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ABSTRACTABSTRACTABSTRACTABSTRACTABSTRACT

The human immune system is responsible for clearing away foreign

microorganisms and other harmful material that has accumulated in the human

body. The complement (C) system, a major element in the innate immune system,

plays a central role in this task. In principle, the C system has also the power to

destroy malignant cells, if the cells are recognized as “foreign“. However, it

seems that tumor cells usually escape immune attack and remain growing in the

human body. In the present study the main goal was to investigate how human

tumor cells protect themselves against C attack.

The first study (I) explored how human G361 melanoma cells could be killed by

the C system in vitro. The strategy was to activate C on the surface of melanoma

cells and simultaneously neutralize the function of protectin (CD59), an important

C regulator that was found to protect melanoma cells against C attack. To

target a CD59-neutralizing monoclonal antibody (mAb) against melanoma cells

the high affinity between biotin and avidin was utilized. Biotinylated anti-CD59

mAb was targeted to the melanoma cells by using biotinylated R24 as a targeting

mAb and avidin as a high-affinity linker. When bound to the surfaces of

erythrocytes or endothelial cells the biotinylated, C non-activating anti-CD59

mAb did not damage the cells. As a result, the G361 cells were selectively and

efficiently killed by C in a cell mixture that mimicked an environment containing

both normal and malignant cells.

In the second study (article II) we studied the expression of the three membrane-

bound C regulators membrane cofactor protein (MCP, CD46), decay accelerating

factor (DAF, CD55) and CD59 in seven human glioma cell lines and in human

glioma tumors. CD59 was strongly expressed by all glioma tumors and cell lines.

The expression of DAF varied from negative to intermediate in the cell lines and

was absent from the tumors in situ. MCP was moderately expressed by the cell

Abstract



12

lines and weakly in the tumors. Cell killing experiments demonstrated that nearly

all the glioma cell lines were resistant to C-mediated lysis. The most efficient

way to increase glioma cell lysis was to neutralize CD59 on the surface of the

cell lines. This demonstrated that CD59 is the most important membrane-bound

C regulator on human glioma cells. However, one glioma cell line (H2) was resistant

against C attack, even after the simultaneous neutralization of MCP, DAF and

CD59. This suggested that the H2 cell line utilized additional, unidentified

mechanisms to resist C killing.

The third study (III) was initiated to find out the reason for the exceptional C

resistance of the human H2 glioma cells. The neutralization of MCP, DAF and

CD59 was not enough to sensitize H2 cells to C killing (II). When C was activated

more inactivated C3b (iC3b) and less terminal C5b-9 complexes became deposited

on H2 than on control cell surfaces. This suggested that C activation was

downregulated before activation of the terminal C pathway took place. When

the expression of other C regulators was studied, we found out that the H2 cells

constitutively produced the soluble C inhibitors factor H (FH) and factor H-like

protein 1 (FHL-1). FHL-1 is an alternatively spliced short, but functionally active

variant of FH. H2 cells also bound more FH from NHS to their cell surfaces when

compared to the C sensitive U251 glioma cells and endothelial-like EA.hy 926

cells. Functional cell killing experiments demonstrated that only 5% of H2 cells,

but 70% of EA.hy 926 cells, were killed under similar conditions. The presence of

monoclonal anti-FH antibodies enhanced the killing of H2 glioblastoma cells 5-

fold. In conclusion, we found out that the production and binding of FH and FHL-

1 is a novel mechanism that the human H2 glioma tumor cells use to resist C

attack.

Further studies showed that out of 22 cell lines studied, also SK-OV-3 and Caov-

3 ovarian tumor cells and K562 erythroleukemia cells constitutively produced

both FH and FHL-1 (IV). In addition, FH and FHL-1 were found to be abundantly

Abstract
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present in ascites fluid (AF) samples and primary tumors of patients with ovarian

cancer. An ELISA assay demonstrated that the combined mean level of FH and

FHL-1 was 1.6-fold higher in the cancer patient AF than in NHS, 2.0-fold higher

than in ovarian follicle fluid samples, and over 20-fold higher than in the AF

samples from patients with liver cirrhosis, respectively. The mean level of FHL-1

was observed to be 5.5-fold higher in AF than in NHS. All the four ovarian tumor

cell lines tested (SK-OV-3, Caov-3, PA-1, SW626) bound FH and FHL-1 to their

surfaces. Functional analyses demonstrated that FH and FHL-1 produced by SK-

OV-3 and Caov-3 cells promoted inactivation of C3b to inactive iC3b.

Subsequently, the functional analysis showed that the PA-1 and SW626 cell

lines secreted a soluble, functionally active form of MCP, providing preliminary

evidence for another novel C resistance mechanism of ovarian tumor cells.

Taken together, these four studies bring up new information about the

mechanisms which protect tumor cells against C attack. Studies I and II

demonstrated that CD59 is the main membrane-bound C regulator protecting

both melanoma and glioma cells against C. With targeted neutralization of CD59,

human melanoma cells were effectively killed in a cell suspension without damaging

the surrounding bystander erythrocytes or endothelial cells. Studies III and IV

demonstrated that, in addition of the membrane-bound C regulators, glioma and

ovarian tumor cells possess an additional mechanism against C-mediated

destruction: constitutive production of soluble C regulators FH and FHL-1.

Despite continuous immune surveillance, the tumor cells are able to evade the

host immune attack. To escape the C system, the tumor cells have developed

several sophisticated, protective mechanisms. They operate at multiple levels

and include the expression of both membrane-bound and soluble C regulatory

proteins.

Abstract
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1 Introduction

11111 INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION

It is clear that often the human immune system fails to kill tumor cells. Finally,

this may lead to cancer. Apparently the human immune system may recognize

tumor cells as normal cells. In addition, the tumor cells have protective

mechanisms against immune attack. The main goal of this study was to

investigate mechanisms that protect tumor cells against the complement (C)

system, an important immunological defense mechanism.

The human immune system is responsible for clearing away foreign, harmful

organisms and other material that have entered the human body. The two

main parts of the immune system, innate and acquired immunity complement

each other but have their own characteristics and ways to act. The innate

immune response acts quickly and is able to attack foreign material without a

previous contact with the invading organisms or molecules. It is also capable of

removing endogenous debris generated by damaged cells or tissues. An acquired

immune response (specific B- and T-cell-responses) needs time to develop but

the response is then highly specific against the invader.

The C system is a major element in the innate immune system. It acts via three

distinct activation routes: the alternative (AP), the classical (CP) and the lectin

pathway (LP). Complement is a fast-acting, first-line defense mechanism that

acts together with phagocytic cells. It has strong cytolytic activity against

bacteria, parasites and certain microbe-infected and heterologous cells.

Complement activation products generate inflammation by inducing mediator

release from mast cells and basophils. Complement participates in phagocytosis

by attracting (chemotaxis) and activating leukocytes and by opsonizing target

microbes and cells with its activation products. Complement also contributes
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to the adaptive immune response by targeting antigen-C3d-complexes to

dendritic cells and B lymphocytes. Although C activation and innate immunity

can be considered as non-specific, the C system is capable of discriminating

biological ‘self’ from ‘non-self’. In that role, C is a ‘waste disposal’ system that

selectively clears out unwanted material from the human body.

Because of the potential harmful effects of the C system many specific

regulators are needed to control its activation. If uncontrolled, C activation

may cause excessive inflammation and damage to the host cells. The resistance

of normal host cells is mediated by specific membrane C regulators, C3b/C4b

receptor (CR1, CD35), MCP, DAF and CD59. Although normal cells are well

protected against attack by homologous C, it seems that tumor cells have

even more sophisticated mechanisms to avoid destruction via C activation. In

this study, the expression and function of C regulators on human melanoma,

glioma and ovarian tumor cells were studied.

The evidence that a humanized C-activating anti-CD20 monoclonal antibody

(Rituximab) is effective in the treatment of follicular non-Hodgkin’s B cell

lymphoma indicates that the immune system is potentially able to eliminate

tumor cells from the human body (1-5). The C system can act against tumor

cells directly through C-mediated cytotoxicity (CDC) or mediate the attack

through C-mediated cellular cytotoxicity (CDCC) (6). CDCC takes place after

effector cells (phagocytic cells and natural killer cells) bind to appropriate C

components or to IgG deposited on the target cell surface. However, it is not

clear how effective C-mediated attack is against solid tumors in vivo, although

solid tumors such as melanoma and breast carcinoma have also been treated

with mAbs. Based on our studies performed with small microtumors, spheroids,

it is evident that tumor cells growing in solid aggregates are more resistant to

C attack than tumor cells growing in soluble media (7).

1 Introduction
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Although the treatment of tumors with monoclonal antibodies first faced

many difficult problems and setbacks the situation looks now more promising.

This is because of an increase in the number of potential mAbs and in the

basic knowledge on tumor biology. Within the last few years new mAbs have

been approved for tumor therapy, and it is likely that new tumor-specific

antigens and new strategies to use mAbs will be found. However, to improve

the efficacy of the mAb therapy it is important to study the mechanisms that

protect tumor cells against C activation.

1 Introduction
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22222 REVIEW OF THE LITERATUREREVIEW OF THE LITERATUREREVIEW OF THE LITERATUREREVIEW OF THE LITERATUREREVIEW OF THE LITERATURE

2.12.12.12.12.1 Immune effector mechanisms and tumors: an introductionImmune effector mechanisms and tumors: an introductionImmune effector mechanisms and tumors: an introductionImmune effector mechanisms and tumors: an introductionImmune effector mechanisms and tumors: an introduction

The human immune defense system is continuously patrolling for harmful

invaders and molecules recognized as ‘non-self’. What happens if the immune

system confronts tumor cells in blood or a solid tumor in tissues? Basically,

the tumor cells must be recognized as ‘’foreign’’ before any cytolytic effector

mechanisms are triggered. During the process of malignant transformation

genetic mutations and other alterations take place and may lead to expression

of cancer-related gene products and other antigens. These antigens may

serve as target ‘tumor-antigens’ for host immune reactions. However, despite

intensive research we do not know to what extent the immune system

immunosurveillance keeps emerging tumors away.

In principle, the immune system has the capacity to attack tumor cells. Several

studies have shown that immunotherapeutic treatment may initiate an

antitumor response in cancer patients. The immune machinery, including the

complement (C) system, has effective tools for eliminating tumor cells from

the human body. However, an effective elimination of tumor cells requires

that the immune attack is properly targeted and triggered. In most cases the

efficiency of targeting of an immune response against tumors has remained

insufficient. On the other hand, promising new results have been recently

obtained e.g. in the treatment of follicular B cell lymphomas with chimeric or

humanized C-activating monoclonal antibodies (mAb). The aim of the present

study was to examine mechanisms that make tumor cells resistant to C

attack and how this resistance could be overcome.

2 Review of the literature
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2.22.22.22.22.2 The complement systemThe complement systemThe complement systemThe complement systemThe complement system

2.2.1 Overview

The human immune system can be divided into two main parts: the innate

(or non-adaptive) immunity and the acquired (or adaptive) immunity. In the

acquired immunity B and T lymphocytes are the major effector cells. Compared

to innate immunity the two key features of the acquired immunity are

specificity and immunological memory. The innate immunity system can act

rapidly and efficiently against invaders. The C system is a critical element of

innate immunity. It acts together with phagocytic cells (macrophages,

polymorphonuclear neutrophils, eosinophils), natural killer (NK) cells and

cytokines. Together with antibodies C is involved in the acquired immune

response. By binding to immune complexes C1q (a subunit of the first

complement component C1) activates the classical C pathway and thus acts

as a bridge between the innate and acquired immune systems (8, 9).

The C system has an essential role in mediating inflammatory responses and

in eliminating foreign pathogens that invade the human body. Thus, C protects

individuals from a variety of microbial infections. Complement has important

roles in the disposal of dead cells and tissue debris and in the processing and

transport of immune complexes and macromolecular aggregates (8-10). The

C system is capable of recognizing biological ‘self’ from ‘non-self’, although

the system is not able to recognize targets as specifically as B and T

lymphocytes. Yet, C activation can be directed against the proper targets.

