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1
General introduction

Part of this chapter has been published in: SS Asghar, KK Timár and MC Pasch: Complement 

as a Part of Skin Immune System. In: Bos JD (editor): Skin Immune System. 2005. 327-348.
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The mechanisms leading to skin inflammatory diseases are not fully understood. Keratinocytes, 

the predominant epidermal cell type, are believed to be initiators of inflammation1. 

Keratinocytes have been shown to produce several cytokines, chemokines as well as proteins 

belonging to a powerful system of inflammation, the complement system. Although the 

constitutive synthesis of these inflammatory mediators is low or absent, keratinocytes can 

easily be induced by several factors summarized in Figure 1 to produce them in excessive 

amounts. Besides environmental factors such as irritants/allergens, mechanical damage, 

ultraviolet (UV) irradiation and bacterial endotoxins, immunological factors such as cytokines 

produced by infiltrating cells (e.g. lymphocytes, neutrophil granulocytes) and resident cells 

especially keratinocytes also play a crucial role in keratinocyte activation. Direct cell-cell 

interactions via cell surface molecules might also be important in triggering keratinocytes to 

produce inflammatory mediators.  For example, CD40 activation on keratinocytes by CD154 

(transiently expressed on activated T lymphocytes) has been shown to induce the production 

of cytokines and the expression of proinflammatory adhesion molecules such as ICAM-1 and 

might also induce production of chemokines and complement proteins by keratinocytes.

By virtue of producing cytokines, chemokines and complement proteins, keratinocytes 

effectively mediate skin inflammation. Some cytokines can upregulate the expression of 

adhesion molecules on endothelial cells of dermal blood vessels and skin structures and cells, 

while chemokines and chemotactic complement fragments such as C5a make inflammatory 

cells to cross the endothelium and infiltrate the skin, resulting in inflammation.

This chapter will summarize the present knowledge about complement and chemokines, 

their production by skin cells and their role in skin diseases.

Figure 1. Overview of potential processes involved in keratinocyte-mediated skin inflammation. 
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THE COMPLEMENT SYSTEM

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

inflammation. It consists of some 40 proteins, which include soluble as well as membrane-

embedded proteins. Among the soluble complement proteins are components of classical 

pathway, which kill pathogens in the presence of antibodies. There are components of lectin 

pathway that recognize invading pathogens through their surface carbohydrates and kill 

them in the absence of antibodies.  There are components of alternative pathway that kill 

pathogens in the absence of antibodies. And, there are soluble regulators of complement 

activation that regulate different steps of classical, lectin, and alternative pathways in fluid 

phase. Soluble regulators inhibit complement activation in fluid phase much more strongly 

than on the surface of pathogens. In this way they protect self-cell from bystander lysis 

while allowing efficient killing of the pathogen by the complement system. Among the cell 

membrane complement proteins are cell surface regulators that inhibit different steps of 

complement activation on body cells to prevent their killing by autologous complement. 

Among the membrane complement proteins are also complement receptors that mediate a 

variety of functions of the cell on which they are expressed. They have long been known to 

mediate chemotaxis, phagocytosis, mast cell degranulation, and B and T-cell activation. All 

these proteins together provide a system capable of destroying a large variety of pathogens 

either directly by causing their lysis without damaging self-cells or indirectly by recruiting 

phagocytes. Recent studies have assigned many new striking functions2 to the complement 

system; some of them have direct or indirect effects on skin under physiopathological 

conditions. These are listed in Table 1. 

Functions Ref.

1. Enhancement of immunogenecity of antigens 3

2. Regulation of IgE synthesis 4,5

3. Regulation of cell survival, proliferation and apoptosis 6-8

4. Development of central nervous system 9

5. Cartilage and bone development

-  Differentiation of mesenchymal cells to early chondriocytes 10

-  Differentiation of macrophage-like mononuclear cell progenitors into osteoclasts 11

-  Cartilage-bone transformation and bone remodeling and vascularization 12

6. Reproduction processes

-  Complement receptor-mediated gamete maturation, follicular development and ovulation 13,14

-  Cell surface complement regulator-mediated protection of entire reproduction tract, sperm, 
and oocytes, maintenance of feto-maternal tolerance, and sperm-oocyte fusion

15-17

7. Liver regeneration 18

8. Early hematopoietic development 19

9. Angiogenesis and blood vessel remodeling 19

Table 1. Some newly assigned functions of the complement system
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This chapter briefly describes the three pathways of the complement system, mechanisms of 

protection of self-cells from detrimental effects of activation of autologous complement and 

the ability of skin cells to synthesize complement proteins. It also describes dermatological 

diseases associated with genetic deficiencies or aberrant expression of proteins of this 

system.

COMPLEMENT PATHWAYS

Several reviews on the complement system have recently been published20-23; therefore, 

only a passing reference of the three pathways of complement will be made here (Figure 

2). In general, complement activation on foreign target cells via the classical pathway is 

initiated after antibody molecules bind to a cell surface antigen(s). One of the subunits of 

C1, C1q, recognizes the bound antibody and interacts with its Fc portion. This results in the 

activation of other subunits, C1r and C1s, within C1. Activated C1s then splits the fourth 

component of complement (C4) into a smaller fragment, C4a, and a larger one, C4b. In 

Figure 2. Diagrammatic representation of the mechanism of lysis of foreign cell by classical, lectin and 
alternative pathways.Left: Classical pathway. Binding of antibody to the antigenic determinants on the microbe 
in the presence of components of classical pathway leads to the formation of activated C1s and generation of 
C3-convertase (C4b.2a), C5-convertase (C4b.2a.3b), and finally MAC on the microbe. Middle: Lectin pathway. 
Binding of MBL and ficolins to an array of carbohydrates on the invading microbe leads to the activation of MASP 
complex whose MASP-2 serine protease activity splits C4 and C2 resulting in the generation of C3-convertase 
(C4b.2a), and MASP-1 activity cleaves C3 into C3b, which results in the assembly of C5-convertase (C4b.2a.3b) 
and finally MAC on the microbe. Right: Alternative pathway. C3 through its thioester bond generates C3.H2O, 
which in the presence of factor B and factor D can form initial C3-convertase (C3.H2O.Bb). This enzyme in the 
presence of alternative pathway and late components leads to the generation of C3-convertase (C3b.Bb), C5-
convertase (C3b.Bb.3b) and finally MAC. MAC formed by any of the three pathways causes lysis of the microbe. 
To keep the diagram simple, smaller complement products have not been depicted and the role of properdin in 
stabilizing C3/C5-convertases of alternative pathway has not been illustrated. For details of both pathways, see 
the text. Factor B and factor D have been abbreviated to B and D, respectively. 
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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 C4b.2 complex on 

the target cell. In this complex, if C2 is appropriately oriented toward activated C1s, activated 

C1s cleaves C2 into C2a and C2b. C2a remains in the complex but C2b leaves it. The C4b.2a 

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.

The lectin pathway of complement activation is initiated when recognition units of this 

pathway bind to specific carbohydrate moieties present on the surface of the invading 

pathogen. In the lectin pathway three serum proteins, mannan-binding lectin (MBL)23, 

L-ficolin24,25 (elastin binding protein 31 or EPB-37, ficolin/P35; hucolin) and H-ficolin 

(hekata antigen)26 have been identified as recognition units. MBL belongs to the collectin 

group of proteins. It contains a collagen-like domain and a carbohydrate recognition 

domain (CRD)23. Three 32 kD polypeptides fold together to form a subunit, and three 

to six subunits constitute MBL molecules of approximately 300 to 650 kD. Their overall 

structure resembles that of C1q, the recognition unit of the classical pathway. MBL binds 

to carbohydrates with three and four hydroxyl groups in pyranose ring in a Ca2+-dependent 

manner. The prominent ligands of MBL are mannose and N-acetyl-glucosamine (GlcNAc). 

Ficolins are a group of proteins that contain a collagen-like and a fibrinogen-like domain. 

The carbohydrate recognition site of ficolins resides within the fibrinogen like domain. 

Ficolins have carbohydrate specificities different from that of MBL. L-ficolin binds to GlcNAc 

residues next to galactose of complex-type oligosaccharides, but not to mannose27. H-

ficolin binds to GlcNAc and N-acetyl-galactosamine (GalNAc), but not to mannose 

and lactose26. Because of these steric specificities, MBL, L-ficolin and H-ficolin bind to 

carbohydrates present on pathogenic microorganisms but not on self-cells. MBL, L-ficolin 

and H-ficolin exist in serum in association with MBL-associated serine proteases (MASPs) 

through their collagen-like domains. MASP complex consists of several subunits – MASP-1, 

MASP-2, MASP-3 and a truncated form of MASP-2 known as MAP-19 or sMAP28, 29. These 

subunits are held together by Ca2+ ions and electrostatic interactions. There are similarities 

in modular structures of subunits within the complex and between these subunits and C1r 

and C1s30,31. When a pathogenic microbe such as bacteria, fungus, parasite or virus enters 

the body, MBL and L- and H-ficolins bind to their respective surface carbohydrate ligands. 

This binding results in the activation of serine protease subunits of MASP complex that 

are associated with MBL and ficolins. Detailed molecular events related to the activation 

of serine proteases of this complex remain unknown. MASP-1 and MASP-2 are converted 

from single polypeptide pro-enzymes to activated enzymes consisting of two polypeptides, 

heavy A and light B chain, linked by a disulfide bond30,31. B-chains contain serine protease 

active centers. Activated MASP-2 cleaves C4 and C2 and activated MASP-1 cleaves C3 and 

C232. MASP-3 regulates the C4- and C2-cleaving activity of MASP-2. The function of sMAP 
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in this activated complex remains unknown. The net result of the activation of MASP-2 

is the generation of C3-convertase (C4b.2a), the enzyme generated during the activation 

of classical pathway described above. C3-convertase and the activated MASP-1 can cleave 

native C3 to generate C3b. 

The activation of the alternative pathway is initially dependent on the continuous but slow 

exposure of a thioester bond otherwise buried inside the C3 molecule33. This exposure 

takes place likely as a result of normal thermal unfolding of the C3 molecule. The exposed 

thioester bond is highly reactive and reacts with nucleophilic groups such as amino and 

hydroxyl groups. Until recently this reaction was considered to be non-specific, but now the 

thioester bond is known to react preferentially to C3b, C4b and IgG and this specificity may 

be an important factor in further complement activation. In human IgG1 and C4b, Thr144 

and Ser1213, respectively, are the major sites of the thioester bond attachment34. In the fluid 

phase, most of the C3 with an exposed thioester bond reacts with water to form C3.H2O. 

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 as the initial C3-convertase of the alternative pathway. It 

can cleave C3 to generate C3b fragments. At this point, freshly formed C3b molecules can 

combine with factor B through their mutual binding sites in fluid phase or bind covalently 

to hydroxyl or amino groups of molecules present in the membranes of foreign target cells 

or self-cells present in the immediate vicinity. Binding of C3b to factor B in fluid phase 

generates C3b.B, which in the presence of factor D is converted to fluid phase C3b.Bb 

complex known as C3-convertase of the alternative pathway.  Binding of C3b to membranes 

of foreign or self-cell results in membrane-bound C3b that combines with factor B to 

generate membrane-bound C3b.Bb. This complex in the presence of factor D is converted 

to membrane-bound C3b.Bb complex, the C3-convertase of the alternative pathway. A 

complement protein, properdin, combines with fluid phase as well as membrane-bound 

C3-convertase to generate C3b.Bb.P, a comparatively more stable C3-convertase of the 

alternative pathway. Fluid phase as well as membrane-bound C3-convertase generates 

large amounts of C3b and thus cause amplification of C3b generation and C3-convertase 

formation in fluid phase and on cell surfaces. On foreign target cells, this enzyme continues 

to perform its function of cleaving C3 to C3b, whereas on self-cells, it is destroyed, as 

discussed below in the section ‘Control of complement activation on self-cell’. 

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

the respective bimolecular C3-convertases (C4b.2a and C3b.Bb, respectively). This results 

in the generation of C5-convertases of the classical and lectin (C4b.2a.3b) and alternative 

(C3b.Bb.3b) pathways. Alternative pathway C5-convertase is stabilized by properdin. 

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 C3b.Bb. C5 then combines with C4b and C3b subunits of C5-convertase 

of the classical/lectin pathway or C3b and Bb subunits of C5-convertase of the alternative 
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pathway in an orientation suitable for cleavage by C2a or Bb subunit, 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 C5b-6 

complex causes the formation of C5b-7 complex that is released from the C5-convertases. 

This release exposes the metastable membrane-binding site of C5b-7. At this point, the C5b-

7 complex can bind to a foreign invading target cell or host cell present in the immediate 

vicinity. C8 and C9 then join C5b-7 complex resulting in the assembly of the membrane 

attack complex (C5b-9; MAC). MAC generated on the surface of foreign cell can form pores 

in its membrane that results in its lysis. On self-cell the self-assembly of late components 

generates noncytolytic MAC as described in the following section.

MECHANISMS THAT PROTECT BODY CELLS FROM AUTOLOGOUS 
COMPLEMENT 

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

pathway can bind covalently to the surface of invading pathogen as well as self-cell and 

cause subsequent activation of complement and lyse them. While elimination of invading 

pathogen by the complement system is highly desirable, damage of self-cells must be 

prevented. Damage of self-cells is prevented by the following fluid phase and cell surface 

mechanisms.  

Control of complement activation in fluid phase by soluble regulators

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

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

and inactivators that act at virtually every step of the complement cascade. These regulators 

minimize the formation and maximize the inactivation 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 C1-inhibitor (C1-INH), MASP-3, factor H, C4-binding protein (C4BP), 

factor I, vitronectin and clusterin (Table 2). 

The primary and tertiary structure of C1-INH and its functions have recently been 

reviewed35. C1-INH keeps the activation of C1 checked in circulation and body fluids. It 

efficiently interacts with activated C1r and activated C1s to form C1r-C1s-(C1-INH)2 complex 

and dissociates C1q subunit from C1 complex. Inhibition of activated C1 results in the 

inhibition of cleavage of C4 as well as C2 and thereby the inhibition of formation of active 

fragments C4b and C2a. C1-INH inhibits C1 approximately 100-times more strongly in the 

fluid phase than on the cell surface36. C1-INH also appears to regulate lectin pathway 

at an early stage. It forms stable complexes with both MASP-1 and MASP-2 and inhibits 

their proteolytic activities28. In addition, C1-INH in combination with α2-macroglobulin 

renders lectin pathway unable to activate complement on Neisseria gonorrhoeae37; α2-
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macroglobulin binds to MASP-1 covalently and to MBL noncovalently in a Ca2+-dependent 

manner to inhibit complement activation by lectin pathway.  

Although a very limited number of studies have been carried out on the functions of MASP-

3, its ability to inhibit C4-cleaving activity of MBL-MASP-2 complex29 may be held as a 

hypothesis that MASP-3 may be a soluble regulator of the lectin pathway.

The structures and functions of C4BP38, 39, both molecular species of factor H, FH (155 kD) 

and FHL-1 (factor H like protein-1) (45 kD)40, and factor I41 have recently been reviewed. 

They prevent the assembly of C3/C5-convertases of the classical and alternative pathways 

in fluid phase. C4BP and factor H combine with freshly formed C4b and C3b, respectively. 

They then develop cofactor activities for the enzyme factor I, which cleaves the α-chains 

of C4b and C3b, respectively, to inactivate them before they collide with self-cells. In this 

way, they protect self-cells. MBL appears to regulate classical and alternative pathways 

exquisitely by enhancing the binding of C4BP to C4b and binding of factor H to C3b42.  

Two structurally distinct serum proteins, vitronectin43 and clusterin44, which exhibit a variety 

of functions, have recently been reviewed. Both these proteins also inhibit MAC formation 

Table 2. Fluid phase and cell surface regulators of complement activation 

Abbreviations: INH, C1-inhibitor; MASP, MBL associated serine proteases; C4BP, C4b-binding protein; CR1, 
complement receptor-1; DAF, decay-accelerating factor; MAC, membrane attack complex; MCP, membrane 
cofactor protein. Source: Adapted from Asghar, S.S. and Pasch, M.C., Frontiers Biosci., 5, 63-81, 2000; and Bos, 
J.D. et al., Clin. Dermatol., 19, 563-572, 2001. With permission.

Regulator Ligand specificity Functional activity

Fluid phase regulators

C1 stage 

C1-INH C1r/C1s Inhibits C1r and C1s mainly in fluid phase

MASP stage

MASP-3 MASP-2 Inhibits cleavage of C4 and C2 by MASP-2

C3/C5-convertase formation stage

C4BP C4b Cofactor for factor I in cleavage of C4b

Factor H C3b Cofactor for factor I in cleavage of C3b

Factor I Factor H/C4BP
MCP/CR1

Cleaves C3b and C4b using cofactors

MAC formation stage 

Vitronectin C5b-8/C9 Prevents the assembly of cytolytic MAC

Clusterin C5b-8/C8 Prevents the assembly of cytolytic MAC

Membrane-embedded regulators

C3/C5-convertase formation stage

DAF C4b/C3b Dissociates C2a and Bb from C4b and C3b

MCP C4b/C3b Cofactor for factor I in cleaving C4b and C3b

CR1 C4b/C3b Cofactor for factor I in cleaving C4b and C3b

MAC formation stage

CD59 C5b-8/C9 Prevents assembly of cytolytic MAC on self cell



18

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-9 complexes. Thus, vitronectin 

and clusterin, by rendering the MAC nonlytic, offer protection to the self-cell. 

 
Control of complement activation on self-cell by cell surface regulators

Despite the efficient control of activation of the classical, lectin, and alternative pathways 

by soluble regulators, some complement fragments and complement complexes can 

escape regulation, become deposited on self-cells, and activate the rest of the complement 

cascade on their surfaces20, 21,45,46. Activation of complement by any of the three pathways 

can potentially damage self-cells. Activation of complement on self-cells is, however, 

inhibited by multiple membrane-embedded regulators of complement. These include 

decay-accelerating factor (DAF), membrane cofactor protein (MCP), complement receptor-

1 (CR1), and CD59. The ligand specificities and functional activities of these regulators are 

summarized in Table 2. 

DAF, MCP and CR1 have recently been reviewed21. They restrict complement activation on 

self-cells at the C3/C5-convertase formation stage. 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 C4b.2a and C3b.Bb, 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 all the three 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. Factor I then 

proteolytically degrades C4b and C3b to inactive products iC4b and iC3b, respectively. 

Thus, MCP interferes with ongoing classical, lectin, and alternative pathways on a self-cell 

by intercepting the formation of C3/C5-convertases and mediating their inactivation. CR1 is 

present on a limited number of cell types. When C4b and C3b formed during complement 

activation are fixed on the membrane of a CR1 bearing self-cell, CR1 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 complement on CR1-bearing cells.  

CD59 has recently been reviewed21. It controls complement activation on the surface 

of a self-cell at the MAC formation stage. It accomplishes this by binding to an epitope 

on α-chain of C8 that is exposed when C8 interacts with the C5b-7 complex on the cell 

membrane, on the one hand, and by binding to an exposed site of C9, on the other. 

DAF, MCP, and CD59 (and CR1 on CR1-bearing cells) act synergistically to control different 

steps of complement activation on self-cells and protect them from all the three pathways 

of the complement system. 
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Control of lysis of self-cell by elimination of membrane attack complex

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

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

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

body cells, these complexes are eliminated by vesicular shedding and endocytosis8,47.

MEDIATION OF CELL FUNCTIONS BY COMPLEMENT RECEPTORS 

Complement receptors mediate a variety of functions of a cell on which they are expressed, 

using complement fragments as signalling molecules6. The key players are CR1, CR2, CR3, 

CR4, C3aR, C5aR and C1qR. CR1 is a receptor for C3b present on phagocytic cells. CR1 

in conjunction with CR3 mediates phagocytosis. CR1 also acts as a regulator of activation 

of complement on body cells as described above. CR2 is the receptor for iC3b, C3dg, and 

C3d. On B-cells it mediates C3d-dependent enhancement of immunogenicity of antigens3 

and regulates IgE production through CD23 ligation4,5. CR3 is a receptor for iC3b and iC4b. 

CR3 is involved in several monocyte and macrophage functions including phagocytosis, 

which as described above requires CR1. CR4 is a receptor for iC3b. It has multiple functions 

including mediation in iC3b-mediated phagocytosis, elimination of opsonized apoptotic cells 

by phagocytes, and involvement in adherence of cells such as monocytes and neutrophils 

to endothelium and other substrates. Several C1q receptors (C1qRs) have been described48. 

The most characterized of these are cC1qR (60 kD)49 and C1qRp (126 kD)50. cC1qR seems 

to be involved in C1q-mediated enhancement of phagocytosis and C1qRp in C1q-mediated 

cell functions during complement activation in inflammatory conditions. Both bind to 

C1q and other molecules having collagen-like regions such as MBL, conglutinin and lung 

surfactant protein-A. C3aR and C5aR bind small chemotactic complement fragments C3a 

and C5a, respectively.

MAC formed during local activation of complement can also have profound nonlethal 

effects on self-cells without involving any receptor. These effects include cell activation and 

release of inflammatory and non-inflammatory mediators6.

SYNTHESIS OF COMPLEMENT IN THE SKIN

The primary site of the synthesis of almost all plasma complement proteins is the liver. Among 

the few exceptions are factor D synthesized in adipose tissue, C1 in gut epithelium, and 

H-ficolin in bile duct epithelial cells51. The primary sites of synthesis of several components 

of lectin pathway and properdin remain unknown. Many cell types of other tissues 

produce complement components although they may not be the primary sites of synthesis 

of plasma complement. These include monocytes/macrophages, fibroblasts, astrocytes, 

endothelial cells, leukocytes, cells of renal glomerulus and synovial lining cells52-54. Some 

cell types such as astrocytes produce almost all complement components whereas others 

such as adipocytes produce a limited number of complement proteins. Locally produced 

complement is believed to be involved in inflammation at local tissue level when recruitment 
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of plasma complement does not occur. Brain52, kidney54, and heart55 have been shown to 

synthesize all the components of complement. In this part of the chapter we will focus on 

the synthesis of complement in the skin.  

In the skin, the epidermal compartment is avascular. In the dermal compartment, the 

passage of large plasma proteins of molecular weight more than 40 kD from blood into the 

tissues is effectively restricted by endothelial cells and underlying basement membrane56. 

Thus, under normal circumstances little or no plasma complement will reach the dermis (and 

the epidermis). The absence of plasma complement in dermis and epidermis in extravascular 

areas is perhaps an advantage in that a potential source of damage to self-cells is not there. 

It is a disadvantage in that one of the systems of immune defense is missing in these 

compartments. The ideal situation would be that under normal circumstances there is no 

or a very low level of complement in these compartments but complement is produced 

when it is needed, e.g., during microbial infection or inflammation. This seems to be the 

case in the skin. In the epidermal compartment, the major cell type is keratinocyte, which 

constitutionally synthesizes very low, perhaps negligible, amounts of complement. During 

microbial invasion or other inflammatory conditions, keratinocytes are believed to release a 

number of cytokines57,58. Under these conditions, infiltrated cells can also release cytokines. 

Cytokines released from keratinocytes and inflammatory cells can differentially upregulate 

the synthesis of complement by keratinocytes that can presumably kill a pathogen. Thus, 

complement becomes available when needed. The same appears to be true for the dermis 

where the major cell type is fibroblast. The cytokines produced by fibroblasts and infiltrated 

inflammatory cells can induce fibroblasts to synthesize complement when it is needed. We 

and others have examined the cytokines that can induce these epidermal and dermal cells 

to produce complement proteins.

Synthesis of complement in the epidermis  

Of the three resident cell types in epidermis - keratinocytes, melanocytes and Langerhans 

cells – keratinocyte is by far the best-studied cell type (Table 3).  

1. Expression of complement proteins by keratinocytes

a. Complement components

The possibility that keratinocytes may be capable of synthesizing C3 was first raised by 

Basset-Seguin and co-workers59,60, who showed that C3dg, a 41 kD fragment of α-chain of 

C3, is an integral part of the lamina densa and sublamina densa regions of the basement 

membrane of normal skin. These workers hypothesized that epidermal keratinocytes 

synthesize C3 whose breakdown product, C3dg, is passively incorporated into the adjacent 

epidermal basement membrane and becomes its integral part. Dovezenski et al.61 showed 

the in situ expression of C3 and factor B by epidermal keratinocytes and the release of C3 

by cultured keratinocytes. Basset-Seguin et al.62 and Yancey et al.63 confirmed the synthesis 

of C3 and factor B in human keratinocytes and A431 cells at the protein and mRNA level. 
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Fluid phase proteins Source Membrane proteins Source

Classical pathway Regulators

C1q F DAF (CD55) K, Me, Ma

C1r F MCP (CD46) K, Me, Ma

C1s F CD59 K, Me, Ma

C4 F, K*

C2 F

Lectin pathway Complement receptors

MBL ND CR1 (CD35) K

L-Ficolin ND CR2 (CD21) K

H-Ficolin ND CR3 (CD11b/CD18) L, Ma**

M-ficolin ND CR4 (CD11c/CD18) Ma

MASP-1 ND C5aR (CD88) L, Ma, K**

MASP-2 ND C3aR Ma

MASP-3 ND cC1qR K

sMAP ND C1qRp K NExp *

Alternative pathway

Factor B K, F

Factor D ND

Properdin ND

Terminal components

C3 K, F

C5 F

C6 F

C7 F

C8 F

C9 F

Regulators

C1-INH F

MASP-3 ND

C4BP ND

Factor H F

Factor I ND

Clusterin ND

Vitronectin

Table 3. Expression of complement proteins by resident skin cells

K= keratinocyte; F=fibroblast; Me= melanocytes; Ma= mast cell; L= Langerhans cells; ND = not yet studied in any 
of the resident skin cell. * Results of studies carried out so far.  ** Expression only in inflammatory skin diseases; 
see the text. NExp= not expressed
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Demonstration of constitutive synthesis of C3 and factor B led to the question of what 

regulates the synthesis of these components in keratinocytes. We have shown that the 

constitutive secretion of C3 by keratinocytes in culture was low but synthesis of C3 was 

greatly enhanced by interleukin-1α (IL-1α), interferon-γ (IFN-γ) and tumor necrosis factor-α 

(TNF-α) in increasing order64. Terui et al.65 who studied a large number of cytokines and 

growth factors obtained similar results and showed that TNF-α and IFN-γ are the main 

cytokines that regulate the synthesis of C3 in human keratinocytes and that IL-1α and 

interleukin-1β (IL-1β) also regulate it to some extent. The increase in C3 protein synthesis 

by these cytokines was shown in our laboratory to be associated with the increase in C3 

mRNA64. We also showed that the constitutive secretion of factor B by keratinocytes was 

very low but the synthesis and secretion of factor B were enhanced significantly by IL-

1α and interleukin-6 (IL-6) and greatly by IFN-γ and that this increase in factor B protein 

synthesis was associated with the increase in factor B message64.   

Synthesis of components of lectin (MBL, H-ficolin, L-ficolin, MASP-1, MASP-2, MASP-3 and 

sMAP), classical (C1q, C1r, C1s, C2), and alternative (factor D, properdin) pathways is yet to 

be investigated. There is some preliminary evidence that C4 is synthesized by keratinocytes 

and its synthesis is regulated by IFN-γ (unpublished observations). Synthesis of other early 

and late components of complement by keratinocytes needs to be studied.      

 

b. Fluid phase regulators of complement activation 

Keratinocyte-derived complement can provide immune defense against pathogens, 

but it may also damage cells in the epidermis. As part of the mechanism of prevention 

of this damage, keratinocytes may also be expected to produce soluble regulators of 

complement activation, namely, C1-INH, MASP-3, C4BP, factor H, factor I, clusterin and 

vitronectin. Human keratinocytes have not yet been studied for their ability to synthesize 

these proteins.

c. Cell surface regulators of complement activation  

Membrane-embedded regulators of complement, DAF, MCP, and CD59, are expected to 

be expressed by keratinocytes for prevention of complement-mediated damage. Indeed, 

human keratinocytes have been shown to express DAF, MCP and CD5966. Owing to the high 

level of expression of membrane regulators, human keratinocytes67 and human keratinocyte 

cell line SCC-12F68are extremely resistant to complement lysis. In a recent study in our 

laboratory66, recombinant transforming growth factors-β1, -β2 and -β3 (TGF-β1, TGF-β2 

and TGF-β3) were found to upregulate MCP and CD59 but not DAF. An additional factor 

present amongst the mediators released from activated mononuclear cells also appears to 

upregulate MCP and CD59. So far, this factor has not been identified. 
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d. Complement receptors 

Dovezenski et al.61 have shown the expression of CR1 and CR2 in situ on epidermal as 

well as cultured keratinocytes. They have also shown expression of these receptors on 

epidermal keratinocytes by in situ hybridization. Figure 3 shows the expression of CR1 on 

cultured keratinocytes as detected by flow cytometry in our laboratory. CR2 expression 

in cultured keratinocytes and keratinocyte cell lines RHEK-1 and HeLa has been shown at 

protein and mRNA level69. There are no reports, as yet, on the expression of CR3 and CR4 

on keratinocytes. 

