, which attacks keratinocytes and 

adjacent structures, has not been determined but appears to be keratinocytes. For example, in 

pemphigus, the blood vessels remain intact excluding the possibility that it is the plasma 

complement which reaches the epidermis and attacks keratinocytes. Most likely, complement 

initially synthesized by keratinocytes constitutively may be attacking keratinocytes and adjacent 

structures in the presence of autoantibodies. This may release cytokines from keratinocytes, 

which in turn may enhance the synthesis of complement; blister fluid from patients with 

pemphigus has been shown to contain cytokines44. More and more keratinocyte derived 

complement can then attack keratinocytes and activate them. Because of their high resistance to 

complement attack38, cell lysis is not a predominant phenomenon in pemphigus. 

CYTOKINES AND CHEMOKINES 

Immunocompetent cells are able to secrete various soluble proteinaceous mediators 

which are required for growth, differentiation, and communication between different cells. These 

mediators are collectively called cytokines and can be divided into interleukins, interferons, 

tumor necrosis factors, growth factors, chemokines, and hematopoietic growth factors. Cytokines 
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and chemokines (chemotactic cytokines) exert their activities via inducible specific cell surface 

receptors present both on primarily immunological cells as well as many other cell types. Binding 

of cytokines/chemokines to their receptors activates signazling pathways which result in cellular 

responses. Some cytokines/chemokines have pleiotrophic biological properties and overlapping 

effects, whereas others have comparatively more restricted biological activities and less 

overlapping effects. Cytokines/chemokines do not function in isolation. They strongly influence 

the biologic consequences of each other. 

In the epidermis, keratinocytes, Langerhans' cells, melanocytes, Merkel cells, and 

infiltrating inflammatory cells, have been demonstrated to release cytokines. In this overview 

attention is focused on the role of some wel 1 known cytokines/chemokines in cutaneous biology. 

Cytokines and skin inflammation 

Keratinocytes synthesize a broad array of cytokines32, which is summarized in Table 

2. Cytokines released by keratinocytes have profound effects on a variety of cell types. The 

reverse is also true; cytokines released from several cell types, including keratinocytes 

themselves, also have profound effects on keratinocytes. Some of the cytokines cause expression 

of several adhesion molecules on keratinocytes and endothelial cells, resulting in attraction of 

inflammatory cells. In the skin, inflammatory cells also produce cytokines. The net result of 

cytokine production by keratinocytes and inflammatory cells is the recruitment of more 

inflammatory cells into the dermal and epidermal compartments of the skin and progression of 

inflammation. 

Those cytokines which are important within the context of this thesis will be discussed 

here briefly. A passing reference of their involvement in some inflammatory diseases of skin will 

also be made. 

Interleukin-1 alpha 

Interleukin-1 alpha (IL-la) is a proinflammatory cytokine that belongs to the IL-1 

family and has similar biologic activities as IL-16, despite a minimal sequence similarity (~ 25% 

amino acid homology). Another member of the IL-1 family is IL-1 receptor antagonist (IL-1 ra) 

which binds to the IL-1 receptor without inducing intracellular signaling. IL-la is synthesized 

as a 31-kD precursor protein which is processed intracellularly to a mature extracellular form 

with a molecular weight of 17-kD. The mature form is a potent modulator of immune responses. 

It is also a very potent inducer of acute phase responses and inflammation. IL-la is primarily 

produced by cells of the mononuclear phagocytic lineage, but it is also produced by 

keratinocytes, endothelial cells, fibroblasts, melanocytes, and numerous other cells. 
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Table 2. Keratinocyte derived cytokines*2 

Resting keratinocytes 

Interleukins IL-la, 1L-6,1L-7. IL-11, IL-15 

Tumor necrosis factors TNF-a 

Growth factors TGF-B 

Hematopoietic growth factors GM-CSF, G-CSF 

Activated keratinocytes 

Interleukins IL-la, IL-1B, IL-6,1L-7, IL-10 (?), IL-11, IL-12, IL-13, IL-15, IL-1RA 

Interferons IFN-a, IFN-B 

Tumor necrosis factors TNF-a 

Growth factors TGF-a, TGF-B, PDGF. bFGF 

Chemokines IL-8, Gro-a, Gro-B, Gro-y, ENA-78, IP-10, MIP-2, MCP-1. RANTES 

Hematopoietic growth factors IL-3, G-CSF. M-CSF, GM-CSF. SCF 

IL-1 production by keratinocytes is stimulated by a variety of agents, including other 

cytokines, endotoxins, and microorganisms. In human keratinocytes, synthesis of IL-la was 

shown to be up-regulated by TNF-a45, IL-1 itself6, GM-CSF47, UVB4S, LPS49, heat-shock proteins 

of E.coli49, and scabies mites50. Binding of group A streptococcus via MCP to keratinocytes51 

induces IL-1 a synthesis. IL-1 a appears to be induced in herpes simplex virus (HSV) and human 

papiloma virus (HPV) infected keratinocytes5*53. 