Activation of the C system proceeds rapidly through protein-protein

interactions and by generating amplified activation reactions (Fig. 1). The

complement activation must be strictly regulated by specific C regulators

2 Review of the literature
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since an excessive, uncontrolled C activation may lead to damage of autologous

cells, overconsumption of C components and to untargeted inflammation in

host tissues. It is evident that the C system is responsible for many features

of inflammation and tissue damage.

Complement has direct cytolytic activity against bacteria, parasites, microbe-

infected cells and heterologous cells. However, even more important than

direct lysis of target organisms is opsonization. During inflammation the target

structures become coated, i. e. opsonized, by C activation products (C1q,

C3b/iC3b and C4b) or by immunoglobulins. The surface deposited C3b, its

inactivated form iC3b and immunoglobulins are recognized by leukocyte C

receptors CR1, CR3 (CD11b/CD18), and by Fc-receptors (CD16, CD32 and

CD64), respectively. The recognition leads to activation of phagocytes and

engulfment of the targets.

The key step in C activation is the cleavage of C3 and C5 by C3/C5

convertases. The C3 and C5 cleavage products C3a and C5a are bioactive

molecules capable of acting as anaphylatoxins and chemotaxins (11). They

induce inflammatory reactions in a variety of cells, including

polymorphonuclear leukocytes (PMNs), cells of the monocyte/macrophage

lineage, B cells, T cells, NK cells, mast cells, and microglial cells (12). These

two mediators are recognized by the C3a and C5a receptors and cause the

influx and activation of inflammatory cells to the site of inflammation. They

also enhance vascular permeability and smooth muscle cell contraction (12).

The C3 cleavage product C3d may serve as a natural adjuvant which enhances

and directs the antibody-mediated humoral B cell immune responses (13).

B cells express both C3b (CR1) and C3d (CR2) receptors. In the presence of

C the threshold for the activation and proliferation of B cells decreases.

Thus, C has also an important role in the induction of antibody responses

2 Review of the literature
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(14). In addition, there is some evidence that the C system has a role in the

maintenance of long-term B cell memory and in tolerance to self-antigens.

2.2.2  Complement activation pathways

Complement can be activated through three distinct activation routes classified

according to the activating signal (Fig. 1). The classical pathway (CP) is mainly

activated by immunoglobulins (IgG, IgM) when they are bound to an appropriate

target surface. The CP can be activated also by C-reactive protein (CRP) and

by polyanion-polycation complexes. If the target surface contains sugar residues

that the mannan binding lectin (MBL) can recognize, the activation proceeds

through the lectin pathway (LP). The alternative pathway (AP) of C is auto-

activated continuously at a low level in plasma. In case the AP encounters a

foreign surface that lacks the properties of self structures, the activation will

proceed and becomes amplified via a positive feedback loop.

Although the initial signals and activation routes differ between the three

pathways, the formation of C3b from C3 plays a central role in all of them.

After C5 cleavage, all three activation routes merge into a common terminal

pathway (TP) (Fig. 1). A total of 35 proteins are involved in the activation,

regulation and control of C. Eighteen C proteins act in plasma (Table 1), four

are membrane-bound regulators (Table 2), seven regulators act in the fluid

phase (Table 3) and six C receptors (CR1-CR4, C3aR, C5aR) (15-18) are bound

to cell membranes. The functions of five FH-related proteins (FHRs 1-5) are

still unclear.

Powerful amplification is typical for C activation. Enzymes generated from

precursors during C activation can cleave multiple substrates. Major amplification

occurs via the AP if the target constitutes a surface lacking sialic acids and

2 Review of the literature
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glycosaminoglycans, structures abundant on self cells. Since the C activation

mechanisms are very powerful many specific regulators are needed to keep

the activation under control. Usually, human cells are well protected against

lysis by homologous C. However, in some cases uncontrolled or poorly targeted

activation may cause damage to host cells and tissues. It seems that C activation

is an important contributor to tissue necrosis that follows myocardial infarction

and ischemia (19-26).

Table 1.  Proteins involved in C activationTable 1.  Proteins involved in C activationTable 1.  Proteins involved in C activationTable 1.  Proteins involved in C activationTable 1.  Proteins involved in C activation

______________________________________________________________________

Main function Molecular      Plasma conc.

weight (kDa) (µg/ml)

______________________________________________________________________

Classical pathway (CP)

C1q Binds to IgG/IgM Fc, 460 70-180

activates C1r

C1r Serine protease, cleaves C1s 83 34-100

C1s Serine protease, cleaves C2 and C4 83 34-80

C4 Subunit of the CP C3/C5 205 200-600

 convertase, binds to surfaces

C2 Catalytic subunit of the CP C3/C5 107 20-25

convertase C4b2a, binds to C4b

C3 Binds to surfaces, C3b is a subunit 185 500-1200

of the AP C3/C5 convertase and an

opsonin

2 Review of the literature
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Alternative pathway (AP)

Factor B Catalytic subunit of the AP 93 140-400

C3/C5 convertase C3bBb

Factor D Serine protease, cleaves 24 1-5

 factor B

Properdin Stabilizes the AP C3/C5 220 25

convertase C3bBb

Lectin pathway (LP)

MBL Binds to mannose and 96 x 2-6 0-5

N-acetyl glucosamine

MASP-1 Activates MASP-2 83 -

MASP-2 Cleaves C2 and C4 - -

MASP-3 Downregulates the - -

C2/C4 cleaving activity

of MASP-2

Terminal pathway (TP)

C5 Binds to C3b, 190 75

initiates TCC formation

C6 Binds to C5 and C7 120 45-70

C7 Binds to C6 and C8 105 55-60

C8 Binds to C7 and C9 150 80

C9 Binds to C8, polymerizes and

forms a transmembrane channel 71 60

C5, C6, C7, C8 and multiple C9 molecules form the membrane attack complex

(MAC)

2 Review of the literature
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2.2.2.1  Alternative pathway (AP)

In plasma, the AP is continuously activated at a low rate by spontaneous

hydrolysis of C3 to C3(H2O). In the presence of magnesium (Mg2+), factor B

binds to C3(H2O) and forms the initial fluid phase pre-C3 convertase

C3(H2O)Bb capable of cleaving C3 to C3b (Fig. 1). The formed nascent C3b

molecules are able to bind covalently to nearby activator surfaces if these

contain exposed hydroxyl or amino groups. The surface bound C3b can

associate with factor B, which is cleaved to Bb by factor D (27). This actual

C3 convertase, C3bBb, can then cleave further C3 molecules to C3b

fragments which in turn bind to nearby surfaces and act as subunits for

new C3 or C5 convertases. Because the half-life of the C3 convertase is

short, the convertase is stabilized by properdin (P) (28). Properdin is the

only positive C regulator. It is synthesized by monocytes and neutrophils

directly at the inflammatory sites (29, 30). Through this way the cascade

is further amplified and leads to C5b formation and initiation of the terminal

pathway. In the case C3b is bound to autologous cell surfaces C activation

becomes downregulated by cell surface or soluble C regulators (Fig. 2, Tables

2 and 3). The functions of regulators FH, DAF, MCP and CR1, involved in the

cascade downregulation, are described in section 1.2.3.1.

2.2.2.2  Classical pathway (CP)

The binding of C1q to the Fc part of antigen-bound IgG or IgM molecules

actually initiates CP activation. Also other agents including C-reactive protein

(CRP) (31), serum amyloid P component (SAP) (32), cardiolipin (33) or the

surface blebs of apoptotic cells (34) are potential CP activators. Two pairs

of C1r and C1s molecules bind to C1q and form the C1 complex, in which

C1s acts as an active enzyme that cleaves C4 and C2 (Fig. 1). The cleavage
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product C4b binds to cell surface via an amide or hydroxyl ester bond and

in the presence of Mg2+ forms the C4bC2 complex (35). This complex is

further cleaved by active C1s to C4b2a – a C3/C5 convertase in which the

C2a part is able to cleave C3 to C3b plus C3a and C5 to C5b plus C5a,

respectively. The formation of further C3b-molecules in turn leads to

amplification via the AP, opsonization of target surfaces for phagocytosis

and activation of the TP through C5b (Fig. 1).

2.2.2.3  Lectin pathway (LP)

The lectin pathway is initiated by binding of mannose binding lectin (MBL)

to target surface carbohydrates containing an array of mannose or N-acetyl

glucosamine moieties (36). MBL has structural homology to C1q and together

with the MBL-associated serine proteases (MASPs) it forms an enzyme

complex, which can cleave C4 and C2 (37). The rest of the activation route

is similar to that of the CP and leads to the activation of the TP (Fig. 1).

2.2.2.4  Terminal pathway (TP)

The TP consists of the C5, C6, C7, C8 and C9 proteins (Table 1). C5b

generated by the C5 convertases can bind to C6 and C7 in the fluid phase

(Fig. 1). The nascent hydrophobic complex can bind to cell membranes via

the C7 molecule. If C5b-7 does not bind to a target lipid membrane quickly

enough, plasma vitronectin (S-protein) or clusterin (apo J) binds to it and

keeps it in a soluble form (38). Membrane-bound C5b-7 complex can

subsequently bind C8 and C9 molecules from the fluid phase and initiate

formation of the membrane attack complex (MAC) (39, 40). If additional,

up to 12, C9 molecules bind to the C5b-8 complex, MAC is formed. This

generates a transmembrane pore which allows ions and small proteins to
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pass through the cell membrane (41). Finally, this may lead to osmotic cell

lysis. However, it has been demonstrated that membrane-bound C5b-9 is

also lytic, although there is not a real hole in the membrane (42).

2.2.3  Complement regulation

Out of the nearly 40 proteins belonging to the C system, 11 regulate the

activation and all, except properdin, are inhibitors of activation. This

demonstrates the need for a strict regulation of this powerful system. The

regulators include both cell membrane bound and fluid-phase regulators

(Tables 2 and 3, Fig. 2). In some cases the protection of cells against C is

species-selective: host cells are protected primarily against the homologous

and to a lesser extent against heterologous C (43, 44).

2.2.3.1Membrane regulators of complement

All host cells exposed to C need sophisticated protection mechanisms to

prevent C damage. Human cells are protected against C-mediated damage

mainly by specific membrane inhibitors restricting the activity of C (6, 45).

These proteins include decay accelerating factor (DAF; CD55) (46, 47),

membrane cofactor protein (MCP; CD46) (48, 49), C3b/C4b receptor (CR1;

CD35) (50) and protectin (CD59)(51-54) (Table 2). An illustrative example

of the significance of the membrane regulators is paroxysmal nocturnal

hemoglobinuria (PNH), a disease characterized by direct C-mediated lysis

of erythrocytes. The increased sensitivity of the PNH erythrocytes to C

lysis is due to the lack of GPI-anchored CD59 and DAF on a proportion of

blood cells originating from the mutated stem cell (55).
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Complement Receptor Type 1 (CR1; CD35)

CR1, the C3b/C4b receptor, is a long cell surface glycoprotein consisting of

30 SCR domains (56). It exists in two major allelic forms (190 and 220

kDa). CR1 is expressed mainly on circulating neutrophils, monocytes,

eosinophils, B lymphocytes, erythrocytes and on a subpopulation of T-cells

(45, 57). CR1 is also found on dendritic and endothelial cells (58, 59) and

on glomerular podocytes (60). It acts as a cofactor for factor I-mediated

cleavage of both C3b and C4b and also as a cofactor for further cleavage

of iC3b to C3c and C3dg (61, 62). It has decay accelerating activity for

both CP (63) and AP (50) C3/C5 convertases. CR1 on the surface of blood

cells transfers C3b-coated particles to phagocytes and has a central role in

the clearance of immune complexes from the blood.

Membrane Cofactor Protein (MCP; CD46)

MCP is a transmembrane glycoprotein composed of four extracellular SCR domains,

a serine-threonine-rich region (STR) and an intracellular cytoplasmic tail. It exists

in multiple forms (48-56 kDa and 56-68 kDa) depending on the extent of

glycosylation and the length of the cytoplasmic tail. MCP is very widely distributed

being present on almost all nucleated cells (45, 64). MCP has intrinsic cofactor

activity for factor I-mediated cleavage of C3b to inactive iC3b and of C4b to iC4b

(65, 66). Thereby it limits the generation of both AP and CP C3/C5 convertases.