C5aR does not appear to be expressed on normal keratinocytes.  This is suggested by the 

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

not be detected in keratinocytes or in HaCat70. In situ hybridization studies71 have shown 

that normal epidermal keratinocytes do not express detectable levels of C5aR transcripts 

but those in lesional skin of patients with pyogenic granuloma and lichen planus do express 

C5aR message. A tight coexpression of C5aR and IL-6 mRNAs was observed in keratinocytes 

from lesions of these patients. Thus, C5aR appears to play an as-yet-unknown role in the 

pathogenesis of some skin diseases. C3aR on keratinocytes remains to be studied.

Expression of cC1qR and C1qRp on human keratinocytes was tested in our laboratory by 

flow cytometry (Figure 4). Antibodies directed against cC1qR49 but not against C1qRp50 

recognized the receptor on keratinocytes. This does not necessarily mean that keratinocytes 

are not capable of expressing C1qRp because expression of C1qRp has not yet been studied 

1) in normal keratinocytes at mRNA level, 2) in keratinocytes stimulated with cytokines and 

other potential inducers and 3) in inflammatory diseases of the skin.

Figure 3. Expression of CR1 by cultured human keratinocytes. Cultured human keratinocytes were washed 
and 104 cells were analyzed for the expression of CR1 by flow cytometry. The continuous line shows keratinocyte 
staining of CR1; broken line shows staining with isotype control.
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The expression of complement receptors on keratinocytes is summarized in Table 3. The 

regulation of expression of complement receptors on keratinocytes has not yet been 

studied. 

The results of the studies carried out so far on the regulation of synthesis of other complement 

proteins in keratinocytes are summarized in Table 4.

Figure 4. Expression of cC1qR on human keratinocytes. Cultured human keratinocytes were washed and 
104 cells were analyzed for the expression of cC1qR and C1qRp. The continuous line in upper panel represents 
staining of keratinocytes by monoclonal anti-cC1qR (Courtesy of  Prof. Daha, Leiden, The Netherlands) and in 
lower panel by monoclonal anti-C1qRp (R139; provided as gift by Dr Tenner; see Nepmuceno et al.49). Broken 
lines in both panels represent staining by respective isotype control. Note strong expression of cC1qR but no 
expression of C1qRp on keratinocytes. U937 cell line showed strong expression of cC1qR as well as C1qRp (data 
not shown). 

2. Synthesis of complement proteins by melanocytes and Langerhans 
cells

The contribution of melanocytes and Langerhans cells in the production of soluble 

complement proteins in the epidermis remains unknown. So far, melanocytes have been 

shown to express only complement regulatory molecules72 and Langerhans cells only C5aR73 

and CR374 (Table 3). The fact that Langerhans cells belong to the monocyte/macrophage 

lineage of cells may be held as a hypothesis that these cells may be capable of synthesizing 

several if not all soluble complement proteins. They will undoubtedly be shown to express 
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most, if not all, membrane embedded complement regulatory molecules. Definitive studies 

on synthesis of complement by Langerhans cells are restricted by the fact that they are 

difficult to purify in sufficient yield. It is likely that melanocytes and Langerhans cells may 

also contribute to local synthesis of complement significantly and that some components 

found not to be synthesized by keratinocytes may possibly be synthesized by these cells.

 
Synthesis of complement in the dermis

Because of the property of endothelium to act as a molecular sieve56, complement 

produced by endothelial cells will enter lumen side rather than dermal side. Thus, there is 

likely to be virtually no or little contribution of cutaneous endothelial cells in the production 

of complement in the skin.   

Skin fibroblasts have been shown to synthesize several components of classical (C1q, C1r, 

C1s, C4 and C2)75-77 and alternative (C3 and factor B)78-80 pathways, late components (C5 

to C9)78 and two fluid phase regulators of complement  (C1-INH and factor H)81-83 (Table 

3). Cytokine regulation of the synthesis of these components is summarized in Table 5.

In spite of the propensity of stimulated mast cells to release a large number of preformed 

as well as de novo synthesized mediators and their involvement in several skin diseases 

such as atopic dermatitis87, their ability to produce soluble complement proteins has not yet 

been investigated. However, expression of several cell surface complement proteins in mast 

cells has been studied (Table 3). Human skin mast cells and human mast cell line HMC-1 

express C3aR as well as C5aR and undergo chemotaxis in response to C3a and C5a88 but 

not in response to their des-Arg forms89,90. This may perhaps explain rapid accumulation of 

mast cells at sites of inflammation. Two types of C3aR have been identified on HMC-1 cell 

line – a high affinity (C3aR1) and a low affinity (C3aR2) receptor91. C5aR was detectable 

on mast cells in normal human skin and in psoriatic plaque but not in wheal and flare 

reactions or in urticaria pigmentosa92. HMC-1 cell line also expresses low levels of CR3 and 

CR4, which were upregulated by a protein kinase C activator, PMA, both at protein and 

mRNA level93. CR4 was present on a low number of normal mast cells. A higher number of 

mast cells bearing the common chain of CR3 and CR4 were seen in inflammatory diseases 

such as psoriasis vulgaris, atopic dermatitis and lichen planus. These observations led to the 

speculation that these complement receptors play an important role in homing of immature 

mast cells as well as in interaction of activated mast cells with other inflammatory cells. 

Mast cells isolated from juvenile foreskin and mammary skin have recently been shown to 

express complement regulatory molecules, DAF, MCP and CD5994.    

Table 4. Cytokine regulation of synthesis of complement proteins by keratinocytes

Complement  protein Cytokines which regulate the synthesis

C3 IL-1α, TNF-α, IFN-γ

Factor B IL-1α, IL-6, IFN-γ

MCP TGF-β1, TGF-β2, TGF-β3

CD59 TGF-β1, TGF-β2, TGF-β3
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Contribution of migrating cells to complement biosynthesis in the skin 

Cytokines and growth factors produced by inflammatory cells recruited during inflammatory 

conditions may induce complement synthesis by inflammatory cells as well as by resident 

cells of the skin. Mononuclear cells are known to produce all the components of classical 

and alternative pathways53 and polymorphonuclear cells synthesize and store at least some 

late components95. The ability of these cells to synthesize components of lectin pathway 

remains obscure. Because cells of bone marrow origin contribute to more than 5% of 

plasma complement, the amount of complement produced locally by infiltrated cells should 

be functionally significant. As cytokines can cross dermal-epidermal basement membrane96, 

they may induce the synthesis of complement in both compartments.

COMPLEMENT DEFICIENCIES AND SKIN DISEASES
Complement components

O’Neil97, Frank98, and Walport99 have published excellent reviews on complement 

deficiencies.  Pickering et al.100 have described the details of age, gender, race, ethnic group, 

and clinical abnormalities (including skin aberrations) in individual complement-deficient 

patients. Discussion on these deficiencies will, therefore, be avoided except to make a 

passing comment that, in cases of homozygous deficiencies of C3, factor H and factor I, 

C3dg is not formed and therefore lamina densa and sublamina densa regions are likely to 

be devoid of this integral structural protein. It is not known whether absence of C3dg in 

these regions contributes to any of the skin abnormalities seen in these deficiencies. In 

the last decade the deficiency of a component of the lectin pathway, MBL, has also been 

described. This is the only known deficiency of this pathway101. Patients have low levels of 

MBL in their serum. The defect is surprisingly common; approximately 5% of individuals in 

Table 5. Cytokine regulation of complement synthesis in skin fibroblasts 

Complement protein Regulatory cytokines References

C1r TNF-α 84

C1s TNF-α 84

C2 IFN-γ, TNF-α, IL-1 74, 84

C4 IFN-γ (TNF-α shows synergistic effect) 74

C3 TNF-α (IL-4 shows synergistic effect), IL1-β, IL-6 79, 84

IL-13 (in TNF-α-stimulated cells) 85

IL-17 86

Factor B TNF-α, IL1-β, IL-6 (IL-4 inhibits TNF-α-, IL1-β - and LPS-induced 
synthesis)

79

IFN-γ (synergism with LPS) 80

IL-13 (in TNF-α-stimulated cells) 85

IL-17 86

C1-INH TNF-α 82

Factor H (45 kD &155 kD) IFN-γ 81
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the general population have this deficiency. They suffer from severe infections in early life 

before their adaptive immunity is developed. MBL deficiency can also increase the severity 

of infectious diseases in adults. For example, patients with acquired deficiency syndrome 

who have MBL deficiency show shorter survival time than patients without this deficiency102.  

A link between MBL deficiency and disease severity of rheumatoid arthritis, cystic fibrosis 

and systemic lupus erythematosus (SLE) has been suggested. MBL deficiency is caused 

by promoter polymorphism and three mutations in collagen-like domain. Alterations in 

the structure of collagen-like domain caused by these mutations render MBL susceptible 

to cleavage by matrix metalloproteinases103. MBL from normal individuals shows high 

molecular weight oligomeric structure that is required for complement activation, whereas 

MBL from patients consists of low-molecular-weight forms.  

 .       
Soluble regulators 

The genetic deficiency of C1-INH leads to the disease hereditary angioneurotic edema 

(HANE). The clinical, genetic, and mechanistic aspects of HANE have recently been 

reviewed104. In this disease, recurrent attacks of acute edema of extremities, gastrointestinal 

tract, and orificial areas occur. Edema of the larynx can be fatal. Approximately 85% 

of the patients have type I HANE in which C1-INH antigenic levels are low (5 to 30% 

of normal) and about 15% have type II HANE in which normal levels of dysfunctional 

C1-INH protein occurs. There is also an acquired form of HANE with identical symptoms. 

This is often associated with other diseases, mainly B-cell disorders, and with antibodies 

to C1-INH. Because C1-INH also inhibits contact activation35 (activation of factor XII, pre-

kallikrein, high-molecular-weight kininogen, and factor XIa), any event that can cause its 

local consumption can cause activation of C1, serine protease subunits of MASP complex, 

and contact activation system. This results in the generation of C2-kinin and bradykinin. Both 

these vasoactive substances were thought to induce the attack of edema in HANE but now 

it is becoming clear that angioedema in HANE is most likely mediated by bradykinin105. 

Several patients with factor I deficiency are known41,106-109. In this deficiency regulation of 

C3/C5-convertases of complement pathways is abrogated. Patients have very low circula-

ting levels of native C3 and very high levels of C3b that is not inactivated in absence of 

factor I. The levels of iC3b or C3dg are not increased. These patients have very low levels 

of factor B, most of which is consumed to generate C3b.Bb, which does not easily decay 

in absence of factor I. In factor I deficiency, complement profiles are very consistent from 

patient to patient but clinical manifestations are variable. Recurrent infections or sepsis is 

quite common. Arthritis has been recorded in two kindreds, and skin abscesses in one and 

osteomyelitis in another. The deficiency has been observed in association with Klinefelter’s 

syndrome, hemolytic anemia, and polyarteritis nodosa. 

In homozygous factor H deficiency41,110-112, the pattern of derailment of the complement 

system was very much similar to that seen in factor I deficiency41,106. Classical and 

alternative pathway activities were undetectable. C3 and factor B levels were very low. C5 
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to C9 levels were greatly depressed. Complement profiles were consistent from patient to 

patient but clinical manifestations were different: collagen vascular disease (mostly SLE-

like), glomerulonephritis, recurrent lung infections, hemolytic uremic syndrome, meningitis 

and sepsis.  

C4BP deficiency has been reported in a family in which C4BP levels in the patient and in a 

healthy sister and the father were 15 to 25% of normal113. Another sister had normal C4BP 

concentration. Immunochemical levels of C1 to C9, factor B, factor I, factor H, properdin, 

and C1-INH and functional levels of C1-INH were normal. In vitro activation of the classical 

pathway in patient serum, by aggregated IgG, resulted in greater C3 consumption than in 

normal sera due to diminished inactivation of C4b.2a. The proband was presented with 

intermittent facial angioedema and features of Behçet’s disease: cutaneous vasculitis, 

genital and oral ulceration, arthralgia, and joint effusion.    

Homozygous or heterozygous deficiencies of vitronectin and clusterin have not yet been 

described. 

Cell surface regulators

Genetic deficiency of DAF has been described in six patients114-117. Erythrocytes in this 

disorder become slightly more susceptible to lysis than normal, in vitro. The deficiency 

does not cause paroxysmal nocturnal hemoglobinuria (PNH)-like syndrome. Most of the 

patients develop gastrointestinal problems including protein-loosing enteropathy and 

Crohn’s disease. Patients with dermatological diseases have not yet been described. 

Crohn’s disease is often associated with pyoderma gangrenosum but genetic deficiency of 

DAF in this dermatological condition has also not yet been reported.

Two patients with genetic deficiency of CD59 on all cells have been described118-119. One 

presented with PNH-like disease, the other with cerebral infarction118. None presented with 

any dermatological condition.

Genetic deficiencies of MCP and CR1 have not yet been described.    

ABERRANCY IN THE EXPRESSION OF COMPLEMENT PROTEINS AND 
SKIN DISEASES

Aberrant expression of membrane-bound regulators has been seen in several human 

diseases45. Here, discussion will be confined to dermatological diseases only. 

Absence or very low expression of MCP and DAF was seen in cutaneous vascular 

endothelium of lesional and nonlesional skin of patients with limited and diffuse systemic 

sclerosis120. CD59 expression was also low in some patients with both subsets of the disease.  

Aberrant expression of MCP and DAF was endothelial cell-specific and was postulated to 

render endothelial cells susceptible to slow damage by physiologically activated autologous 

complement and accelerated damage by occasional pathologically activated complement. 

Time to time systemic activation of complement is known to be associated with extensive 
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visceral involvement in systemic sclerosis121. The mechanism of decreased expression of these 

molecules on endothelial cells remains obscure.

Greatly decreased expression of MCP and DAF was seen in the endothelium of lesional 

but not in nonlesional skin of patients with morphea122. Expression of CD59 was normal. 

Aberrant expression of MCP and DAF, the mechanism of which remains unknown could be 

the part of the mechanism of endothelial cell damage in lesional skin of these patients. UVA-

1 phototherapy has been successfully tried for the treatment of dermal sclerosis in systemic 

sclerosis and morphea, but is not known whether this treatment upregulates the expression 

of MCP and DAF on endothelial cells in these patients.

Expression of MCP and DAF was found to be lower in lesional and perilesional epidermis 

in comparison to lesional epidermis of patients with vitiligo72. Low expression was seen in 

whole epidermis. It was hypothesized that in lesional skin, the overall number of MCP and 

DAF molecules may be so low that they may not be able to protect melanocytes from lysis by 

antimelanocyte membrane antibodies, present in patients with vitiligo123-125, and complement. 

Thus, aberrant expression of MCP and DAF in lesional epidermis including melanocytes could 

be the part of the mechanism of loss of melanocytes in vitiligo lesion126. 

In SLE, immune complex elimination is impaired20,127. This impairment was thought to 

be due to the low levels of CR1 on erythrocytes; erythrocyte CR1 takes up C3b-bearing 

immune complexes and transports them to spleen and liver for eventual elimination. The 

clinical significance of this reduction is in question, as approximately 65% patients with 

systemic lupus erythematosus have low CR1 levels on erythrocytes but 20 to 30% of 

normal controls also have similar decrease. Whether decrease in CR1 on erythrocytes in 

this disease is genetic or acquired is also controversial. Most of the evidence suggests that 

reduction in erythrocyte CR1 levels is acquired. Recently, decreased expression of CR1 has 

been observed on neutrophils in atopic dermatitis, and the decrease has been correlated 

with disease activity128. Decreased expression was also found on eosinophils in this disease, 

but this decrease was not correlated with the disease activity.   

CHEMOKINES AND SKIN INFLAMMATION

Chemokines are a group of small (6 to 14 kD) structurally related molecules that regulate 

leukocyte trafficking to the site of inflammation. Their physiological role is more complex 

than was originally thought to be. New functions of chemokines are continued to be 

identified but chemotaxis remains their hallmark feature. Until now, more than 50 

chemokines have been characterized. 

Based on the position of the N-terminal conserved cysteine residues, chemokines can 

be divided into four families. In the CXC family the first two cysteines are separated by 

a variable amino acid. In the CC family, the cysteine residues are adjacent to each other. 

The majority of the known chemokines belong to these two families. Members of the 
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third family, the C family of chemokines contain a single cysteine residue in the N-terminal 

conserved position. In the fourth family CXXXC, the two N-terminal cysteine residues are 

separated by three variable amino acids. To date, only one member of this family has been 

discovered, CX3CL1 (fractalkine). All chemokines occur in secreted form except fractalkine, 

which is synthesized as a membrane protein but can also be shed from the membrane. 

Fractalkine is also unique in its properties compared to other chemokines: the membrane-

bound form serves as a potent adhesion molecule, while the secreted form has potent 

chemotactic activity129. The known human chemokines are summarized in Table 6130. 

Chemokines exert their effect via their receptors. Chemokine receptors can be grouped into 

four major subfamilies, CXCR, CCR, CR and CX3CR, which interact with CXC, CC, C and 

CX3C chemokines, respectively. The chemokine-chemokine receptor interactions are often 

promiscuous, allowing a single chemokine to bind to multiple receptors and an individual 

receptor to bind distinct chemokines. 

In the following paragraphs we describe those chemokines which are relevant in the 

context of this thesis. 

IL-8

IL-8 belongs to the CXC subfamily of chemokines. It binds to chemokine receptors CXCR1 

and CXCR2. IL-8 exerts a strong chemotactic effect predominantly on neutrophils131, but 

it also attracts CD4+ and CD8+ T lymphocytes132, basophils133 and IL-3- or GMCSF-primed 

eosinophils134.

In addition to its chemotactic effect, IL-8 also exhibits several important immunological 

properties. In neutrophils it increases the expression of adhesion molecules135,136, induces 

respiratory burst137 and release of lysosomal enzymes138.  It also enhances transendothelial 

migration of neutrophils by inducing rapid shedding of L-selectin139. IL-8 increases the 

release of leukotrienes and histamine in IL-3-primed basophils133,140, and promotes 

angiogenesis141.

Although the primary source of IL-8 is monocytes, it is also produced by several other 

cell types. In human skin, keratinocytes, melanocytes, fibroblasts, endothelial cells142, mast 

cells143 and Langerhans cells144 have been shown to produce IL-8. Production of IL-8 in 

these cell types is regulated by cytokines as well as by some other factors. In keratinocytes, 

constitutive IL-8 production is upregulated by TNF-α145, IL-1α142,146, IFN-γ147, IL-17148 and 

by CD40 ligation149. In skin fibroblasts, expression of IL-8 is induced by IL-1α150,151, IL-1β150, 

TNF-α152, IL-17 (in synergism with TNF-α)153 and HLA-DR ligation154 ; IFN-γ inhibits the IL-1α-

induced IL-8 production155. In human dermal endothelial cells, IL-1β and TNF-α have been 

shown to upregulate IL-8 production156,157; the TNF-α-induced IL-8 upregulation is inhibited 

by the CC chemokine eotaxin/CCL1158 and nitric oxide157. In melanocytes, IL-1α and TNF-α 

induce IL-8 expression159. 

Besides regulating the influx of inflammatory cells into the skin, IL-8 also affects the 

cells it is produced by. In keratinocytes IL-8 induces chemotaxis160, proliferation161, HLA-
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Table 6. Human chemokines

Systematic name Current name

CXC chemokine family
CXCL1 Growth-related oncogene-α (GRO-)
CXCL2 GRO-β
CXCL3 GRO-
CXCL4 Platelet factor 4 (PF4)
CXCL5 Epidermal cell-derived neutrophil chemotactic activity-78 (ENA-78)
CXCL6 Granulocyte chemotactic protein-2 (GCP-2)
CXCL7 Neutrophil-activating peptide-2 (NAP-2)
CXCL8 Interleukin-8 (IL-8)
CXCL9 Monokine-induced by IFN- (Mig)
CXCL10 IFN-induced protein of 10kDa (IP-10)
CXCL11 IFN-induced T-cell α-chemoattractant (I-TAC)
CXCL12 Stromal-derived factor-1α/β (SDF-11α/β)
CXCL13 B-cell activating chemokine-1 (BCA-1)
CXCL14 Breast and kidney chemokine (BRAK)
CXCL15 Lungkine
CXCL16 Scavenger receptor that binds phosphatidylserine and oxidized lipoprotein 

(SR-PSOX)
CC chemokine family
CCL1 I-309
CCL2 Monocyte chemotactic protein-1 (MCP-1)
CCL3 LD78β
CCL4 Macrophage inflammatory protein-1α (MIP-1α)
CCL5 MIP-1β
CCL6 Regulation and activated normal T cell expressed and secreted (RANTES)
CCL7 MCP-3
CCL8 MCP-2
CCL9/10 MIP-1
CCL11 Eotaxin-1
CCL12 MCP-5
CCL13 MCP-4
CCL14 Hemofiltrate CC-Chemokine-1 (HCC-1)
CCL15 HCC-2
CCL16 HCC-4
CCL17 Thymus and activation –regulated chemokine (TARC)
CCL18 Dendritic cell chemokine 1 (DC-CK1)
CCL19 MIP-3β
CCL20 MIP-3α
CCL21 Secondary lymphoid tissue chemokine (SLC)
CCL22 Macrophage-derived chemokine (MDC)
CCL23 Myeloid progenitor inhibitory factor-1 (MPIF-1)
CCL24 Eotaxin-2
CCL25 Thymus-expressed chemokine (TECK)
CCL26 Eotaxin-3
CCL27 Cutaneous T-cell-attracting chemokine(CTACK)
CCL28 Mucosae-associated epithelial chemokine (MEC)
C chemokine family
XCL1 Lymphotactin
XCL2 Single C motif-1β (SCM-1β)
CXC3 chemokine family
CX3CL1 Fractalkine

Adapted from Pastore et al.130. The most common names of chemokines are listed.
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DR expression162, and downregulates IL-10R expression163. IL-8 also plays a direct role in 

angiogenesis by enhancing proliferation and survival of CXCR1- and CXCR2-expressing 

dermal microvascular endothelial cells141. 

RANTES

RANTES is a small protein made up of 68 amino acids. It belongs to the CC chemokine 

family. RANTES induces leukocyte migration by binding to receptors CCR1, CCR3 and 

CCR5. It predominantly mediates the trafficking of T cells and monocytes, but also acts on 

a range of other cells, including eosinophils, basophils, mast cells, natural killer cells, and 

dendritic cells164. 

Bedsides its chemotactic properties, RANTES activates T cells165,166 and induces chemokine 

cascade in dendritic cells167. 

In the human skin, keratinocytes145, fibroblasts168, dermal endothelial cells156 and Langerhans 

cells169 have been shown to produce RANTES. In keratinocytes, RANTES production is 

induced by TNF-α, IFN-γ145,170 and IL-1β170. The IFN-γ-induced expression of RANTES in 

keratinocytes is further enhanced by IL-4 and IL-13170 and, like TNF-α-induced RANTES 

production, is inhibited by IL-17148 and nitric oxide171. Synergistic effects of IFN-γ and TNF-

α145, and IFN-γ and IL-1β170 were also observed. In keratinocytes, RANTES upregulates CCR3 

expression, which suggests an autocrine effect of this chemokine172. In dermal fibroblasts, 

the main factors that upregulate RANTES expression are TNF-α, IL-1α, IL-1β168 and HLA-

DR ligation154. In dermal endothelial cells TNF-α173,157 and IFN-γ (in synergism with TNF-α) 

upregulate RANTES production156. In the latter cell type, nitric oxide inhibits the TNF-α-

induced RANTES production157.

MCP-1

MCP-1 belongs to the CC subfamily of chemokines. It is made up of 76 amino acids. MCP-1 

binds to chemokine receptor CCR2. It is chemotactic to monocytes174, basophils176, CD4+ 

and CD8+ T lymphocytes176,177, and natural killer cells178. 

Apart from its chemotactic property, MCP-1 has several other immunological functions. In 

monocytes, it induces respiratory burst179, release of lysosomal enzymes180 and expression 

of adhesion molecules. In these cells it also induces the production of proinflammatory 

cytokines such as IL-1 and IL-6181,182. MCP-1 induces histamine and leukotriene release in 

basophils175. It enhances IL-4 production in T lymphocytes183. MCP-1 induces proliferation 

of vascular smooth muscle cells183.

In the skin, keratinocytes, dermal fibroblasts, endothelial cells184 and melanocytes159 produce 

MCP-1. In human keratinocytes IL-1α185, TNF-α and IFN-γ induce MCP-1 synthesis186,187; nitric 

oxide inhibits the TNF-α- and IFN-γ-induced MCP-1 expression171. In dermal fibroblasts, 

several proinflammatory cytokines induce MCP-1 expression. These include TNF-α 188,189, 

TGF-β189,190, IL-1α185, IL-2191,IL-1β and IFN-γ192. In skin fibroblasts, MCP-1 induces collagenase 

synthesis via an autocrine loop, by inducing IL-1α production193. In dermal endothelial cells, 
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MCP-1 production is induced by TNF-α157,173, IL-1α and IL-1β185, while nitric oxide inhibits 

the TNF-α-induced MCP-1 production157. In melanocytes, TNF-α and IL-1α induce MCP-1 

production159.

CHEMOKINES (IL-8, RANTES AND MCP-1) IN INFLAMMATORY SKIN 
DISEASES

During local inflammation, chemokines produced by resident cells greatly contribute to 

leukocyte recruitment194. This can be seen in the inflammatory skin diseases allergic contact 

dermatitis, psoriasis and atopic dermatitis, in which keratinocytes appear to be the major 

source of chemokines, although other resident and infiltrating cells might also contribute 

to their synthesis130.

In allergic contact dermatitis, MCP-1 is detectable in the skin as early as 6 hour after 

hapten challenge, followed by appearance of RANTES at 12 hours195. IL-8 appears later, 

and seems to be predominantly synthesized by keratinocytes196. IL-8, MCP-1 and RANTES 

also play an important role in the pathogenesis of psoriasis197-200. In lesional epidermis of 

this disease, strong IL-8 expression is seen in the suprabasal region201,202, MCP-1 expression 

in all layers of the epidermis except stratum granulosum203, and RANTES expression in 

the basal layer204. Chemotaxis does not appear to be the only function of IL-8 in psoriatic 

skin; it is believed to participate in dermal angiogenesis205, epidermal hyperproliferation 

and disturbed differentiation via increased keratinocyte IL-8 receptor expression206. In 

atopic dermatitis, RANTES and MCP-1 expression can be detected in the basal layer of 

lesional epidermis207, while IL-8 is only weakly expressed in some limited areas of the lesion. 

However, the exact mechanism behind enhanced chemokine synthesis in these diseases 

is yet to be explored. Besides the enhancing effect of cytokines, other factors might also 

influence chemokine expression in inflammatory skin diseases. For example, CD40 ligation 

reviewed below can also be a potential mechanism contributing to enhanced chemokine 

synthesis in inflamed skin. 

CD40-CD154 INTERACTION AND SKIN INFLAMMATION  

CD40 is a 48 kD type I membrane glycoprotein belonging to the tumor necrosis factor 

(TNF) receptor superfamily. It was originally described on B cells208, but is now known to 

be expressed by several other lymphoid and non-lymphoid cell types209-212. In the human 

skin keratinocytes149, fibroblasts213, Langerhans cells214, dermal dendritic cells and dermal 

microvascular endothelial cells215 have been shown to express CD40. Constitutive CD40 

expression on many non-lymphoid cell types is low, but can be enhanced by IFN-γ216-218. 

The ligand of CD40 is a 30-33 kD type II transmembrane glycoprotein known as CD154 

(CD40 ligand/CD40L) that belongs to the TNF superfamily. It is predominantly expressed by 

activated CD4+ T cells219. 
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In vitro CD40 activation by CD154+ cells or soluble CD154 enhances the expression of 

inflammatory mediators and costimulatory molecules in several cell types. These include B 

cells220-222, monocytes and dendritic cells223-225, epithelial cells226-228, endothelial cells229,230, 
pancreatic duct cells231, mesothelial cells211,232, microglia233 and vascular smooth muscle 

cells212. The in vitro effects of CD40 ligation have also been studied in skin cells. Activation 

of CD40 on keratinocytes by CD154+ cells results in enhanced expression of IL-8, IL-6, 

TNF-α, ICAM-1 and Bcl-x149,234,235, inhibits keratinocyte proliferation and induces their 

differentiation235,236. In fibroblasts, CD40 ligation induces IL-6, VCAM-1 and ICAM-1 

expression216 and enhances proliferation237. On Langerhans cells, CD40 ligation induces Fas 

ligand (FasL) expression238. CD40 activation on human dermal microvascular endothelial 

cells in vitro induces the expression of E-selectin and mediates lymphocyte attachment to 

them215.