IL-la has a wide range of effects on a wide variety of cell types. As regard its 

inflammatory effects on cells in the skin, it can release various inflammatory mediators from 

several cell types belonging to the dermis and epidermis and can induce expression of cell 

surface proinflammatory molecules. In dermal endothelial cells, IL-la induces release of 

cytokines5455. Activation of endothelium by IL-la in vitro results in a major increase in C3 and 

factor B secretion and generation of C3a in the vicinity of endothelial cells56. IL-1 a causes major 

phcnotypic changes in human skin microvasular endothelial cells57 and induces cell proliferation, 
9 
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vasodilatation and up-regulation of intercellular adhesion molecules 8. In dermal fibroblasts, IL-

l a induces the release of several cytokines59160 and complement proteins6'*2. IL-la induces up-

regulation of the synthesis of IL-859 and RANTES6364 which leads to attraction of inflammatory 

cells to the skin. Human melanocytes are strongly influenced by IL-la resulting in production 

of chemotactic cytokines IL-8 and MCAF65, induction of ICAM-1 expression and decreased 

proliferation and pigmentation66,67. IL-la is involved in physiological differentiation68 and 

desquamation69 of keratinocytes. It is likely to have a role in wound healing because it stimulates 

keratinocyte migration on collagen70. In keratinocytes, IL-la induces the releases of several 

cytokines, including TNF-a7 ' , IL-648;72, IL-868;72, and IL-la itself46. The effects of IL-la on the 

synthesis of complement proteins by keratinocytes have not been thoroughly investigated. So far 

one report has appeared which shows some up-regulation of C3 release by IL-la36. 

Because of its multiple biologic effects, the aberrant production of IL-1 during the 

immune response produces a spectrum of changes associated with various illnesses. In atopic 

dermatitis IL-1 was shown to be a part of both the early- and late-phase response within the skin. 

In psoriasis, contrasting data exist on the amount of IL-la in the epidermis73"75. Regardless of 

these data, recent studies indicate that enhancement in the expression of IL-la in inflammatory 

skin diseases like atopic dermatitis and psoriasis may be compensated by increases in expression 

of IL-lra7476 . Enhancement in the synthesis of collagenases77;7R, and metalloproteinases79, and 

inhibition of the synthesis of collagen by skin fibroblasts strongly suggest that IL-1 a is involved 

in the breakdown of extracellular matrix and reduced rebuilding of this matrix. These data plus 

the fact that IL-la is expressed in fibroblasts in systemic sclerosis80 suggest that IL-la may play 

a beneficial role in systemic sclerosis81. 

Interleukin 6 

Interleukin 6 (IL-6) is a 26-kD molecule made up of 212 amino acids. Originally, IL-6 

was identified as a factor that induced immunoglobulin production in activated B cells. This 

factor has now been found to exhibit a wide range of biological functions involving cells other 

than B lymphocytes. Considered a proinflammatory cytokine for several years, increasing amount 

of evidence suggests a predominantly anti-inflammatory and immunosuppresive role for IL-6. 

IL-6 directly inhibits several key inflammatory responses and it may play a role in shutting off 

the in vivo synthesis of IL-1 and TNF-a in several cell types82. IL-6 might also have indirect 

effects on inflammatory responses through the induction of various acute phase proteins in 

several cells, which in turn induce IL-lra synthesis83. Unlike IL-1 and TNF-a which are difficult 

to detect in peripheral circulation, IL-6 appears in high concentrations in the circulation. IL-6 

may thus be viewed as not only a locally acting cytokine but also the one which may play a role 

in orchestrating the systemic response of the host to local injury. IL-6 is a cytokine which affects 

the proliferation, differentiation, or specialized functions of numerous cell types; it affects not 
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only primary immunological cells like B cells, T cells, monocytes or NK cells but also many 

other cell types such as fibroblasts, hepatocytes, keratinocytes, melanocytes, and endothelial 

cells. 

Human keratinocytes in culture spontaneously synthesize only small amounts of IL-6. 

However, synthesis is greatly enhanced by IL-445;84;X5, IL-147X4, TNF-a45*4, TGF-aX6, IL-1385, IL-

1787, and IFN-y45;72;X7. HSV infection52 and bacterial products like heat shock proteins and LPS 

of E.coli4985 have been shown to up-regulate IL-6 production by keratinocytes. Physical factors 

like UVBXX and immunological factors like ligation of IgE with its low affinity receptor (CD23) 

on keratinocytes89, interaction of CD40 on keratinocytes with CD40L (CD154) on T cells90, and 

binding of group A streptococcus to the keratinocytes viaMCP51 up-regulate the synthesis of IL-6 

in keratinocytes. So far, the only factor that has been demonstrated to down-regulate the synthesis 

of IL-6 in keratinocytes is IL-1091. 

IL-6 exerts diverse effects on a wide variety of cell types, including several resident 

cells of the skin. In contrast to IL-la and TNF-a, IL-6 appears to have little effects on dermal 

endothelial cells; it probably does not change their expression of adhesion molecules nor their 

proliferation92. Dermal fibroblasts, which produce significant amounts of IL-6 themselves, are 

induced by IL-6 to release complement proteins93;94. IL-6 appears to play a role in repair of the 

skin; it not only induced the fibroblast synthesis of keratinocyte growth factor95, but also the 

production of collagen, glycosaminoglycans, hyaluronic acid, and chondroitin sulfate96. 