Decay Accelerating Factor (DAF; CD55)

DAF is a 70 kDa glycoprotein composed of four extracellular SCR domains. It is

connected to the cell membrane via a glycosyl-phophatidyl-inositol (GPI)-anchor

(67, 68). Like MCP, DAF is widely distributed but less abundantly (69). Unlike MCP,
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it is present also on erythrocytes (70). DAF accelerates the decay of both CP and

AP C3 convertases, releasing C2a and Bb from the convertase complexes (71).

Protectin (CD59)

Like DAF, CD59 is anchored to the cell membrane through a GPI-anchor. It is a

low molecular weight glycoprotein (18-20 kDa in SDS-PAGE) expressed on all

circulating cells, endothelial cells, epithelial cells of most organs (72), glomerular

epithelial cells (73) and spermatozoa (74). CD59 is the main inhibitor of the

MAC. It binds to the α-chain of C8 and to C9. Consequently, it blocks the

formation of MAC on host cells by preventing the C5b-8 catalyzed insertion

and polymerization of C9 molecules into the lipid bilayers (53, 75, 76). Soluble

forms of protectin lacking the GPI-anchor lipid (77, 78) have been detected in

various body fluids like urine, milk, tears and saliva  (52, 79, 80).

Table 2.  Membrane-bound C regulatorsTable 2.  Membrane-bound C regulatorsTable 2.  Membrane-bound C regulatorsTable 2.  Membrane-bound C regulatorsTable 2.  Membrane-bound C regulators

___________________________________________________________

Main functions Molecular       Anchor

weight (kDa)    type

___________________________________________________________

CR1 (CD35) Cofactor for factor I, 190 or 220 TM1

dissociates both AP and

CP C3/C5 convertases

MCP (CD46)Cofactor for factor I 48-56 or TM

58-68

DAF (CD55) Dissociates AP and CP 70 GPI2

C3/C5 convertases

Protectin Inhibits MAC formation 18-23 GPI

(CD59)

1 transmembrane glycoprotein

2 glycophosphatidylinositol anchor
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2.2.3.2 Soluble complement regulators

The main task of soluble C regulators is to inhibit excessive C activation in

the fluid phase. The best characterized soluble regulators of the CP are C1

inhibitor (C1INH) and C4b-binding protein (C4bp). C1INH inactivates the

C1r and C1s serine esterases leading to downregulation of the CP already

at an initial level (81). It also inhibits the MASP serine proteases of the LP.

C4bp is a large plasma glycoprotein consisting of seven identical α-chains

and one β-chain (82). It accelerates the decay of the CP C4b2a convertase

(C3/C5 convertase) (83) and acts as a cofactor for the cleavage of C4b by

factor I (84). Recently, it has been reported that ovarian tumor cells may

bind C4bp to their surfaces and use it to protect themselves against C

attack (85). Factor I is a serine esterase enzyme that inactivates C3b and

C4b by cleaving their α-chains (86) in the presence of an appropriate cofactor

protein: FH, FHL-1, C4bp or membrane-bound CR1 or MCP. Factor I thus

prevents the formation of the AP and CP C3 and C5 convertases. The AP is

regulated mainly by FH and FHL-1. The TP activation leading to MAC

formation is prevented by two plasma proteins vitronectin (S-protein) (87)

and clusterin (SP40,40, Apo-J) (88), which may bind to C5b-7 complexes

and keep the complex soluble. This eventually prevents the insertion of

C5b-7 to the target cell membrane.

Table 3.  Soluble C regulatorsTable 3.  Soluble C regulatorsTable 3.  Soluble C regulatorsTable 3.  Soluble C regulatorsTable 3.  Soluble C regulators

___________________________________________________________

Main functions Molecular       Plasma conc.

weight (kDa) (µg/ml)

___________________________________________________________

C1INH Inhibitor of C1r, C1s 105 200

and the MASPs

C4bp Cofactor for C4b cleavage, 460-570 250

dissociates C4b2a
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FH Cofactor for C3b cleavage, 155 150-600

dissociates C3bBb

FHL-1 Cofactor for C3b cleavage, 42 10-50

dissociates C3bBb

Factor I Cleaves C3b and C4b 88 30-50

Clusterin Inhibits TCC binding to 80 35-540

(SP40,40) cell membranes

Vitronectin Inhibits TCC binding to 77 240-540

(S-protein) cell membranes

___________________________________________________________
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Factor H (FH)

In the fluid phase, C activation is efficiently controlled by soluble FH. Factor

H is synthesized mainly by the liver (89) and, in addition, by monocytes

and macrophages (90). Together with the membrane-bound regulators,

soluble FH is a key regulator of the activity of the AP C3 and C5 convertases

(Fig. 2). It is an approximately 600 Ångström (Å) long molecule, translated

from an mRNA of 4.4 kb to a 150 kDa protein that is composed of 20

domains called short consensus repeats (SCR). It promotes dissociation of

the C3bBb enzyme complex (decay accelerating activity), acts as a cofactor

for factor I-mediated inactivation of C3b (cofactor activity) and competes

with factor B for binding to C3b (Fig. 3). With these functions FH may

control the essential steps in AP activation and downregulate over-activation

of C both in plasma and on host cell surfaces (91, 92). AP downregulation

occurs when FH binds to host cells carrying deposited C3b molecules and

polyanionic structures like sialic acids or glycosaminoglycans. The interaction

of FH with the C3b-polyanion complex then rapidly limits AP activation. In

FH three C3b binding sites (93) and 2-3 polyanion binding sites are

distributed along the 20 SCRs (94, 95) (Fig. 4). Binding of FH to C3b has

been located to the N-terminal SCRs 1-4 (96, 97), to SCRs 8-15 and to

SCRs 19-20 (98). The binding of FH to polyanions has been shown to be

mediated by SCR domains 7 and 20 (95) and possibly by a region near SCR

13 (94). The lack of FH can cause serious consequences, as the protection

of some tissue structures, such as basement membranes (BM) of kidney

glomeruli, seem to be dependent on FH (99). BM lack the C regulators DAF

and MCP. Thus, FH deficiency can lead to C-mediated membranoproliferative

glomerulonephritis, as demonstrated both in man (100) and in pigs (99).

In addition to FH, the family of FH-related molecules includes FH-like protein
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1 (FHL-1) and FH-related proteins (FHRs) 1, 2, 3, 4 and 5 (101, 102). The

FHRs are structurally and immunologically related to FH and are composed

of four to nine SCRs (Fig. 4). So far, FH and FHL-1 are the only proteins in

this family with a clearly documented C inhibitory function (103).

FHL-1

FHL-1 is an alternatively spliced product of the FH gene, composed of

seven N-terminal SCRs of FH plus additional four amino acids (104, 105).

FHL-1 has been shown to have similar C inhibiting functions (cofactor activity

and decay accelerating activity) as FH (106) (Fig. 3). Compared to FH,

FHL-1 lacks two of the three C3b and polyanion binding sites (Fig. 4) and

may therefore not be able to discriminate between AP activating and

nonactivating surfaces. The reasons for FHL-1 production, its physiological

relevance and possible pathophysiological roles have not yet been

thoroughly explored.

2.32.32.32.32.3 Immune effector mechanisms against tumor cellsImmune effector mechanisms against tumor cellsImmune effector mechanisms against tumor cellsImmune effector mechanisms against tumor cellsImmune effector mechanisms against tumor cells

Once triggered, the human C system can act against tumor cells directly through

C-mediated cytotoxicity (CDC) or through C-mediated cell cytotoxicity (CDCC)

(Fig. 5). These effector mechanisms are additional to antibody-dependent

cellular cytotoxicity (ADCC) which acts via Fc-receptors on phagocytes or on

NK cells.     In CDC, the CP is activated by immunoglobulins (IgG, IgM) bound to

the tumor cell surface. The activation can become amplified through the AP

(see chapter 1.2.2.). Complement activation finally leads to killing of the target

cells through formation of the MAC on the cell surface. In mAb therapy any of

the effector mechanisms shown in Fig. 5 can be recruited. In the case of anti-

CD20 therapy of follicular non-Hodgkin’s B cell lymphoma, CDC was found to

be the main mechanism against the lymphoma cells in vitro (107).
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F ig .  5.F ig .  5.F ig .  5.F ig .  5.F ig .  5.  Antibody-mediated immune effector mechanisms against tumorAntibody-mediated immune effector mechanisms against tumorAntibody-mediated immune effector mechanisms against tumorAntibody-mediated immune effector mechanisms against tumorAntibody-mediated immune effector mechanisms against tumor

ce l l sce l l sce l l sce l l sce l l s (modified from (6). Human complement, phagocytes and NK cells can attack human

tumor cells through CDC, CDCC and ADCC. The resulting lytic MAC or perforin pores or a

phagocytic attack will kill the target cells. Engagement of Fas by anti-Fas mAbs may

trigger a cascade of cellular events that result in programmed cell death (apoptosis). The

immune response against tumor cells is initiated and transduced as indicated below.

CDC CDCC ADCC

Initiator IgG, IgM C3b, C4b, iC3b, C1q IgG

Transducer C1q CR1, CR3, C1qR FcγRI, II, II

Effector MAC Mo, Mø, PMN, NK cell Mo, Mø, PMN,

NK cell

Abbreviations in Fig. 5.: ADCC, antibody-dependent cellular cytotoxicity; CDC, complement-

dependent cytotoxicity; CDCC, Complement-dependent cellular cytotoxicity; CP, classical

pathway of complement; C1qR, C1q receptor; CR1/CR3, complement receptor 1 or 3;

FcγR, Fc receptor for IgG; iC3b, inactivated C3b; MAC, membrane attack complex, Mo,

monocyte; Mø, macrophage; NK, natural killer cell; PMN, polymorphonuclear leukocyte.

In CDCC, the target cell surface deposited C components C1q, C3b, iC3b

and C4b may be recognized by the C1qR, CR1 or CR3 (CD11b/CD18)

receptors or phagocytes and/or killer cells. This interaction can facilitate

phagocytosis and NK cell–mediated cytotoxicity. This mechanism is similar

and probably synergistic to ADCC, where the Fc-receptor (FcγRI, FcγRII,

FcγRIII) -positive monocytes, macrophages and NK cells can attack antibody-
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coated target tumor cells (108, 109). NK cells bind to target cells and

release the contents of their vesicles containing perforin and serine esterase

enzymes (granzymes) onto the target cell membrane surfaces. The pore-

forming protein, perforin, is related to the lytic complement C9-molecule

(110, 111). It polymerizes and creates MAC-like lesions on target cell

membranes. Cell killing initiated by granzymes resembles the signs of

programmed cell death (apoptosis). Typically, apoptosis proceeds through

a series of steps: cellular membranes are disrupted forming cell membrane

‘blebs’, cytoskeletons are broken down and chromosomes and nuclei are

fragmented forming small ‘apoptotic bodies’. However, it may be difficult

to separate the signs of C-mediated killing, necrotic cell death and apoptosis.

Both necrosis and apoptosis lead to DNA fragmentation but the apoptotic

DNA fragments form typical DNA-ladders when analyzed by electrophoretic

methods (112).

Apoptotic killing of cells may also be induced through engagement of the

Fas receptor (Fas, APO-1/CD95) by Fas ligand (FasL, CD95L). This triggers

a cascade of subcellular events resulting in cell death. On the other hand, it

seems that tumor cells may resist apoptosis initiated through the Fas

receptor pathway (113-115). The complex network of molecules involved

in the initiation and prevention of Fas-mediated apoptosis includes a group

of intracellular proteases and effectors of apoptosis, the caspases (116,

117).

2.42.42.42.42.4 Immune evasion mechanisms of tumor cellsImmune evasion mechanisms of tumor cellsImmune evasion mechanisms of tumor cellsImmune evasion mechanisms of tumor cellsImmune evasion mechanisms of tumor cells

To overcome immune rejection tumor cells have evolved sophisticated

mechanisms that protect them against the C system, leukocyte-mediated

killing and apoptosis. The host’s antitumor activity may be prevented already

at the primary defense level, probably because the tumor cells are not
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immunogenic as such. Despite changes in morphology and tumorigenicity,

the surface structures and the surface antigen contents of tumor cells still

mostly resemble those of normal human cells. In addition, tumor cells seem

to be poor antigen-presenting cells (APC), and may lack molecules required

for the adhesion of lymphocytes.