The CD40-CD154 ligand pair interaction has also been implicated in the pathogenesis 

of many diseases such as rheumatoid arthritis239, immune thrombocytopenic purpura240, 

inflammatory bowel disease241, Alzheimer’s disease242, systemic sclerosis243,244 and 

systemic lupus erythematosus245. By inducing the expression of chemokines, cytokines and 

adhesion molecules, CD40-CD154 interaction between CD40-expressing skin cells and 

CD154-bearing T cells might also play an important role in the course of inflammatory skin 

diseases. CD40-CD154 interaction between fibroblasts and T cells has been implicated in 

the induction of dermal fibrosis in systemic sclerosis246. A single report also suggested the 

role of CD40 ligation in the pathogenesis of psoriasis149, but the cell types expressing CD40 

in psoriatic lesion were not identified.  

AIMS OF THE STUDIES

The aim of this thesis was to investigate the synthesis and regulation of synthesis of some 

inflammatory mediators, namely complement components and chemokines by human 

keratinocytes. Synthesis of some soluble complement regulatory proteins, which provide 

protection against the harmful effects of self complement, and its regulation was also 

studied.

Human keratinocytes have been shown to synthesize complement components C3 and 

factor B. This suggests that keratinocytes might also be capable of producing factor H and 

factor I, the two complement regulatory proteins that restrict the activities of C3 and factor 

B. Chapter 2 and Chapter 3 describe the synthesis and regulation of synthesis of factor 

H and factor I, respectively, by proinflammatory cytokines.  The results show that human 

keratinocytes produce factor H (both isoforms) as well as factor I and their synthesis is 

regulated by IFN-γ but not by any of the several other cytokines tested.

Although keratinocytes are believed to be initiators of skin inflammation, their ability to 

synthesize late components of complement, which can also contribute to inflammation 
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by forming C5a and C5b-9 complex, has never been investigated. In Chapter 4 we 

studied the synthesis and regulation of synthesis of terminal complement components by 

keratinocytes. The results showed that keratinocytes constitutively express C5, C7, C8γ 

and C9, but not C6, C8α and C8β. None of the proinflammatory cytokines tested had an 

inducing or upregulating effect on terminal complement component synthesis except TNF-

α, which strongly upregulated C9 production.

The synthesis of a molecule in a cell is regulated not only by soluble signals but also by 

cell surface molecules that interact with each other during cell-cell interaction. One such 

pair of molecules is CD40-CD154. CD40-CD154 interaction in vitro induces the release of 

inflammatory mediators from several CD40-expressing cell types. Activated keratinocytes 

have also been shown to express CD40 and, in analogy with other cell types, CD40 ligation 

on these cells may also lead to the release of chemokines from them. Chemokines play 

an important role in the pathogenesis of the chronic inflammatory skin disease psoriasis. 

We hypothesized that in psoriatic lesion, CD40-expressing keratinocytes and CD154-

expressing T cells may be present and CD40-CD154 interaction between the two may 

lead to enhanced chemokine synthesis. Chapter 5 describes in situ identification of CD40+ 

and CD154+ cells in psoriatic skin and the influence of in vitro CD40-CD154 ligation on 

keratinocytes synthesis of chemokines. CD40 was expressed by Langerhans cells, mature 

dendritic cells and keratinocytes in lesional skin. CD154+ T cells were also detected in small 

numbers. CD40+ keratinocytes were found in closed proximity with CD154+ T cells. In 

vitro CD40 ligation by CD154-transfected cells or soluble CD154 resulted in enhanced IL-8, 

RANTES and MCP-1 synthesis by keratinocytes. These findings suggest that CD40-CD154 

interaction between activated keratinocytes and activated T cells may take place in psoriatic 

lesion and may contribute to disease progression.

Possible involvement of CD40 activation of keratinocytes by CD154+ T cells in psoriasis, as 

suggested by studies in Chapter 5, underlines the importance of finding relatively non-toxic 

inhibitors of this interaction on the surface of keratinocytes. Therefore, a low-molecular-

weight compound, trapidil, which inhibits the expression of CD40 in monocytes was studied 

for its effect on the expression of CD40 and on CD40 ligation-induced chemokine synthesis 

in keratinocytes. The results are described in Chapter 6. Trapidil inhibited CD40 expression 

at high concentrations, at concentrations which can not be achieved in vivo. However, 

it inhibited the CD40 ligation-induced production of IL-8 by keratinocytes only at lower 

concentrations in which it was ineffective in inhibiting CD40 expression. This concentration 

was close to in vivo achievable concentration. Thus, Trapidil might prove to be beneficial in 

psoriasis. 

Finally, Chapter 7 summarizes and briefly discusses the results of these studies.
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ABSTRACT

Locally synthesized complement is believed to play an important role in host defense and 

inflammation at organ level. In the epidermis, keratinocytes have so far been shown to 

synthesize two complement components, C3 and factor B. Here we studied the synthesis 

of factor H by human keratinocytes. We also studied the regulation of factor H synthesis 

in keratinocytes by several cytokines, namely, IL-1α, IL-2, IL-6, TGF-β1, TNF-α, and IFN-γ. 
Human keratinocytes expressed factor H mRNA and constitutively released small amounts 

of factor H protein into the culture medium. This release was strongly upregulated by IFN-

γ but not by other cytokines tested. Western blot analysis revealed that IFN-γ augments 

the synthesis of both molecular species, factor H (FH; 155 kD) and factor H-like protein-1 

(FHL-1; 45 kD), of factor H. Factor H released in response to IFN-γ was functionally active. 

In conclusion, we demonstrate that keratinocytes are capable of synthesizing factor H and 

that this synthesis is regulated by IFN-γ.
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INTRODUCTION

Two types of mechanisms protect self-cells from complement-mediated lysis - fluid phase 

and cell surface mechanisms. Fluid phase mechanisms involve several soluble inhibitors and 

inactivators that act at different steps of complement activation. These include C1-inhibitor, 

C4b-binding protein, factor H, factor I, clusterin and vitronectin. All of these regulators 

keep the complement cascade dormant. Cell surface mechanisms involve complement re-

gulatory proteins embedded in the membranes of the self-cells. These include membrane 

cofactor protein (MCP), decay accelerating factor (DAF), and CD59. These regulators 

forestall ongoing complement activation on the cell surface1,2. Thus, combined actions of 

fluid phase and cell surface regulatory proteins protect self cells from complement attack.  

Among the fluid phase complement regulators, factor H plays a pivotal role. It prevents 

the assembly of the C3/C5-convertase (C3b.Bb/C3b.Bb.3b) of the alternative pathway by 

1) binding to C3b in competition with factor B3, 2) accelerating the dissociation of Bb 

from the convertase complexes4, and 3) promoting factor I-mediated inactivation of freshly 

formed and surface-associated C3b5-7. By virtue of its ability to inactivate C3b, factor H is 

also a restrictive factor in the assembly of the C3/C5-convertase (C4b.2a/C4b.2a.3b) of the 

classical pathway8.    

There are two molecular species of human factor H, the 155 kD factor H (FH) and the 45 

kD factor H-like protein-1 (FHL-1). The full length FH isoform consists of 1213 amino acid 

residues9 and its entire sequence contains 20 contiguous short consensus repeats (SCRs), 

which are repeating domains of approximately 60 amino acids each10. The FHL-1 isoform 

is made up of 7 N-terminal SCRs of FH with four additional amino acids. In both isoforms, 

SCRs 2-5 mediate binding to C3b4,11. Both FH and FHL-1 are generated by alternative 

splicing of factor H mRNA12,13. Both transcripts are expressed in the liver, the major site of 

factor H synthesis. They are also expressed in many other cell types. These include human 

monocytes14, umbilical vein endothelial cells15, brain microvessel endothelial cells16, kidney 

proximal tubular epithelial cells17, mesangial cells18, myoblasts19, amnion20, astrocytes21, 

skeletal microtubes22, B-cell lines23 and fibroblasts24.

Human keratinocytes are believed to be the initiators of inflammation in the skin25. They 

synthesize a large number of cytokines but also the complement components C326,27 

and factor B27,28 and have been shown to express several complement receptors and 

complement regulatory proteins29-31.

Because of its role in suppressing complement activation at the C3/C5-convertase stage, we 

hypothesized that factor H could also be produced by keratinocytes and that its production 

should be upregulated whenever there is an increase of C3 and factor B production. C3 and 

factor B synthesis appears to be differentially upregulated under inflammatory conditions 

as several proinflammatory cytokines enhance their synthesis27. In the present study, we 

investigated the synthesis of factor H by normal human keratinocytes and the regulation of 

factor H synthesis in keratinocytes by cytokines. 
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MATERIALS AND METHODS

Chemicals and reagents

Human recombinant cytokines IFN-γ, IL-1α, IL-2, IL-6, TGF-ß1 and TNF-α were purchased 

from Boehringer Mannheim (Mannheim, Germany) and human factor H, factor I and a 

polyclonal goat anti-factor H antibody was obtained from Calbiochem-Novabiochem 

Corporation (La Jolla, CA, USA). The monoclonal antibodies 131X and 196X have been 

described previously7. In short, 131X antibody binds to the middle part of FH and is specific 

for FH and 196X antibody binds to the SCR1 domain of FH/FHL-1 (but not FHR) and reacts 

with FH as well as FHL-1. Horseradish peroxidase (HRP)-conjugated rabbit anti-goat IgG 

and HRP-rabbit anti-mouse IgG were obtained from Jackson Immunoresearch Laboratories 

(West Groove, PA, USA). Normal rabbit IgG, neutralizing rabbit antibodies to IFN-γ, 
thermolysin, trypsin and cycloheximide were purchased from Sigma (St. Louis, MO, USA). 

Normal human serum (NHS) used as a source of complement was a pool of serum obtained 

from 6 healthy volunteers, stored in aliquots at -70°C. C3 was purified and C3b generated 

using factor B and factor D in the presence of Mg++ ions as described previously32,33. 

Cytokines and neutralizing antibodies were aliquoted in small portions and stored at -20°C 

and diluted in keratinocyte serum-free medium (keratinocyte SFM; GibcoBRL, Breda, The 

Netherlands) just before use. The sources of other chemicals and reagents are indicated 

below.

Keratinocyte and A431 cultures 

Human keratinocytes were isolated by incubation of foreskin with thermolysin (0.5 mg/ml, 

Sigma) at 4°C for 16 h and subsequent trypsinization (0.025%) for 5 min at 37°C. Trypsin 

(Sigma) was then neutralized by an excess volume of heat-inactivated fetal calf serum 

(GibcoBRL). Cells were separated from debris by filtering through a nylon mesh, centrifuged, 

and resuspended in keratinocyte SFM supplemented with penicillin/streptomycin (100 IU/

ml, 100 µg/ml; GibcoBRL). A431 cells (American Type Culture Collection, Manassas, VA, 

USA) (a human epidermoid carcinoma cell line) were cultured in Dulbecco’s modified eagle 

medium, supplemented with 10% fetal calf serum, penicillin/streptomycin (100 IU/ml, 100 

µg/ml), and glutamine.  The keratinocytes and A431 cells were plated onto 100 mm plastic 

Petri dishes at a density of 400,000 cells per Petri dish and were incubated at 37°C in 

humidified, 5% CO2, tissue culture incubator. Medium was changed every 2-3 d, and at 

70% confluence cultures were split after a 5 min exposure to 0.025% trypsin, 1.5 mM 

EDTA and recultured. For use in experiments, keratinocytes were seeded in 6-well tissue 

culture plates (Costar) at a density of 100,000 cells per well in 2000 µl of medium. Cells in 

passage 2-5 were used for experiments when 60-80% confluence was achieved. Cells in 

representative wells were counted by a hemacytometer before the experiment and cells in 

all wells were counted after finishing the experiment.
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Preparation of supernatants and lysates 

Subconfluent (70% confluence) keratinocytes were cultured in the presence and absence of 

250 U/ml IFN-γ for 72 h. The supernatants of treated and non-treated keratinocytes were 

pooled separately and concentrated 10-fold to achieve factor H concentrations sufficient 

for Western blot and functional analysis. 

For preparing lysates for use in ELISA assays, keratinocytes grown in 6-well tissue culture 

plates in 2000 µl of culture medium with and without supplementation with cytokines 

were cultured for 72 h. After rinsing with PBS, keratinocytes (0.5x106 cells) were brought 

in 1500 µl of PBS and lysed by freezing and thawing three times. Supernatant was used as 

cell lysate.  

For preparation of lysate concentrates, keratinocytes were cultured in several Petri dishes 

in 8 ml culture medium with or without 1000 U/ml of IFN-γ for 72 h. Detached and 

washed keratinocytes (50x106 cells in 15 ml PBS) were lysed by freezing and thawing three 

times and lysates collected following centrifugation. Lysates of treated and non-treated 

keratinocytes were then concentrated exactly 50-fold in an Amicon Ultra-15 centrifugal 

filter device obtained from Millipore Corporation (Billerica, MA, USA).  

ELISA for measurement of factor H

The concentrations of factor H in the culture supernatants or cell lysates were determined 

using monoclonal antibody 131X or monoclonal 196X antibody as described below. These 

ELISAs are referred to as 131X ELISA or 196X ELISA throughout this manuscript; the latter 

has been described before34. 

Microtiter plates (Nunc MaxiSorp, Nunc, Denmark) were coated with 100 µl of polyclonal 

goat anti-human factor H antibody (20 µg/ml) in carbonate buffer overnight at 4°C. After 

thorough washing with PBS containing 0.05% Tween-20, the non-specific binding sites 

were blocked by 200 µl of 5% BSA in PBS for 1 h at 37°C. Plates were washed and wells 

were incubated with 100 µl of sample diluted in PBS containing 0.5% BSA. After 2 h 

incubation at 37°C the plates were washed and 100 µl of 131X antibody (3 µg/ml) or 

196X antibody (3 µg/ml) in PBS containing 0.5% BSA was added. Plates were incubated 

overnight at 4°C. After washing, HRP-conjugated rabbit anti-mouse IgG diluted 1:2000 in 

PBS containing 0.5% BSA plus 1% goat serum was added to the wells. After 2 h incubation 

at 37°C, plates were washed and incubated with 100 µl 3,3’,5,5’tetramethyl-benzidine 

(Sigma) in dimethylsulfoxide (Merck, Hohenbrunn, Germany)-citrate buffer. The reaction 

was stopped after 10 min with 100 µl H2SO4 (2 M). Optical density (OD) was measured at 

450 nm. 

Western blot analysis for factor H  

Supernatants (12 µl/lane) of stimulated and non-stimulated keratinocytes were run 

into a 10% SDS-PAGE gel under non-reducing conditions and electrotransferred onto a 

nitrocellulose membrane. Normal human serum (NHS) (2%) was run in parallel as a positive 



54

control. Non-specific binding sites were blocked by incubating the membrane for 1 h at 

22°C in 5% fat-free milk in PBS. Membranes were then incubated overnight at 4°C with 

polyclonal goat anti-factor H (diluted 1:5000) or monoclonal 131X antibody (5 µg/ml). 

After washing, the HRP-conjugated secondary antibody (rabbit anti-goat IgG or rabbit anti-

mouse-IgG, all diluted 1:5000) was added. After one hour incubation at room temperature, 

the blots were washed and binding was visualized by enhanced electrochemiluminescence 

on an X-ray film (Super RX, Fuji Photo Film Co, Tokyo, Japan).

Western blot analysis of lysate concentrates was carried out using polyclonal goat anti-

human factor H essentially as described above.    

Functional activity of factor H 

The functional activity of factor H in the supernatants of stimulated and non-stimulated 

keratinocytes was analyzed by monitoring the factor H-mediated cleavage of C3b by 

factor I, essentially as described previously35,36. Briefly, purified C3b was radiolabeled to 

an initial specific activity of 2.3x107 cpm/µg. Supernatants (3, 10 or 30 µl/reaction) of 

stimulated or non-stimulated keratinocytes were incubated with factor I (14 µg/ml, final 

concentration) and 125I-C3b (200,000 cpm) in a total reaction volume of 40 µl of veronal 

buffered saline for 1 h at 37°C. In control experiments factor I or supernatant was omitted. 

After incubation, the samples were heated to 95°C in a reducing buffer (containing 2.5% 

ß-mercaptoethanol) and run in a 10% SDS-PAGE gel. The gels were fixed with 5% acetic 

acid for 30 min, dried and autoradiographed with the Fujifilm BAS 2500 instrument (Fuji 

Photo Film Co.). The conversion of C3b to iC3b was analyzed as the cleavage of the C3b-

α’-chain into 68, 46 and 43 kD fragments.

Isolation of RNA and semi-quantitative reverse-transcriptase polymerase 
chain reaction

Total RNA from human keratinocytes and A431 cells grown in 100 mm Petri dishes was 

isolated using Trizol (Life Technologies, Paisley, UK). Total RNA from liver was isolated from 

freshly frozen pieces of normal human liver by crushing and using Trizol. The RNA pellet was 

dissolved in formamide and the amount of RNA was determined by a spectrophotometer 

at 260 nm and 280 nm. In experiments in which upregulation of factor H mRNA was to 

be studied, RNA was similarly isolated from keratinocytes cultured with and without 

supplementation with IFN-γ (100 U/ml) for 6 h and 24 h. 

Reverse-transcriptase polymerase chain reaction (RT-PCR) was carried out as described 

earlier27 with some minor modifications. Briefly, 5 µg of the extracted total cellular RNA 

was reverse transcribed in a reaction volume of 20 µl and 1 µl of the resulting cDNA 

solution was used to amplify cDNA by factor H-specific PCR. The PCR were performed in 

50 µl per well in polyethylene reaction tubes and applying cycles consisting of denaturation 

step at 94°C for 30 sec, annealing for 1 min at 59°C, and extension for 1 min at 72°C. The 

PCR incubation mixture in a total volume of 50 µl contained 50 mM KCl, 10 mM Tris-HCl 
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pH 8.1, 2.0 mM MgCl2, 0.01% gelatin, 1.25 unit Taq polymerase (Gibco), 250 µM dNTP 

mix (Pharmacia, Uppsala, Sweden), and 140 ng of the sense and antisense primer each. 

The following specific primer sets were used: glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) forward primer 5'-CGAGATCCCTCCAAAATCAA-3' (nt 298-317); and GAPDH 

reverse primer 5'-AGGTCAGGTCCACCACTGAC-3' (nt 799-780); factor H forward primer 

5'-CTGATCGCAAGAAAGACCAG-3' (nt 1812-1831), and factor H reverse primer 5'-

TTGGGTCCATACTCCATGAA-3' (nt 2274-2293)37. Factor H primers were so selected 

that they detect the message of only the predominant isoform, 155 kD FH. To confirm 

purity of the keratinocyte cultures, all cDNA samples obtained after reverse transcription 

of keratinocyte RNA were checked for the presence of non-keratinocyte cDNA using 

the following primers: Tyrosinase forward primer 5’-AATGAAAAATGGATCAACACCC-

3’ (nt 976-997), and tyrosinase reverse primer 5’-GTTTCCAGGATTACGCCGTA-3’ (nt 

1392-1411); HLA-DR forward primer 5’-GCCAACATAGCTGTGGACAA-3’ (nt 283-302), 

and HLA-DR reverse primer 5’-ATAATGATGCCCACCAGACC-3’ (nt 706-725); CD18 

forward primer 5’-GACTCCATTCGCTGCGACAC-3’ (nt 148-167), and CD18 reverse 

primer 5’-CACGGTCTTGTCCACGAAGG-3’ (nt 485-504)38; CD3 forward primer 5’-

TCTCCATCTCTGGAACCACA-3’ (nt 167-186), and CD3 reverse primer 5’-GTTCGCATCTT 

CTGGTTTGC-3’ (nt 362-382) and parathyroid hormone receptor (PTH-R) forward 

primer 5’-CAATGAGACTCGTGAACGGG-3’ (nt 553-572), and PTH-R reverse primer 5’-

AAGTTGAGCACAATGGAGGC-3’ (nt 1133-1152)39. Each PCR product (12.5 µl) was mixed 

with 5 µl stop layer mix and run on a 1.7% agarose gel in tris/borate/EDTA buffer. After 

electrophoresis the gel was scanned by an Eagle Eye imager (Stratagene Europe, Amsterdam, 

The Netherlands) and the signal strength was integrated to obtain a densitometric value for 

each amplification product. To enable semi-quantitative analysis of cDNA obtained from 

cytokine-stimulated keratinocytes, the number of PCR cycles was chosen in such a way that 

a linear relationship be achieved between PCR product formation (plotted on a log scale) 

and cycle number, without having reached saturation of the product formation.

RESULTS

Human keratinocytes constitutively release factor H, release is regulated 
by IFN-γ
Keratinocytes released small amounts of factor H into the culture medium as determined by 

ELISA assays. This release was significantly increased with increasing number of passages 

as observed in cultures derived from three different foreskins (data not shown). Because of 

smaller differences before but greater differences after passage 4, we used only cultures 

from passage 2 to 4 in subsequent studies.

When recombinant forms of IL-1α ( 50-200 U/ml), IL-2 (75-1000 U/ml), IL-6 (100-1000 U/

ml), TNF-α (75-1000 U/ml), TGF-β1 (0.1-10 ng/ml) and IFN-γ (10-1000 U/ml) were tested 
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for their effects on the expression of factor H by keratinocytes in a 72 h culture, none of 

these cytokines except IFN-γ influenced factor H release. IFN-γ upregulated the release 

of factor H in a dose-dependent manner as seen by 131X ELISA that estimates FH and by 

196X ELISA that estimates FH plus FHL-1 (Figure 1A). Upregulation was completely blocked 

by rabbit anti-human IFN-γ IgG but not by control rabbit IgG (data not shown). None of 

the above mentioned cytokines was able to influence the level of cell-associated factor H 

Figure 1. IFN-γ regulates the synthesis of factor H by keratinocytes. Keratinocytes were cultured for 72 h in 
the presence of indicated concentrations of IFN-γ. A. Supernatants were collected and assayed for factor H by 
131X (detects FH) and 196X (detects FH and FHL-1) ELISAs. B. Keratinocyte lysates were prepared and assayed 
for factor H by both ELISAs. The data are expressed as the mean ± SD of triplicate measurements in each of the 
three wells of two independent experiments. 

significantly except IFN-γ. Upregulation of cell-associated factor H level in the lysates of 

keratinocytes treated with graded doses of IFN-γ is shown in Figure 1B. 

To identify the molecular species of factor H that is upregulated by IFN-γ, supernatants 

of non-stimulated and stimulated keratinocytes were subjected to SDS-PAGE followed by 

immunoblotting using one polyclonal and one monoclonal antibody (see ‘Materials and 

Methods’). The polyclonal anti-factor H antibody (Calbiochem) is able to detect FH, FHL-1 

and all factor H-related proteins 1-5 (FHR 1-5). This polyclonal antibody detected FH, FHL-1 

and FHR 1α/β in 2% NHS (Figure 2A). In the supernatant of non-stimulated keratinocytes 

it detected only FH. The levels of FHL-1 were probably too low to be detected. In the 

supernatant of stimulated keratinocytes, both FH and FHL-1 were present. The intensity 

of the FH band was stronger than in the supernatant of non-stimulated keratinocytes. 

Antibody 131X, which is specific for FH, detected FH in the supernatants of both non-

stimulated and stimulated keratinocytes (Figure 2B). The intensity of the FH band was 

however stronger in the supernatant of stimulated keratinocytes. These results obtained 

with polyclonal and monoclonal antibodies indicated an upregulation of the synthesis of FH 
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and induction or upregulation FHL-1 by IFN-γ. Factor H-related proteins were not detected 

in the supernatants of non-stimulated or stimulated cells.  

Western blotting of lysate concentrates of non-stimulated keratinocytes showed only FH 

band; FHL-1 content appeared to be too low to be detected. The lysate concentrate of 

stimulated keratinocytes showed FH as well as FHL-1 bands (data not shown). FH showed 

a much stronger band with stimulated keratinocyte lysate than with non-stimulated 

keratinocyte lysate.  

All these results using ELISA and Western blotting techniques taken together show that 

IFN-γ upregulates the synthesis of FH and upregulates or induces the synthesis of FHL-1. 

Keratinocytes constitutively express factor H mRNA, expression is 
regulated by IFN-γ 

 Cultured keratinocytes were tested for their purity by RT-PCR. Primers specific for HLA-DR 

(macrophages, dendritic cells, B-cells), CD3 (T-cells), tyrosinase (melanocytes), PTH-R (dermal 

fibroblasts), CD18 (macrophages and Langerhans cells) were used to test the presence of 

contaminating cells. Using these primers, RT-PCR was performed on different passages of 

Figure 2. Human keratinocytes constitutionally release FH and IFN-γ augments the release of FHL-1 and 
FH. Supernatants of non-stimulated and IFN-γ-stimulated keratinocytes were subjected to SDS-PAGE. Western 
blotting was performed using polyclonal goat anti-human factor H antibody as a primary and HRP-rabbit anti-
goat IgG as a secondary antibody (A) or the monoclonal 131X antibody as primary and HRP-rabbit anti-mouse 
IgG  as secondary antibody (B). Peroxidase activity was visualized by electrochemiluminescence and recorded 
by a lumi-imager. Note the increased secretion of both FH and particularly of FHL-1 in the IFN-γ stimulated cells. 
FHL-1 is not seen in panel B because it is not recognized by the 131X antibody.
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keratinocyte cultures. All cultures in the first passage were found to be positive for one 

or more contaminating cell type but most cultures from the third passage onwards were 

devoid of any contaminating cells (results not shown). Only those keratinocyte cultures that 

were found to be negative at 36 cycles in a qualitative RT-PCR for tyrosinase, HLA-DR, CD3, 

PTH-R, and CD18 were used in subsequent experiments.

A specific transcript for factor H was reproducibly detected by RT-PCR in cDNA derived from 

several cultures of non-stimulated keratinocytes and A431 cells and from a human liver that 

was used as a positive control - demonstrating that these cells constitutively express factor 

H mRNA (Figure 3). 

 Figure 3. Human keratinocytes and A431 cells express mRNA for factor H. RNA was isolated from cultured 
human keratinocytes and A431 cells and subjected to 36 cycles of a factor H-specific RT-PCR as described in the 
text. Liver cDNA was used as a positive control. The size of the product coincided with the predicted number of 
base pairs (481 bp). No signals were found in the negative control water blanks. The keratinocyte cultures that 
were found to be negative at 36 cycles in a qualitative RT-PCR for tyrosinase, HLA-DR, CD3, PTH-R, and CD19 
were used (see the text).

Analysis of expression of factor H in IFN-γ (100 U/ml)-treated keratinocytes by RT-PCR 

revealed 3.5- and 9.1-fold increases in the factor H/GAPDH message ratios after stimulation 

for 6 h and 24 h, respectively (Figure 4). Analysis of the expression of FHL-1 mRNA in 

response to IFN-γ could not be carried out separately because all the 7 SCRs of FHL-1 

are also present in FH; primers that amplify FHL-1 cDNA sequences also amplify FH cDNA 

sequences. 
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Factor H synthesized by keratinocytes is functionally active   

The functional activity of factor H was determined by testing its ability to act as a cofactor 

in factor I-mediated cleavage of C3b. When supernatant of non-stimulated cells was 

incubated with factor I and radiolabeled C3b, there was virtually no cleavage of C3b at a 

Figure 4. Expression of factor H mRNA in keratinocytes is upregulated by IFN-γ. RNA was isolated from 
keratinocytes at 0 h, 6 h, and 24 h after stimulation with 100 U IFN-γ per ml, and subjected to semi-quantitative 
factor H-specific RT-PCR as described in the text. Upper Panel: The densitometric values obtained with non- 
treated keratinocytes (0 h) were arbitrarily set at 1 and were related to those of cytokine-treated keratinocytes 
(6 h; 24 h). The data represent one of the two independent experiments carried out with the keratinocytes of 
two donors. Three parallel cultures from each donor were analysed. Almost identical results were obtained in 
both experiments. Mean values and SD are shown. Lower left diagram shows representative examples of 
densitometric values obtained as a function of PCR cycle number for factor H and Lower right diagram shows 
the same for GAPDH. Continuous lines: RNA isolated from non treated keratinocytes (0 h), and broken lines: 
RNA isolated 24 h after IFN-γ treatment. Only those keratinocyte cultures that were found to be negative at 36 
cycles in a qualitative RT-PCR for tyrosinase, HLA-DR, CD3, PTH-R, and CD18 were used (see the text). 