Melanocytes respond to IL-6 with a decrease in proliferation and a decrease in tyrosinase 

activity66167. The main effect of IL-6 on keratinocytes appears to be the induction of 

proliferation84,97, probably via the induction of the receptor for epidermal growth factor98,99. 

The ability of IL-6 to enhance proliferation of keratinocytes suggests that this cytokine 

may play a crucial role in cutaneous lesions characterized by hyperkeratosis. Indeed, in psoriasis 

elevated levels of IL-6 are found, not only in the lesion but also in the peripheral circulation84. 

In this disease both keratinocytesx4;100'102 and fibroblasts'03^04 have been shown to produce 

increased amounts of IL-6. In granulomatous skin conditions a pathogenic role for IL-6 is 

presumed by the occurrence of IL-6 (and IL-1 and TNF-a) among the cellular infiltrates105. In 

systemic sclerosis aberrant fibroblast function is associated with fibrosis of the skin. The release 

of IL-6 by fibroblasts is significantly increased in this disease and may play an important role in 

the perpetuation of the fibroblast activation in the sclerotic lesionl06;l07. 

Tumor necrosis factor alpha 

Another proinflammatory cytokine is tumor necrosis factor alpha (TNF-a). TNF-a is 

a 17-kD molecule which is secreted by a broad array of cells, including fibroblasts, vascular 

endothelial cells, keratinocytes, and melanocytes. It has many biological functions. It induces 

fever and plays a role in septic shock. TNF-a activates B and T cells, leucocytes, neutrophils, and 
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macrophages, and induces the expression of MHC class I and class II antigens on various cells. 

Human keratinocytes in culture spontaneously synthesize small amounts of TNF-a but 

synthesis is stimulated by IFN-y71, IL-la71, skin irritants10*, and nickel108. Bacterial products like 

heat shock proteins and LPS of E.coli49;109, and some proteins and superantigens from 

Staphylococcus aureus'10 also stimulate synthesis of TNF-a in keratinocytes. Physical factors like 

U V B ' " , and immunological factors like ligation of IgE with its low affinity receptor (CD23) up-

regulates the synthesis of TNF-a in keratinocytes89. 

Like IL-la, TNF-a has numerous effects on many cell types. It exhibits 

proinflammatory action on most cell types of the skin by inducing the release of inflammatory 

mediators and inducing the expression of proinflammatory molecules on cell surfaces. In dermal 

endothelial cells, TNF-a induces the release of cytokines55 and chemokines"2. TNF-a causes 

major phenotypic changes in human skin microvasular endothelial cells, including the up-

rcgulation of the expression of intercellular adhesion molecules and MHC class II molecules but 

does not influence cell proliferation5892"3"4. In dermal fibroblasts, TNF-a induces expression 

of cytokines62195, chemokines64, and complement proteins62. TNF-a alters melanocyte function; 

It decreases tyrosinase activity, pigmentation and proliferation of melanocytes but increases the 

matrix protein production66;67. TNF-a induces chemokine production and cell differentiation in 

melanocytes66. In keratinocytes, TNF-a induces the release of several cytokines, including 

RANTES"5 , IL-145, and IL-645. Recently, Terui et al. have demonstrated that TNF-a drastically 

up-regulates the release of complement protein C3 by human keratinocytes36. Effects of TNF-a 

on the synthesis of other complement proteins by keratinocytes have not been investigated. 

Proinflammatory effects of TNF-a on keratinocytes also include induction of expression of cell 

adhesion molecules, thereby enabling inflammatory cells to enter the epidermis"6. TNF-a 

appears to play a role in induction of apoptosis in normal"7 and HPV transformed 

keratinocytes"8. It has been suggested that synthesis of TNF-a by keratinocytes plays a role in 

antigen presentation in the skin, and in the elicitation phase of type IV allergic reactions"9. 

Because of the pleiotrophic effects of TNF-a on several cell types in the human skin, 

increased production during immune responses of the skin may induce an array of effects 

associated with several skin diseases. A study on chronic granulomatous skin conditions, such 

as cutaneous leishmaniasis, granuloma annulare, leprosy, and hidradenitis demonstrated a 

contribution of TNF-a (and IL-6) to the granulomatous reaction105. Like IL-la, TNF-a inhibits 

synthesis of collagen types I and III by dermal fibroblasts120. This modulation of extracellular 

matrix deposition may play an inhibitory role in the pathogenesis of sclerotic skin diseases. In 

transformed epidermal keratinocytes, TNF-a has been shown to induce the synthesis of a 

collagenase, suggesting a role for TNF-a in the invasive capacity of malignant human epidermal 

cells121. In the dermis of lesional skin in atopic dermatitis increased TNF-a activity can be found, 

which is released by keratinocytes122 and/or dermal mast cells123. TNF-a is considered responsible 
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for the up-regulation of adhesion molecules on endothelial cells in atopic dermatitis124. These 

adhesion molecules may promote the influx of leukocytes, such as lymphocytes and eosinophils, 

to the dermis, which will induce the clinical signs of the disease. TNF-a appears to have an 

important role in the induction-phase of allergic contact dermatitis. Exposure of the skin to skin-

sensitizing chemicals induces epidermal TNF-a synthesis and this is thought to provide the 

stimulus for the migration of Langerhans cells from the epidermis and their accumulation as 

immunocompetent dendritic cells in draining lymph nodes125126. In psoriasis strongly increased 

amounts of TNF-a were found in lesional keratinocytes by Terajima et al.ni. These authors 

suggest that in psoriasis, TNF-a might play an important role by the induction of vascular 

adhesion molecules hereby enabling inflammatory cells to enter the skin. Thus, TNF-a in concert 

with other skin derived inflammatory proteins may mediate inflammatory reactions during many 

pathologies of the skin. 