Nucleated cells, both normal and malignant, have numerous ways to resist

C-mediated killing. Membrane-bound C regulatory proteins CR1, MCP, DAF

and CD59 (see 1.2.3.1.) inhibit C attack against the cells (6, 45, 118-

120). Due to their presence, deposition of C3b molecules and cell lysis via

the formation of MAC are limited. Many different types of malignant cells

have been shown to express high levels of the regulatory proteins (121-

126). The expression of C regulatory proteins may be enhanced by

inflammatory cytokines such as interferon-gamma (IFN-γ) or by phorbol

ester PMA. Schmitt et al. demonstrated that the expression of DAF and

CD59 in gastrointestinal cells was upregulated by IFN-γ (127). Gasque et al.

showed that both IFN-γ and PMA enhanced the expression of all three C

inhibitors MCP, DAF and CD59 by the human oligodendrocyte cell line HOG

(128). Although most tumor cells express membrane-bound C regulatory

proteins, some tumors, such as small-cell lung carcinoma and certain renal

tumors express lower amounts of membrane regulators than respective

normal cells (129). Whether these cells have additional mechanisms to

resist C killing is not known yet.

In addition to MCP, DAF and CD59, other membrane proteins might

downregulate C activation on the tumor-cell surface and limit immune attack

against tumors. Human glioma cells express procathepsin-L (130) and

melanoma cells express p41 (131) and p65 which are C3-cleaving proteases

(132). These could downregulate C activation at the C3 level. Also, it seems

that tumor cells may shed vesicles containing MAC complexes (133)
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deposited on their surfaces. McKallip et al. also reported that the FBL-3

erythroleukemia cells may shed tumor-derived gangliosides that inhibit the

antitumor immune response (134).

Besides the specific C inhibitors, intracellular signaling mechanisms, such as

activation of protein kinase C (PKC) and mitogen-activated protein kinase

(MAPK), and PKC-mediated activation of extracellular signal-regulated kinase

(ERK) may be involved in the protection of tumor cells against C-mediated

damage (135-137). Furthermore, Fishelson et al. proposed that heat shock

proteins hsp70 and hsc70 probably participate in K562 cell protection from

C damage (138). Following a sublytic attack by C (or by other cytotoxic

agents) tumor cells can increase their resistance to subsequent attacks (a

phenomenon called ‘complement-induced enhanced resistance to lysis’)

(135).

In addition to the escape from C attack, several mechanisms facilitating

tumor escape from NK and T cell-mediated attack have been proposed.

Defects in the antigen presenting machinery may prevent the generation or

the transportation of processed tumor peptides (139). A lack of relevant

tumor peptides obviously prevents the stimulation required for T cell-

mediated killing of tumor cells. The downregulation or absence of the relevant

HLA-antigens or other signaling molecules on the surface of the tumor cells

may prevent the presentation of tumor peptides to T cells. Thereby,

formation of the peptide-HLA complex is prevented (139). An impaired

binding of perforin to the ML-2 human leukemia cells or to cells obtained

from patients with acute myeloid leukemia protects these cells against NK

cell-mediated cytotoxicity (140). In addition, it has been reported that K562

erythroleukemic cells may resist perforin-mediated lysis when first exposed

to sublytic C attack (141).
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Clearly, tumor cells must also have strategies to evade apoptosis. Bennett

et al. demonstrated that colonic adenocarcinomas express Fas ligand (FasL)

and may acquire resistance to Fas mediated apoptosis (142). Also, it has

been suggested that the expression FasL on melanoma cell surfaces (143)

may induce apoptosis of the attacking T cells bearing Fas receptors (Fas,

APO-1/CD95). However, this mechanism has been questioned by some other

studies (144). Resistance to apoptosis may also be acquired by the loss of

function of the proapoptotic p53 tumor suppressor protein (145, 146), by

overexpression of antiapoptotic Bcl-2 or the related Bcl-XL proteins (147),

or by disruption of the FAS death signaling circuit (148).

2.52.52.52.52.5 Immunotherapy of tumorsImmunotherapy of tumorsImmunotherapy of tumorsImmunotherapy of tumorsImmunotherapy of tumors

Conventional treatments like surgery, radiotherapy and chemotherapy are

still the main forms of cancer treatment. In the future, gene therapy may

also be used in the treatment of many types of cancer. However, a variety

of problems, such as gene targeting, need to be solved (149). In addition

to the conventional treatments, different forms of immunotherapy have

already been attempted, and many interesting approaches are currently

under investigation (150). mAb-immunotherapy using humanized chimeric

anti-CD20 mAb (Rituximab®) has already been used for the treatment of

>100.000 patients with non-Hodgkin’s B cell lymphoma (151, 152). In

Finland it has become one of the main treatment forms, together with the

traditional chemo- and radiotherapy. Approaches using radionuclides

conjugated to the anti-CD20 mAb have shown promising results in clinical

trials (153-155). Passive immunotherapy with mAbs coupled to drugs or

toxins are other forms of immunotherapy currently used.
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Active immunotherapy using inactivated tumor cells or tumor cell lysates

and adoptive immunotherapy using patients’ autologous effector cells have

passed to clinical trials. The identification of tumor-associated antigens

such as MAGE-antigens (MAGE-1, MAGE-3), MelanA/MART-1, gp100-antigen

and tyrosinase in human melanoma (156) has resulted in a number of trials,

where patients have been vaccinated with synthetic tumor peptides (157).

Melanoma is the current prototype tumor in which novel immunotherapeutic

vaccination strategies are being tested (158).

2.5.1 Tumor-associated antigens

In order to reduce potential harmful side-effects, the target antigens on

tumors should be as specific as possible. New immunoassays and novel

approaches, such as gene array and phage display technologies, may help

in the identification of new tumor-specific markers.

Several protein antigens and carbohydrate structures have shown tumor

specificity or are expressed at a higher level on tumor cells than on normal

human cells. Complement regulators FH, FHL-1 or related proteins have

been detected in the urine of patients with human bladder cancer (159,

160). It seems that these proteins are relatively specific markers for bladder

cancer and can be specifically detected and measured using the BTAstat

and BTA TRAK immunoassays (159-161). CA125 and CA72-4 have been

used as a markers in the diagnosis of ovarian cancer (162). Epithelial cell

adhesion molecule (Ep-CAM) on colorectal cancer cells, ganglioside GD3 on

human melanoma cells, HER2 growth factor receptor on breast cancer cells,

CD52 on chronic lymphatic leukemia and CD20 molecules on follicular non-

Hodgkin’s B cell lymphomas are further examples of tumor-associated

antigens that have been used as target molecules in immunotherapy (163).
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2.5.2  Monoclonal antibodies

The development of mAbs by Köhler and Milstein in 1975 (164) and the

early successful treatments of B cell lymphoma with monoclonal anti-idiotype

antibodies suggested that mAbs could have significant therapeutic potential

in tumor therapy. However, further therapeutic trials showed poor efficacy

and also severe unwanted side effects, such as toxicity and

immunosuppressive effects. After the setbacks of the early mAb-treatments,

the progress has been very slow and it was not until recently that the mAbs

have truly come back into tumor therapy. During the last five years, eight

mAbs have been approved for clinical use by the US Food and Drug

Administration (FDA) office, and over 70 mAbs are under evaluation in

Phase I and Phase II trials (163). Both solid tumors and hematological

malignancies have been treated with monoclonal antibodies. mAbs targeted

against solid tumor antigens include R24 mAb (against the ganglioside GD3

in melanomas), 17-1A (Panorex®) mAb (against the epithelial cell adhesion

molecule Ep-CAM), Herceptin® (against the HER2 growth factor receptor)

and OvaRex® (against CA125-antigen on ovarian tumor cells).

Lymphoproliferative disorders have been treated with the Campath-1H mAb

(against the CD52 molecule), and hematological malignancies, such as

follicular non-Hodgkin’s B cell lymphomas, with the C-activating IDEC-C2B8

mAb (Rituximab® / Rituxan®, against the CD20 molecule) (Table 4) (163).

Major problems in the immunotherapy of human tumors with C-activating

mAbs, however, are C resistance of the target cells and  a possible

undiscriminatory attack against normal cells.
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Table 4. Table 4. Table 4. Table 4. Table 4. Examples of monoclonal antibodies against tumor-associated

antigens (reviewed in (163))

___________________________________________________________________

Type of malignancy Target mAb name

antigen

___________________________________________________________

Non-Hodgkin’s CD20 IDEC-C2B8,
cell lymphoma Rituximab

Chronic lymphatic CD52 Campath-1H
leukemia

Breast cancer HER2/neu Herceptin

Ovarian cancer CA 125 OvaRex

Colorectal cancer 17-1A/ Panorex
Ep-CAM

mAbs currently under development:

Epithelial cancer HER-1Setuximab

Lymphoma/ CD22 Epratuzumab
Leukemia CD52 Alemtuzumab

____________________________________________________________

By using additional techniques the therapeutic utility of mAbs can be improved

making them more suitable for human immunotherapy. Huls et al. developed

a method that allowed the conversion of phage-displayed antibody fragments

into higher-affinity antibodies that had an improved performance in C-mediated

tumor cell killing (165). By genetic antibody engineering it is possible to

humanize murine mAbs. Thus, the murine Fc-part of the antibody can be

changed to the Fc-part of a human antibody. In the most sophisticated form

only the antigen recognizing complementarity determining regions (CDRs)
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are grafted to the human antibodies. The humanization process decreases

the toxicity and immunogenicity of mAbs (166). Engineered bispecific mAbs

contain Fab-parts from two different antibodies allowing simultaneous

recognition of two different target epitopes (167). Two specificities, such as

cytotoxic activity, anti-tumor targeting activity, or C regulator neutralizing

activity can be coupled together on the same bispecific antibody. Blok et al.

developed a C-activating bispecific mAb recognizing both the membrane-

bound C regulator DAF and a renal tumor-associated G250 antigen (168).

Harris et al. developed a bispecific mAb recognizing CD38 and CD59 (145).

Depending on the type of the bispecific mAb, the effectors may be T cells or

NK cells, dendritic cells or phagocytes, or the human C system.

2.5.3  Dendritic cells

Dendritic cells (DC) act as an antigen-presenting cells (APCs) and are

considered as the most efficient cells in the induction of primary immune

responses (169). DCs could be used as a ‘natural adjuvants’ for the

potentiation of immune responses against tumor cells. In that role they are

first ‘pulsed’ with tumor lysates, tumor proteins, tumor peptides or with

cDNA encoding tumor antigens (170). DCs may be exposed to tumor-

derived substances or may be loaded with synthetic tumor-derived peptides

determined by screening recombinant DNA libraries with cytotoxic T cells

(CTLs) or eluted from the major histocompatibility complex (MHC)/HLA

molecules on tumor cells. Subsequently, DCs may present tumor peptides

bound to MHC class I-molecules to the effector cells leading to an immune

response against tumor cells. Dendritic cells have receptors for C3d, which

improve uptake of antigen-C3d complexes to the cells (13). Both in vitro-

studies and studies using animal models have demonstrated that DCs pulsed

with tumor antigens induce immune responses that can protect against
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lethal tumor attack or may even lead to the regression of an established

tumor (171). This therapeutic approach has shown some value in clinical

trials (172) and is currently under intensive studies.

2.5.4  NK cells and T cells

Natural killer (NK) cells play a key role in the killing of tumor cells and

consequently in the control of tumor growth. The activity of NK cells against

the target tumor cells is regulated by both positive and negative signals

(173). NK cells express two types of negative signal mediating killer cell

inhibitory receptors (KIRs). First class KIRs recognize HLA-A, HLA-B and

HLA-C molecules and the second class KIRs recognize HLA-E molecules.

The positive signals for NK cells are mediated through killer activating

receptors such as the NKp46 receptor, which seems to interact with the

non-HLA class I molecules on target cells. Depending on the type of signals,

the activation is either inhibited (no attack against normal cells) or leads to

tumor cell recognition and initiation of cytolytic effects against the tumor

cells (170). The specific steps in the NK activation pathway that are inhibited

by KIRs remain to be defined.