60

low concentration of supernatant (final dilution 1:13; lane 1, Figure 5A). This cleavage was, 

however, easily detectable with the same dilution of supernatant of IFN-γ-stimulated cells 

(lane 2, Figure 5A). At a higher concentration (final dilution 1:4), the supernatant of the 

non-stimulated cells also displayed cofactor activity, which was stronger with stimulated 

cells (lanes 3 and 4, Figure 5A). At an even higher concentration (final dilution 1:1.3) a 

strong C3b cleavage by both supernatants was seen as evidenced by the thicker bands 

of C3b cleavage fragments; cleavage was still stronger with the supernatant of  IFN-γ-

stimulated cells (data not shown). Control experiments showed that the supernatants of 

non-stimulated or stimulated keratinocytes alone were not able to cleave C3b even at the 

highest concentration tested (final dilution 1:1.3). Results with the supernatant of stimulated 

Figure 5. Constitutionally synthesized factor H and that synthesized in response to IFN-γ is functionally 
active.125I-C3b (200,000 cpm) was incubated with indicated dilutions of supernatants of stimulated and 
non-stimulated keratinocytes with and without factor I as described in Materials and Methods. The ratios in 
parenthesis indicate final dilutions of the supernatant in the incubation mixture. The C3b cleavage products 
were separated by SDS-PAGE under reducing conditions and detected by autoradiography. The mobilities of the 
α'- and β-chains and of α'-chain cleavage fragments are indicated. A: Lanes 1 and 2 show C3b cleavage by the 
supernatant of non-stimulated and stimulated keratinocytes in the presence of factor I at low concentrations 
(final dilutions 1:13). Lanes 3 and 4 show C3b cleavage by higher concentrations of supernatants (final dilutions 
1:4) in the presence of factor I. B: Lane 1 shows a negative control with C3b and the supernatant of stimulated 
cells in high concentration (final dilution 1:1.3). Lane 2 is a positive control with C3b, factor I and factor H. 
Lanes 3 and 4 represent negative controls with C3b and factor H, and C3b and factor I.  Supernatants of non-
stimulated cells had lower factor H activities in comparison to that of stimulated cells.            
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keratinocytes (final dilution 1:1.3) are shown in Figure 5B, lane 1. Factor H or factor I alone 

were also unable to cleave C3b (lanes 3 and 4, Figure 5B). Positive control (lane 2, Figure 

5B) showed cleavage of C3b by factor I in the presence of factor H. These results clearly 

showed that the supernatant of non-stimulated keratinocytes had factor H activity that was 

stronger in the supernatant of IFN-γ-stimulated keratinocytes.

DISCUSSION

The epithelial compartment of skin harbors components of cellular immunity40. Because the 

epidermis is a frequent entry site of foreign antigens and pathogens, it is expected to possess 

also complement synthesizing capacity to contribute to the first line of immunological defense. 

Indeed, the most abundant cells in the human epidermis, keratinocytes, have been shown to 

produce C3 and factor B26-28, and express several complement receptors29, and complement 

regulatory proteins30,31. In the present study we examined the synthesis of the complement 

inhibitor factor H in keratinocytes and its regulation by inflammatory cytokines. Our hypothesis 

was that if keratinocytes produce complement components, they would also need regulatory 

mechanisms to prevent excessive complement activation and epidermal damage.   

Initial experiments indicated that human keratinocytes constitutively express factor H 

mRNA and release small amounts of factor H in culture. Experiments aimed at studying the 

regulation of synthesis of factor H revealed that IFN-γ was able to upregulate the release of 

factor H and increase its intracellular level. Cycloheximide inhibited IFN-γ-induced release of 

factor H (data not shown) suggesting that the enhanced release was due to an increased de 

novo synthesis. Western blot analysis showed that IFN-γ upregulates the synthesis of FH and 

induces that of FHL-1. Semi-quantitative RT-PCR analysis using FH specific primers showed an 

upregulation of the expression of FH mRNA by IFN-γ. Factor H present in the supernatants of 

stimulated as well as non-stimulated keratinocytes was functionally active. 

Regulation of synthesis of factor H (or its isoforms, FH and FHL-1) has been studied only 

in a limited number of cell types. In some of them synthesis of factor H was found to be 

regulated by IFN-γ. These include glomerular mesangial cells18, proximal tubular epithelial 

cells17, myoblasts and rhabdomyosarcoma cell lines CRL1598 and HTB15319, liver cell line 

Hep3b41, and epithelial cell line HEp242. In other cell types synthesis of FH as well as FHL-

1 was studied and was found to be upregulated by IFN-γ. These include umbilical vein 

endothelial cells (HUVEC)43, skin fibroblasts24, synovial fibroblasts44,45 and lung fibroblast 

cell line MRC-544. In the oligodendrocyte-derived cell line HOG46 and human neuroblastoma 

cell lines IMR32, SKNSH, SH-5Y5Y and KELLY47, expression of factor H (or its isoforms) were 

upregulated by IFN-γ as well as TNF-α. Here we show that the synthesis of FH as well as 

FHL-1 is regulated by IFN-γ but not by TNF-α. These results thus support the widely held 

view that regulation of synthesis of complement proteins is cell type specific.
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In addition to its complement regulatory functions, other important properties of FH and 

FHL-1 have been described. Factor H binds to the integrin CD11b/CD18, acts as an adhesion 

ligand and activates neutrophils48. It acts a ligand for L-selectin49. Factor H also exerts a 

chemotactic effect on monocytes50. Under normal circumstances, recruitment of leukocytes 

to the site of inflammation can be beneficial in eliminating pathogens. FH and FHL-1 have 

also been shown to possess an undesirable property of contributing to survival of some 

microbial pathogens. They bind to certain molecules on the surface of some microbial 

pathogens, promote cleavage of C3b on their surface and contribute to their evasion from 

complement-mediated lysis. This has been shown with Group A Streptococcus51, serum 

resistant Borrelia burgdorferi isolates52, pathogenic yeast Candida albicans53, Streptococcus 

pneumoniae54, and Streptococcus pyogenes that invades epithelial cells of skin and soft 

tissues55. Low constitutive release of FH and no constitutive release of FHL-1 by keratinocytes 

as observed in this study may perhaps be a mechanism that restricts the availability of 

factor H to save the host epidermis from the undesirable effects of factor H.

If the observations made in the present study and those in previous studies could be 

extrapolated to in vivo situations, the following could be stated. IFN-γ produced locally by 

infiltrated T cells, during an inflammatory response, can upregulate the synthesis not only 

of C356 and factor B27 but also of factor H. Upregulation of factor H in parallel to that of C3 

and factor B by IFN-γ appears to be the fluid phase mechanism to minimize complement-

mediated damage of autologous keratinocytes under inflammatory conditions. Because of 

the ability of factor H to provide protection selectively to host cells57, complement activity 

against those potential invading organisms that can not utilize factor H for complement 

evasion, would be maintained at the same time. The other mechanism for protection of 

keratinocytes from keratinocyte-derived complement under the inflammatory conditions of 

excessive complement production involves the cell surface-associated complement regulatory 

molecules, CD46, CD55, and CD592,58,59. TGF-ß released from activated mononuclear cells 

has been shown to upregulate the expression of the membrane complement regulators31.

In conclusion, we provide data showing that keratinocytes synthesize the complement 

inhibitor factor H; the synthesis is regulated by IFN-γ. This suggests that under inflammatory 

environment containing IFN-γ, local synthesis of factor H may contribute to the prevention 

of dermal cell damage otherwise caused by C3 and factor B simultaneously synthesized by 

keratinocytes. Importantly, by this mechanism factor H-mediated survival of host cells is 

achieved while increased complement attack can be targeted against those invading microbes 

or against non-viable cells, which are not able to utilize factor H for their protection.
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ABSTRACT

Extrahepatic complement synthesis is believed to play an important role in host defense 

and inflammation at tissue and organ level. In the epidermis the most abundant cell type, 

keratinocytes have been shown to produce C3, factor B and factor H. In the present 

study we investigated the synthesis of factor I by human keratinocytes. We also studied 

whether proinflammatory cytokines IL-1α, IL-6, TGF-β1, TNF-α and IFN-γ regulate factor I 

synthesis in keratinocytes. Human keratinocytes constitutively expressed factor I mRNA and 

produced factor I protein. Amongst the above mentioned cytokines, only IFN-γ regulated 

the synthesis of factor I and this effect occurred predominantly at pre-translational level. 

Factor I produced by keratinocytes was functionally active in cleaving C3b. In conclusion, we 

demonstrate that keratinocytes are capable of synthesizing factor I and that this synthesis 

is regulated by IFN-γ.
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INTRODUCTION

The complement system is a key component of both innate and acquired immunity. It 

can become activated by three pathways - classical, lectin and alternative pathways. 

Complement system provides strong defense against invading pathogens. During the killing 

of microbes it can potentially damage self-cells that must be prevented. Damage of self-

cell by activated autologous complement is prevented by two types of mechanisms – fluid 

phase and cell surface mechanisms. Fluid phase mechanisms prevent self-cell damage using 

several inhibitors and inactivators that inhibit complement in fluid phase at different steps. 

These include C1-inhibitor (C1-INH), C4b-binding protein (C4BP), mannan-binding lectin 

(MBL)-associated protease-3 (MASP-3), factor H, factor I, clusterin and vitronectin. These 

inhibitors keep complement dormant in fluid phase while allowing it to be activated on the 

surface of pathogens or dead cells. Cell surface mechanisms prevent self-cell damage using 

several membrane proteins that inhibit complement activation on cell surface at different 

steps1,2. These include complement receptor 1 (CR1), membrane cofactor protein (MCP), 

decay accelerating factor (DAF) and CD59. Thus, combined actions of fluid phase and 

cell surface regulatory proteins protect self-cell from damage by autologous complement 

attack. On foreign invading cells membrane-bound inactivators do not exist, which thereby 

predisposes them to lysis by the complement system.

Factor I (88 kD) is a serine protease that circulates in the blood in active form. It is composed 

of two disulfide-linked polypeptide chains (50 and 38 kD). The serine protease domain is 

located on the light chain. Among the fluid phase complement regulators, factor I plays a 

pivotal role in the regulation of all the three complement pathways. Fluid phase cofactors 

of factor I are C4BP and factor H and cell surface cofactors are MCP and CR1. Using these 

cofactors, factor I cleaves the α' chains of C3b and C4b. In the fluid phase, factor I impedes 

the assembly of C3/C5 convertase (C4b2a/C4bC2aC3b) of lectin and classical pathways 

and the assembly of C3/C5-convertase (C3bBb/C3bBbC3b) of the alternative pathway and 

accelerates their decay1,3 by cleaving C4b and C3b using C4BP and factor H as cofactors, 

respectively4-6. Factor I can also use C4BP as a cofactor in the cleavage of C3b but this 

cleavage is very weak and physiologically insignificant7,8. On cell surfaces, factor I can use 

factor H for C3b cleavage but not C4BP for C4b cleavage. On the surface of a self-cell, 

factor I impedes the assembly of C3/C5-convertases of complement pathways by catalyzing 

the cleavage of surface-associated C4b and C3b using MCP1,9 and CR11,10 as cofactors.

Factor I is synthesized predominantly in the liver by hepatocytes11,12. Factor I has also 

been shown to be synthesized by monocytes13, human umbilical vein endothelial cells 

(HUVEC)14,15, myoblasts16 and synovial fibroblasts15. It is also synthesized by monocytic cell 

line U93717, Raji B cells17, and hepatoma cell lines HepG2, Hep3B and NPLC-KC11,18. 

The keratinocyte is the main cell type in the epidermis. This cell type is a key component 

of the skin’s immune system19. Keratinocytes produce several cytokines and chemokines 

and have been shown to express several complement proteins that include complement 
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receptors (CR1, CR2 and cC1qR)2,20, cell surface complement regulatory proteins (MCP, DAF, 

CD59)21 and some of the complement components (C3, C4 and factor B) 2;22-25. Keratinocytes 

have recently been shown to synthesize factor H26. Because normal keratinocytes express 

cofactors (factor H, MCP and CR1), we hypothesized that they could also synthesize factor 

I, the enzyme specific for these cofactors, to control complement activation at C4 and C3 

stage. We also argued that under inflammatory conditions the keratinocyte production 

of factor I may also be enhanced parallel to the enhancement of production of C3, C4, 

factor B and factor H; whose synthesis is differentially regulated by several proinflammatory 

cytokines 25,26.

In the present study we investigated the synthesis of factor I and its regulation in 

keratinocytes by several proinflammatory cytokines.

MATERIALS AND METHODS 

Keratinocyte cultures

Human keratinocytes were isolated by incubation of foreskin with thermolysin (0.50 mg/ml, 

Sigma-Aldrich, St. Louise, MO) at 4°C for 16 h and subsequent trypsinization (0,025%) for 5 

min at 37°C. Trypsin (GibcoBRL, Breda, The Netherlands) was then neutralized by an excess 

volume of fetal calf serum (HyClone, Logan, UT, USA). Cells were separated from debris by 

filtering through a cell strainer, centrifuged, and resuspended in keratinocyte serum-free 

medium (keratinocyte SFM, GibcoBRL) supplemented with 50 µg/ml gentamycin (Duchefa 

BV, Haarlem, The Netherlands). A431 cells (American Type Culture Collection, Manassas, 

VA, USA) (a human epidermoid carcinoma cell line) were cultured in Dulbecco’s modified 

eagle medium (GibcoBRL) supplemented with 10% fetal calf serum, gentamycin (50 

µg/ml), and glutamine. The keratinocytes were plated onto 100 mm plastic Petri dishes 

and were incubated at 37°C in a humidified, 5% CO2, tissue culture incubator. Medium 

was changed every 2-3 d and at 60-80% confluence cultures were split after a 5 min 

exposure to r-protease (TripLe Select; GibcoBRL) and recultured. For use in experiments, 

keratinocytes were seeded in 6-well tissue culture plates (Costar) at a density of 100,000 

cells per well in 1500 µl of medium or in 100 mm Petri dishes at a density of 400,000 

cells per dish in 5000 µl of medium. Cells in passage 3-4 were used for experiments 

when 60-80% confluence was achieved. Cells in representative dishes were counted by a 

hemacytometer before the experiment and cells in all dishes were counted after finishing 

the experiment.

Stimulation of keratinocytes

In order to investigate the effect of different proinflammatory cytokines on factor I production, 

keratinocytes were grown in 6-well tissue culture plates in 1500 µl of culture medium with 

and without supplementation of IFN-γ (10-1000 U/ml), IL-1α (25-200 U/ml), IL-6 (250-1000 
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U/ml), TNF-α (100-1000 U/ml) or TGF-β1 (2-10 ng/ml) (all from Roche, Germany). After 72 

h, supernatants were collected and analyzed for the presence of factor I.

Functional analysis of factor I and quantification of the results

The functional activity of factor I in the supernatants of stimulated and non-stimulated 

keratinocytes was analyzed by monitoring C3b cleavage. Briefly, purified C3b was 

radiolabelled to an initial specific activity of 2.3x107 cpm/µg. Supernatants of stimulated or 

non-stimulated keratinocytes were incubated with factor H (10 µg/ml, final concentration) 

and 125I-C3b (200,000 cpm) in a total reaction volume of 40 µl of veronal buffered saline for 

1 h at 37°C. In control experiments keratinocyte supernatant was omitted. In the positive 

control both factor I (14 µg/ml) and factor H (10 µg/ml) were mixed with the labeled C3b. 

After incubation the samples were heated to 95ºC in a reducing buffer (containing 2.5% 

β-mercaptoethanol) and run in a 10% SDS-PAGE gel. The gels were fixed with 5% acetic 

acid for 30 min, dried and autoradiographed with the Fujifilm BAS 2500 instrument (Fuji, 

Tokyo, Japan). The conversion of C3b to iC3b was analyzed on the basis of cleavage of the 

C3b-α’-chain into 68, 46 and 43 kDa fragments.

Quantification of the results was performed by using MacBas v2.5 program (Fuji). Intensity 

(I) of α’, α’-68, α’46 and α’43 bands was measured and cleavage percentage of C3b-α’ was 

calculated by using the following formula: [(Iα’68+Iα’46+Iα’43)/(Iα’+Iα’68+Iα’46+Iα’43)]x100%.

Reverse-transcriptase polymerase chain reaction (RT-PCR)

Total RNA was isolated from non-stimulated keratinocytes and A431 cells by using a NucleoSpin 

II RNA Isolation Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s 

instructions. RNA obtained from the human hepatoma-derived cell line HepG2 was used as 

a positive control. After reverse transcription of 9 µl of total RNA with the help of a synthesis 

kit for RT-PCR (MBI Fermentas, St Leon-Rot, Germany), 1 µl of the resulting cDNA solution 

was used for amplification by PCR. The PCR incubation mixture in a total volume of 50 µl 

contained 10mM Tris-HCl, 50 mM KCl and 1.5mM MgCl2, 250 µM dNTP mix (Pharmacia, 

Uppsala, Sweden), 1.25 unit Taq polymerase, and 0.2 µM of sense and antisense primers. In 

case of factor I RT-PCR, 5% DMSO was added to the reaction mixture. The following primer 

sets were used: factor I sense primer 5’-TCCACTTAAGGTTTTGCAAGG-3’; factor I antisense 

primer 5’-TGTCTTATCTTGGTCCACAAG-3’ defining a 374 bp product ; glyceraldehide-3-

phosphate dehydrogenase (GAPDH) sense primer 5’-GAAGGTGAAGGTCGGAGTC-3’; 

GAPDH antisense primer 5’-GAAGATGGTGATGGGATTTC-3’defining a 226 bp product. The 

amplification program consisted of an initial denaturation step at 94°C (3 min), followed 

by 45 cycles of sequential incubations at 94°C (1 min), 60ºC (2 min) and 72°C (2 min). PCR 

products were analyzed on a 1.5% agarose gel containing ethidium bromide. A 100-bp 

DNA ladder standard (MBI Fermentas) was used as a size marker.
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Western blot analysis 

For Western blot analysis, keratinocytes were cultured in Petri dishes for 72 h in the presence 

or absence of 1000 U/ml of IFN-γ. Supernatants were collected and concentrated using an 

Amicon Ultra-15 centrifugal filter device (Millipore Corporation, Billerica, MA, USA). C3 was 

estimated by ELISA25 in supernatant before and after concentration and fold concentration 

achieved was determined. Final concentration was then adjusted to 100-fold with PBS. 

Concentrated (100-fold) supernatants (20 µl/lane) of non-stimulated or IFN-γ (1000 U/

ml)-stimulated keratinocytes were run into a 10% SDS-PAGE gel (Bio-Rad Laboratories, 

Hercules, CA, USA) under non-reducing conditions and electrotransferred onto a 

nitrocellulose membrane. Purified human factor I (5 ng/lane; Quidel) was run in parallel 

as a positive control. Non-specific binding sites were blocked by incubating the membrane 

for 1 h at room temperature in 5% fat-free milk in PBS/0.1% Tween-20. Membranes were 

then incubated overnight at 4°C with mouse anti-human factor I (0.5 µg/ml) (Quidel). After 

washing, HRP-conjugated secondary antibody (rabbit anti-mouse IgG; 1:100,000)(Jackson 

ImmunoResearch Laboratories, West Grove, PA, USA) was added. After one hour incubation 

at room temperature, the blots were washed and incubated with SuperSignal West Femto 

Maximum Sensitivity Substrate (Pierce Biotechnology, Rockford, IL, USA) according to the 

manufacturer’s instructions. Chemiluminescence was visualized on an X-ray film (Kodak, 

New Haven, CT, usa). Pre-stained Precision Plus Protein Standard (Bio-Rad Laboratories) 

was used as a mixture of defined molecular markers. 

Real-time quantitative RT-PCR analysis 

Keratinocytes were grown in 6-well plates (Costar) in KGM for 6, 24, 48 and 72 h with or 

without the supplementation of 1000 U/ml of IFN-γ. Cells were then lysed for total RNA 

extraction using a NucleoSpin II RNA Isolation Kit (Macherey-Nagel, Düren, Germany). First 

strand cDNA was synthesized, using a cDNA-synthesis kit (MBI Fermentas). 

The quantitative RT-PCR was carried out with an iCycler (Bio-Rad Laboratories). Human IF 

TaqMan® Gene Expression Assay (reference number: Hs00173409_m1) (Applera Hungary 

Ltd., Budapest, Hungary) was used for detection of change of factor I gene expression. The 

TaqMan probe was FAM dye-labeled. The amplification program was as follows: initial step 

1 cycle at 95°C (6 min), followed by 40 cycles of sequential incubations at 95°C (95 sec) 

and 60°C (1 min). 18S ribosomal RNA was used as endogenous control. The  sequences 

of primers and probe were: sense 5’-CGGCTACCACATCCAAGGAA–3’, antisense 5’-

GCTGGAATTACCGCGGCT-3’, and 5’-/TexasRed/ TGCTGGCACCAGACTTGCCCTC /3BHQ/-3’. 

Amplification program was 40 cycles of sequential incubations at 95°C (15 sec) and 62°C (1 

min). The PCR reactions were carried out in duplicate. Reaction and component volumes as 

well as data evaluation were made according to the manufacturer’s instruction. PCR results 

were expressed as fold increases over the corresponding time-control values.
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Statistical analysis

Statistical analysis was performed by using GraphPad Prism software (version 4.00; 

GraphPad Software, Inc., San Diego, CA, USA).  One-way ANOVA analysis with Dunnett’s 

multiple comparison test and Bonferroni’s multiple comparison test were used for the 

evaluation of quantified functional assay results  and quantitative PCR results, respectively. 

A p value < 0.05 was considered as significant. 

RESULTS

Human keratinocytes constitutively release factor I

Keratinocytes were cultured up to passage five and factor I functional activity was measured 

in each passage. Results revealed that keratinocytes constitutively produce small amounts of 

functionally active factor I. Production was slightly increased with each increase in passage 

number but the increase was not statistically significant (Figure 1). 

Figure 1. Human keratinocytes 
release functionally active factor 
I. Normal human keratinocytes 
were cultured up to passage 5. 
In each passage, supernatants 
were collected after 72 h 
incubation and subjected to factor 
I functional analysis (cleavage of 
125I-C3b, 2x105 cpm). A: Lane 
1: spontaneous cleavage (SC) 
of C3b; Lane 2: positive control 
(PC) showing cleavage of C3b in 
the presence of purified factor H 
(10 µg/ml) and purified factor I 
(14 µg/ml); Lanes 3-7: cleavage 
of C3b in the presence of factor 
H by the supernatants of non-
stimulated keratinocytes obtained 
from passages 1-5 as indicated.  
B: Results of the functional assay 
were quantified and expressed as 
cleavage percentage of the C3b-
α’ chain. Values are the mean ± 
SD for triplicate determinations of 
one representative culture out of 
three.
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Keratinocytes constitutively express factor I transcript

As shown in Figure 2, specific factor I transcripts were detected by RT-PCR in non-stimulated 

normal human keratinocytes and A431 cells. cDNA obtained from HepG2 cells was used as 

a positive control. Factor I transcripts were found in keratinocytes from different foreskins 

and also different passages of A431 cells. No signals were found in negative control water 

blanks indicating that the results obtained were not due to crossover or DNA contamination. 

PCR amplification of GAPDH mRNA is also shown as a positive control for the integrity and 

amount of the RNA preparations used in the analysis.

IFN-γ regulates the production of factor I from keratinocytes

Analysis of factor I activity in supernatants of keratinocytes cultured for 72 h in the presence 

of graded concentrations of human recombinant IL-1α, IL-6, TNF-α, TGF-β1 and IFN-γ 

showed that none of these cytokines except IFN-γ had any effect on the factor I production 

by keratinocytes (not shown). IFN-γ was ineffective up to a dose of 100 U/ml but from 250 

U/ml onwards (tested up to 1000 U/ml) it significantly induced a dose-dependent increase 

in factor I production by keratinocytes (Figure 3). In view of the enzymatic nature of factor 

I this increase may be considered quite high.

Western blot analysis for factor I  

Western blot analysis was performed on purified factor I as control and on 100-fold 

concentrated supernatants of non-stimulated and IFN-γ-stimulated keratinocytes by using 

the enhanced chemiluminescence (ECL) assay. Factor I bands could be easily detected in 

purified factor I samples but not in concentrated supernatants of non-stimulated and IFN-

γ-stimulated keratinocytes (data not shown). These results together with factor I functional 

Figure 2. Human keratinocytes and A431 
cells express factor I mRNA. RNA was 
isolated from cultured human keratinocytes 
and A431 cells and subjected to 45 cycles of 
factor I-specific RT-PCR as described in the 
text. cDNA obtained from HepG2 cells was 
used as a positive control.

74



activity detected in non-treated and IFN-γ treated supernatants (Figures 1 and 3) suggest 

that keratinocytes release factor I protein only in traces that are detectable by activity 

measurements but undetectable in Western blots.

 
IFN-γ regulates the synthesis of factor I transcripts

Factor I mRNA obtained from IFN-γ-treated (1000 U/ml) and non-treated keratinocytes was 

analyzed by real-time quantitative RT-PCR. The quantitative analysis showed 15.1-, 212-, 

258- and 168-fold increases in the amounts of factor I message in the cytokine-treated 

samples at 6, 24, 48 and 72 h, respectively, when compared to the non-treated time-

controls (Figure 4). 

DISCUSSION 

The epidermal compartment of the skin is a frequent entry site for foreign antigens and 

pathogens.  It harbors components of cellular immunity for body defense at skin level27. It is 

also expected to possess complement synthesizing capacity to contribute to the first line of 

Figure 3. Release of factor I 
by keratinocytes is regulated 
by IFN-γ. Keratinocytes were 
cultured for 72 h in the presence 
of indicated concentrations of 
IFN-γ. Supernatants were then 
collected and subjected to factor 
I functional analysis. A: Lane 1: 
spontaneous cleavage (SC) of 125I-
C3b; Lane 2: positive control (PC) 
showing cleavage of C3b (2x105 
cpm) in the presence of purified 
factor H (10 µg/ml) and factor I 
(14 µg/ml); Lanes 3-9: cleavage of 
C3b in the presence of factor H by 
the supernatant of keratinocytes 
treated with graded doses of IFN-
γ as indicated. B: Results of the 
functional analysis were quantified 
and expressed as cleavage 
percentage of the C3b-α’ chain. 
Data is expressed as the mean ± 
SD of triplicate determinations of 
one representative culture out of 
three; * p<0.05 versus non-treated 
sample.
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immunological defense. Indeed, the most abundant cells in human epidermis, keratinocytes, 

have been shown to produce several complement proteins as described above. These 

include cofactors of factor I, namely factor H, MCP and CR1 as well as substrates of factor I, 

namely C4 and C3. We hypothesized that if keratinocytes express cofactors and substrates 

of factor I, they would also produce factor I. Factor I in conjunction with its cofactors will 

prevent excessive complement activation and epidermal damage.   

Here we show that human keratinocytes constitutively express factor I mRNA and release 

small amounts of factor I in culture. IFN-γ was able to upregulate the release of factor I 

and enhance the expression of factor I mRNA. Other cytokines tested had no regulatory 

effect. Factor I produced by non-stimulated as well as IFN-γ-stimulated keratinocytes was 

functionally active as it was able to promote breakdown of C3b in the cleavage assay.

The extent of upregulation of factor I mRNA (168-fold; Figure 4) was much higher than 

the upregulation of factor I activity (1.5-fold; Figure 3) in response to treatment with IFN-γ 

(1000 U/ml) for 72 h. The lack of correlation between upregulation of mRNA expression 

and upregulation of protein synthesis is not unusual and could be due to mRNA instability 

and degradation, tight translational control and/or protein degradation28. Possible inhibition 

of factor I activity by any inhibitory factor generated from keratinocytes in response to IFN-

γ could also be one of the causes to be considered. 