Interferon gamma 

Interferon gamma (IFN-y) is a 34-kD homodimer proinflammatory cytokine, which is 

primarily produced by activated T cells and natural killer (NK) cells. Together with IFN-a and 

IFN-B it belongs to the interferon family of cytokines. IFN-y differs from other members of the 

family with regard to its primary sequence and cell surface receptor. It was first identified as an 

antiviral substance but was later found to be capable of orchestrating a remarkable range of 

distinct cellular programs, including the regulation of antigen presentation and leucocyte-

endothelium interaction128. Furthermore, it plays an important role in the induction of synthesis 

of cytokines and components of the complement system in various cell types. The IFN-y 

synthesis itself is regulated by cytokines including IFN-a/p\ TNF-a, and IL-4128. 

As mentioned above, IFN-y exerts a wide range of effects on a wide variety of cell 

types. Some effects appear to be cell-type specific but others are more general. Examples of the 

general effects of IFN-y on cells of the skin are induction of expression of cell adhesion as well 

as MHC class I and II molecules on keratinocytes87;129'131, endothelial cells132"135, fibroblasts136"138 

and melanocytes139"141. Induction of cell adhesion molecules implicates IFN-y in the modulation 

of leucocyte trafficking into the skin and up-regulation of MHC molecules implicates it in 

facilitation of some skin cells to act as antigen-presenting cells. IFN-y is known to increase skin 

inflammation by induction of cytokine production by epidermal and dermal cells71. In 

keratinocytes, it augments the production of several cytokines, chemokines, and complement 

protein C336;7I;87;142"145. It also induces the expression of matrix metalloproteases146 and of 

CD4090147 by these cells. Other important effects of IFN-y on keratinocytes are induction of 

growth arrest and differentiation148 and mediation in apoptosis by induction of FAS149. Also in 

dermal endothelial cells IFN-y inhibits the proliferation '50 and induces the expression of CD40151. 

There are no reports showing induction of production of cytokines and complement in these cells 
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by IFN-y. IFN-y has major effects on dermal fibroblasts, which are frequently opposite to that of 

TGF-B152. IFN-y is often considered to be an anti-fibrotic cytokine because it inhibits fibroblast 

synthesis of extracellular matrix proteins153, including collagens154;l55. It also regulates production 

of collagenases'56157 and other metalloproteinases158. IFN-y has many stimulatory and inhibitory 

effects on the fibroblast release of some cytokines159 and several complement proteins160'162. 

Because of its major effects on most cell types in dermis and epidermis, efforts have 

been made to illustrate the role of this cytokine in the pathogenesis of several skin diseases. In 

psoriasis, contrary to normal or non-lesional skin, active lesions have been shown to contain IFN-

y163, which appears to be produced by infiltrated T cells164. This may play a role in trafficking 

inflammatory cells towards the skin through the involvement of adhesion molecules. Numerous 

reports on the role of IFN-y in atopic dermatitis have appeared. Peripheral blood mononuclear 

cells in atopic dermatitis patients secrete less than normal amounts of IFN-y165166. Since IFN-y 

inhibits the process of IgE class switch in B cells, the resulting relative deficiency of IFN-y, due 

to decreased synthesis by T cells, may contribute to the increased IgE synthesis167. The intrinsic 

defect in IFN-y secretion by T cells in atopic dermatitis may reflect a defect in general T cell 

activation, not only contributing to overproduction of IgE, but also explaining the high incidence 

of cutaneous infections16*. Systemic treatment of atopic dermatitis patients with recombinant 

IFN-y results in clinical improvement169. Production of immunoreactive IFN-y by human 

keratinocytes has been shown in an early phase of allergic contact dermatitis170. 

Transforming growth factor beta 

Transforming growth factor beta (TGF-B) is a 25-kD homodimer of 12.5-kD subunits 

made up of 112 amino acids. Three structurally and functionally related members of the TGF-B 

family have been identified in humans, TGF-B 1, 2, and 3171. TGF-B isoforms are produced by 

cells of every leucocyte lineage. They are also produced by keratinocytes172, melanocytes173, and 

fibroblasts174. All of these cells do not constitutively produce all three isoforms of TGF-B but 

most cell types appear to be inducible to synthesize all isoforms. Keratinocytes constitutively 

express TGF-B3, but also synthesize other TGF-B isoforms following appropriate stimulation, 

like UV exposure, thermal wounding, or stripping172;175;l76. Cytokine regulation of TGF-B 

synthesis in keratinocytes has not yet been shown. 