Together with the NK cells, CD8+ cytotoxic T-cells (CTLs) have a central

role as effector cells against tumor cells. After receiving a triggering signal

through presentation of the processed tumor antigen by DCs or other APCs,

CTLs attack tumor cells using the pore-forming perforin protein and/or

degradative enzymes. CD4+ T helper (Th) cells contribute to the induction

of an effective antitumor immunity and response (174). Tumor-antigen

stimulated Th cells seem to mediate also the maturation and activation of

DCs via the interaction between CD40 on DCs and CD40 ligand (CD40L) on

Th cells. Cytokines are essential in the potentiation of the immune response.

2 Review of the literature
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Thus, they act together with both the APCs, CTLs and Th cells and mediate

their signals. In addition to participating in the immune response, interferons

IFN-γ and IFN-α, interleukin 2 (IL-2), and granulocyte-monocyte-colony

stimulating factor (GM-CSF) have a role in antitumor responses (175). For

example, both IFN-α immunotherapy (176, 177) and IL-2 immunotherapy

(178) have been effective in the treatment of patients with advanced

metastatic renal cell carcinoma.

2 Review of the literature
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33333 AIMS OF THE STUDYAIMS OF THE STUDYAIMS OF THE STUDYAIMS OF THE STUDYAIMS OF THE STUDY

To survive in the human body cells must have specialized mechanisms

to resist immune attack. The general aim of this study was to investigate

by which mechanisms malignant tumor cells protect themselves against

complement (C) attack, and whether any approaches can be developed

to overcome the tumor cell resistance.

Specifically, the aims of the study were the following:

1. to set up a method for targeted neutralization of C regulators on

human tumor cells (I)

2. to characterize the expression of C membrane regulators and their

contribution to C resistance in human malignant gliomas (II)

3. to analyze the molecular mechanism responsible for the exceptional C

resistance of one of the human glioblastoma cell lines (H2) (III) and,

4. to analyze the synthesis of soluble C inhibitors FH and FH-like protein

1 (FHL-1) by ovarian tumor cells in vitro and in vivo (IV).

The individual publications in this thesis are referred to by their Roman

numerals I-IV.

3 Aims of the study
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44444 MATERIALS AND METHODSMATERIALS AND METHODSMATERIALS AND METHODSMATERIALS AND METHODSMATERIALS AND METHODS

4.14.14.14.14.1 Antibodies and antisera (I-IV)Antibodies and antisera (I-IV)Antibodies and antisera (I-IV)Antibodies and antisera (I-IV)Antibodies and antisera (I-IV)

The names and the sources of the monoclonal antibodies used in studies I-

IV are listed in Table 1. The rabbit polyclonal anti-tumor cell antisera used

in studies II and III were raised by immunizing rabbits twice (i.m.) with 107

heat-killed G361 or H2 glioma cells as described in the respective articles.

The fluorescein isothiocyanate (FITC)- and horse radish peroxidase (HRP)-

conjugated secondary antibodies were from Jackson ImmunoResearch, West

Grove, PA.

Table 5.  Table 5.  Table 5.  Table 5.  Table 5.  Antibodies used in studies I-IV

_____________________________________________________________
Antigen Antibody Source Studies

where used

_____________________________________________________________
Human Mouse mAb

CD35/CR1 anti-CD35 Becton Dickinson III
(San Francisco, CA)

CD46/MCP GB24 Dr. K. Liszewski and     II, III, IV
Prof. J. P. Atkinson

(Washington University,
St. Louis, MO)

J4-48 Serotec (Oxford, UK) II
10L46 Immunotech S.A. III

(Marseille, France)

CD55/DAF BRIC 110 Bio-Products LaboratoryII
(Elstree, UK)

BRIC216 “ II, III
BRIC230 “ II

Protectin BRIC229 “ II
(CD59)
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C5b-9 Wu 7.2 Dr. R. Würzner, Institut III
für Hygiene und Sozial-
medizin, Innsbruck, Austria

FH/FHL-1 196X Dr. J. Tamerius III,IV
(against SCR1)1 (Quidel Corp. San Diego, CA)

FH 131X “ III
(against
SCR8-15)
(against SCR1) 90X “ III
(against SCR5) OX24 Dr. R. B. Sim III

(MRC Immunochemistry
Unit, Department of Biochemistry,
University of Oxford, UK)

(against VIG8 Dr. W. Prodinger, Institut IV
SCR19-20) für Hygiene und Sozial-

medizin, Innsbruck, Austria

GD3 R24 American Type Culture I
Collection
(ATCC, Manassas, VA)

iC3b anti-iC3b Quidel Corp. III
(San Diego, CA)

Rat mAb

Protectin YTH53.1 Prof. H. Waldmann       I,II,III
(CD59) (Sir William Dunn

School of Pathology,
University of Oxford, UK)

Polyclonal Ab

FH anti-FH Incstar Co.  III, IV
(goat) (Stillwater, MO)

_____________________________________________________________
1SCR, short consensus repeat

4 Materials and methods
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4.24.24.24.24.2 Cells and tumor samples (I-IV)Cells and tumor samples (I-IV)Cells and tumor samples (I-IV)Cells and tumor samples (I-IV)Cells and tumor samples (I-IV)

4.2.1 Cell lines

The original sources of the cell lines are listed in Table 6. All cell lines were

grown in RPMI 1640 medium (Gibco Laboratories, Paisley, UK) supplemented

with 10% (v/v) heat-inactivated fetal calf serum (FCS) (Gibco), penicillin

(10 U/ml), streptomycin (100 µg/ml) and 2 mM L-glutamine (Nord Cell,

Bromma, Sweden).

Table 6.  Table 6.  Table 6.  Table 6.  Table 6.  Cultured cell lines used in studies I-IV

_____________________________________________________________

Tumor or cell Studies

Cell line type of origin Source/reference where used
____________________________________________________________

H2 Glioblastoma (Jääskeläinen et al. 1989) II-IV
U138          ‘’ ATCC, Manassas, VA II, IV
U118          ‘’ ‘’ II, IV
U87          ‘’ ‘’ II, IV
U251          ‘’ ‘’ II-IV
U373          ‘’ ‘’ II, IV

HS683 ‘’ ‘’ II

SY5Y Neuronal Dr. Y. Shen, Sun Health Research IV
Institute, Phoenix, AZ

Paju   ‘’ Prof. L. C. Andersson, Department IV
of Pathology, Haartman Institute,
University of Helsinki, Finland

SK-OV-3 Ovarian ATCC, Manassas, VA IV
Caov-3       ‘’ ‘’ IV

PA-1 Teratocarcinoma ‘’ IV

SW626 Ovarian/colonic ‘’ IV
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T47D Breast ‘’ IV
MCF7     ‘’ ‘’ IV

G361 Melanoma ‘’ I, IV

HUVEC Endothelial ‘’ IV

EA.hy926 Endothelial-like ‘’ I-IV

HT1080 Fibrosarcoma ‘’ IV

HF-1 B cell lymphoma Dr. M. Kaartinen, Department of IV
Bacteriology and Immunology,
Haartman Institute, University of
Helsinki, Finland

Jurkat T-cell leukemia ATCC, Manassas, VA IV

K562 Myelogenous Prof. L. C. Andersson, Department IV
leukemia of Pathology, Haartman Institute,

University of Helsinki, Finland

U937 Histiocytic ‘’ IV
lymphoma

______________________________________________________________

4.2.2  Ascites samples (IV)

Ascites fluid samples were obtained in a prospective, nonselective fashion

from patients submitted to the Department of Obstetrics and Gynecology,

Haukeland Hospital (Bergen, Norway) for treatment of ovarian cancer. The

ascites fluid samples were collected immediately after the peritoneal cavity

was opened. The control ascites fluids were from patients with liver cirrhosis.

Samples of fluids from ovarian follicles were obtained during laparoscopy

and draining of follicular cysts. Control NHS samples were collected from

healthy donors and stored at –80°C until used. The study protocols were

approved by the Ethical Committees of the Helsinki University Central Hospital

4 Materials and methods
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and the Haukeland Hospital and by the Regional Ethical Committee of Western

Norway (Jnr. 234/97-81.97).

4.2.3  Tumor specimens (IV)

Tumor samples (n=25) were obtained from ovarian cancer patients treated

at the Department of Obstetrics and Gynecology, Helsinki University Central

Hospital, Helsinki, Finland. The samples analyzed were typed as a serous

cystadenocarcinoma or mucinous adenocarcinoma. The study protocols were

approved by the Ethical Committee of the Helsinki University Central Hospital.

4.34.34.34.34.3 Northern blotting (II) and reverse transcriptaseNorthern blotting (II) and reverse transcriptaseNorthern blotting (II) and reverse transcriptaseNorthern blotting (II) and reverse transcriptaseNorthern blotting (II) and reverse transcriptase
polymerase chain reaction (RT-PCR) (III-IV)polymerase chain reaction (RT-PCR) (III-IV)polymerase chain reaction (RT-PCR) (III-IV)polymerase chain reaction (RT-PCR) (III-IV)polymerase chain reaction (RT-PCR) (III-IV)

The standard protocols for Northern blotting (II) and polymerase chain

reactions (III-IV) were used. For Northern blotting, total RNA was isolated

from cell cultures, RNA was transferred to nitrocellulose filter from an

agarose-formaldehyde gel and, hybridized with a random primed, labeled,

CD59 cDNA probe (II).

To analyze tumor cell mRNA expression of C regulatory proteins FH, FHL-1,

MCP, DAF and CD59, RT-PCR analysis was performed. In brief, total RNA

was extracted from the cells, RNA was denatured and the reverse-

transcriptase reaction was allowed to occur for 1 hour at 37°C as described.

Reverse-transcribed mRNA was amplified by PCR using GeneAmp PCR System

2400 followed by further extension step to ensure that the final DNA-

product was double stranded. The individual primers used for RT-PCR have

been described in articles III and IV.
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4.44.44.44.44.4 Protein labeling (I-IV)Protein labeling (I-IV)Protein labeling (I-IV)Protein labeling (I-IV)Protein labeling (I-IV)

Protein concentrations were measured using PCA Protein Assay -kit

(PIERCE, Rockford, IL). YTH53.1 and R24 monoclonal antibodies were purified

from the hybridoma cell growth medium supernatant using a Sepharose

protein G (Pharmacia LKB Biotechnology, Uppsala, Sweden) chromatography

and biotinylated by cross-linking biotin to the ε-amino groups of lysine

residues via a long arm N-hydroxy-succinimide ester according to the

manufacturer’s instructions (Vector Laboratories Inc., Burlingame, CA).

Biotinylation of the mAb was verified using an avidin-alkaline phosphatase

detection system (Vectastain, Vector) (articles I and II).

Proteins (complement C3b, FH and recombinant FHL-1) were purified as

described (91, 92, 179, 180). After purification, the proteins were

radiolabeled with Na125I (NEN™, Boston, MA) according to the manufacturer’s

instructions as described in articles III and IV. Free 125I was separated from

the labeled proteins by gel filtration through Sephadex G25 (Pharmacia).

The 51Cr labeling of cells is described in articles I and II. In brief, cells (2-6 x

106) were incubated with 40-100 µCi of 51Cr (Na2 
51Cr O4; Amersham, UK)

in 1 ml RPMI-10 % FCS for 2 hours at 37°C, washed twice with RPMI, incubated

for a further 30 min to release loosely bound 51Cr and washed twice.

4.54.54.54.54.5 Immunological methodsImmunological methodsImmunological methodsImmunological methodsImmunological methods

4.5.1 Immunoblotting (II-IV)

Immunoblotting was used for analysis of the C regulatory proteins proteins

FH, FHL-1, MCP, DAF and CD59 from tumor sample extracts (II) or from

4 Materials and methods
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tumor cell growth supernatants (III, IV). Aliquots of samples were

electrophoresed on a 10 or 15% SDS-PAGE slab gel under nonreducing

conditions and transferred to a nitrocellulose filter with a pore size of 0.25

µm (Schleicher & Schuell, Dassel, Germany). After blocking nonspecific

binding sites with 5% milk/PBS (1 hour at 22°C) the filter was incubated

with respective primary mAb overnight at 4°C, washed, and incubated with

peroxidase-conjugated rabbit anti-mouse IgG (diluted 1:2000) (Jackson

ImmunoResearch, West Grove, PA) for 1 hour at 22°C. The filters were

washed twice and the bound antibodies were visualized using BM

Chemiluminescence Western blotting kit (Boehringer Mannheim, Mannheim,

Germany) (article II) or an ECL Western blotting kit (Amersham Life Sciences,

Amersham, UK) (articles III and IV).