Enhanced synthesis of factor I by keratinocytes in response to IFN-γ can be beneficial in 

vivo. During skin inflammation, infiltrating T cells produce excessive amount of IFN-γ, which 

enhances C42, C323 and factor B25 production in keratinocytes. Upregulation of factor 

Figure 4. Expression of factor I in keratinocytes is regulated by IFN-γ at pre-translational level.  
RNA was isolated from IFN-γ-treated (1000 U/ml) and non-treated keratinocytes at 6, 24, 48 and 72 h and 
subjected to real-time quantitative factor I-specific RT-PCR as described in the text. Results obtained with the 
IFN-γ treated keratinocytes were expressed as fold increase over the PCR results obtained with the non-treated 
corresponding time-controls set to 1. Data are presented as mean ± SD for four independent experiments.  
*** p<0.001 versus time-controls.
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H synthesis we have shown earlier26 and of factor I synthesis as shown here, in parallel 

to these complement proteins appears to be an important mechanism in preventing the 

damage of keratinocytes and other epidermal cells by locally synthesized complement. 

Because of the ability of factor I and factor H to provide protection selectively to intact 

host cells29,30, complement activity against potential invading organisms that can not 

utilize factor H for complement evasion, would be maintained at the same time. Under 

inflammatory conditions, increased production of factor I by IFN-γ and increased expression 

of its cofactor MCP by TGF-β21 can also contribute to increased protection of keratinocytes 

from complement. Factor I in conjunction with CR1 expressed on keratinocytes2 can also 

provide protection to keratinocytes. Factor I in conjunction with MCP can also provide 

protection to melanocytes31. Since expression of MCP on Langerhans cells and CR1 on 

melanocytes and Langerhans cells has not been studied, the role of increased production 

of factor I in increased protection of these cells can not be postulated as yet. 

An important function of complement is the removal of cellular debris32. Cell membrane 

alterations of apoptotic cells lead to complement activation and formation of C3b. C3b 

covalently binds to the activator cell surface where it is further cleaved to iC3b by factor I in 

the presence of factor H. iC3b accumulated on the cell surface enhances the rapid clearance 

of the cell by phagocytes33,34. In the epidermis, factor I produced by keratinocytes, together 

with factor H and C3, might play an important role in the regulation of epidermal turnover 

by contributing to the removal of apoptotic cells. Factor I is likely to play a role in clearance 

of apoptotic epidermal cells in diverse situations such as in UV-exposed normal  skin and 

in healing psoriatic skin in which resistance to apoptosis is decreasing with decreasing 

proliferation of keratinocytes, but this role has not yet been investigated. 

Factor H and I have also been shown to possess an undesirable property of contributing to 

the survival of some microbial pathogens. Factor H binds to certain molecules on the surface 

of some microbial pathogens, promotes factor I-mediated cleavage of C3b on their surface 

and contributes to their evasion from complement-mediated lysis. This has been shown 

with pathogenic yeast Candida albicans35 and several pathogenic bacteria36-38 including 

Streptococcus pyogenes that invades epithelial cells of skin and soft tissues39. Staphyloccus 

aureus has been shown to use factor I for C3b inactivation without the involvement of 

factor H40. Some virus-infected cells secrete some proteins with cofactor activity that use 

factor I to cleave C3b to iC3b on their surfaces in absence of factor H for their protection.  

This has been shown with vaccinia virus41 and Kaposi sarcoma-associated herpesvirus42. 

Low constitutive release of factor I as shown in this study, and of factor H, as shown in a 

previous study 26, may perhaps be a mechanism that restricts the availability of factor H and 

factor I to save the host epidermis from undesirable effects of complement activation.

Regulation of synthesis of factor I has been studied only in a few cell types. IFN-γ was 

shown to upregulate the synthesis of factor I in HUVEC14 but not in myoblasts and the 

rhabdomyoma cell lines CRL1558 and HTB15316. IL-6 was found to be the regulator of the 

synthesis of factor I in human hepatocytes43, and hepatoma-derived cell line HepG244. Here 
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we show that IFN-γ, but not IL-6, upregulates factor I expression in human keratinocytes. 

These results support the widely held view that regulation of synthesis of complement 

proteins is cell type-specific.

In conclusion, keratinocytes synthesize the complement inactivator factor I and IFN-γ 

regulates this synthesis. In an inflammatory environment containing IFN-γ, local synthesis 

of factor I and  simultaneously produced factor H (and cell surface cofactors MCP and CR1) 

may contribute to the prevention of epidermal cell damage otherwise caused by locally 

synthesized C3, C4 and factor B. Importantly, by this mechanism factor I (and its cofactors)-

mediated survival of host cells can be achieved while increased complement attack can be 

targeted against invading microbes or against non-viable cells, which are not able to utilize 

factor I and its cofactors for their protection.
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ABSTRACT

Human keratinocytes are important constituents of the skin immune system. They produce 

several cytokines, chemokines as well as some complement proteins. As regards soluble 

complement proteins, so far keratinocytes have been shown to synthesize only C3, C4, 

factor B, factor H and factor I. Synthesis and regulation of synthesis of other complement 

proteins has not yet been studied. Here we studied the synthesis of terminal complement 

components, C5 through C9 by human keratinocytes. We also studied the regulation of 

terminal complement synthesis in keratinocytes by several cytokines, namely, IL-1α, IL-2, 

IL-6, TGF-β1, TNF-α, and IFN-γ. Human keratinocytes constitutively expressed C5, C7, C8γ 

and C9 mRNA but not C6, C8α and C8β mRNA. They released C7 and C9, but not C5, 

C6 and C8. None of the cytokines tested had any influence on the synthesis of terminal 

components except TNF-α, which strongly upregulated C9 production. In conclusion, 

we demonstrate that keratinocytes are capable of synthesizing some of the terminal 

complement components and that the synthesis of C9 is regulated by TNF-α. 
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INTRODUCTION

The complement system is an important proinflammatory element of immunity. It is 

composed of some 40 plasma and membrane proteins. Plasma complement system can be 

activated via three distinct routes, the classical, lectin and alternative pathways. All three 

activation routes merge into the late complement cascade. Activation of late complement 

components (C5 to C9) via any of these pathways results in the generation of C5a and 

formation of membrane attack complex (C5b-9; MAC). C5a plays an important role in 

local inflammation by causing the recruitment and activation of various leukocytes1 and 

the release of inflammatory mediators from many cell types2-4. MAC when generated on 

foreign invading organism contributes to its killing but when generated on self-cell can lead 

to effects such as release of inflammatory mediators and cell proliferation5-8. 

Although liver is the main source of plasma complement, many other cell types produce 

complement components. Relatively more is known about the synthesis and regulation of 

synthesis of early components of complement in comparison to the late components by 

cells of various organs. The cells which have been shown to synthesize late components 

of complement include  astrocytes and astrocytoma cell lines9-11, human umbilical vein 

endothelial cells (HUVEC)12-14, heart tissue15, platelets16, monocytes and macrophages17,18,  

oligodendroglial cells19, fibroblasts20 and pneumocytes21. T cells and B cells produce only 

C522 and neutrophils store large amounts of C6 and C723. 

Keratinocytes, the major cell type in the epidermis, have been shown to produce complement 

components C324 and factor B25; soluble complement regulators factor H25 and factor I 

(unpublished observation, see chapter 3); complement receptors CR127, cC1qR28, C5aR29 

and CR227; and cell surface complement regulatory proteins MCP, DAF and CD5930. They 

also synthesize a variety of cytokines31 that regulate the synthesis of complement proteins. 

In spite of the fact that keratinocytes initiate inflammation in the skin32 and C5a and C5b-9 

contribute to inflammation, the ability of keratinocytes to synthesize late components of 

complement has not been investigated. 

In the present study, we investigated the synthesis of late components of complement by 

normal human keratinocytes and its regulation by some proinflammatory cytokines (IL-1α, 

IL-6, TGF-β1, IFN-γ and TNF-α).

MATERIALS AND METHODS

Keratinocyte and A431 cultures 

Human keratinocytes were isolated by incubation of foreskin with thermolysin (0.5 mg/ml, 

Sigma, St. Louis, MO, USA) at 4°C for 16 h and subsequent trypsinization (0.025%) for 5 

min at 37°C. Trypsin (GibcoBRL, Breda, The Netherlands) was then neutralized by an excess 

volume of heat-inactivated fetal calf serum (HyClone, Logan, UT, USA). Cells were separated 
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from debris by filtering through a nylon mesh, centrifuged, and resuspended in keratinocyte 

serum-free medium (keratinocyte SFM; GibcoBRL) supplemented with gentamycin (50 µg/

ml; Duchefa BV, Haarlem, The Netherlands). A431 cells (American Type Culture Collection, 

Manassas, VA, USA) (a human epidermoid carcinoma cell line) were cultured in Dulbecco’s 

modified eagle medium (GibcoBRL), supplemented with 10% fetal calf serum, gentamycin 

(50 µg/ml), and glutamine.  The keratinocytes and A431 cells were plated onto 100 mm 

plastic Petri dishes at a density of 400,000 cells per Petri dish and were incubated at 37°C 

in humidified, 5% CO2, tissue culture incubator. Medium was changed every 2-3 d, and 

at 70% confluence cultures were split after a 5 min exposure to r-protease (TripLe Select; 

GibcoBRL) and recultured. For use in experiments, keratinocytes were seeded in 100 mm 

Petri dishes at a density of 400,000 cells per well in 5000 µl of medium. Subconfluent (60-

80% confluence) keratinocytes in passage 1-5 were used for measuring constitutive late 

component expression, and subconfluent cultures in passage 3-4 were used for studying 

the effect of cytokines. Cells in representative dishes were counted by a hemacytometer 

before the experiment and cells in all dishes were counted after finishing the experiment.

Preparation of supernatants and cell lysates

Subconfluent keratinocytes were cultured in the presence or absence of human recombinant 

IL-1α (25-200 U/ml), TGF-β1 (2-10 ng/ml), IL-6 (250-1000 U/ml), IFN-γ (10-1000 U/ml) or 

TNF-α (50-1000 U/ml) (all from Roche Diagnostics GMbH, Mannheim, Germany) for 72 

h. Supernatants were collected.  After rinsing extensively with PBS, keratinocytes were 

brought in 5000 µl PBS and lysed by freezing and thawing three times. The supernatants 

and lysate of treated and non-treated keratinocytes were then concentrated in an Amicon 

Ultra-15 centrifugal filter device from Millipore Corporation (Billerica, MA, USA). The exact 

degree of concentration achieved was determined by measuring C3 by ELISA in supernatant 

samples or cell lysates before and after the concentration procedure and for Western blot 

experiments was adjusted to 100-fold with PBS. The amount of C7 and C9 protein in 

concentrated culture supernatant samples was calculated taking into account the degree 

of concentration achieved and expressed in terms of picograms of C7 or C9 produced by 5 

million cells in 72 h.

ELISA for measurement of C3, C5, C6, C7, C8 and C9 

The concentration of C3 and late complement components in concentrated supernatants 

and cell lysates was estimated as follows.

For quantification of C3, a previously described sandwich ELISA33 was used with some mo-

difications. Briefly, 96-well microtiter plates (Nunc MaxiSorp, Nunc Denmark) were coated 

with 100 µl of polyclonal goat anti-human C3 (0.63 µg/ml)(ICN Biomedicals, Ohio, USA) 

in carbonate buffer overnight at 4°C. After thorough washing with PBS/0.05% Tween-20, 

the non-specific binding sites were blocked by 200 µl PBS/0.05% Tween-20 containing 2% 

milk powder for 1 h at 37°C. Washing was repeated and wells were incubated with 100 µl of 
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sample diluted in blocking buffer for 2 h at 37°C. The wells were then washed and incubated 

with 100 µl peroxidase labeled goat anti-human C3 IgG (0.05 µg/ml)(ICN Biomedicals) for 1 

h at 37°C. After washing, the wells were incubated with 100 µl 3,3’,5,5’tetramethylbenzidine 

(Sigma) in dimethylsulfoxide (Merck, Hohenbrunn, Germany)-citrate buffer for 10 min at 

room temperature. Reaction was stopped with 100 µl H2SO4 (1 M). Optical density (OD) was 

measured at 450 nm. 

For C5 ELISA, the microtiter plates were coated with 100 µl of polyclonal goat anti-human 

C5 (1:5000) in carbonate buffer at 4ºC, overnight. All subsequent steps/incubations were 

performed at room temperature. After thorough washing with PBS/0.05% Tween-20, the 

non-specific binding sites were blocked with 200 µl PBS/0.05% Tween-20 containing 2% 

milk powder for 1 h. Washing was repeated and wells were incubated while shaking for 2 h 

with 100 µl of sample diluted in blocking buffer. After further washing wells were incuba-

ted with biotinylated goat anti-human C5 (1:20,000) for 1 h, with shaking. After washing, 

the wells were incubated for another 1 h, with shaking, with peroxidase-conjugated poly-

streptavidin (1:8000; CLB, Amsterdam, The Netherlands). The wells then were repeatedly 

washed. Incubation of the wells with the peroxidase substrate, termination of the reaction, 

and measurement of OD was carried out as described for C3.

For quantifying C6, the ELISA plates were coated with 100 µl of monoclonal mouse anti-

human C6 (2 µg/ml) in carbonate buffer at 4°C, overnight. After washing the wells with 

PBS/0.05% Tween-20, the non-specific binding sites were blocked with 200 µl PBS/0.05% 

Tween-20 containing 2% milk powder for 1 h at 37°C. The wells were then washed and 

incubated for 2 h at 37°C with 100 µl of sample diluted in blocking buffer. Washing 

was repeated and the wells were then incubated with biotinylated goat anti-human C6 

(1:25,000) for 1 h at 37°C. After washing, the wells were incubated for another 1 h at 37°C 

with peroxidase-conjugated poly-streptavidin. The wells then were repeatedly washed. 

Incubation of the wells with the peroxidase substrate, termination of the reaction, and 

measurement of OD was carried out as described for C3.

In C7 ELISA coating step was essentially the same as in C6 ELISA except that monoclonal 

mouse anti-human C7 was used as coating antibody. Blocking step was essentially the same. 

After washing, wells were incubated for 1 h at 37°C with 100 µl of sample diluted in blocking 

buffer. Washing was repeated and the wells were incubated with polyclonal goat anti-human 

C7 antibody (1:5000) for 1 h at 37°C. After further washing, the wells were incubated with 

biotin-conjugated mouse anti-goat IgG (1: 20,000; Jackson ImmunoResearch Laboratories, 

West Grove, PA, USA) for 1 h at 37°C. The extensively washed wells were then incubated 

for another 1 h at 37°C with peroxidase-conjugated poly-streptavidin. The wells were again 

washed repeatedly. Incubation of the wells with the peroxidase substrate, termination of the 

reaction, and measurement of OD was carried out as described for C3.

The setup of C8 and C9 ELISAs was similar to that of C6 ELISA, except that in C8 ELISA po-

lyclonal goat anti-human C8 (1:2500) and biotinylated goat anti-human C8 (1:5000) were 

used for coating and detecting, respectively, while in C9 ELISA polyclonal goat anti-human 
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C9 (1:2500) was used as coating, and biotinylated goat anti-human C9 (1:5000) was used 

as detecting antibody. 

In all ELISAs Normal Human Serum Complement Standard (Quidel, San Diego, Ca, USA) was 

used to construct standard curves. Monoclonal and polyclonal antibodies against terminal 

complement components were obtained from Quidel. For detection, polyclonal antibodies 

were biotinylated in our laboratory by using biotin-amidocaproate N-hydroxysuccinimide 

ester (Sigma).

Isolation of RNA and reverse-transcriptase polymerase chain reaction 

Total RNA was purified from cultured human keratinocytes and A431 cells by using the  

Nucleospin RNA II kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s 

instructions. RNA obtained from the human hepatoma-derived cell line HepG2 and RNA 

isolated from human astrocytes were used as positive controls. After reverse transcription of 

9 µl of total RNA with the help of a synthesis kit for RT-PCR (MBI Fermentas, St Leon-Rot, 

Germany), 1 µl of the resulting cDNA solution was used for amplification by late complement 

component-specific PCR. The PCR incubation mixture in a total volume of 50 µl contained 

10 mM Tris-HCl, 50 mM KCl and 1.5 mM MgCl2, 250 µM dNTP mix (Pharmacia, Uppsala, 

Sweden), 1.25 unit Taq polymerase and 0.2 µM of sense and antisense primers of C5, C6, 

C7, C9 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or 0.5 µM of sense and 

antisense primers of C8α, C8β and C8γ. In case of C6, C8α and C8γ, 5% DMSO was added 

to the reaction mixture. The sets of primers used are shown in Table 1. The amplification 

program consisted of an initial denaturation step at 94°C, 3 min for C5, C8β and GAPDH, 

and 5 min for C6, C7, C8α, C8γ and C9. The remaining cycles were 1 min at 94°C, 30 sec 

at 60°C, and 1 min at 72°C for C5 and GAPDH, 1 min at 94°C, 30 sec at 55°C, and 1 min 

at 72°C for C8β, and 1 min at 94°C, 2 min at 60°C, and 2 min at 72°C for C6, C7, C8α, C8γ 

and C9. The cycle number was 35 for C5, C8β and GAPDH, and 40 for C6, C7, C8α, C8γ, 
and C9. PCR products were analyzed on a 1.5% agarose gel containing ethidium bromide. A 

100-bp DNA ladder standard (MBI Fermentas) was used as a size marker.

Western blot analysis for C7 and C9 

For molecular analysis of C7, 100-fold concentrated supernatants (5 µl/lane) of non-

stimulated keratinocytes were run into a 10% SDS-PAGE gel (Bio-Rad Laboratories, Hercules, 

CA, USA) under non-reducing conditions and electrotransferred onto a nitrocellulose 

membrane. Purified human C7 (Quidel) was run in parallel as positive control. Non-specific 

binding sites were blocked by incubating the membrane for 1 h at room temperature in 

a specific blocker solution supplied with the Amplified Opti-4CN Substrate Kit (Bio-Rad 

Laboratories). Membranes were then incubated overnight at 4°C with mouse anti-human 

C7 (0.5 µg/ml)(Quidel). After washing, HRP-conjugated secondary antibody (rabbit anti-

mouse IgG, diluted 1:40,000)(Jackson ImmunoResearch Laboratories) was added. After 

one hour incubation at room temperature, the blots were washed and binding was detec-
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ted by using the Amplified Opti-4CN Substrate Kit (Bio-Rad Laboratories) according to the 

manufacturer’s instructions. 

For Western blot analysis of C9, 100-fold concentrated supernatants (20 µl/lane) of 

non-stimulated and TNF-α (1000 U/ml)-stimulated keratinocytes were run into a 10% SDS-

PAGE gel (Bio-Rad Laboratories) under non-reducing conditions and electrotransferred 

onto a nitrocellulose membrane. Purified human C9 (Quidel) was run in parallel as 

positive control. Non-specific binding sites were blocked by incubating the membrane for 

1 h at room temperature in 5% fat-free milk in PBS/0.1% Tween-20. Membranes were 

then incubated overnight at 4°C with mouse anti-human C9 (200 ng/ml)(Quidel). After 

washing, HRP-conjugated secondary antibody (rabbit anti-mouse IgG; 1:100,000)(Jackson 

ImmunoResearch Laboratories) was added. After one hour incubation at room temperature, 

the blots were washed and incubated with SuperSignal West Femto Maximum Sensitivity 

Substrate (Pierce Biotechnology, Rockford, IL, USA) according to the manufacturer’s 

instructions. Chemiluminescence was visualized on an X-ray film (Kodak, New Haven, CT, 

USA). 

In both Western blot experiments, Prestained Precision Plus Protein Standard (Bio-Rad 

Laboratories) was used as a mixture of defined molecular markers.

Real-time quantitative RT-PCR analysis 

Keratinocytes were grown in 6-well plates (Costar) for 6, 24 and 48 h in KGM with or 

without the supplementation of 1000 U/ml of TNF-α. After incubation, total RNA was 

Table 1. Sequence and nucleotide position of primers

Gene
(accession no.)

Primer sequence 5’→ 3’ Position (nt) Product size 
(bp)

C5 (NM001735) sense GTGGCATTAGCAGCAGTGGACAGTG 1828-1852 315

antisense GCAGGCTCCATCGTAACAACATTTC 2142-2118

C6 (NM000065) sense TCCTGGACACCACCCATTTCA 2403-2423 559

antisense GCTAGGCCAAACACTTTCCAG 2961-2941

C7 (NM000587) sense CAAGTCATGGATGCAAGGAAC 1160-1180 480

antisense AAGAGGACCAGCAACTCCAAC 1639-1619

C8a (NM000562) sense TGTTATCGATTTTGAGATGCAG 1502-1523 456

antisense TTATCCAATAGTCAGTGCAGG 1957-1937

C8b (NM000066) sense AGAAACAAGAGGGACACCAT 1264-1283 445

antisense GTCTTCCAGAGCATGAAGAC 1708-1689

C8g (NM000606) sense TTGATGCTCAGCAGTTTGCAGG 186-207 292

antisense TACAGGACAGCGAAACTCTGG 477-457

C9 (NM001737) sense GACAGAGTGGTAGAAGAGTCTGAG 519-542 387

antisense AAACCGAAAACTACCCTTGCCATG 905-882

GAPDH (BC083511) sense GAAGGTGAAGGTCGGAGTC 58-76 226

antisense GAAGATGGTGATGGGATTTC 283-264
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extracted by using a NucleoSpin II RNA Isolation Kit (Macherey-Nagel). First strand cDNA 

was synthesized, using a cDNA-synthesis kit (MBI Fermentas). 

The quantitative RT-PCR was carried out with an iCycler (Bio-Rad Laboratories). Human C9 

TaqMan® Gene Expression Assay (reference number: Hs00156205_m1)(Applera Hungary 

Ltd., Budapest, Hungary) was used for detection of change of C9 gene expression. The 

TaqMan probe was FAM dye-labeled. The amplification program consisted of an initial 

step at 95°C (6 min), followed by 40 cycles of sequential incubations at 95°C (15 sec) 

and 60°C (1 min). 18S ribosomal RNA was used as endogenous control. The sequences 

of primers and probe for 18S were: sense 5’-CGGCTACCACATCCAAGGAA-3’, antisense 

5’-GCTGGAATTACCGCGGCT-3’, and 5’-/TexasRed/ TGCTGGCACCAGACTTGCCCTC /3BHQ/-

3’. Amplification programme was as follows: 40 cycles of sequential incubations at 95°C 

(15 sec) and 62°C (1 min). The PCR reactions were performed in duplicate. Reaction and 

component volumes as well as data evaluation were made according to the manufacturer’s 

instruction. PCR results were expressed as fold increases over the control values.

Statistical analysis

Statistical analysis was performed by using GraphPad Prism software (version 4.00; GraphPad 

Software, Inc., San Diego, CA, USA).  One-way ANOVA analysis with Bonferroni’s multiple 

comparison test and Dunnett’s multiple comparison test were used for the evaluation of 

quantitative PCR results and ELISA results, respectively. The level of significance was set at 

p<0.05.

RESULTS

Human keratinocytes constitutively release C7 and C9, but not C5, C6 
and C8

Concentrated supernatants of keratinocytes cultured for 72 h were completely devoid 

of C5, C6 and C8 as determined by ELISA. C5, C6 and C8 could also not be detected 

in concentrated keratinocyte lysate. This indicates that keratinocytes probably do not 

constitutively synthesize C5, C6 and C8. Keratinocytes, however, released small amounts 

of C7 (Figure 1A) and C9 (Figure 1B). When keratinocytes were cultured up to passage five 

and the release of C7 and C9 was monitored in the concentrated culture supernatants of 

each passage, a significant increase with increasing numbers of passages was observed in 

cultures derived from three different foreskins.

TNF-α regulates the release of C9 from keratinocytes

Keratinocytes were cultured in the presence or absence of graded concentrations of human 

recombinant IL-1α, TGF-β1, IFN-γ, IL-6 and TNF-α for 72 h. C5, C6, C7, C8 and C9 production 

was monitored in the concentrated culture supernatants and cell lysates by ELISA. None of 
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these cytokines caused an induction or a significant upregulation of production of C5, C6, 

C7 or C8; none influenced the levels of these components in the culture supernatants or 

Figure 1. Human keratinocytes constitutively release C7 and C9.  Normal human keratinocytes were cultured 
up to passage 5. In each passage (as indicated), supernatants were collected after 72 h incubation and assayed 
for C7 (A) and C9 (B) by ELISA. Values are the mean ± SD for triplicate determinations of three independent 
cultures. ** p<0.01 versus passage 1.

Figure 2. Release of C9 by keratinocytes is regulated 
by TNF-α. Keratinocytes were cultured in the presence 
of indicated concentrations of TNF-α. After 72 h, 
supernatants were collected, concentrated and their C9 
content was measured by ELISA. Values are the mean 
± SD for triplicate determinations of three independent 
cultures. ** p<0.01 versus non-treated sample.

in cell lysates. None of these cytokines except TNF-α caused a significant, dose-dependent 

upregulation of C9 production (Figure 2); at 1000 U/ml it induced a 6-fold upregulation.

Western blot analysis of C7 and C9 

When 100-fold concentrated 72 h culture supernatants of keratinocytes were subjected 

to SDS-PAGE and Western blotting as described in ‘Materials and Methods’, monoclonal 

anti-human C7 detected a distinct band of approximately 121 kD with an electrophoretic 

mobility corresponding to that of serum C7 (Figure 3A). When 100-fold concentrated 

supernatants of non-stimulated and TNF-α-stimulated keratinocytes were subjected to 

SDS-PAGE and Western blotting, monoclonal anti-human C9 detected lightly stained 

bands of approximately 79 kD in the supernatant of non-stimulated and TNF-α-stimulated 

keratinocytes with an electrophoretic mobility corresponding to that of serum C9 (Figure 

3B). The C9 band obtained with the supernatants of TNF-α-treated cells was stronger than 
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the one obtained with non-treated cells confirming the upregulation of C9 synthesis by TNF-

α. With 100-fold concentrated supernatants of some batches of keratinocytes even weaker 

bands than shown in Figure 3B were obtained, suggesting that C9 was produced in trace 

amounts. 

Keratinocytes constitutively express C5, C7, C8γ and C9 transcripts

As shown in Figure 4, human keratinocytes constitutively expressed C5, C7, C8γ and C9 

transcripts but not C6, C8α and C8β transcripts. The keratinocytes were similar to A431 cells 

in their mRNA expression except that keratinocytes expressed C7 but not C8α transcript 

whereas A431 cells did not express C7 but expressed C8α transcript.  Oka et. Al.34 has also 

shown low expression of C7 transcript in some other squamosus cell lines. cDNA derived 

from HepG2 cells was used as a positive control in all PCRs except in C7 PCR in which 

cDNA obtained from human astrocytes was used for this purpose. The specific transcripts 

of C5, C7, C8γ and C9 were found in keratinocytes from three different foreskins and 

transcripts of C5, C8α, C8γ and C9 in different passages of A431 cells showing constitutive 

expression. No signals were found in negative control water blanks indicating that the 

results obtained were not the result of DNA contamination or crossover. PCR amplification 

of GAPDH mRNA is also shown as a positive control for integrity of the RNA preparations 

used in the analysis.

TNF-α regulates the synthesis of C9 transcript 

C9 mRNA transcripts obtained from non-stimulated and TNF-α-stimulated (1000 U/ml) 

keratinocytes were analyzed by real-time quantitative RT-PCR as described in ‘Materials and 

Methods’. The quantitative analysis showed a 14.5-, 5250-, and 27.3-fold increase in the 

Figure 3. Immunoblot analysis of C7 and C9 
secreted by human keratinocytes. Concentra-
ted supernatants (exactly 100-fold) of non-
stimulated keratinocytes was subjected to SDS-
PAGE. Western blotting was performed using 
monoclonal mouse anti-human C7 (A) and 
mouse anti-human C9 (B) antibody as a primary 
and HRP-rabbit anti-mouse IgG as a secondary 
antibody. Purified human C7 (A) and purified 
human C9 (B) were used as positive controls. 
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Figure 4. Human keratinocytes express C5, C7, C8γ and C9, but not C6, C8α and C8β mRNA. RNA was 
isolated from cultured human keratinocytes and A431 cells and subjected to terminal complement component- 
specific RT-PCR as described in the text. cDNA obtained from HepG2 cells (C5, C6, C8α, C8β, C8γ, C9) and 
astrocytes (C7) was used as a positive control. W: water blank; K: Keratinocytes; A: A431 cells; H: HepG2 cells; 
As: astrocytes.