TGF-6 isoforms act on a wide variety of cell types to regulate a variety of functions such 

as cell proliferation and differentiation, and induction of apoptosis. TGF-B has profound, mainly 

inhibitory, effects on immune responses in inflammatory cells177. As regard effects on cells in the 

skin, TGF-B has been studied most thoroughly on dermal fibroblasts. TGF-B induces contractility 

of fibroblasts178 and inhibits their proliferation179. It promotes extra-cellular matrix deposition 

through several distinct mechanisms, which include increased production of matrix 

macromolecules IK0;m, proteoglycans182183 and collagens184185, and increased synthesis of protease 
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inhibitors1*61187. TGF-B also induces the synthesis of the chemokine MCP-1 in fibroblasts188. Little 

is known on the effects of TGF-B on endothelial cells in the skin. It inhibits their proliferation 

and is known to down-regulate the expression of adhesion molecules on these cells. This may be 

important for inhibiting inflammatory responses by reducing adhesiveness of endothelial cells 

for inflammatory cells189'190. TGF-B inhibits proliferation of melanocytes191. Other effects of TGF-

6 on melanocytes have not been studied. In keratinocytes, TGF-B inhibits the proliferation192, 

increases the release of cytokines (IL-1 and IL-6)193;194, and like in fibroblasts, changes extra

cellular matrix deposition through increased production of matrix macromolecules195;196. It also 

induces the synthesis of extracellular matrix proteases197 and collagenases198. High levels of TGF-

B induce apoptosis in human keratinocytes199. Effects of TGF-B on synthesis of complement 

proteins by dermal and epidermal cells have not yet been studied. Both stimulatory and inhibitory 

effects of TGF-B on complement production have been reported in other cell types20O:201. 

TGF-B appears to be involved in regulation of cell proliferation in vivo. Several 

neoplastic cells, including human melanoma202 and HPV transformed keratinocytes showed 

profound resistance to growth-inhibitory effects of TGF-B203;204. During wound repair TGF-B 

promotes extra-cellular matrix deposition and induces angiogenesis205 and strong TGF-B 

immunoreactivity in migrational epidermis is seen206. TGF-B appears to play a major role in 

hypertrophic scars and keloid2071208. In psoriasis, TGF-6 showed reduced effects on psoriatic 

dermal endothelial cells. In other words, endothelial cells had reduced susceptibility to TGF-B 

induced down-regulation of adhesion molecules. As a consequence, these endothelial cells 

maintain their expression of cell adhesion molecules and allow infiltration of lymphocytes into 

the psoriatic plaque189. There are no reports on the role of TGF-B in the pathogenesis of atopic 

dermatitis and allergic contact dermatitis. 

Chemokines and skin inflammation 

Chemokines have emerged as critical mediators of inflammation. They frequently act 

as effector pathway for other cytokines and directly activate effector cells of inflammation. 

Chemokines have additional functions but chemotactic activity is their hallmark. Their molecular 

weights are in the range of 8- to 10-kD. The classification of chemokines (Table 3) is based on 

the position of the first two N-terminal-conserved cysteine residues. One family has two N-

terminal cysteine residues separated by one nonconserved residue. This family is called the CXC 

(X = any amino acid) family. The second family has two N-terminal-conserved cysteine residues 

in juxtaposition and is referred to as the CC family. The third family has a single cysteine residue 

in the conserved position and is known as the C family209. 

In virtually all inflammatory conditions studied so far, increased systemic or lesional 
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Table 3. Classification and members of the chemokine family*21" 

Chemokine family 

CXC chemokincs CC chemokines C chemokines 

Cka-1 C-10 AT AC 

CTAP-III CCF-18 Lymphotactin 

ENA-78 Eotaxin SCM-1 

GCP-2 HCC-1 

Gro-u, Gro-P, Gro-y 1309 

IL-8 MCP-I, MCP-2, MCP-3, MCP-4 

IP-10 MIP-la,MIP-ip,MIP-ly 

LIX MRP-2 

Mig RANTES 

NAP-2 

PBP 

PF4 

SDF-1 

P-thromboglobulin 

* Abbreviations used: Cka-1, chemokine alpha 1; CTAP-III, connective tissue-activating peptide; ENA-78, epidermal 

cell-derived neutrophil chemotactic activity; GCP-2, granulocyte chemotactic protein; Gro, growth factor-related 

oncogene; IL-8, interleukin-8; IP-10, inducible protein-10; LIX, lipopolysaccharide-induced CXC chemokine; Mig, 

monokine induced with y-mterferon; NAP, neutrophil-activating peptide; PBP, platelet basic protein; PF, platelet 

factor; SDF, stromal cell-derived factor; CCF-18, CC chemokine F-18; HCC-1, hemofiltrate-deri ved CC chemokine; 

MCP, monocyte chemotactic protein; MIP, macrophage inflamatory protein; MRP, MIP-related protein; RANTES, 

Regulated upon Activation, Normal T Expressed, and presumably Secreted; SCM, single C motif. 