4.5.2 Immunofluorescence staining and flow-cytometry
analysis (II, III)

Acetone-fixed (5-10 min, -20°C) frozen tissue sections (II) or unfixed cells

(II and III) were first washed and incubated with the appropriate primary

antibody. Fixed tissue sections or unfixed cells were treated with the

appropriate primary antibodies (5 µg/ml) as described in the respective

articles. After washing the sections were incubated with FITC-conjugated

F(ab’)2 rabbit anti-mouse Ig (II) and the cells with FITC-conjugated rat anti-

mouse or goat anti-rabbit immunoglobulins (IV), respectively. After

treatment with the secondary antibody, the cells were washed again and

analyzed on a Becton Dickinson FACScan 440 flow cytometer (San Jose,

CA). More detailed incubation conditions and additional treatment of the

cells (III) are described in the respective articles.
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4.5.3 Immunoperoxidase staining of tumor cryosections (II, IV)

Serial cryostat sections (4-5 µm) were prepared from glioma (II) or fresh

ovarian (IV) tumor tissue samples that had been frozen in isopentane cooled

with liquid nitrogen and stored at -70°C. The sections were allowed to attach

to poly-L-lysine coated glass slides, air dried and fixed in cold (-20°C) acetone

for 5-10 minutes. The primary monoclonal antibodies (BRIC229, BRIC110;

article II) (VIG8, 196X, GB24; article IV) were applied on the sections at 5

µg/ml and incubated overnight at room temperature. An irrelevant mouse

IgG was used as a control. The sections were washed, incubated for 30

minutes with HRP-conjugated anti-mouse immunoglobulins and stained

according to the manufacturer’s instructions (VECTASTAIN Elite ABC

Kit, Vector Laboratories, Inc., Burlingame, CA). After washing, the sections

were treated with the enzyme substrate aminoethylcarbazol and

counterstained with hemalum (II) or with Mayer’s hematoxylin (IV).

4.64.64.64.64.6  Protein analyses (III, IV) Protein analyses (III, IV) Protein analyses (III, IV) Protein analyses (III, IV) Protein analyses (III, IV)

Binding of radiolabeled proteins (FH/FHL-1) to cells was examined by incubating

triplicate samples of 3 x     105 of target cells with fixed or varying amounts of

125I-labeled proteins for 60 minutes at 37°C with continuous shaking in a final

volume of 120 µl of GVBS (0.1 % gelatin, veronal buffered saline, pH 7.4)

diluted 1/3. The mixtures were layered on top of a 250µl cushion of 20%

sucrose in narrow 0.4-ml test tubes and centrifuged for 5 minutes at 6100 x

g. The cell pellets were cut off from the tubes. Both pellets and supernatants

were counted for radioactivity and the binding percentages were determined

as the proportion of cell-bound vs. total radioactivity. Scatchard analysis was

used to examine the nature of the binding (article III).

4 Materials and methods
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4.74.74.74.74.7  Cofactor activity assay (IV) Cofactor activity assay (IV) Cofactor activity assay (IV) Cofactor activity assay (IV) Cofactor activity assay (IV)

Cofactor activity of ovarian cell growth supernatants for cleavage of

radiolabeled C3b was examined by incubating (2 h, 37°C) 10 µl portions of

50x-concentrated supernatants with 10 ng (105 cpm) of 125I-labeled C3b

and 3 µg of factor I (Calbiochem) in a total volume of 30 µl. The mixtures

were analyzed by SDS-PAGE and autoradiography under reducing conditions.

As a positive control 125I-C3b and factor I were incubated with 3 µg of FH.

As a negative control 125I-C3b was incubated alone or with factor I only.

4.84.84.84.84.8  Complement-mediated lysis of nucleated cells (I-III) Complement-mediated lysis of nucleated cells (I-III) Complement-mediated lysis of nucleated cells (I-III) Complement-mediated lysis of nucleated cells (I-III) Complement-mediated lysis of nucleated cells (I-III)

In complement-mediated lysis assays the target cells (2-6 x 106) were

incubated with 40-100 µCi of 51Cr (Na2 51Cr O4; Amersham, UK) in 500 µl of

RPMI/10% FCS for 2 hours at 37°C, washed twice, incubated for a further 30

min to release loosely bound 51Cr and washed twice. Duplicate aliquots of

51Cr-labeled cells (105 cells/ 50 µl) were treated with the appropriate

complement-activating antibody for 15-20 minutes at 22°C and then with

normal human serum (NHS) (30 min, 37°C) at a final dilution of 1:4 in a total

volume of 200-250 µl. All other prior treatments of the cells have been

described in more detail in the respective articles. To block C inhibitors on

the target cells the cells were treated with the appropriate neutralizing

antibodies for 20-30 min at 22°C. After the incubation, the cells were pelleted

(500 x g, 5 min) and half of the supernatant was analyzed in a gammacounter.

Cell lysis was determined as percentage of specific release of 51Cr after

subtracting spontaneus release of chromium. Spontaneous 51Cr release was

determined in the absence of antibodies and maximal release by treatment

of the radiolabeled cells with 1% Nonidet P40 detergent (BDH Laboratory

Supplies, Poole, UK). All experiments were performed at least twice and the

lysis (%) results are expressed as mean +/- SD values of quadruplicate samples.
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55555 RESULTSRESULTSRESULTSRESULTSRESULTS

5.15.15.15.15.1 The expression of membrane regulators ofThe expression of membrane regulators ofThe expression of membrane regulators ofThe expression of membrane regulators ofThe expression of membrane regulators of
complement on human tumors (I, II, III)complement on human tumors (I, II, III)complement on human tumors (I, II, III)complement on human tumors (I, II, III)complement on human tumors (I, II, III)

The results demonstrated that CD59 is expressed on G361 melanoma cells

(I). Flow cytometry analysis using BRIC229 mAb against CD59 showed

that CD59 is also very strongly expressed by seven different cultured glioma

cell lines and by glioma tumors (II). Western blotting with the BRIC 229

mAb against CD59 revealed a broad band from 19 to 25 kDa in all of the

cell lines and in all of the five glioma samples and in a normal brain specimen

(II).

The expression of C regulators in glioma tumors was studied also by

immunohistochemical and immunofluorescence staining of frozen sections

of gliomas obtained from patients undergoing surgery for removal of the

tumors. Control brain specimens were from patients who had had no brain

disease. Both immunohistochemical and immunofluorescence staining with

the BRIC 229 mAb revealed a strong expression of CD59 in all of the

glioma samples studied. Vascular endothelium stained positive for CD59 in

both gliomas and in the control brain samples (II).

Flow cytometry analysis of glioma cell lines using BRIC110 mAb showed

that out of the three regulators DAF staining pattern varied mostly: U373

cells did not express DAF at all but the other cell lines were positive although

the staining varied from weak to moderate (II). In immunoblotting using

mAb BRIC216, only HS683, U118 and H2 cells appeared positive for DAF

(70 kDa band) but no DAF was detected in any of the tumor specimens or

in the normal brain sample. Immunohistochemical and immunofluorescence

staining showed that the expression of DAF was negative or weak in the

5 Results
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glioma tumor cells and weakly positive in the blood vessels. The expression

of DAF or MCP in the normal brain parenchyma was weak (II).

Flow cytometry analysis using mAb 10L46 demonstrated that all of the

glioma cell lines were moderately positive for MCP (II). Immunoblotting of

solubilized glioma cells with the anti-MCP mAb J4-48 showed two bands

with apparent molecular masses of 56 and 66 kDa in most of the cell lines.

However, only one band of 66 kDa and 56 kDa was detected in the U138

and U87 cell lines, respectively. In the immunoblots with anti-MCP mAb a

single band of about 48 kDa was seen in the normal brain sample and also

in some of the tumor samples. Immunofluorescence staining for MCP was

weak in the tumors (II).

In study III two of the glioma cell lines were analyzed in more detail. Flow

cytometry analysis of H2 glioblastoma cells showed strong expression of

CD59 and a moderate expression of MCP and DAF but no CR1. RT-PCR

analysis verified the mRNA expression of these regulators on H2 cells and

demonstrated that also U251 cells expressed MCP, DAF and CD59 mRNA.

RT-PCR experiments in study IV demonstrated that also all of the studied

ovarian tumor cell lines (SW626, PA-1, SKOV-3 and Caov-3) expressed

mRNAs for the three membrane regulators of C: CD59, DAF and MCP.

5.25.25.25.25.2 Neutralization of CD59 and killing of melanomaNeutralization of CD59 and killing of melanomaNeutralization of CD59 and killing of melanomaNeutralization of CD59 and killing of melanomaNeutralization of CD59 and killing of melanoma
cells (I)cells (I)cells (I)cells (I)cells (I)

The first study aimed at setting up an in vitro-model to target mAbs against

C regulators on human tumor cells without damaging bystander cells (I).

Using the high affinity biotin-avidin interaction, the aim was to direct
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biotinylated anti-CD59 mAb (YTH53.1) to the G361 melanoma cells

together with melanoma-specific, biotinylated R24 mAb and avidin (see

Fig. 6.). As demonstrated earlier the biotinylation of antibodies impaired

their ability to bind C1q and activate the classical C pathway (181). On the

other hand, the biotinylated mAbs still bound to their target antigens and

the YTH53.1-B mAb neutralized the C inhibitory activity of CD59. When

compared to non-biotinylated R24 and YTH53.1 mAbs, the biotinylated

R24 and YTH53.1 mAbs had 15-20 times weaker lytic activity against the

G361 melanoma cells. To activate C, a nonbiotinylated R24 mAb was used

in the subsequent experiments (I).

In the presence of R24, R24-B and avidin, the biotinylated YTH53.1 mAb

efficiently sensitized G361 cells to R24-initiated lysis by homologous C

(up to 80%). YTH53.1-B caused a dose-dependent enhancement of lysis

when C activation was initiated by a low amount of R24 mAb (0.125 – 0.4

µg/ml). High concentrations of the avidin linker (>100 µg/ml) reduced

lysis of G361 cells and approximately 2 µg/ml of avidin was found to be

optimal for linking the biotinylated mAbs in the subsequent experiments.

After optimizing the antibody and reagent concentrations, the model system

was analyzed in cell mixtures containing G361 cells and EA.hy 926

endothelial cells or human erythrocytes. In the presence of R24-B, avidin

and increasing doses of YTH53.1-B up to 80 % of G361 melanoma cells

were killed. At the same time under 10% of EA.hy 926 cells were damaged

and human erythrocytes remained undamaged. Without the neutralization

of CD59 a specific, but clearly less efficient, lysis of G361 cells was achieved

with R24 and C.

5 Results
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5.35.35.35.35.3 Complement-mediated killing of human glioma cells (II, III)Complement-mediated killing of human glioma cells (II, III)Complement-mediated killing of human glioma cells (II, III)Complement-mediated killing of human glioma cells (II, III)Complement-mediated killing of human glioma cells (II, III)

The C sensitivity of seven 51Cr-labeled glioma cell lines was tested by

treating them with normal human serum (NHS) complement and a C-

activating polyclonal rabbit antibody (R663). The killing experiments were

performed in the presence or absence of a biotinylated CD59-neutralizing

antibody. Two of the glioma cell lines (U251, U87) were sensitive to C

killing and the sensitivity of these cells increased markedly when the function

of CD59 was blocked with the biotinylated YTH53.1 mAb. Five to 10% of

U373, HS683, U118 cells were killed when CD59 was neutralized but the

H2 and U138 cells were resistant against C attack (maximally 2 to 3% of

the cells was killed when CD59 was neutralized). Neutralization of MCP

with the GB24 mAb increased the lysis of the U251 glioma cell line by

approximately 30% and a small increase in U373 sensitivity was seen after

MCP neutralization.

Because H2 cells were exceptionally resistant to C-mediated killing we

analyzed this property further (III) and compared the C-sensitivity of H2

cells to that of endothelial-like EA.hy 926 and U251 glioma cells. The cells

were treated with a polyclonal C-activating antibody, anti-CD59 mAb and

NHS. Under similar conditions both U251 and EA.hy 926 cells were efficiently

killed (39% and 65%, respectively) but only 5% of H2 cells were killed. Not

even the simultaneous inactivation of the C regulators MCP, DAF and CD59

with specific mAb increased H2 lysis.