Figure 5. Expression of C9 transcript in human keratinocytes is highly upregulated by TNF-α. RNA was 
isolated from TNF-α-treated (1000 U/ml) and non-treated (control) keratinocytes at 6, 24, and 48 h and subjec-
ted to real-time quantitative C9 specific RT-PCR as described in the text. Results obtained with the TNF-α-treated 
keratinocytes were expressed as fold increase over the PCR results obtained with the non-treated time-controls 
set to 1. Data are presented as mean ± SD for three experiments. *** p<0.001 versus time-control.
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amount of C9 message in the cytokine-treated samples at 6, 24 and 48 hours, respectively, 

when compared to the non-treated time-controls (Figure 5). Earlier RT-PCR experiments 

carried out using exactly equal amounts of cDNA in each sample with 45 cycles had shown 

that none of the cytokines had any effect on the expression of C5, C6, C7, C8α, C8β and 

C8γ mRNA in keratinocytes (data not shown). 

DISCUSSION

Synthesis of terminal components of complement by keratinocytes and its regulation was 

not studied before. In the present study we investigated the synthesis of the terminal 

components of complement (C5 to C9) and its regulation by inflammatory cytokines (IL-1α, 

IL-6, TGF-β1, IFN-γ and TNF-α) in human keratinocytes. 

We have shown here that keratinocytes express C5 mRNA but do not release C5 protein 

constitutively. These results are reminiscent of those obtained previously with mesangial 

cells35, but different from those obtained with HUVEC12,14, hepatocytes36, synovial tissue37, 

fibroblasts20, and alveolar epithelial cells38 which synthesize and secrete C5. Monocytes, 

macrophages17,18, platelets16 and B and T cells22 also synthesize C5 constitutively. In this 

study, we could not induce the synthesis of C5 protein in keratinocytes by treatment with 

the above mentioned proinflammatory cytokines. However, previous studies in other 

laboratories have shown that C5 synthesis in corneal fibroblasts was enhanced by IL-1α and 

IFN-γ39, in HepG2 cells by IL-1, TNF-α and IL-640 and in several neuroblastoma cell lines by 

IFN-γ41. In human pneumocyte cell line A549 it was inhibited by IL-1α and IFN-γ42.  

In the present study, we could not detect expression of C6 mRNA and release of C6 

protein by keratinocytes. These results are different from those previously obtained 

with hepatocytes43, HUVECs12,14, synovial cells37, fibroblasts20, human astrocytes9, 

monocytes17, macrophages18 and platelets16 which synthesize C6. C7 protein and mRNA 

were found to be constitutively expressed in keratinocytes in this study. This finding was 

reminiscent of previous findings obtained with hepatocytes44, synovial cells37, fibroblasts20, 

HUVEC13, astrocytes9, human brain microvessel endothelial cells (HBMEC)45, monocytes17, 

macrophages18 and platelets16. This study also shows that keratinocytes differ with several 

other cell types in their regulation of C6 and C7 synthesis; in keratinocytes, synthesis of 

C6 was not induced and that of C7 was not influenced by any of the cytokines tested. In 

HUVEC, expression of C7 and its transcript was regulated by IFN-γ13. Neutrophils store 

large amounts of pre-synthesized C6 and C7 that are released upon stimulation23. In the 

human astroglioma cell line T98G secretion of C6 and C7 was enhanced by IFN-γ9, and 

in several neuroblastoma cell lines expression of C6 and C7 message was induced or 

upregulated41 by IFN-γ. 
The present study showed that in keratinocytes C8 protein was neither constitutively 

released nor was induced by any of the cytokines tested. C8γ message was expressed 
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but not C8α or C8β message. C8α mRNA was expressed in A431 cells.  None of the 

cytokines tested induced or upregulated the expression of transcripts of C8 subunits in 

keratinocytes. These results are reminiscent of those obtained with mesangial cells35, but 

differ from those obtained with HUVEC12,14, hepatocytes46, HepG2 cells47 and activated 

platelets16 which produce C8 and with HBMEC that express C8 mRNA45. C8 production 

was upregulated by IFN-γ in the human astroglioma cell line T98G9 and enhanced by IL-1, 

TNF and IL-6 in HepG2 cells40. C8α-γ and C8β were differentially regulated by IL-1β, IL-6 

and IFN-γ in HepG2 cells48.

Our results show that C9 protein and C9 mRNA was constitutively expressed by 

keratinocytes in low amounts as was previously shown in monocytes17, macrophages18, 

platelets16, fibroblasts20, hepatocytes49 and synovial tissue37. Expression of C9 mRNA was 

seen in HUVEC and HBMEC14,45 and C9 protein in HUVEC12. C9 was also synthesized by 

several neuroblastoma, astrocytoma and astroglioma cell lines9,41,50. Our results show 

that in keratinocytes synthesis of C9 is regulated by TNF-α. In human astrocytes10 and 

neuroblastoma cell lines41,51 C9 synthesis has been shown to be regulated by IFN-γ and IL-6, 

whereas in human astroglioma cell line T98G9 it was enhanced only by IFN-γ.
Our findings together with those of others mentioned above show the cell type-specific 

regulation of synthesis of terminal components of complement. 

A striking feature of the constitutive synthesis of terminal components in normal cells is 

that some of them are produced in extremely small amounts and some not at all (see 

above). This could perhaps be a protection mechanism to prevent normal cell damage. The 

ability of keratinocytes to constitutively release C7 and C9 but not C5, C6 and C8 proteins, 

as shown in this study, could be one of the mechanisms of prevention of MAC formation by 

these cells and thus prevention of epidermal cell damage under normal circumstances.

Although none of the cytokines used in the present study except TNF-α had any effect 

on terminal complement synthesis, it can not be excluded that in inflammatory conditions 

under appropriate cytokine derive, cytokines other than tested in this study may perhaps 

induce and/or upregulate the synthesis of all the terminal components in keratinocytes. 
Indeed, complement seems to play an important role in the pathogenesis of several 

inflammatory skin diseases. C5a/MAC formation is observed in the lesional epidermis in 

psoriasis52, lupus erythematosus53 and dermatomyositis54. It is not clear whether lesional 

terminal complement components in these diseases are originated from the skin or the 

serum. One possible source of these complement components could be keratinocytes. In 

order to prove or rule out this possibility the first logical step is to find out the ability of 

keratinocytes to synthesize terminal complement components. The results presented here 

provide us with the rationale to study the regulation of terminal complement components 

in keratinocytes more thoroughly. To find all the cytokines that can induce the synthesis 

of all the components that form MAC is an uphill task but the one that is required to be 

performed to obtain an insight into the mechanism of MAC formation in inflammatory 

skin diseases. Besides, one should also consider that other resident cells of epidermis, 



96

melanocytes, Langerhans and other dendritic cells that have not yet been studied for their 

complement-synthesizing ability and infiltrated cells may perhaps also contribute to the 

production of these components in both healthy and diseased skin. 

In summary, human keratinocytes constitutively synthesize C7 and C9 but not C5, C6 and 

C8 proteins and constitutively express C5, C7, C8γ and C9 transcripts but not C6, C8α, and 

C8β transcripts. None of the cytokines tested (IL-1α, IL-6, IFN-γ and TGF-β1) influenced 

the synthesis of any terminal component except TNF-α that regulated the synthesis of 

C9. Further studies are needed to understand the regulation of the synthesis of terminal 

components by keratinocytes.   
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ABSTRACT

In psoriatic lesions, T cells and keratinocytes are in activated state. Ligation of CD40 

expressed on activated keratinocytes with CD154 expressed on activated T cells is thought 

to be involved in the pathogenesis of psoriasis. However, the presence of CD40+ and CD154+ 

cells in psoriatic skin has not been thoroughly studied. The present study has therefore 

examined their presence by immunohistochemistry in the lesional and non-lesional skin of 

ten patients. The influence of CD154–CD40 ligation on the release of chemokines (IL-8, 

RANTES, and MCP-1) and complement components (C3 and factor B) from keratinocytes

was also investigated in vitro. Studies using single and double staining showed that clusters 

of CD40+ keratinocytes were present in both lesional and non-lesional skin; CD40+CD1a+ 

Langerhans cells in lesional, non-lesional, and normal skin; and numerous CD40+CD83+ 

cells in the lesional skin. CD1a+ and CD83+ cells always expressed CD40 strongly. Numerous 

T cells were seen in lesional skin. A small number of T cells expressed CD154. CD154+ T 

cells were seen in lesional epidermis of seven of ten patients - in six, in juxtaposition to 

CD40+ cells including keratinocytes. In non-lesional epidermis, CD154+ T cells were seen in 

two patients - in one, in juxtaposition to CD40+ keratinocytes. In vitro studies showed that 

IFN-γ-treated keratinocytes released small amounts of IL-8, RANTES, and MCP-1; ligation 

of these cells with CD154-transfected J558 cells or soluble CD154 greatly enhanced the 

release. This ligation did not enhance the release of C3 and factor B. These results warrant 

further studies on the role of CD40 ligation in the pathogenesis of psoriasis.
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INTRODUCTION

Psoriasis is an inflammatory skin disease afflicting 1-2% of the population. In this disease, 

T cells and keratinocytes in the lesions are activated and express activation markers and 

co-stimulatory molecules. It is thought that some co-stimulatory molecules expressed on 

keratinocytes and T cells interact with each other and that these interactions contribute to 

disease activity1-3. One such set of molecules may be CD40, which is expressed on activated 

keratinocytes, and CD154 (CD40 ligand), which is transiently expressed on activated CD4+ 

T cells. CD40-CD154 ligation between T cells and keratinocytes may release from these 

cells inflammatory mediators that are seen in abundance in psoriatic lesions. CD40, CD154, 

and CD40-CD154 interactions have recently been reviewed4.   

CD40 was originally detected on lymphoid cells. Recent studies have shown that IFN-γ 
treatment either induces or enhances the expression of CD40 on many non-lymphoid cells 

such as fibroblasts5, epithelial cells6, endothelial cells7,8 and platelets9. CD154 is expressed on 

activated CD4+ cells10,11. In vitro engagement of highly expressed CD40 on these cells with 

CD154 results in induction of soluble and cell surface pro-inflammatory molecules5,8,9. 

Cultured keratinocytes also express CD40; expression is enhanced by IFN-γ treatment. 

Ligation of highly expressed CD40 on IFN-γ-treated keratinocytes (referred to as CD40++ 

keratinocytes throughout this paper) with CD154 results in upregulation of ICAM and 

increased production of cytokines12-14. 

Involvement of CD40-CD154 ligation has been shown in some inflammatory diseases such 

as rheumatoid arthritis15, inflammatory bowel disease16, systemic lupus erythematosus17, 

and multiple sclerosis18. So far, only one report has appeared that implicates this ligation in 

the pathogenesis of psoriasis13. The cell types that express CD40 in psoriatic lesions were 

not identified in the latter study and their incidence and lesional status were not described. 

The presence of CD154+ T cells in psoriatic lesions was also not studied. Thus, it remains 

unknown whether CD154 acts as one of the signals for production by keratinocytes of 

chemokines and complement, which are found in abundance in psoriatic lesions19.

In the present study we investigated the presence and localization of CD40+ and CD154+ 

cells by immunohistochemistry in lesional and non-lesional skin of ten patients. We also 

studied the influence of CD40 ligation on the release of chemokines (IL-8, RANTES, and 

MCP-1) and complement components (C3 and factor B) by keratinocytes in vitro.  

MATERIALS AND METHODS

Patients and controls

Ten patients over 18 years of age presenting with chronic plaque type psoriasis were 

recruited from our dermatological outpatient clinic. The washout period for topical 

therapies was 2 weeks and for other therapies 4 weeks. Biopsies were taken from lesions 
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located on the limbs; non-lesional biopsies were taken from uninvolved skin adjacent to 

these lesions. Normal skin biopsies were obtained from limbs from five healthy volunteers. 

The local ethical committee approved this study.

Immunohistochemistry 

Immunohistochemistry was performed as described in detail previously20,21. Briefly, frozen 

sections (6 µm) fixed with acetone containing 0.02% H2O2 were used. For single staining, 

monoclonal antibodies to CD40 (5D12; Tanox Pharma bv, Amsterdam, The Netherlands; 

antagonistic), CD154 (24-31; Kordia, Leiden, The Netherlands), CD1a (OKT6; Ortho Diagnostic 

Systems, Beerse, Belgium) or CD83 (HB 15A; Immunotech, Marseille, France) were used, 

followed by incubation with biotin-labeled rabbit anti-mouse-Ig (Dako, Glostrup, Denmark) 

and horseradish peroxidase (HRP)-labeled avidin-biotin complex (ABC/HRP; Dako). CD3 was 

detected with a polyclonal rabbit anti-serum (Dako) and biotin-labeled donkey anti-rabbit-

IgG (Amersham, Pharmacia Biotech, Buckinghamshire, UK) as the first and second steps 

and ABC/HRP as the third step. After the third step, peroxidase staining was performed as 

described below. Double staining for co-expression of CD40 with CD83 or CD40 with CD1a 

was performed using both antibodies. Alkaline phosphatase-labeled goat anti-mouse-IgG1 

[Southern Biotechnology Associates (SBA), Birmingham, AL, USA] and biotin-labeled rat 

anti-mouse-IgG2a (Pharmingen, San Diego, CA, USA) were used at second step, followed by 

incubation of alkaline phosphatase-labeled rabbit anti-goat-IgG (SBA) and ABC/HRP as the 

third step. For double labeling of CD154 and CD3, a mixture of antibodies to both proteins 

was used as the first step, alkaline phosphatase-labeled goat anti-rabbit-IgG (Dako) and 

biotin-labeled horse anti-mouse-IgG (Vector Laboratories, Burlingame, CA, USA) as second 

step; and alkaline phosphatase-labeled rabbit anti-goat-IgG and ABC/HRP as the third step. 

For HRP staining, 3-amino-9-ethyl-carbazole (AEC; Sigma, Zwijndrecht, The Netherlands) 

was used as a substrate that gave a bright red precipitate. Naphthol AS-MX phosphate 

(Sigma) and fast blue BB base (Sigma) were used for alkaline phosphatase staining which 

gave a blue precipitate. Staining of alkaline phosphatase activity was performed prior to 

staining of HRP activity. Co-expression resulted in violet stained cells. 

Keratinocyte cultures

Keratinocytes isolated from human foreskin were cultured in keratinocyte serum-free 

medium (GibcoBRL, Breda, The Netherlands) supplemented with 100 IU/ml penicillin/100 

µg/ml streptomycin (GibcoBRL) as previously described in detail22,23. For use in different 

experiments, cells were seeded in 6-well tissue culture plates (Costar) at a density of 

100,000 cells per well in 1500 µl of medium or in 12-well plates at a density of 50,000 

cells per well in 750 µl of medium. Cells at passages 2-5 were used for experiments when 

60-80% confluence was achieved.Psoriatic lesional and non-lesional keratinocytes were 

cultured essentially as normal keratinocytes, except that keratinocyte serum-free medium 
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contained 50 µg/ml gentamycin sulphate (Duchefa BV, Haarlem, The Netherlands) instead 

of penicillin/streptomycin.  

Determination of the minimal concentration of IFN-γ for optimal CD40 
expression and generation of CD40++ keratinocytes  

For determination of the minimum concentration of IFN-γ required for optimal expression 

of CD40, keratinocytes were cultured in the presence of increasing concentrations of IFN-γ 

(Pharma Biotechnology, Hannover, Germany) (0-300 U/ml) for 72 h, detached and assayed 

for surface expression of CD40 as described below. IFN-γ at a concentration of 10 U/ml 

caused optimal expression of CD40 (see the ‘Results’ section).

For the generation of CD40++ keratinocytes, subconfluent keratinocyte cultures were trea-

ted with IFN-γ (10 U/ml) for 72 h.

Determination of surface expression of CD40 by flow cytometry

Keratinocytes were detached with trypsin (0.025%)/EDTA (1.5 mM) for 3-5 min. Trypsin 

was inactivated by fetal calf serum (FCS) and cells were washed and resuspended in FACS 

buffer (PBS, 2% FCS, 0.1% sodium azide). Approximately 105 cells were incubated with 

specific monoclonal antibodies to CD40 (5D12) or isotype control (Becton Dickinson, San 

Jose, CA, USA) for 30 min at 4°C. They were washed and incubated for 30 min with 

fluorescein-conjugated F(ab’)2 fragments of goat anti-mouse-IgG (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA, USA). After further washing, propidium iodide (Sigma) 

(1 mg/ml) was added and 20,000 cells were analysed immediately by FACS (fluorescence-

activated cell sorter) Calibur (Becton Dickinson). Dead cells were excluded. 

The detachment of CD40++ keratinocytes with the trypsin/EDTA solution at 37°C for 3-5 

min did not cause degradation of CD40; expression of CD40 on cells detached by this 

procedure was the same as that on cells detached by treatment with EDTA (2 mM) alone at 

42°C for 30 min. The former procedure was selected because it did not reduce cell viability, 

whereas the latter procedure strongly reduced it.

Interaction of CD40++ keratinocytes with CD154 

CD154-transfected J558 hybridoma cells (kindly supplied by Dr. P. Lane, University of 

Birmingham, UK) and control untransfected J558 cells were cultured in IMDM supplemented 

with FCS24. Before use, they were irradiated with 50 Gy and washed. For ligation studies, 

subconfluent keratinocytes were pre-treated with IFN-γ (10 U/ml) for 72 h to generate 

CD40++ keratinocytes and subsequently cultured with CD154 transfected or control J558 

cells in a 1:1 ratio, unless indicated otherwise, in medium supplemented with IFN-γ (10 

U/ml). After 72 h, supernatants were harvested, centrifuged, and frozen in aliquots for 

the analysis of chemokines and complement components. The concentration of IFN-γ in 

the medium at the CD40++ generation step as well as at the subsequent ligation step was 

always 10 U/ml in all the experiments described below. 
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In some experiments an 18 kD soluble recombinant CD154 (sCD154; a gift of Dr. J-Y 

Bonnefoy, GlaxoWellcome Institute for Molecular Biology, Geneva, Switzerland) with 

biological activity equivalent to that of its bound form25 was used for CD40 triggering. 

Briefly, subconfluent keratinocyte cultures were pre-treated with IFN-γ for 72 h and 

subsequently cultured with increasing concentrations of sCD154 (0-10 µg/ml) in medium 

supplemented with IFN-γ. After 72 h, supernatants were harvested, centrifuged, and frozen 

in aliquots for the analysis of chemokines and complement proteins.

 

Co-culture in a Transwell System

For investigation of the requirement for contact between CD154-transfected J588 cells and 

CD40++ keratinocytes for CD40 activation on keratinocytes, a Transwell System (Costar) was 

used. CD40++ keratinocytes were cultured to subconfluence in the lower wells (24 mm) 

of the Transwell system. Cell number was estimated as 5-7x105 keratinocytes per well. In 

wells in which direct contact between J558 cells and CD40++ keratinocytes was not desired, 

CD154-transfected or control J558 cells in 500 µl medium supplemented with IFN-γ were 

added to the upper wells with a polycarbonate membrane bottom (0.4 µm pore size), in 

numbers equal to those of keratinocytes in the lower well (1:1 ratio). In wells in which direct 

contact of the cells was desired, transfected or control cells in 500 µl medium containing 

IFN-γ were added to the lower well, in numbers equal to that of keratinocytes (1:1 ratio). 

After 72 h, supernatants were harvested, centrifuged and frozen in aliquots for chemokine 

analysis. 

Blocking of CD40 activation of keratinocytes by specific antibody

Subconfluent CD40++ keratinocytes cultured in 6-well culture plates were pre-treated for 2 

h with 10 µg/ml antagonistic anti-CD40 monoclonal antibody (5D12) in IFN-γ-containing 

medium. CD154-transfected J558 cells (or control J558 cells) were then added in a 1:1 ratio 

to CD40++ keratinocytes in IFN-γ and antagonistic anti-CD40-containing medium. After 72 

h culture, supernatants were harvested, centrifuged and frozen in aliquots for chemokine 

analysis.

ELISA for measurement of chemokines and complement proteins 

Concentrations of IL-8, RANTES and MCP-1 in culture supernatants were measured using 

commercially available ELISA kits. The detection limit of ELISA for IL-8 (Biosource, Breda, 

The Netherlands) was 1 pg/ml, for RANTES (R&D Systems, Minneapolis, MN, USA) 30 

pg/ml, and for MCP-1 (Pharmingen, San Diego, CA, USA) 7 pg/ml. For quantification of C3 

and factor B, previously described ELISAs were used; the detection limit for C3 was 1 ng/ml 

and for factor B 100 pg/ml23.  
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Statistical analysis

Statistical analysis was performed using Students’ t-test for data from ELISA experiments. A 

p value of less than 0.05 was considered significant.

RESULTS 

CD40+ and CD154+ cells in psoriatic lesions 

Immunohistochemical studies were performed to detect and identify CD40+ and CD154+ 

cells in psoriatic lesional and non-lesional skin. The results obtained with one patient are 

depicted in Figures 1 and 2 as representative examples and those obtained with ten patients 

are summarized in Table 1. Single staining revealed that CD40 expression was higher and 

on more cells in lesional and non-lesional skin than in normal control skin (Figures 1A-1C). 

Expression of CD40 in lesional skin was comparable to that in non-lesional skin in this patient 

although in the majority of patients, expression in lesional skin was greater than that in 

non-lesional skin (Table 1). Keratinocytes, as judged by their location and morphology, were 

comparatively lightly stained for membrane-bound CD40. Other cells, most likely Langerhans 

L= lesional; NL= non-lesional; SG= stratum granulosum; SS=stratum spinosum /prickle cell layer; SB=stratum 
basale; ++++ = >25 cells; +++ = 11-25 cells; ++ = 5-10 cells; + = 1- 4 cells; 0 = no cells per field using 10x objective; 
L or NL skin of none of the patients showed CD154+ T cells in SG and SB except patient 7, who showed CD154+ 
T cells in L and NL skin in SB (+). CD154+ T cells in SS: L= 7; NL=2; * Zero = absence of CD40+ cells or absence of 
SG. ** CD154+ T cells in juxtaposition with CD40+ keratinocytes in SS: L=6; NL=1

Table 1. Localization of CD40+ and CD154+ cells in psoriatic skin.

Patient Skin CD40+ cells CD154+ T cells Juxtaposition**

SG* SS SB SS

1 L + ++++ + + Yes
NL + ++ + 0 No

2 L + +++ + + Yes
NL 0 +++ ++ 0 No

3 L 0 ++ ++ 0 No
NL 0 + + 0 No

4 L 0 ++++ + + No
NL 0 ++ + 0 No

5 L 0 ++ 0 0 No
NL 0 0 0 0 No

6 L + ++++ ++ + Yes
NL 0 + + 0 No

7 L + ++++ + + Yes
NL 0 ++ + + Yes

8 L 0 +++ + 0 No
NL 0 ++ + + No

9 L + ++++ + + Yes
NL 0 ++ + 0 No

10 L 0 ++++ ++ + Yes
NL + ++++ ++ 0 No
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Figure 1.  Representative example of the presence of CD40+ cells in a psoriatic lesion. 
The presence of CD40+ cells in lesional, non-lesional and normal skin was investigated immunohistochemically. 
Single staining was performed on serial sections for CD40, CD1a and CD83, and double staining for CD40 and 
CD1a and CD40 and CD83. Single staining: red CD40 (A-C), CD1a (D-F), and CD83 (G-I) stainings of lesional 
(left), non-lesional (middle), and normal skin control (right). Double staining:  CD40+ (blue) and CD1a+ (red) 
Langerhans cells (J, K), CD40+ (blue) and CD83+ (red) mature dendritic cells (L) in the lesion. All the photographs 
were taken from one patient and one control as they were fully representative, except that CD40 expression in 
lesional and non-lesional skin in this patient was equal, whereas in the majority of patients it was higher and on 
more cells in lesional skin. The original magnification of all the figures for single staining was x640. The original 
magnification of the figures for double staining was x1000 except J, which was x640. 
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cells (as also seen by double staining; see below) were strongly stained for CD40 with no 

difference between lesional and non-lesional skin. The CD40 expression seen in the dermis 

most likely represents dermal dendritic cells. CD1a+ cells with clear dendrites, most likely 

Langerhans cells, were seen in lesional and non-lesional skin, and normal controls (Figures 

1D-1F). Numerous mature dendritic cells highly positive for CD83 were seen in the lesion, 

whereas weakly stained CD83+ cells were seen only sporadically in non-lesional and normal 

control skin (Figures 1G-1I).

Double staining revealed that almost all CD1a+ cells co-expressed CD40 (Figures 1J and 

1K). However, not all cells expressing CD40 co-expressed the CD1a molecule. These CD1a- 

cells might be keratinocytes with low-level CD40 expression; the light bluish staining is not 

background staining but represents low-level expression of CD40 on keratinocytes. The 

possibility that some of this staining could be due to soluble CD40 can not be ruled out. 

Almost all CD83+ cells co-expressed CD40 (Figure 1L).

Figure 2.  Representative example of the presence of CD154+ cells 
in a psoriatic lesion. 
The presence of CD154+ cells in lesional, non-lesional, and normal 
skin was investigated immunohistochemically. Single staining was 
performed on serial sections for CD154 and CD3 and double staining 
for CD154 and CD3. Single staining: red CD154 (A-C) and CD3 (D-F) 
staining of lesional (left), non-lesional (middle), and normal skin control 
(right). Double staining:  CD154+ (red) and CD154- CD3+ (blue) cells 
(G) in lesional skin. All the photographs were taken from one patient 
and one control, as they were fully representative of other patients and 
controls. The original magnification of all the figures for single staining 
was x640. The original magnification of panel G for double staining 
was x1000.
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Single staining showed that the number of CD154-expressing cells in the lesion was low 

(Figures 2A-2C). They were only found in the lesion. CD3+ cells were predominantly present 

in the epidermis although some were present in the dermis, as seen in the papillae (Figures 

2D-2F). T cells were moderately present in the lesion but were absent from the non-lesional 

skin and the normal control. 

Double staining demonstrated that all CD154+ cells were indeed T cells. CD154+ T cells were 

seen only in lesional epidermis and only in small numbers. One T cell with CD154 expression 

(blue and red) and one T cell without CD154 expression (blue) are shown in Figure 2G. 

The results obtained with ten patients are summarized in Table 1. In the lesional epidermis 

of all patients, CD40 was not uniformly distributed in the epidermis but was expressed 

on clusters of keratinocytes. These clusters of CD40+ keratinocytes were present in the 

stratum spinosum and stratum basale, and only occasionally in the stratum granulosum. The 

number of CD40+ cells in lesional stratum spinosum was higher than in the stratum basale. 

In non-lesional epidermis, the number of cells expressing CD40 in the stratum spinosum 

was always lower than in lesional skin except in two patients, in whom it was equal to that 

of lesional epidermis (patients 2 and 10). In the stratum basale, no significant differences 

were seen, but the in stratum granulosum, expression of CD40 on keratinocytes was 

lower in non-lesional skin than in lesional skin. CD154+ T cells were present in the stratum 

spinosum of lesional skin of seven of ten patients and in the non-lesional skin of two of 

ten patients (Table 1). The stratum granulosum and the stratum basale of lesional and non-

lesional skin were totally devoid of CD154+ T cells except in one patient (patient 7), in whom 

these cells were seen in the stratum basale. In lesional skin of six and non-lesional skin of 

one of ten patients, CD154+ T cells were seen in the stratum spinosum in direct juxtaposition 

with CD40+ keratinocytes. Normal control epidermis had a much smaller number of CD40 + 

cells in comparison with the epidermis of lesional and non-lesional skin. CD154+ T cells were 

not present in normal skin.

These results indicate that keratinocytes, Langerhans cells, and mature dendritic cells 

express CD40 in the lesion and are thus susceptible to release of potent proinflammatory 

signals in response to CD154+ T cells seen in lesional stratum spinosum. In the present 

study, we investigated in vitro the influence of CD154 on the release of chemokines (IL-

8, MCP-1, and RANTES) and complement components (C3 and factor B) by one of these 

CD40+ cells, namely keratinocytes.

Chemokine production by CD40++ keratinocytes in response to CD154 

Cultured human keratinocytes are known to express low levels of CD40 that are not 

sufficient for efficient ligation with CD15412-14. For efficient ligation, expression of CD40 

is increased by treatment with IFN-γ (usually at 100 U/ml; for 48-72 h). However, at 100 

U/ml of IFN-γ keratinocytes become significantly stimulated and release several proteins 

including C3 and factor B23. We therefore determined the lowest concentration of IFN-γ that 

induces optimal expression of CD40 without major stimulation of keratinocytes (i.e. without 
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significant release of C3 and factor B). IFN-

γ at 10 U/ml induced optimal expression of 

CD40 (data not shown). This concentration 

of IFN-γ was therefore selected to be present 

in the medium for generation of CD40++ 

keratinocytes and for subsequent ligation 

with CD154. 