levels of chemokines have been seen. In psoriasis, IL-8 appears to be responsible for the 

attraction of neutrophils210"212 and MCP-1 may be responsible for the presence of macrophages 

and dendritic cells in the lesion213. RANTES may be the chemokine responsible for attracting 

eosinophils toward the lesional skin"5. In atopic dermatitis, scales show high levels of RANTES, 
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explaining the dominance of mononuclear cell infiltrates and eosinophils in the lesion. High 

levels of IL-8 can be found in the epidermis and plasma of most atopic patients214;215. The origin 

of chemokines in these inflammatory skin diseases has not been established but appears to be 

keratinocytesll5;213;216. However, the mechanisms by which their production is regulated in the 

skin have not been studied extensively. T cells may play a role in inducing epidermal 

keratinocytes to release chemokines via their cytokines or co-stimulatory molecules. This is 

supported by the fact that the T cell inhibiting drug cyclosporin A did not affect the IL-8 mRNA 

expression in cultured keratinocytes but reduced its expression in psoriatic lesions where there 

is infiltration of T cells217. Some studies have shown the role of cytokines in keratinocyte 

synthesis of chemokines but the influence of direct interaction between keratinocytes and 

lymphocytes via pairs of co-stimulatory molecules, like CD40 - CD40L, needs to be investigated. 

The following paragraphs describe only those chemokines which are relevant within the context 

of this thesis. Chemokines shown to be produced by keratinocytes are listed in Table 2. Other 

chemokines described so far are listed in Table 3. 

Interleukin 8 

Interleukin 8 (IL-8) belongs to the CXC family of chemokines. It is the most potent 

chemotactic factor for neutrophils and binds to chemokine receptors CXCR-1 and CXCR-2218. 

It also attracts basophils and CD8+CD56+ T cells. In order to attract cells from circulation IL-8 

preferentially binds to the endothelium of the postcapillary venule, where it regulates leukocyte 

adherence and diapedesis. In addition to chemotaxis, the primary effects of IL-8 on neutrophils 

are secretion of granular enzymes, induction of respiratory burst, stimulation of phagocytosis, and 

up-regulation of surface expression of CR1 and CR2. IL-8 exhibits weak histamine releasing 

activity in IL-3 primed basophils, suppresses myeloid colony formation, and exhibits angiogenic 

activity. 

IL-8 is produced by almost all types of human cells. In the skin, keratinocytes, 

endothelial cells, fibroblasts, Langerhans' cells, and melanocytes produce IL-854. Production of 

IL-8 by these cells is stimulated by a variety of stimuli and leads to influx of inflammatory cells 

into the skin resulting in an inflammatory infiltrate and to activation of dermal and epidermal 

cells. 

In human keratinocytes, constitutive synthesis of IL-8 was shown to be up-regulated by 

IL-17 (in synergy with IFN-y)87, TNF-a68, ligation of CD40147, exposure to UVB219 or to relatively 

high temperature22". In melanocytes and dermal fibroblasts, production of IL-8 is stimulated by 

proinflammatory cytokines IL-la5965 and TNF-a65221. In latter cell type, production is also 

stimulated by IL-1659 and leukoregulin222, but inhibited by IFN-y159. In skin derived endothelial 

cells expression of IL-8 was induced by IL-1B and TNF-a"2 . Exposure of transformed human 

microvascular endothelial cells to IL-10, alpha-melanocytc stimulating hormone, and UVB 
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increased release of IL-8223;224. IL-8 exerts a variety of effects on keratinocytes. It induces 

chemotaxis of cultured keratinocytes in vitro22*. In these cells, IL-8 down-regulates the 

expression of the IL-10 receptor gene226, induces expression of HLA-DR antigen227, and promotes 

cell proliferation228. Endothelium of postcapillary venules and small veins in the skin have been 

demonstrated to express binding sites for IL-8 (and RANTES), which may be internalized, 

transported transcellularly, and released onto the luminal surface229. 

Because of its chemoattractive properties, IL-8 is considered an important factor in 

many inflammatory diseases of the skin, like psoriasis, atopic dermatitis, and allergic contact 

dermatitis. It has been demonstrated that psoriatic fibroblasts230 and psoriatic suprabasal 

keratinocytes231 produce significantly more IL-8 than fibroblasts and keratinocytes from healthy 

skin. This IL-8 may play a role in induction of angiogenesis in the psoriatic dermis232 and in 

hyperproliferation of keratinocytes in the psoriatic epidermis97, which may be facilitated by the 

increased keratinocyte expression of IL-8 receptors in psoriasis233. In concert with C5a/C5a des 

arg, IL-8 may also play a role in attraction of inflammatory cells towards the psoriatic skin, 

although circulating T cells in patients with severe psoriasis appear to show a decreased response 

to IL-8234. Decreased response to IL-8 was demonstrated to be even more pronounced for 

circulating T cells in atopic dermatitis234, another inflammatory skin disease in which epidermal 

IL-8 immunoreactivity has been shown to be up-regulated214. Some studies on the role of IL-8 

in contact eczema have shown increased keratinocyte synthesis of IL-8 in allergogenic, 

tolerogenic, and irritant contact skin reactions235;236. This suggests that non-specific stimuli can 

cause the induction of IL-8 production by epidermal keratinocytes in contact eczema and that IL-

8 may play a critical role in the early response to immunogenic or inflammatory signals in this 

disease. 