Treatment of H2 cells with B. cereus PIPLC (0.5 IU/ml) increased the C

sensitivity of H2 cells only by 4% although 60% and 69% of the GPI-

anchored proteins DAF and CD59 became released. Also, the treatment of

the H2 cells with heparinase or the cysteine proteinase inhibitor E-64 had
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no effect on the cell lysis. However, trypsin and A. ureafaciens neuraminidase

treatments sensitized H2 cells to C-mediated killing causing 33% and 14%

lysis, respectively.

To analyze the step where C activation on H2 cells was arrested, C was

activated on the surface of H2 cells and C3b degradation and C5b-9

formation were examined by FACS. Approximately two and three times

more C5b-9 neoepitopes were detected on EA.hy 926 and U251 cells,

compared to H2 cells, respectively. At the same time the H2 cells converted

C3b 5-6-fold more efficiently to its inactive form iC3b when compared to

the other cell lines tested.

Because of previous results we hypothesized that the C resistance of H2

cells might be due to recruitment of the C regulators FH and/or FHL-1

from the fluid phase and analyzed the effect of FH neutralization on C lysis

of H2 cells. For neutralization experiments the 131X mAb (binds to FH but

not to FHL-1) and OX24 mAb (binds to SCR 5 of both FH and FHL-1) were

used. Together, YTH53.1 mAb and 131X mAb increased the lysis of H2

cells three-fold (from 5% to 15%). The combination of the two monoclonal

anti-FH antibodies (131X and OX24) with the YTH53.1 mAb increased the

lysis of H2 cells five-fold (from 5% to 25%).

5.45.45.45.45.4 Production of soluble complement regulators byProduction of soluble complement regulators byProduction of soluble complement regulators byProduction of soluble complement regulators byProduction of soluble complement regulators by
human tumor cells human tumor cells human tumor cells human tumor cells human tumor cells in vitroin vitroin vitroin vitroin vitro (I I I , IV) (I I I , IV) (I I I , IV) (I I I , IV) (I I I , IV)

Since FH and FHL-1 were apparently partly responsible for the C resistance

of H2 cells we next examined whether H2 cells themselves produced FH/

FHL-1. The expression levels of the mRNAs of the C regulator proteins FH,
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FHL-1, MCP, DAF and CD59 were compared between the H2 and U251

glioma cells by RT-PCR. Complement resistant H2 cells, but not the C-

sensitive U251 cells expressed FH and FHL-1 mRNAs. The levels of FH and

FHL-1 mRNAs were comparable to those in the human liver tissue, the

major source for plasma FH and FHL-1 production in vivo. The expression

of DAF and CD59 mRNAs was slightly stronger on the H2 than the U251

cell line but the MCP mRNA expression levels were similar. Immunoblotting

analyses from growth supernatants of H2, U251 and EA.hy 926 cell lines

demonstrated that H2 cells, but not the U251 or EA.hy 926 cells,

constitutively produced both FH and FHL-1. Using ELISA analyses the

amount of FH / FHL-1 produced was estimated to be above 2 ng/ml/105

cells after a 4-hour incubation.

By immunoblotting with the 196X mAb that detects both FH and FHL-1,

the H2 cells were shown to produce both the 150 kDa FH and the 42 kDa

FHL-1 protein. Interestingly, higher amounts of FHL-1 than FH was produced

by the H2 cells. In comparison, the serum level of FH is over ten-fold higher

than that of FHL-1. The control cells U251 and EA.hy 926 did not produce

detectable amounts of FH or FHL-1 during the same 48-hour incubation

period.

Since H2 cells constitutively produced FH/FHL-1 into the growth supernatant

and promoted C3b degradation into iC3b we analyzed whether H2 cell

surfaces were able to bind FH directly. H2 and U251 cells were incubated

with NHS or purified FH (200 µg/ml) and after washings with a polyclonal

anti-FH antibody. FACS analysis showed that FH bound more efficiently to

H2 than U251 cells. The anti-FH antibody alone did not bind to H2 or U251

cells.
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Dose-response analyses demonstrated that increasing amounts of 125I-

labeled FH (1-100 ng) bound to the H2 cells in a saturable manner.

Approximately twice the amount of 125I-labeled FH bound to the H2 cells

when compared to the U251 cells. Inhibition experiments showed that

binding of 125I-labeled FH (30 ng) to H2 cells could be inhibited with unlabeled

FH but not with BSA.

5.55.55.55.55.5 Factor H and FHL-1 in ovarian tumors (IV)Factor H and FHL-1 in ovarian tumors (IV)Factor H and FHL-1 in ovarian tumors (IV)Factor H and FHL-1 in ovarian tumors (IV)Factor H and FHL-1 in ovarian tumors (IV)

Studies II and III showed that human glioma cells constitutively produced FH

and FHL-1 suggesting that this is a novel C resistance mechanism. In study

IV a total of 22 cell lines were analyzed for the production of FH and FHL-1.

We found out that out of the 22 cell lines only ovarian SKOV-3 and Caov-3,

glioma H2 and U138 and the K562 erythroleukemia/lymphoblast cell lines

constitutively produced both FH and FHL-1 to the culture medium. Two

glioma cell lines (U118 and U87) produced only FH and the rest of the cell

lines were not found to secrete these proteins.

Immunoblotting with the 196X mAb showed that SKOV-3 and Caov-3, but

not the SW626 and PA-1, cells constitutively produced and secreted

approximately similar amounts of both the 150 kDa FH and the 42 kDa

FHL-1 protein to FCS-free culture medium after a 48-hour incubation. By

RT-PCR the ovarian cell lines SKOV-3 and Caov-3, but not the PA-1 and

SW626 cell lines, were found to express FH and FHL-1 mRNAs (IV).

Since cultured ovarian tumor cells produced soluble C inhibitors FH and

FHL-1, we also examined the level of FH/FHL-1 in ascites fluid (AF) samples

of patients with ovarian cancer. Immunoblotting and ELISA assay with the

196X mAb revealed that, when compared to NHS, most of the ascites

5 Results
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samples (n=16) examined contained higher levels of FH, and especially of

FHL-1. By ELISA, the combined mean level of FH and FHL-1 was higher in

the cancer patient AF (758 ±  312 µg/ml, mean ±  SD; n=16) than in NHS

(461 ±  63 µg/ml, n=8; P < 0.05, Student’s t-test) or in follicle fluid samples

(368 ± 180 µg/ml, n=2). The AF samples from two liver cirrhosis patients

contained only 33 ± 24 µg/ml of FH/FHL-1. Because of the lack of a specific

mAb for FHL-1, a quantitative density scanning protocol was used for the

evaluation of the FHL-1 levels in the samples. The mean amounts of FHL-1

were considerably higher in the AF samples from ovarian cancer patients

(130 ±  55 µg/ml; FHL-1/FH ratio     0.175) than in NHS (24 ±  3 µg/ml,

0.052; P < 0.01) or in the follicle fluids (18 µg/ml, 0.05).

Immunoperoxidase staining was used to investigate the presence of FHL-1 and

FH in ovarian tumors in vivo. Cryostat sections of serous ovarian tumors (n=25)

were stained with the 196X (detects both FH and FHL-1) and VIG8 (detects

only FH) mAbs. The only possible way to evaluate the presence of FHL-1 was

to compare staining with the 196X mAb to staining with the VIG8 mAb. All

tumors expressed FH/FHL-1 (196X mAb staining). The level of expression was

weak, considerable or strong in 11, 12 or 2 samples, respectively. Factor H was

detected mostly in the mucus surrounding the tumor cells. The staining against

FH/FHL-1 showed a similar pattern as staining against FH alone, but a stronger

signal was seen through all layers of the epithelial tumor cells and also on the

extracellular matrix. A staining with the GB24 anti-MCP mAb showed a positive

staining by all the tumors. MCP expression was strong in 18 of the 25 tumors.

The control (irrelevant mouse IgG) showed only a weak nonspecific staining of

fibroblasts, collagen fibrils and blood vessels in the submucosa. Factor H/FHL-

1 expression was strongest in tumors with the largest size (Table II in IV) but

otherwise no apparent correlation between the expression levels and clinical

parameters was observed.
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Like the H2 cells all the ovarian tumor cell lines SK-OV-3, Caov-3, PA-1 and

SW626 bound both 125I-labeled FH and FHL-1 to their cell surfaces. SK-OV-

3 cells bound FH in a saturable manner and the binding of 125I-labeled FH

could be inhibited with unlabeled FH.

A cofactor activity analysis was performed to examine functional activity

of FH and FHL-1 secreted by SK-OV-3 and Caov-3 cells. It was found that

the supernatants of all cell lines, including those of PA-1 and SW626 cells,

promoted factor I-mediated cleavage of 125I-labeled C3b. Preincubation with

a polyclonal anti-FH antibody clearly reduced the cofactor activities of SK-

OV-3 and Caov-3 cell supernatants, demonstrating that FH and/or FHL-1

was responsible for the cofactor activity. Also PA-1 and SW626 cell growth

supernatants promoted C3b degradation, although they did not produce

FH or FHL-1. This raised the question whether there was another cofactor

for C3b cleavage in these supernatants. CR1, another cofactor candidate

was not detected in any of the cell supernatants. Immunoblotting analysis

showed that a soluble form of MCP was responsible for the cofactor activity

in the PA-1 and SW626 supernatants. This was verified by studies with the

anti-MCP mAb GB24, which completely blocked the cofactor activities of

PA-1 and SW626 cell supernatants.

6 Discussion
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66666 DISCUSSIONDISCUSSIONDISCUSSIONDISCUSSIONDISCUSSION

During the last few years novel mAb-based immunotherapy trials have been

adopted for the treatment of human cancer (2, 3, 182, 183). Modern

techniques have improved the possibilities for creating sophisticated mAbs

and antibody-based constructs for immunotherapy (145, 165, 184). An

increasing amount of information on the molecular biology of the tumor

cells and detailed information on the mechanisms of the immune system

have been obtained.

As an effector mechanism, complement-dependent cytotoxicity (CDC) plays

a key role in tumor cell killing when C-activating mAbs are used. Yet, despite

the potentially effective C system, the tumor cells often evade immune

attack. Various mechanisms are responsible for the protection of tumor

cells against C attack. These mechanisms include 1) enhanced expression

of membrane-bound C regulators (121-123, 125, 126), 2) constitutive

production of soluble C regulators (III, IV) (136) and 3) expression of

membrane-associated proteinases which cleave surface bound C3b (130,

131, 185, 186). In addition, 4) activation of intracellular signaling

mechanisms may be involved in the protection of tumor cells against C-

mediated damage (135, 136, 138). Thus, to improve the efficiency of

mAb immunotherapy it is extremely important to understand the mechanisms

which protect target tumor cells.

6.16.16.16.16.1 Membrane regulators of complement on humanMembrane regulators of complement on humanMembrane regulators of complement on humanMembrane regulators of complement on humanMembrane regulators of complement on human
tumor cellstumor cellstumor cellstumor cellstumor cells

The expression of membrane-bound C regulatory proteins MCP, DAF and

CD59 by human tumor cell lines and by tumors in vivo was one of the main
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objects investigated in this thesis. All these three proteins have a role in

protecting human cells against C-mediated damage (see 1.2.3.). Protectin

binds to C8 and C9, and prevents the formation of a functional membrane

attack complex (MAC) (53, 76). Both DAF and MCP     act intrinsically, i.e. on

the same cell surface where they are bound, and control C activation at

the C3 level (Fig. 2). Xu et al. have demonstrated the importance of C

regulators also in an animal model. Mice deficient in the murine C regulator,

Crry, were lethally susceptible to processes that mediate tissue damage

(187). In humans, the loss of GPI-anchored C regulators DAF and CD59

causes a disease called paroxysmal nocturnal haemoglobinuria (PNH). Due

to a mutation in the X-chromosomal PIG-A gene in a blood marrow stem

cell, erythrocytes are susceptible to C lysis (reviewed in (188)).