When CD40++ keratinocytes were co-

cultured with increasing number of 

CD154-transfected J558 cells, there was 

dose-dependent release of IL-8, RANTES, 

and MCP-1 (Figure 3). Control non-

transfected J558 cells did not show this 

effect. At a 1:1 ratio of transfected cells and 

keratinocytes, CD40 activation caused a 9-, 

65- and 2.4-fold increase in the production 

of IL-8, RANTES, and MCP-1 whereas at a 

ratio of 5:1, CD40 activation caused a 15-, 

125-, and 1.4-fold increase in the production 

of these chemokines, respectively. Under 

these conditions there was no increase in the 

release of C3 and factor B over constitutive 

release, which was very low.

Co-cultures of CD40++ keratinocytes and 

CD154-transfected J558 cells showed a 

strong enhancement in the release of all 

three chemokines at 24 h. For IL-8 and 

MCP-1, production subsided after 24 hours, 

whereas for RANTES, production continued 

Figure 3. Dependence of the production of chemokines by CD40++ keratinocytes on the dose of CD154-
transfected cells in co-cultures. Subconfluent CD40++ keratinocytes were co-cultured with CD154-transfected 
(CD154+) J558 cells (or control J558 cells) at different ratios (0.2: 1, 1: 1.0, and 5: 1). Supernatants were 
harvested at 72 h and the concentrations of IL-8, RANTES, and MCP-1 were measured. Data represent one 
of two independent experiments, each in triplicate. Mean values and SD are shown.  J558 154+ cells: CD40+ 
keratino-cyte versus J558 CD154- control cells: CD40+ keratinocyte-* p< 0.01; ** p< 0.005.

Figure 4. Dependence of the activation of CD40++ 
keratinocytes on physical contact with CD154 
transfected cells.  CD40++ keratinocytes were grown 
to subconfluence on the bottom of the lower wells 
of Transwell tissue culture plates. CD154-transfected 
(CD154+) J558 cells (or control J558 cells) were added 
to the upper well in a 1:1 ratio (no direct contact of 
the CD154+ J558 or control J558 cells with CD40++ 
keratinocytes) or to the lower well (direct contact of 
the CD154+ J558 cells or control cells with CD40++ 
keratinocytes). Supernatants were harvested at 
72 h and the concentrations of IL-8, RANTES, and 
MCP-1 were determined. Data represent one of two 
independent experiments, each in triplicate. Mean 
values and SD are shown. CD154+ J558 cells versus 
J558 control cells without direct contact with CD40++ 
keratinocytes (NS = not significant), CD154+ J558 
cells versus J558 control cells with direct contact with 
CD40+ keratinocytes (* p<0.01). 
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and was still seen at 96 hours (data not shown). Under these conditions, there was no 

increase in release of C3 and factor B.  

In a Transwell system, no induction of chemokine secretion by CD40++ keratinocytes was 

observed when CD40++ keratinocytes were co-cultured with CD154-transfected or control 

J588 cells separated by a polycarbonate membrane bottom. In a parallel set, when CD40++ 

keratinocytes and CD154-transfected J558 cells (or control J558 cells) were co-cultured 

without physical separation, secretion of IL-8, RANTES, and MCP-1 was greatly increased 

(Figure 4). Thus, contact of CD40++ keratinocytes with CD154-transfected cells was essential 

for CD40++ keratinocytes to release chemokines. 

The presence of antagonistic anti-CD40 antibodies in the medium in which CD40++ 

keratinocytes were co-cultured with CD154-transfected J558 cells for 72 h abolished the 

induction of IL-8 and MCP-1 production and decreased the induction of RANTES production 

(Figure 5). The presence of the same concentrations of an isotype control did not effect the 

production of chemokines. The reason for incomplete inhibition of RANTES production by 

this antibody remained unclear. 

When CD40++ keratinocytes were cultured in the presence of increasing concentrations of 

sCD154, the concentrations of IL-8, MCP-1, and RANTES in the supernatants increased in 

a dose-dependent manner (Figure 6). Enhancement of the production of MCP-1 was less 

than that of IL-8 and RANTES but was significant.

Expression of CD40 on cultured psoriatic keratinocytes

Lesional and non-lesional keratinocytes in as early passages as 3 showed CD40 expression 

equal to that shown by normal keratinocytes (data not shown). They also showed equal 

upregulation of CD40 in response to 0, 10, and 25 U/ml IFN-γ, suggesting a lack of 

abnormality in lesional keratinocytes with respect to induction of CD40 expression. 

Figure 5. Inhibition of the production of chemokines by CD40++ keratinocytes in co-cultures with CD154-
transfected cells by blocking anti-CD40 antibody. Subconfluent CD40++ keratinocytes were cultured with anti-
CD40 monoclonal antibody (5D12) (10 µg/ml) or isotype control (10 µg/ml) and CD154-transfected (CD154+) or 
control (CD154-) J558 cells in 1:1 ratio with the keratinocytes in the presence of IFN-γ (10 U/ml).  Supernatants 
were harvested at 72 h and the concentrations of IL-8, RANTES, and MCP-1 were determined. Data represent 
one of two independent experiments, each in triplicate. Mean values and SD are shown. Inhibition of IL-8, 
RANTES and MCP production- * p = 0.02; ** p = 0.07; *** p = 0.06.
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DISCUSSION

In psoriatic lesions, hyperproliferation of keratinocytes is associated with the presence of 

activated CD4+ and CD8+ T cells within the lesion, with CD8+ cells constituting the majority1-3; 

natural killer (NK) and NK-like T cells are also present but their role in the development of the 

lesion remains unclear26. Involvement of the interaction between CD154 on activated T cells 

and CD40 on activated keratinocytes has been postulated in the pathogenesis of psoriasis13.

The only report that has appeared on possible CD40 activation of keratinocytes by CD15413 

shows the presence of CD40+ cells in the basal and suprabasal regions of psoriatic lesional 

epidermis. These cells were not characterized and their occurrence in non-lesional skin 

was not described. The presence of CD154+ T cells was also not studied. Because of these 

gaps in knowledge, we investigated by immunohistochemistry the presence of CD40+ and 

CD154+ cells in lesional and non-lesional skin from ten patients.  

Increased positivity for CD40 was observed on clusters of keratinocytes. Previous studies 

have shown the expression of CD40 on Langerhans cells isolated from normal epidermis27 

as well as on those present in psoriatic lesions28. We identified equally high expression of 

CD40 on almost all CD1a+ Langerhans cells in normal, non-lesional, and lesional epidermis. 

The presence of CD83+ cells in psoriatic lesions has been described before28 but information 

about CD40 expression on them was lacking. Our results show high expression of CD40 on 

almost all CD83+ cells in psoriatic lesions; they were rarely seen in non-lesional and normal 

skin. CD40 expression on CD83+ cells seems to depend on their origin and environment. 

For example, CD83+ cells isolated from blood show very low level of CD40 expression29 and 

those present in T cell areas of peripheral lymphoid organs show abundant expression30.  

Our results show the presence of numerous T cells in the lesion and Denfeld et al13 have 

shown that many of them occur in juxtaposition to CD40+ cells. We have seen that a 

small proportion of T cells showed CD154 expression, in most patients in juxtaposition to 

CD40+ cells. The reason for the presence of CD154+ T cells in the lesion of only seven of 

ten patients and only in small number could be the transient nature of the expression of 

CD154 on activated T cells10,11. CD154+ T cells seen in the lesion are likely to be those T cells 

Figure 6. Production of chemokines by CD40++ keratinocytes in response to soluble CD154 (sCD154).  
Subconfluent CD40++ keratinocytes were cultured with increasing doses of sCD154 (0-10 µg/ml). Supernatants 
were harvested at 72 h and the concentrations of IL-8, RANTES, and MCP-1 were measured. Data represent one 
of two independent experiments, each in triplicate. Mean values and SD are shown. sCD154 treated versus non-
treated CD40++ keratinocytes- * p< 0.05; ** p<0.005.  
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that have not yet lost their CD154 expression. The number of CD154+ T cells in a lesion may 

perhaps depend on the rate of induction of CD154 due to T cell activation and the rate 

of its downregulation. It is not known whether T cells lose their CD154 expression more 

quickly following ligation than without ligation.

These results raised the possibility that CD154+ T cells may ligate with CD40+ keratinocytes, 

Langerhans cells, and CD83+ dendritic cells and release mediators from them in the 

lesion. This prompted us to test the release of chemokines (IL-8, MCP-1, and RANTES) and 

complement components (C3 and factor B) in vitro from one of these CD40+ cell types, 

namely keratinocytes, in response to CD154. Chemokines and complement are found 

in abundance in psoriatic lesions19. CD40++ keratinocytes released chemokines but not 

complement components in response to CD154. Thus, CD40 activation of keratinocytes 

in vitro does not directly contribute to the production of complement components. It can, 

however, do so indirectly in vivo by releasing cytokines that can in turn induce their release; 

cytokines released in vitro may become too diluted in culture medium to induce chemokine 

release. Gaspari et al14 have shown the release of IL-6 from keratinocytes by this ligation. IL-

6, TNF-α, and IL-1 are known to induce the production of C3 and factor B by keratinocytes23. 

In an ex vivo system in which intact normal human skin was used, activation of CD40 with 

IFN-γ and agonistic anti-CD40 monoclonal antibody resulted in the release of IL-6, IL-8, 

TNF-α, IL-12, IL-10 and IL-1β31, probably by several epidermal and dermal cells.   

Higher than normal expression of CD40 on clusters of keratinocytes in the lesion raised the 

possibility, though not a strong one, that lesional keratinocytes if isolated may retain higher 

expression of CD40 and release chemokines in response to CD154 without IFN-γ treatment. 

Cultured lesional keratinocytes, however, did not show higher than normal expression of 

CD40. This was not very unexpected because keratinocytes with high expression were only 

a proportion of the total keratinocytes in the lesion as seen in situ and high expression was 

likely to be abolished in the culture medium that lacked the inflammatory environment of the 

lesion. Thus, other methods should be used to establish that lesional keratinocytes are already 

programmed by the inflammatory environment of the lesion to release chemokines in response 

to CD154. These may include engagement of CD40 by sCD154 in animals transgenically 

expressing human CD40 in keratinocytes32 or in situ hybridization for chemokines in lesional 

skin transplanted into SCID mice that are infused with psoriatic T cells or sCD154. 

In conclusion, CD40+ cells (keratinocytes, Langerhans cells, mature dendritic cells) and 

CD154+ T cells were identified in psoriatic skin lesions and CD40-CD154 ligation on 

keratinocytes in vitro induced the release of chemokines. Further work is needed to 

establish the role of CD40+cells and CD154+ T cells in the pathogenesis of psoriasis. 
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ABSTRACT

The role of CD40-CD154 interaction has recently been postulated in the pathogenesis of 

psoriasis.  In a recent study we have demonstrated that CD40 activation in vitro induces 

enhanced release of chemokines from human keratinocytes and that CD40+ keratinocytes 

and CD154+ T cells occur in psoriatic lesions. This suggests that CD40 ligation may take 

place in the lesion and may contribute to the generation of chemokines and that blockade 

of CD40 might be beneficial in suppressing the disease process. Trapidil, a triazolopyrimidine 

derivative has been shown to effectively inhibit IFN-γ-induced CD40 upregulation and 

CD40 activation-induced chemokine expression in monocytes. In the present study we 

investigated whether trapidil has similar effect on human keratinocytes. Trapidil inhibited 

constitutive expression and IFN-γ-induced upregulation of CD40 at both protein and mRNA 

level in keratinocytes; it did not influence the surface expression of CD40 on cells that were 

pre-treated with IFN-γ. Trapidil also inhibited the CD40 activation-induced IL-8 upregulation 

in keratinocytes. These results suggest that trapidil (and possibly its analogs) can potentially 

be useful in the therapy of psoriasis.  
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INTRODUCTION

CD40 is a transmembrane glycoprotein belonging to the TNF receptor superfamily. It has 

wide tissue distribution1. IFN-γ either induces or enhances CD40 expression on several 

cell types such as endothelial cells2,3, epithelial cells4, smooth muscle cells5, fibroblasts6, 

myoblasts7, microglia8 and mesothelial cells9. In vitro engagement of CD40 on these cells 

with its ligand (CD40 ligand; CD40L; CD154) results in the induction or upregulation of cell 

surface proinflammatory molecules, cytokines and chemokines3,5,6,9,10. In vivo engagement 

of CD40 expressed on specific cell type with CD154+ T cell is believed to be involved in 

systemic lupus erythematosus11,12,13, systemic sclerosis14, dermatomyositis7, rheumatoid 

arthritis15, inflammatory bowel disease16 and multiple sclerosis17.      

Human keratinocytes also express CD40 that is upregulated by IFN-γ. In vitro engagement 

of CD40 on keratinocytes with CD154 also results in upregulation of ICAM and release 

of IL-6, TNF-α and IL-818-20. We have recently shown that in vitro CD40-CD154 ligation 

on normal keratinocytes leads to the release of IL-8, MCP-1 and RANTES and in psoriatic 

epidermis CD40+ keratinocytes and CD154+ T cells are seen in juxtaposition to each other21. 

This suggests a possible role of CD40-CD154 ligation in the pathogenesis of psoriasis.   

It is envisaged that in clinical situations in which activation of CD40 pathway on a cell is 

involved, inhibition of undesirable expression of CD40 will suppress disease activity. From 

this point of view efforts are being made to design and develop biologicals and low-

molecular-weight compounds that can suppress the expression of CD40 or block CD40 

pathway in a cell. For example, antagonistic antibodies to CD4022 and CD15423-26 have been 

developed to block this pathway. Recently, a putative anti-thrombotic drug, trapidil, has 

been shown to suppress the expression of CD40 on monocytes27. Since CD40 is expressed 

on epidermal keratinocytes in psoriatic lesion21, we investigated whether in vitro trapidil can 

also inhibit its expression in keratinocytes and thereby can inhibit CD40-dependent release 

of chemokines.

MATERIALS AND METHODS

Chemicals and reagents

Gentamycin was obtained from Duchefa B.V. (Haarlem, The Netherlands). Trapidil was 

a gift from UCB Pharma (Braine-l’Alleud, Belgium). Keratinocyte serum-free medium 

(keratinocyte-SFM) and Iscove’s modified Dulbecco’s medium (IMDM) were purchased 

from GibcoBRL (Breda, The Netherlands) and fetal calf serum (FCS) from Hyclone (Lohan, 

UT, USA). Human recombinant IFN-γ was purchased from Roche Diagnostics GmbH 

(Mannheim, Germany). Mouse anti-human CD40 (clone 5D12) was a gift from Tanox 

Pharma (Amsterdam, The Netherlands). Mouse anti-human CD46 and its isotype control 

mouse IgG2b were purchased from CLB (Amsterdam, The Netherlands), mouse IgG2a from 
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Becton Dickinson (San Jose, CA, USA) and FITC conjugated goat anti-mouse IgG from 

Jackson ImmunoResearch Laboratories (West Grove, PA, USA). Mouse anti-human IL-8 and 

biotinylated mouse anti-human IL-8 were obtained from Biosource (Nivelles, Belgium).

Keratinocyte cultures

Human keratinocytes were isolated by incubation of foreskin with thermolysin (0.5 mg/ml, 

Sigma, St. Louis, MO, USA) at 4°C for 16 h and subsequent trypsinization (0.025%) for 5 min 

at 37°C. Trypsin (GibcoBRL) was then neutralized by an excess of heat-inactivated FCS. Cells 

were separated from debris by filtering through a nylon mesh, centrifuged and resuspended 

in keratinocyte serum-free medium (keratinocyte SFM; GibcoBRL) supplemented with 50 

µg/ml gentamycin. The keratinocytes were plated onto 100 mm plastic Petri dishes at 

a density of 400,000 cells per Petri dish and incubated at 37°C in humidified, 5% CO2, 

tissue culture incubator. Medium was changed every 2-3 d and at 70% confluence, cultures 

were split after a 15 min exposure to non-enzymatic Cell Dissociation Solution (Sigma) 

and recultured. For experiments subconfluent (60-80% confluence) keratinocyte cultures in 

passage 3-4 were used.

Flow cytometry

For use in flow cytometry experiments, subconfluent keratinocyte cultures in passage 3-4 

were incubated with or without IFN-γ (25 U/ml) in the presence and absence of trapidil (0-5 

mM) for 72 h. In some of the experiments, keratinocytes were pre-treated with IFN-γ for 

48 h, washed extensively with PBS and cultured with trapidil (1.25-5 mM) for an additional 

72 h. Keratinocytes then were detached with non-enzymatic Cell Dissocation Solution. 

After washing in PBS (GibcoBRL), cells were resuspended in a fluorescence-activated cell 

sorter (FACS) buffer (PBS, 2% fetal calf serum, 0.1% sodium azide). Approximately 105 cells 

were incubated with specific monoclonal antibodies to CD40, CD46, and IgG2b or IgG1 

isotype controls for 30 min at 4°C. Cells then were washed two times and incubated for 30 

min with FITC-conjugated F(ab’)2 fragments of goat anti-mouse IgG. Hereafter, cells were 

washed two times with FACS buffer. Propidium iodide (2,5 µg/ml) (Sigma) was added to 

identify dead cells and 15,000 cells were analyzed immediately by FACSCalibur (Becton 

Dickinson). Dead cells were excluded from further analysis. 

MFI was calculated with WinMDI software. The MFI values obtained from trapidil-treated 

cells were presented in terms of percentage of IFN-γ-treated or non-treated cells set to 

100%.

 
Effect of trapidil on CD40-mediated release of IL-8 

CD154-transfected J558 hybridoma cells (kindly provided by Dr. P Lane, University of 

Birmingham, Birmingham, UK) and control non-transfected cells were cultured in IMDM/10% 

FCS. In all experiments, they were irradiated with 30 Gy and washed extensively before 

use. Keratinocytes were pre-treated with IFN-γ (25 U/ml) or with trapidil (50-500 µM), or 
120



with IFN-γ (25 U/ml) and trapidil (50-500 µM) for 48 h at 37°C in a humidified, 5% CO2 

cell culture incubator. Keratinocytes then were washed excessively with PBS and incubated 

with CD154-transfected or control J558 cells in a 1:1 ratio. After 72 h, supernatants were 

harvested, centrifuged and analyzed for IL-8 content by ELISA.

In early experiments, instead of effect of lower concentrations (50-500 µM), effect of 

higher concentration (5 mM) of trapidil were tested. 

ELISA for IL-8 measurement

For quantification of IL-8, wells of 96-well microtiter plates (Nunc MaxiSorp, Nunc, Denmark) 

were coated with monoclonal mouse anti-human IL-8 (1 µg/ml) in 100 µl carbonate buffer 

(pH 9.6) overnight at 4°C. After thorough washing with PBS/0.05% Tween-20, the wells 

were blocked for 1 h at 37°C with 200 µl of PBS containing 2% milk powder. Washing 

was repeated and wells were incubated at 37°C with 100 µl of sample, diluted in the 

same buffer that was used for blocking. After 2 h incubation, wells were washed and 

incubated with 100 µl biotinylated mouse anti-human IL-8 (0.1 µg/ml in block buffer) for 1 

h at 37°C. After washing, the wells were incubated for another h at 37°C with peroxidase-

conjugated poly-streptavidin (1:1000; CLB) in block buffer. The wells then were washed and 

incubated with 100 µl 3,3’,5,5’tetramethyl-benzidine (Sigma) in dimethylsulfoxide (Merck, 

Hohenbrunn, Germany)-citrate buffer for 10 min. Reaction was stopped with 100 µl H2SO4 

(1 M). Optical density was measured at 450 nm. Standard curve of the ELISA was made 

using IL-8 Calibrator (Biosource).

Real-time quantitative PCR analysis of CD40 expression 

Keratinocytes were grown in Petri dishes for 0, 6 and 24 h in KGM with or without the 

supplementation of IFN-γ (1000 U/ml) and in the presence and absence of trapidil (5 mM). 

After incubation, cells were lysed for total RNA extraction, using a NucleoSpin II RNA 

Isolation Kit (Macherey-Nagel, Düren, Germany). First strand cDNA was synthesized, using 

a cDNA-synthesis kit (MBI Fermentas, St Leon-Rot, Germany). Quantification of CD40 and 

ribosomal RNA 18S (control) transcripts were performed by quantitative RT-PCR using 

the BioRad iCycler iQ Multi-Color Real Time PCR Detection System (Bio-Rad Laboratories, 

Hercules, CA), based on specific primers and general SYBR green (iQSybr Green supermix, 

Bio-Rad) fluorescence detection, according to the maufacturer’s instructions. The primer 

sequences used for CD40 were: sense 5’-GAACAGAGAGACACACTGCC-3’, antisense 

5’-ATCTGCTTGACCCCAAAGCC-3’, resulting in the amplification of PCR-products of 190 

bp. The PCR protocol was as follows: first a 3 min incubation at 94°C, followed by 45 cycles 

of sequential incubations at 94°C (30 sec), 63°C (30 sec), and finally 72°C (1 min) for data 

collection. The primer sequences used for 18S were: sense 5’-CGGCTACCACATCCAAGGAA-

3’, antisense 5’-GCTGGAATTACCGCGGCT-3’ resulting in the amplification product of 187 

bp. The PCR protocol used was as follows: first a 3 min incubation at 94°C, followed by 40 
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cycles of sequential incubations at 94°C (15 sec), 57°C (45 sec). Purified PCR-product was 

used as a standard and normalization to 18S was performed for each sample. 

Statistical analysis

Statistical analysis was performed by using GraphPad Prism software (version 4.00; 

GraphPad Software, Inc., San Diego, CA, USA). One-way ANOVA followed by Dunnet’s 

multiple comparison test was used for evaluation of the results. A p value < 0.05 was 

considered significant.

RESULTS

Trapidil inhibits the basal expression of CD40 on keratinocytes

When CD40 expression was analyzed on keratinocytes cultured for 72 h in the presence 

of increasing concentrations (0-5 mM) of trapidil, CD40 expression was decreased with 

increasing concentrations of this compound. Inhibition of expression reached the level of 

significance at 3.75 mM (Figure 1). Thus, trapidil at high concentrations was able to alter the 

constitutive surface expression of CD40 mildly.  In control experiments, trapidil upregulated 

the constitutive surface expression of CD46 mildly; upregulation was significant even at 

1.25 mM concentration (Figure 1; inset). As expected, lower concentrations of trapidil (50-

500 µM) that were found to be effective in inhibiting CD40 mediated release of IL-8 (see 

below) were too low to inhibit constitutive CD40 expression on keratinocytes (data not 

shown). 

Figure 1. Trapidil downregulates basal CD40 expression on keratinocytes. Keratinocytes were cultured in 
the presence of indicated concentrations of trapidil for 72 h. CD40 and CD46 expression was determined by 
flow cytometry and corrected for isotype controls. Results are expressed in terms of percentage of MFI value 
obtained with non-treated cells (set to 100 %). Main figure shows the effect of trapidil on CD40 expression and 
inset shows the effect on CD46 expression used as control. Data in main figure and inset are expressed as mean 
± SD of triplicate measurements of three cultures. * p<0.05, ** p<0.01 versus non-treated cells.
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IFN-γ can induce optimal expression of CD40 on keratinocytes at low 
concentrations

Cultured human keratinocytes express low but detectable amounts of CD40; IFN-γ 

upregulates this expression20,21. In order to assess the effect of trapidil on IFN-γ-mediated 

enhancement of CD40, we first determined the lowest concentration of IFN-γ that can cause 

optimal expression of CD40 on keratinocytes. For this purpose, increasing concentrations 

of IFN-γ (0-100 U/ml) on the expression of CD40 on keratinocytes was tested in a 72 h 

culture by flow cytometry. Optimal upregulation was observed with 25 U/ml; with higher 

concentrations of IFN-γ there was no further upregulation of CD40 (Figure 2). A dose of 

25 U/ml and a culture period of 72 h were, therefore, selected for studies on the effect of 

trapidil on IFN-γ-mediated upregulation of CD40.

Trapidil inhibits IFN-γ-induced upregulation of CD40 on keratinocytes

As described above, constitutive expression of CD40 on keratinocytes cultured for 72 h was 

low but was enhanced when cells were cultured in the presence of IFN-γ (25 U/ml) (Figure 

2). This IFN-γ-mediated induction of CD40 was inhibited by trapidil in a dose-dependent 

manner. When the effect of trapidil on upregulation of CD40 by IFN-γ was tested at a dose 

Figure 2. Expression of CD40 on 
keratinocytes is upregulated by low 
concentrations of IFN-γ.  Keratinocytes 
were cultured in the presence of increasing 
concentrations of IFN-γ (10-100 U/ml). 
After 72 h, 1.5x104 cells were analyzed 
for CD40 expression by flow cytometry. 
Histograms for expression of CD40 
are shown. Continous line represents 
expression of CD40. Dotted line represents 
results obtained with isotype controls. 
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range of 1.25-5 mM, significant inhibition was observed at concentrations 3.75 mM or 

higher (Figure 3). Expression of CD46, which was included as a control protein, was weakly 

upregulated by IFN-γ and trapidil could not inhibit this upregulation significantly (Figure 3; 

inset). As expected, lower concentrations of trapidil (50-500 µM) that were found to be 

effective in inhibiting CD40-mediated release of IL-8 (see below) were too low to inhibit 

IFN-γ-mediated upregulation of CD40 expression on keratinocytes (data not shown). 

Figure 3. Trapidil inhibits IFN-γ-induced CD40 upregulation on keratinocytes. Keratinocytes were cultured 
in the presence of indicated concentrations of trapidil and 25 U/ml of IFN-γ for 72 h. CD40 and CD46 expression 
was determined by flow cytometry. Results are corrected for isotype control and expressed as percentage of 
MFI value obtained with IFN-γ-treated cells (set to 100 %). Main figure shows the effect of trapidil on CD40 
expression and inset shows the effect on CD46 expression used as control. Data in main figure and inset are 
expressed as mean ± SD of triplicate measurements of three cultures. ** p<0.01 versus IFN-γ-treated cells.

When keratinocytes were cultured alone, in the presence of IFN-γ (25 U/ml), or in the 

presence of IFN-γ (25 U/ml) and trapidil (5 mM) for increasing time period (6-72 h), 

significant upregulation of CD40 by IFN-γ was seen at 24 h which increased at 48 h and 

further increased at 72 h (data not shown). Trapidil inhibited the upregulation at all these 

timepoints (24, 48, and 72 h) by about 50 %. 

Trapidil does not influence the IFN-γ-induced pre-existing expression of 
CD40 on keratinocytes

When keratinocytes were cultured for 48 h in the presence of IFN-γ (25 U/ml) to induce the 

expression of CD40, washed with culture medium once and further cultured for 72 h in IFN-

γ-free medium with increasing concentrations of trapidil (0-5 mM), there was no reduction 

in the expression of CD40 (Figure 4). Control experiments showed that CD46 expression in 

IFN-γ-treated cells is not downregulated by trapidil (0-5 mM) (Figure 4; inset). 
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Trapidil inhibits constitutive CD40 mRNA expression in keratinocytes

Keratinocytes were cultured in the presence or absence of trapidil (5 mM) for 6, 24 and 72 h. 

RNA was extracted and transcripts of CD40 were then detected by quantitative RT-PCR. The 

results showed that trapidil decreased CD40 mRNA expression by 47%, 37% and 66% at 6, 

24 and 72 h, respectively, when compared to non-treated (0 h) keratinocytes (Figure 5). 

Figure 4. Trapidil does not inhibit the IFN-γ-induced pre-existing CD40 expression on keratinocytes. 
Keratinocytes were cultured in the presence of IFN-γ (25 U/ml) for 48 h. Medium was then changed, cells were 
washed and cultured in the presence of indicated concentrations of trapidil for an additional 72 h. ‘Control’ 
represents non-treated cells. CD40 and CD46 expression was determined by flow cytometry and corrected for 
isotype control. Results are expressed in terms of percentage of MFI value obtained with cells pre-treated with 
IFN-γ but not treated with trapidil (set to 100 %). Main figure shows the effect of trapidil on CD40 expression 
and inset shows the effect on CD46 expression used as control. Data in main figure and inset are expressed as 
mean ± SD of triplicate measurements of two cultures.