RANTES 

RANTES is a small molecule comprising 68 amino acid residues. It belongs to the CC 

family of chemokines. It binds to chemokine receptors CCR1, CCR3, CCR4 and CCR5, which 

are expressed on memory T cells, activated naive T cells, eosinophils, monocytes, dendritic cells, 

and basophils2l8;237. Like other chemokines, RANTES also has non-chemotactic activities 

including activation of T cells209. 

Synthesis of RANTES has been detected in cells of many organs, including several cell-

types of the skin. Keratinocytes143, fibroblasts238, and dermal endothelial cells"2 synthesize 

RANTES but nothing is known about its production by melanocytes. Very limited number of 

studies have been carried out on cytokine regulation of synthesis of RANTES by skin cells. 

Production by keratinocytes was shown to be stimulated by TNF-a or IFN-y143, whereas its 

production was inhibited by IL-17239. Synergy in up-regulation of RANTES by TNF-a and IFN-y 

has been shown in keratinocytes and dermal endothelial cells11*143. In dermal fibroblasts, TNF-a, 
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IL-la, and IL-16 have been shown to induce expression of RANTES64. 

Because of its chemotactic and cell-stimulating properties, RANTES may play a 

significant role in the inflammatory processes of the skin. In psoriasis, increased amounts of 

RANTES in epidermis have been reported"5240 which provide an explanation for migration of 

activated T cells to the epidermis of the psoriatic lesions. The factor responsible for up-regulation 

of RANTES production by psoriatic keratinocytes is not known. In allergic skin diseases such 

as atopic dermatitis, eosinophils migrate from the circulation to the skin; RANTES may be one 

of the factors responsible for this phenomenon because of its chemotactic properties for 

eosinophils'42241. 

Monocyte chemoattractant protein 1 

Monocyte chemoattractant protein 1 (MCP-1) is a chemokine comprised of 76 amino 

acids. It belongs to the CC family of chemokines. MCP-1 specifically binds to chemokine 

receptor CCR2, which is expressed on monocytes, basophils, activated T cells, dendritic cells, 

and natural killer cells but not on eosinophils, neutrophils, and resting T cells21*. Non-

chemotactic activities of MCP-1 include the induction of histamine release from basophils242 and 

the enhancement of target cell lysis by blood derived natural killer cells243. 

Many cell types of several organs have been shown to synthesize MCP-1. As regard skin 

cells, keratinocytes, fibroblasts, dermal endothelial cells, and melanocytes have been shown to 

synthesize MCP-1244. Only a limited number of studies have been carried out on the regulation 

of MCP-1 synthesis in these cells. IL-la was shown to be a strong stimulator for MCP-1 

synthesis in keratinocytes244. In dermal endothelial cells, TNF-a, IL-la and IL-16 have been 

shown to induce the expression of MCP-1 "2;244. IL-la, IL-16, IL-2, IFN-y, and TGF-6 have been 

shown to induce expression in human fibroblasts'*^244"246. It is not known if CD40 - CD40L 

interaction also plays a role in the regulation of MCP-1 in the skin. In at least one epithelial cell-

type not belonging to the skin, namely cervical carcinoma cells, this interaction has been shown 

to induce MCP-1 production247. 

Because MCP-1 has been shown to be one of the most efficient chemokines in 

recruiting T cells into the skin it is thought to play an important role in the pathogenesis of 

several inflammatory conditions of the skin248;249. In psoriasis, the role of MCP-1 is evident from 

its increased immunostaining for MCP-1 in all layers of the epidermis, except the stratum 

granulosum250. It is assumed that keratinocyte-derived MCP-1 also plays a role in the genesis of 

contact hypersensitivity by inducting the recruitment of dendritic and Langerhans cells to the 

epidermis251, although it remains to be shown that MCP-1 is excreted in response to antigen 

stimulation. In cutaneous delayed hypersensitivity MCP-1 was shown to be relevant in 

recruitment of T cells and monocytes towards the lesional skin252. 
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CONCLUDING REMARKS 

From the first part of the above survey of literature, it appears that the importance of 

local synthesis of complement in different organs is beginning to be realized. Synthesis of 

complement and its regulation in various cell types is currently under investigation. Complement 

biosynthesis and its regulation in keratinocytes has also begun to be studied. It is beginning to 

emerge that keratinocytes may be the main producers of complement in the epidermal 

compartment of the skin. Keratinocytes have been shown to synthesize C3 and factor B. 

Regulation of synthesis of C3 by cytokines has been studied at protein level but the regulation 

of expression of C3 transcripts by cytokines has not yet been studied. Nothing is known about 

the regulation of synthesis of factor B protein and transcripts by cytokines in keratinocytes. 

Whether keratinocytes synthesize other components of complement remains an open question. 

The same is true for synthesis and regulation of synthesis of fluid phase regulators of 

complement. How inflammatory mediators including cytokines influence the expression of 

membrane embedded inhibitors of complement and thus influence their survival under 

inflammatory conditions remains unknown. Regulation of expression of complement receptors 

has also not been studied. Another gap in our current knowledge on the regulation of synthesis 

of complement proteins is whether their synthesis is regulated by ligations formed during cell-

cell interactions such as by CD40 and CD40-ligand interaction, as has been seen for some 

chemokines in some cell types. Studies on the regulation of complement components and fluid 

phase and membrane embedded complement proteins by external factors known to stimulate 

keratinocytes such as UV-radiation (see Figure 1) have not been carried out. In short, a vast 

amount of work on complement biosynthesis and its regulation in keratinocytes, the major cell 

type in the epidermis, is needed to fill up the gaps in the knowledge in the field of 'skin as a 

complement synthesizing organ'. 

AIMS OF THE STUDIES 

This thesis describes studies on the regulation of production of some inflammatory 

mediators, namely complement components and chemokines, by keratinocytes. It also 

investigates the regulation of complement regulatory proteins, which protect autologous cells 

against complement attack. 

The complement system plays an important role in host defense and inflammation. 

Evidence is emerging that locally synthesized complement performs these functions at tissue and 

organ level. In the epidermis, the keratinocyte is the major cell type and is known to produce at 

least two complement components, C3 and factor B. Since keratinocytes also produce cytokines 
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which are known to regulate the production of complement in many cell-types, they are expected 

to regulate the synthesis of complement in keratinocytes as well. In Chapter 2, the regulation of 

synthesis of C3 and factor B in keratinocytes by cytokines, some of them known to be produced 

by inflammatory cells and some by keratinocytes, was investigated. 

Expression of complement regulatory proteins on cells in areas of inflammation may 

be altered by mediators released by inflammatory cells during inflammation. In Chapter 3, we 

studied the regulation of expression of complement regulatory proteins on human keratinocytes 

in response to mediators of inflammatory cells. Supernatant of activated mononuclear cells was 

used as a source of inflammatory mediators of inflammatory cells, and recombinant forms of 

several cytokines, known to be present in the supernatant, were studied for their ability to 

regulate the expression of DAF, MCP and CD59. The aim was to obtain an insight into whether 

protection of keratinocytes against complement at the site of inflammation is altered. The results 

indicated that expression of MCP and CD59 on keratinocytes is up-regulated by the supernatant 

of activated mononuclear cells, TGF-p and an as yet unidentified additional factor(s). Thus, 

keratinocytes at the site of inflammation appear to be better protected against autologous 

complement than keratinocytes in normal non-inflamed skin. 

UVB irradiation causes infiltration of inflammatory cells into the skin. From the results 

described in Chapter 4 it is clear that some cytokines released from inflammatory cells and some 

from UV-stimulated keratinocytes may strongly up-regulate the synthesis of C3 and factor B by 

keratinocytes. It is therefore logical to expect that UVB exposure of the skin may increase the 

constitutive synthesis of complement components by keratinocytes and that in order to protect 

themselves from their own complement produced in excess, keratinocytes may be endowed with 

the ability to up-regulate complement regulatory proteins (MCP, DAF, and CD59) in response 

to UVB. In vivo, UVB may up-regulate these proteins by direct effect or via cytokines released 

by keratinocytes or infiltrating cells. In vitro, UVB may up-regulate the synthesis of these 

proteins only directly, because of the dilution of cytokines released by keratinocytes in the 

medium. In Chapter 4, effects of direct UVB exposure of cultured human keratinocytes on the 

constitutive release of C3 and factor B and on surface expression of DAF, MCP and CD59 were 

studied. The results of in vitro studies in Chapter 4 indicate that UVB does not directly increase 

the synthesis of C3 and factor B but can directly up-regulate the expression of DAF, MCP, and 

CD59. UVB induced and cytokine mediated up-regulation of C3 and factor B synthesis in vivo 

was not ruled out. 

Keratinocytes have so far been shown to synthesize two complement components, C3 

and factor B. This suggests that they may also be able to synthesize fluid phase regulators, 

namely factor H and factor I, which regulate the activities of C3 and factor B. Chapter 5 was 

aimed at finding out whether keratinocytes can synthesize factor H and, if yes, how the synthesis 
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of factor H in keratinocytes is regulated. The results show that both known molecular species of 

factor H are synthesized by keratinocytes, and that the synthesis was regulated by IFN-y but not 

by many other cytokines tested. 

In psoriatic epidermis, both activated T cells and CD40 expressing keratinocytes are 

seen. Because activated T-cells can express CD40L, it is expected that T cells in psoriatic lesions 

may interact with keratinocytes through CD40 - CD40L interaction. In analogy with other cell 

types in which this interaction causes the release of inflammatory mediators, this ligation on 

keratinocytes may cause the release of chemokines. Production of complement proteins in 

response to this ligation may also be expected. In Chapter 6, this possibility was explored in 

vitro by inducing CD40 expression on cultured human keratinocytes followed by ligating them 

either with soluble CD40L or with CD40L transfected cells. The results showed that the synthesis 

of chemokines, IL-8, MCP-1, and RANTES, thought to be involved in pathogenesis of psoriasis, 

was appreciably up-regulated but the production of C3 and factor B and the expression of MCP, 

DAF and CD59 on keratinocytes, after CD40 - CD40L interaction, was not significantly changed. 

Finally, Chapter 7 summarizes and briefly discusses the results obtained in this study. 
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