Figure 5. Trapidil downregulates basal CD40 
mRNA expression. RNA was isolated from 
non-treated (0 h) and trapidil (5 mM)–treated 
keratinocytes (for 6, 24, and 72 h) and subjec-
ted to real-time quantitative CD40 specific RT-
PCR as described in the text. Results obtained 
with the trapidil-treated keratinocytes were 
compared to the PCR results obtained with the 
non-treated control set to 1. 
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Trapidil inhibits induction of CD40 message by IFN-γ in keratinocytes

Keratinocytes were cultured without any addition and with IFN-γ (25 U/ml) in the presence 

or absence of trapidil (5 mM) for 6 and 24 h and their RNA was extracted. Transcripts of 

CD40 were then detected in these RNA preparations by quantitative RT-PCR. CD40 mRNA 

was present in small amounts in RNA samples from non-treated keratinocytes but could be 

seen in relative abundance in RNA preparations from IFN-γ-treated keratinocytes. Trapidil 

inhibited the IFN-γ-induced CD40 expression by 60% and 54% at 6 and 24 h, respectively 

(Figure 6).

Figure 6. Trapidil inhibits IFN-γ-induced 
upregulation of CD40 transcripts. RNA was 
isolated from non-treated (0 h; control), IFN-
γ-treated and IFN-γ+trapidil (5 mM)-treated 
keratinocytes (6 and 24 h) and subjected to 
real-time quantitative CD40-specific RT-PCR as 
described in the text. Results obtained with the 
non-treated keratinocytes were set at 1 and 
related to those of treated keratinocytes (6, 24 
h). 

Trapidil inhibits CD40 ligation-induced IL-8 production only at low 
concentrations 

IFN-γ-treated keratinocytes expressing increased levels of CD40 release IL-8 in response 

to CD15421. Trapidil inhibits IFN-γ-induced upregulation of CD40, though at quite high 

concentrations.  Trapidil might, therefore, be effective in inhibiting CD40 ligation-induced 

IL-8 production in keratinocytes by reducing the availability of CD40. To test this possibility, 

effect of trapidil (5 mM, a concentration that inhibits CD40 expression) on CD40-mediated 

release of IL-8 was studied. Instead of inhibiting it, trapidil significantly enhanced CD40 

ligation-induced IL-8 production even in those samples where IFN-γ was not added (Figure 

7A). This led us to postulate that in analogy with the results obtained by Kato et al.28 in 

monocytes, trapidil may inhibit CD40-mediated release of chemokines at lower but not 

at higher concentrations. We therefore tested the effect of lower concentrations (50-500 

µM) of trapidil on CD40-mediated production of IL-8 by keratinocytes.  We found that at 

these concentrations trapidil significantly inhibited CD40 ligation-induced IL-8 production in 

keratinocytes; even at 50 µM there was significant inhibition (Figure 7B). 
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DISCUSSION 

Blockade of CD40 can be a promising strategy for diseases with CD40 activation. Recent 

demonstration21 in our laboratory of the presence of several CD40-expressing cells 

(keratinocytes, mature dendritic cells and Langerhans cells) as well as CD154+ T cells 

in psoriatic lesion and in vitro generation of chemokines (IL-8, RANTES and MCP-1) by 

Figure 7. Trapidil inhibits CD40 ligation-induced IL-8 production by keratinocytes only at low 
concentrations.  A (high concentration of trapidil): Keratinocytes were cultured in the presence of medium 
or trapidil (5 mM) or in the presence of IFN-γ (25 U/ml), IFN-γ and trapidil (5 mM) as indicated for 48 h. After 
excessive washing, cells were co-cultured with CD154-transfected (CD154+) J558 cells or control non-transfected 
(CD154-) J558 cells at a 1:1 ratio for an additional 72 hours. Supernatants were harvested and analyzed for IL-8 
by ELISA. B (low concentrations of trapidil): Keratinocytes were cultured in the presence of medium or trapidil 
(50-500 µM) or in the presence of IFN-γ (25 U/ml), IFN-γ and trapidil (50-500 µM) as indicated for 48 h. After 
excessive washing, cells were co-cultured with CD154-transfected (CD154+) J558 cells or control non-transfected 
(CD154-) J558 cells at a 1:1 ratio for an additional 72 hours. Supernatants were harvested and analyzed for IL-
8 by ELISA. Results are expressed as mean ± SD of duplicate measurements of two experiments each done in 
triplicate. 
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keratinocytes in response to CD40 activation has strengthened the belief that CD40-CD154 

ligation may play a role in generation of psoriatic lesion19,20. This has led to the concept 

that suppression of CD40 expression or inhibition of CD40 pathway in keratinocytes may 

suppress psoriatic disease process. Recently a low-molecular-weight compound, trapidil, has 

been shown to downregulate the basal expression of CD40, inhibit IFN-γ-mediated induction 

of CD40, and suppress CD40 ligation-induced IL-8 production in human monocytes27,28. 

We investigated whether trapidil can do the same in keratinocytes. Indeed, trapidil at high 

concentrations caused inhibition of constitutive and IFN-γ-induced upregulation of CD40 

protein and mRNA, and at low concentrations caused inhibition of CD40-mediated release 

of IL-8 in cultured human keratinocytes. It did not downregulate the surface expression of 

CD40 on cells that were pre-treated with IFN-γ.
It was postulated by Zhou et al.27 that trapidil inhibits CD40 ligation-induced IL-8 

production by inhibiting IFN-γ-mediated CD40 expression. We found that in keratinocytes 

high concentrations of trapidil that effectively inhibited CD40 expression enhanced CD40 

ligation-induced IL-8 production, whereas lower concentrations of trapidil that had no 

effect on the IFN-γ-induced CD40 upregulation significantly inhibited it. This suggests 

that in keratinocytes trapidil inhibits CD40-mediated IL-8 production by interfering with 

CD40 signaling rather than reducing the availability of CD40. Signal transduction pathways 

involved in CD40 activation of keratinocytes are not known. However, in proximal tubular 

epithelial cells CD40 ligation-induced IL-8 production proceeds via activation of MAPK 

signaling cascade10. In vascular smooth muscle cells trapidil inhibits growth factors-

mediated activation of MAPK cascade29,30 and inhibition of this cascade inhibits CD40 

ligation-induced IL-8 production31. In monocytes, trapidil suppresses IFN-γ-mediated CD40 

transcription at least partly by inhibiting the JAK1/2-STAT1 signal transduction pathway32. 

The concentration range in which trapidil effectively inhibited CD40 activation in vitro was 

10-100 µM (approximately 2-20 µg/ml) in monocytes27,28 and 50-500 µM  (approximately 

10-100 µg/ml) in keratinocytes as seen in this study.  Maximum concentration of trapidil 

that can be achieved in circulation is approximately 5 µg/ml33, maximum concentration 

that can be achieved in tissues is not known. These data do not say much about the 

plausibility of efficacy of trapidil in diseases involving CD40 ligation.  Trapidil was, however, 

found to be effective in reducing the incidence of cardiovascular events after myocardial 

infarction34,35. This effect is thought to be due to inhibition of CD40 pathway activation in 

monocytes/macrophages by CD154+ T cells in the atherosclerotic plaque28. In a single study 

per os administered trapidil also inhibited disease activity in psoriasis36. Further studies are 

needed to confirm this finding. 

Results presented here provide rationale to carry out structure-activity relationship studies 

with triazolopyrimidine derivatives to find compounds with acceptable toxicity that inhibit 

CD40 expression and activation at very low concentration that can be achieved in vivo.  

Such compounds should also be able to inhibit CD40 expression in cells that have been 

treated with IFN-γ. In addition to triazolopyrimidine derivatives, other low-molecular-weight 
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compounds with diverse pharmacokinetics capable of inhibiting CD40 pathway need to 

be developed. Such studies need to be done with other cells also. Trapidil and newly deve-

loped inhibitors of CD40 activation might also be useful in other CD40-mediated diseases. 

For example, in the skin-involving diseases systemic lupus erythematosus11,12, systemic 

sclerosis14 and dermatomyositis7 trapidil or more effective newly developed inhibitors of 

CD40 expression and CD40 pathway might reduce disease activity by interfering with 

CD40-CD154 interaction on B cells, fibroblasts and myoblasts, respectively.  The same may 

apply to several other cell types and several other diseases15-17. 

In conclusion, trapidil inhibits basal expression of CD40, IFN-γ-mediated upregulation of 

CD40 and CD40 activation in normal human keratinocytes in vitro. The concentrations 

required for these effects were higher than required for same effects in monocytes. Other 

compounds with acceptable toxicity showing same effects in keratinocytes and other cells 

at much lower concentrations need to be developed and tested for their efficacy in psoriasis 

and in other diseases with CD40 pathway involvement in their pathogenesis. 
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The keratinocyte is one of the most important cells of the skin immune system. In response 

to appropriate stimuli, keratinocytes produce a number of inflammatory mediators such 

as cytokines, chemokines and complement proteins and express several cell surface 

proinflammatory molecules. The triggering stimuli can be either exogenous or endogenous. 

Exogenous stimuli include mechanical factors, UV radiation, allergens, irritants and microbial 

products. Endogenous factors include inflammatory mediators (mainly cytokines) produced 

by inflammatory cells such as T lymphocytes, neutrophils, monocytes/macrophages and 

keratinocytes. Direct interactions between keratinocytes and inflammatory cells via cell 

surface molecules (e.g CD40 on keratinocytes and CD154 on activated T cells) can also 

release a number of inflammatory mediators. In many inflammatory diseases of the skin, 

the nature of initial events that lead to inflammation are not known. The aim of this thesis 

was to gather more information than was available on the role of endogenous factors in 

the release of inflammatory mediators from keratinocytes; mediators, which are known 

to be involved in skin inflammation. More specifically, this thesis presents work on the 

synthesis and regulation of synthesis of complement proteins and chemokines by human 

keratinocytes.

The early part of Chapter 1 summarizes the present knowledge about complement system, 

production of complement proteins in human skin and role of complement in skin diseases. 

The latter part of this chapter summarizes the current knowledge about chemokines with 

special reference to IL-8, RANTES and MCP-1. It also describes the regulation of production 

of chemokines by skin cells and their role in chronic skin inflammatory diseases. CD40-

CD154 interaction is also briefly reviewed as a possible mechanism leading to enhanced 

production of inflammatory mediators by keratinocytes.

In Chapters 2 to 4, results of in vitro studies on the synthesis and regulation of synthesis of 

complement components and soluble complement regulatory proteins are described.

Human keratinocytes have been shown to produce two complement proteins, namely C3 

and factor B1,2. Their synthesis is strongly upregulated by IL-1α, IL-6, TNF-α and IFN-γ3,4. 

Under inflammatory conditions of the skin in which these cytokines are produced, excessive 

amounts of C3 and factor B are likely to be produced by keratinocytes that can be harmful 

not only to invading microbes but also to self-cells that must be protected. This protection 

to body cells is provided by cell surface and soluble complement regulatory proteins. Cell 

surface regulatory proteins that act at C3b (and thus factor B)/C4b stage are membrane 

cofactor protein (MCP), complement receptor-1 (CR1) and decay accelerating factor (DAF); 

the former two of these act as cofactors for the enzyme factor I in cleavage of C3b and 

C4b deposited on self-cell5. Soluble complement regulatory proteins that act at C3b/C4b 

stage are factor H, C4BP and factor I6. Production of C3 and factor B by keratinocytes 

makes it logical to postulate that keratinocytes may be capable of producing factor H and 

factor I to regulate the activities of these components, and expression of MCP and CR1 by 

keratinocytes further strengthens the possibility that keratinocytes may be producing factor 

I that requires these cofactors. It may also be postulated that the synthesis of factor H and 
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factor I is regulated by proinflammatory cytokines in order to provide enhanced protection 

against the effect of excessive amount of C3 and factor B produced during inflammation. 

In Chapters 2 and 3 we show that keratinocytes produce both isoforms (45 kD and 155 

kD) of factor H as well as factor I. Constitutive synthesis of factor H isoforms and factor I 

was low but was enhanced by IFN-γ and was not regulated by any of the other cytokines 

tested (i.e. TNF-α, TGF-β1, IL-6, IL-1α). Factor H and factor I produced by keratinocytes 

were functionally active. Besides their primary complement regulatory functions, factor 

H and factor I have also undesirable properties: they serve as virulence factors for several 

pathogens which are able to utilize these proteins for their own protection and therefore 

escape complement-mediated lysis7-10. Low constitutive synthesis of factor H and factor I 

by keratinocytes might perhaps be an important mechanism restricting the availability of 

these proteins and thus restricting the immune escape of pathogens.

Keratinocytes are believed to be initiators of inflammation11. Inspite of the fact that terminal 

components of complement (C5 to C9) participate in inflammation via C5a and C5b-C912, 

the ability of keratinocytes to synthesize these components has not been investigated. In 

Chapter 4, we studied the synthesis of terminal complement components by keratinocytes 

and its regulation. We found that human keratinocytes constitutively produce C7 and C9 

in low amounts and express C5, C7, C8γ and C9 transcripts but not C6, C8α and C8β 

transcripts. Synthesis of C9 was strongly upregulated by TNF-α but not by other cytokines 

tested (i.e. IFN-γ, TGF-β1, IL-1α, IL-6). Low constitutive expression and tight regulation 

of terminal complement component synthesis by keratinocytes can be an important 

mechanism restricting complement-mediated damage of self-cells in the human epidermis 

under normal circumstances. However, under inflammatory conditions other factors (e.g., 

cytokines not tested in this study) might induce the expression of all terminal complement 

components by keratinocytes. It is also likely that under inflammatory or even normal 

conditions other resident skin cells (e.g. dendritic cells and melanocytes) and infiltrating 

cells (e.g. T lymphocytes, monocytes and neutrophils) might also synthesize the remaining 

or all terminal components, which can provide effective protection against skin invading 

pathogens. Terminal complement components seem to play an important role in the 

pathogenesis of psoriasis. High levels of complement activation products C5a, C5adesArg 

and C5b-9 can be detected in psoriatic epidermis13-15 and C5b-9 circulates in the blood 

without an associated increase in systemic C1r-C1s-C1INH and C3b.Bb.P complexes16.  This 

suggests local complement activation (possibly following local production) and subsequent 

leakage of C5a and C5b-9 into the circulation17. C5a and C5adesArg have strong chemotactic 

activity towards T cells18, neutrophilic granulocytes19, dendritic cells20 and monocytes21, all 

play a role in the pathogenesis of psoriasis. C5b-9 induces cell proliferation22; keratinocyte 

hyperproliferation is an important feature of psoriasis. Further knowledge about the 

synthesis and regulation of synthesis of terminal complement components by keratinocytes 

and other resident cells might give a better insight into the mechanism of complement 

production and activation in psoriatic lesion. 
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Inflammatory skin diseases are not only characterized by the presence of inflammatory 

mediators (cytokines, chemokines and complement activation products) but also by the 

presence of inflammatory cells (e.g. activated lymphocytes) in the lesion. These inflammatory 

cells express surface molecules which may interact with their ligands expressed on the 

surface of (activated) keratinocytes in the lesion. This interaction may cause the release 

of inflammatory mediators from keratinocytes. Such interaction can possibly take place 

between CD154 transiently expressed by activated T lymphocytes and CD40 present 

on activated keratinocytes in psoriatic lesion. CD40 activation on keratinocytes by this 

interaction has been shown to induce IL-6 production and ICAM expression23,24. In Chapter 

5 we studied the in vitro effects of CD40-CD154 interaction on chemokine (IL-8, RANTES, 

MCP-1) and complement (C3, factor B) release from keratinocytes and investigated the 

possibility of this interaction taking place in psoriatic skin by detecting CD154+ and CD40+ 

cells in the lesion. CD40-CD154 interaction in vitro strongly enhanced IL-8 and RANTES, 

mildly upregulated MCP-1 production, but had no effect on C3 and factor B production 

by keratinocytes. CD40+ cells (keratinocytes, Langerhans cells, dendritic cells) were present 

in psoriatic epidermis and they were in juxtaposition to CD154-expressing T cells. These 

findings suggest that CD40-CD154 interaction may take place in psoriatic epidermis and 

may contribute to increased chemokine expression characteristic of psoriatic lesions. 

Interfering with CD40-CD154 interaction is believed to inhibit production of inflammatory 

mediators by both cell types in psoriatic lesion and thus may have beneficial effects in 

psoriasis.  Trapidil, a triazolopyrimidine derivative has been shown to inhibit IFN-γ-induced 

CD40 upregulation and CD40 activation-induced chemokine synthesis in monocytes25. In 

Chapter 6 we investigated, whether trapidil has similar effect on keratinocytes. Indeed, 

trapidil inhibited IFN-γ-induced CD40 upregulation at protein and mRNA level, and CD40-

mediated IL-8 release in keratinocytes. This suggests that trapidil may prove to be beneficial 

in psoriasis. Our results also provide rationale to carry out structure-activity relationship 

studies with triazolopyrimidine derivatives to find compounds with acceptable toxicity that 

inhibit CD40 expression and activation at very low concentrations.

In summary, keratinocytes produce a number of inflammatory mediators including 

complement proteins and chemokines. Their synthesis is differentially regulated by cytokines 

and direct cell-cell interaction between keratinocytes and inflammatory cells.  
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SAMENVATTING EN DISCUSSIE

De keratinocyt is een van de belangrijkste cellen van het afweersysteem van de huid. Als 

reactie op bepaalde stimuli, produceren keratinocyten een aantal ontstekingsmediatoren 

zoals cytokinen, chemokinen en complementproteïnen, en worden verschillende pro-

inflammatoire moleculen op het oppervlak van de celmembraan tot expressie gebracht. 

De tot reactie aanzettende stimuli kunnen van exogene en endogene oorsprong zijn. 

Exogene stimuli zijn mechanische factoren, UV-straling, allergenen, irriterende chemicaliën 

en microbiële producten. Bij de endogene factoren behoren ontstekingsmediatoren 

(met name cytokinen) die door ontstekingscellen, zoals T lymfocyten, neutrofielen, 

monocyten/macrofagen en de keratinocyten zelf, geproduceerd worden. Directe interactie 

tussen keratinocyten en ontstekingscellen via celmembraanmoleculen (zoals CD40 op 

keratinocyten en CD154 op geactiveerde T cellen) kan ook leiden tot het vrijkomen van 

een aantal ontstekingsmediatoren. In veel ontstekingsziekten van de huid is de aard van 

de initiële gebeurtenissen niet bekend. Het doel van dit proefschrift is het vergaren van 

meer informatie dan voorhanden was over de rol van endogene factoren bij het vrijkomen 

van ontstekings-mediatoren van keratinocyten, dus mediatoren die betrokken zijn bij 

ontstekingen van de huid. Meer specifiek: dit proefschrift presenteert onderzoekswerk 

naar de synthese en regulatie van complementproteïnen en chemokinen door humane 

keratinocyten.

Het eerste gedeelte van Hoofdstuk 1 vat de huidige kennis over het complementsysteem, 

de productie van complementproteïnen in de humane huid, en de rol van complement in 

huidziekten, samen. Het laatste gedeelte van dit hoofdstuk vat de huidige stand van kennis 

over chemokinen samen, met speciale aandacht voor IL-8, RANTES en MCP-1. Daarbij is ook 

de regulatie van chemokinen door huidcellen beschreven, alsmede hun rol in chronische 

ontstekingsziekten van de huid. CD40-CD40L interactie wordt ook beknopt besproken 

als een mogelijke weg die kan leiden tot verhoogde productie van ontstekingsmediatoren 

door keratinocyten. 

In Hoofdstuk 2 tot 4 zijn de resultaten van in vitro studies van de synthese én regulatie van 

de synthese van complementfactoren en oplosbare complementmediatoren beschreven.

Van humane keratinocyten is bekend dat ze twee complementproteïnen, namelijk C3 en 

factor B, kunnen produceren1,2.  Hun synthese kan sterk worden opgereguleerd door IL-1α, 

IL-6, TNF-α en IFN-γ3,4.  Tijdens ontstekingsprocessen in de huid, waarbij deze cytokinen 

worden geproduceerd, lijken excessieve hoeveelheden C3 en factor B door keratinocyten 

geproduceerd te worden die niet alleen schadelijk zijn voor de binnengedrongen bacterieën, 

maar ook voor de eigen lichaamscellen die beschermd hadden moeten zijn. Deze bescherming 

wordt tot stand gebracht door oplosbare complementmediatoren en de mediatoren die op 

het celoppervlak voorkomen. 

Mediatoren op het celoppervlak die effect hebben op C3b (en dus factor B)-C4b-stadium 

zijn membraancofactorproteïn (MCP), complementreceptor-1 (CR1) en decay accelerating 
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factor (DAF). De eerste twee werken als cofactoren voor het splitsingsenzym factor I, die 

C3b en C4b op de eigen cel achterlaten5. Oplosbare complement mediatoren die werken op 

het C3b/C4b-platform, zijn factor H, C4BP en factor I 6. Productie van C3 en factor B door 

keratinocyten maakt het voor de hand liggend om te postuleren dat keratinocyten in staat 

zouden zijn factor H en factor I te produceren om de activiteit van deze componenten te 

reguleren. De expressie van MCP en CR1 door keratinocyten versterkt verder de mogelijkheid 

dat keratinocyten factor I zouden kunnen produceren wanneer deze cofactoren nodig zijn. 

Men kan ook postuleren dat de synthese van factor H en factor I geregeld wordt door pro-

inflammatoire cytokinen om verhoogde bescherming te verschaffen tegen het effect van 

excessieve hoeveelheden C3 en factor B, die tijdens ontsteking geproduceerd worden. 

In hoofdstuk 2 en 3 wordt aangetoond dat keratinocyten beide isovormen (45 kD 

en 155 kD) van factor H en factor I produceren. Constitutieve synthese van factor H 

en factor I isovormen is gering, maar kon worden verhoogd door IFN-γ en werd niet 

gereguleerd door de andere geteste cytokinen (zoals TNF-α, TGF-β1, IL-6, en IL-1α). Door 

keratinocyten geproduceerde factor H en factor I waren functioneel actief. Afgezien 

van hun primaire complement-regulerende functie hebben factor H en factor I ook 

ongewenste eigenschappen: zij kunnen ook dienen als virulentie-bevorderende factoren 

voor verschillende pathogenen die deze proteïnen voor hun eigen bescherming gebruiken 

en daarmee aan complement-gemedieerde lyse ontsnappen7-10. De geringe constitutieve 

synthese van factor H en factor I door keratinocyten kan mogelijk toch een belangrijk 

mechanisme zijn om de beschikbaarheid van deze proteïnen aan banden te leggen en 

daarmee dus ook de ontsnapping van pathogenen aan het immuunsysteem.

Keratinocyten worden gezien als de initiators van ontsteking11. Ondanks het feit dat 

eindcomponenten van het complementsysteem (C5 tot en met C9) participeren in de 

ontsteking via C5a en C5b-C912, is de mogelijke synthese van deze componenten door 

keratinocyten niet onderzocht. In Hoofdstuk 4 bestudeerden wij de synthese van 

eindcomponenten van het complementsysteem door keratinocyten en de daaraan 

gekoppelde regulatie. We vonden dat humane keratinocyten constitutief geringe 

hoeveelheden C7 en C9 produceerden en de C5, C7, C8γ en C9 transcripten tot expressie 

brachten, maar niet de C6, C8α en C8β transcripten. Synthese van C9 werd sterk 

opreguleerd door TNF-α, maar niet door de andere geteste cytokinen (zoals IFN-γ, TGF-

β1, IL-1α, en IL-6). Geringe constitutieve expressie en stevige regulatie van de synthese 

van eindcomponenten van het complementsysteem door keratinocyten kan een belangrijk 

mechanisme zijn om complement-gemedieerde schade aan lichaamseigen cellen in de 

humane epidermis onder normale omstandigheden aan banden te leggen. 

Echter, bij ontsteking zouden andere factoren (zoals cytokinen, die niet getest zijn in deze 

studie) de expressie van alle eindcomponenten door keratinocyten kunnen veroorzaken. Het 

ligt ook voor de hand dat onder inflammatoire, maar ook onder normale omstandigheden, 

ook andere lichaamseigen cellen (zoals dendritische cellen en melanocyten) en infiltrerende 

cellen (zoals T lymfocyten, monocyten en neutrofielen) de eindcomponenten zouden 
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kunnen synthetiseren, die dan effectieve bescherming tegen binnendringende pathogenen 

kunnen verschaffen. 

Eindcomponenten van het complementsysteem schijnen een belangrijke rol in de 

pathogenese van psoriasis te spelen. Verhoogde concentraties van complement-activerende 

producten (C5a, C5adesArg en C5b-9) kunnen vastgesteld worden in psoriatische epidermis13-

15 en het C5b-9 complex circuleert in het bloed zonder een daarmee in verband staande 

verhoogde concentratie van systemische C1r-C1s-C1-INH- en C3b.Bb.P-complexen16. 

Dit suggereert lokale complementactivatie (mogelijk na lokale productie), gevolgd door 

het lekken van C5a en C5b-9 complexen naar de circulatie17. C5a en C5adesArg hebben 

sterke chemotactische werking op T cellen18, neutrofielen19, dendritische cellen20, en 

monocyten21, die allen een rol spelen in de pathogenese van psoriasis. C5b-9 complex 

veroorzaakt celproliferatie22 en keratinocyt hyperproliferatie is een belangrijk kenmerk van 

psoriasis. Verdere kennis betreffende de synthese en de regulatie van de synthese van 

eindcomponenten van complement door keratinocyten en andere lichaamseigen cellen, 

kunnen een beter inzicht geven in het mechanisme van complementproductie en -activatie 

in psoriasis.

Inflammatoire huidziekten worden niet alleen gekaraktiseerd door de aanwezigheid van 

inflammatoire mediatoren (cytokinen, chemokinen en complementactivatieproducten), 

maar ook door de aanwezigheid van ontstekingscellen (zoals geactiveerde lymfocyten) 

in de laesie. Deze ontstekingscellen brengen membraan-moleculen tot expressie die een 

interactie kunnen aangaan met hun liganden die op de membranen van (geactiveerde) 

keratinocyten in de laesie voorkomen. Deze interactie zou veroorzaakt kunnen worden 

door het vrijkomen van ontstekingsmediatoren van keratinocyten. Een dergelijke interactie 

kan mogelijk plaats hebben tussen CD154, dat af en toe tijdelijk door geactiveerde T 

lymfocyten tot expressie wordt gebracht, en CD40, aanwezig op geactiveerde keratinocyten 

in psoriatische laesies. Van CD40-activatie op keratinocyten werd aangetoond dat het IL-6 

productie en ICAM-expressie veroorzaakte23,24. 

In Hoofdstuk 5 werden de effecten in vitro van CD40-CD154 interactie op het vrijkomen 

van chemokinen (IL-8, RANTES, MCP-1) en complement (C3, factor B) van keratinocyten 

bestudeerd en werd de mogelijkheid onderzocht of deze interactie in psoriatische huid 

plaatsvindt door het detecteren van CD154+ en CD40+ cellen in de laesie. CD40-CD154 

interactie verhoogde in vitro sterk IL-8 en RANTES niveau’s en MCP-1 productie werd 

mild opgereguleerd. Maar de interactie had geen effect op C3 en factor B productie door 

keratinocyten. CD40+ cellen (keratinocyten, Langerhans cellen, dendritische cellen) waren 

aanwezig in psoriatische epidermis en zij waren in juxtapositie ten opzichte van T-cellen 

met CD154-expressie. Deze bevinding suggereert dat CD40-CD154 interactie zou kunnen 

plaatsvinden in psoriatische epidermis en dat deze zou kunnen bijdragen aan verhoogde 

chemokine expressie in psoriatische laesies. 

Remming van CD40-CD154 interactie zou de productie van ontstekingsmediatoren door 

beide celtypen in psoriatische laesie kunnen hinderen en dus positieve effecten in psoriasis 
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kunnen hebben. Trapidil, een triazolopyrimidinederivaat, werd geïdentificeerd als remmer 

van IFN-γ geïnduceerde verhoogde regulatie van CD40 en als remmer van chemokine-

synthese in monocyten door CD40 activatie25. In Hoofdstuk 6 werd onderzocht of trapidil 

vergelijkbare effecten op keratinocyten zou hebben. Inderdaad remde trapidil door IFN-γ 

geïnduceerde verhoogde regulatie van CD40 op proteïne en mRNA niveau's en remde 

het CD40 gestuurde vrijkomen van IL-8 in keratinocyten. Dit suggereerde dat trapidil 

wel eens gunstig op psoriasis kan werken. Onze resultaten geven ook redenen aan om 

structuur-activiteits-relaties met triazolopyrimidine-derivaten te bestuderen om zodoende 

verbindingen te vinden die CD40-expressie en -activatie bij zeer lage concentraties kunnen 

remmen. Dit zou gepaard kunnen gaan met lage toxiciteitsniveau's.

Samenvattend, keratinocyten produceren een aantal ontstekingsmediatoren, waaronder 

complement mediatoren en chemokinen. Hun synthese wordt verschillend geregeld door 

cytokinen en directe cel-cel interactie tussen keratinocyten en ontstekingscellen.
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