Most types of malignant cells and tissues have been shown to express MCP,

DAF and CD59. In some cases, these proteins have been described in higher

quantities on tumor cells than on normal cells or tissues of the same origin

(122, 125, 189). The expression of membrane regulators of C is apparently

one of the key reasons why mAb-mediated immunotherapy of tumors is

often ineffective (190). The study of Ravindranath et al. showed that oral

carcinoma cells expressed tumor-associated sialyl Lewis antigens and were

protected by C inhibitors CD59, DAF and MCP (191). They suggested that

tumor cell killing by C-fixing antibodies may require downregulation of

membrane C regulators. In vitro, the expression of MCP, DAF and CD59 on

cells can be upregulated with PMA, resulting in an enhanced C resistance of

endothelial cells (192), K562 erythroleukemia cells (136) and T47D breast

carcinoma cells (123). In contrast, another study reported that the

expression level of these regulators on lymphoma cells does not predict

clinical outcome after Rituximab® (anti-CD20) treatment in vivo (193).

Yet, in the complete response group of patients the CD59 level was

6 Discussion
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approximately 25% lower than in the group with minimal response. This

suggests that cells expressing less CD59 are more sensitive to mAb

treatment.

Out of the membrane C regulators studied, CD59 was expressed on the

G361 melanoma cells (I), by all glioma cell lines (II) and by glioma tumors.

We observed stronger expression of CD59 on cultured glioma cell lines than

in tumors in situ. CD59 was highly expressed also by human ovarian tumor

cells SK-OV-3, Caov-3, PA-1 and SW626 (IV) (194). In general, all the human

tumor cell lines we have studied so far express high levels of CD59. A

similar observation has been made in many other studies. Out of the three

membrane C regulators studied, CD59 seems to be the most efficient C

inhibitor. CD59 has been considered as the main membrane-bound C regulator

restricting C-mediated lysis of human melanoma (195), neuroblastoma (196)

and ovarian tumor cells (194). It seems that often the expression of CD59

on cultured cells is increased when compared to CD59 expression on tumors

of the same origin in vivo. The studies included in this thesis also support

these observations. Whether the expression of C regulatory proteins is

temporarily upregulated in the cell culture remains to be investigated.

Neutralization of protectin by a specific mAb clearly increased the C

sensitivity of most nucleated cells (I-IV) (107, 123). The expression of C

inhibitors CD59 and DAF seemed to be an important escape mechanism for

gliomas. Because of the blood-brain barrier (BBB) normal brain cells are not

exposed to plasma C and the need for protection against C is probably not

crucial. There is evidence that human fetal neurons spontaneously activate

the CP and are susceptible to C-mediated damage (197). However,

astrocytes express strongly MCP, DAF and protectin and are protected

against C attack. Thus, it seems that both normal neuronal cells and gliomas



69

express C regulators and are protected against C attack. However, even

after all the three C regulators MCP, DAF and CD59 were neutralized with

appropriate mAbs, the H2 glioma cells remained resistant to C lysis (III).

This is exceptional because usually cells growing in culture are efficiently

killed after blocking of membrane C regulators. In general, the expression

pattern of membrane C regulators usually correlates with the sensitivity of

cells to C-mediated killing - the stronger the expression of C inhibitors, the

more resistant the cell line is.

The expression of DAF on glioma (II) and on ovarian tumor cells (194) was

weaker than that of protectin. In the glioma cell lines DAF expression was

also more variable than that of the other regulators. Probably DAF is

functionally important since low DAF expression was associated with an

increased sensitivity to lysis (U87 and U251 cells) and high expression

with resistance to C lysis (H2) (II). In addition, upregulation of DAF expression

by cytokines has been reported to protect human hepatoma cells (198),

K562 erythroleukemia cells (136) and vascular endothelial cells (192, 199)

against C attack.     It seems that DAF has an important role also in the

protection of developing neuronal cells. The expression of DAF was found

to be upregulated when neuronal cells were treated with PMA, and the

higher expression level correlated with the protection of neuronal cells

against C lysis (200).

MCP was expressed at a relatively low level by all the glioma cell lines (II). In

contrast, the expression of MCP was strong in most of the ovarian tumor

samples studied (IV). This indicates that MCP is a common, strongly

expressed regulator in ovarian tumors. Some studies have demonstrated

that MCP is less important in protecting tumor cells than DAF or protectin

(136). Although MCP was moderately expressed by all the glioma cell lines

6 Discussion
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anti-MCP GB24 mAb had only a minor effect for the sensitivity (II). Yet, it is

evident that all of these C regulators play a role in the prevention of C-

mediated damage of both normal and tumor cells (6, 45, 126, 136, 201).

Subsequently, it has been demonstrated that DAF and MCP may act

cooperatively on cell membranes to prevent attack by autologous C (202).

CR1, the fourth membrane-bound regulator was not expressed on the

melanoma, glioma or ovarian tumor cells studied.

C regulators may offer novel therapeutic tools for medicine. In animal models

it has been shown that after myocardial infarction soluble CR1 can reduce

infarct size that results from reperfusion injury (203). Probably in the future

the therapeutic inhibition of C offers several possibilities to suppress

ischemia/reperfusion injury and immune complex-mediated inflammation.

Recombinant soluble forms of MCP and DAF have been shown to be effective

in the therapy of immune complex-mediated inflammation in animals (204).

In addition, C has a key role in hyperacute rejection of xenogeneic organ

transplants. To study this issue, pigs transgenic for human CD59, DAF and

MCP have been created (205, 206).  Human CD59 or DAF expressed on the

surfaces of pig heart or liver cells protected the organs and prolonged the

organ survival when transplanted into non-human primates (207). It has

been demonstrated that compstatin-peptide, a C3 convertase inhibitor,

prolonged graft (kidney) survival in an ex vivo pig xenograft model (208).

Fiane et al. also showed that another C regulator, C1-inhibitor, protected

pig kidneys in an ex vivo pig-to-human perfusion model (209). It remains to

be seen whether pig organs protected against hyperacute rejection will be

used as organ transplants for humans (210). Major problems include ethical

questions and risks for retroviral (211) or other infections.
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6.26.26.26.26.2  Targeted antibody attack against tumor cells Targeted antibody attack against tumor cells Targeted antibody attack against tumor cells Targeted antibody attack against tumor cells Targeted antibody attack against tumor cells

To selectively attack tumor cells with mAbs, at least two criteria must be

fulfilled: the target cells must express tumor-associated antigens for antibodies,

and the used antibody must utilize effector mechanisms against tumor cells.

An attractive mAb target may be a protein expressed specifically on the surface

of tumor cells or a structure expressed abundantly on tumor cells. Target

structures for mAbs include gangliosides GM2, GD2 or GD3, which are

predominantly expressed on the surfaces of a variety of tumor cells (212,

213) or the sialyl Lewis A, sialyl Lewis X (191) or Lewis Y antigens (184).

To study antibody-targeting against tumor cells we created an in vitro-

method mimicking conditions where tumor cells were surrounded by normal

bystander cells (I). mAbs against the GD3 ganglioside were used for targeting

both C activation and CD59-neutralizing antibodies to the surface of G361

melanoma cells (Fig. 6). Our model demonstrated that it was possible to

target cytotoxic mAbs to human tumor cells and at the same time sensitize

the cells with the biotinylated anti-CD59 mAb. For killing tumor cells in vivo

efficient mAb targeting is of major importance. Properly targeted therapeutic

mAb can be used in lower amounts and thereby also cause less side effects.

The strategy of using the biotin-avidin system for in vivo therapy may face

difficulties because of two reasons. Neutralization of the key C regulator CD59

always causes a risk for the destruction of surrounding normal cells. Although

the biotinylated anti-CD59 mAb does not activate C the biotinylated mAbs

may bind to normal cells and lead to their phagocytosis.  It is also possible that

antibodies against hen egg avidin develop. Moreover, avidin may bind to naturally

occuring biotin in the body. Although the amounts of biotin are small this could

lead to formation of avidin-biotin aggregates and possible adverse effects.

6 Discussion
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The remarkably high affinity (Ka = 1014 M-1) of biotin for avidin compared to

the average affinity of an antibody for its antigen (107 M-1) has been used

in cancer therapy. The approach was to pretarget tumors with biotinylated

mAb and avidin and direct radiolabeled biotin or biotinylated tumor necrosis

factor-alpha (TNF-α) to the tumor (214-216).

Several strategies have been designed to enhance the C activating capability

of mAb. These include generation of heteroconjugates composed of

monoclonal antibodies and C3b or cobra venom factor (CVF). C3b-conjugated

mAb enhanced tumor cell lysis through AP activation (217, 218) and a

mAb-CVF conjugate has been shown to be effective in the killing of

neuroblastoma cells in vitro (219, 220). Modern techniques offer possibilities

to create bispecific antibodies that may bind two different epitopes at the

same time. There are many attractive epitopes that could be linked together

with a mAb directed against two antigens. For example, one arm may be

directed against a tumor-associated antigen and the second arm against a

C regulator.  Blok et al. generated a C activating, bispecific mAb directed

against the C inhibitor DAF and a renal tumor-associated antigen G250

(168). They demonstrated that when compared to G250 mAb alone the

bispecific mAb construct increased C3 deposition on the surface of renal

tumor cells significantly and sensitized the cells to C-mediated lysis. There

are several other possible combinations that may have potential in tumor

therapy. For example, one arm could be against the C inhibitor CD59 and

another against CD20. In addition, a bispecific mAb directed against both

tumor-associated antigen HER2 neu and protectin may offer an interesting

combination. However, to avoid binding of the mAb to normal cells, the

binding affinity against the tumor-antigen should be clearly higher.

6 Discussion
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6.36.36.36.36.3  Complement-mediated destruction of tumor cells Complement-mediated destruction of tumor cells Complement-mediated destruction of tumor cells Complement-mediated destruction of tumor cells Complement-mediated destruction of tumor cells

Studies I-III demonstrated that the C system can induce a powerful cytolytic

attack against the targeted tumor cells. Tumor cell killing may be mediated

by CDC or CDCC (6, 221). It seems that, in general, C is a relatively efficient

mechanism for tumor cell killing in vitro, but some tumor cells such as

many glioblastoma cells can be resistant against C attack (II). The C

resistance of H2 glioblastoma cells is particularly unusual, because all other

cell lines we have tested so far were killed at least to some degree after

blocking CD59 alone or together with MCP or DAF. The neutralization of

protectin by a specific mAb clearly increased the C sensitivity of most

tumor cells such as melanoma (I) (222), breast cancer (123, 223),

lymphoma (107) and ovarian tumor cells (194). This demonstrates that

CD59 protects them against C lysis.

In addition, also clinical studies suggest that C plays a role in the elimination

of tumor cells (224, 225). However, an efficient killing of tumor cells usually

requires downregulation of C restriction factors at the same time (124,

191, 201, 226).

Complement activation may be targeted against tumor tissue by therapeutic

mAbs but it is possible that also naturally occurring anti-tumor antibodies

induce a C response against tumor cells (227). Blok et al. found autologous

IgG together with C3 and C4 deposits on freshly isolated renal tumor cells.

They suggested that C activation may induce tumor cell killing through CDCC

and ADCC by CR3- and FcγR-positive granulocytes (Blok et al., in press).

In vitro studies have proven that C is an effective effector system when

immunotherapeutic C activating mAbs and NHS as a C source are used in
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tumor cell killing. The study of Harjunpää et al. demonstrated that CDC is

the main mechanism in Rituximab®-induced killing of human lymphoma cells

in vitro (107). This suggests that CDC is the key mechanism responsible

for tumor cell killing in the treatment of non-Hodgkin’s follicular B-cell

lymphoma using anti-CD20 mAb Rituximab®.

Most likely C-mediated killing of single cells (lymphoma cells or residual

malignant cells after surgery) is more efficient than attack against solid

tumors. The lysis of malignant cells growing in aggregates probably involves

factors that make the killing more difficult. It is not clear how effective C

attack is against solid tumors in vivo, even though solid tumors such as

melanomas and colorectal carcinomas have also been treated with mAbs

(228). This issue was studied in vitro by using ovarian tumor cell ‘spheroids’,

that mimick three-dimensional microtumors (7, 229). An in vitro model of

multicellular spheroids makes it possible to study C-mediated destruction

and antibody penetration into cells growing as solid tumors (165). We found

out that tumor cells growing in spheroids were clearly more resistant against

C attack when compared to soluble tumor cells (229). It was found that

mAbs and even large C molecules, such as C1q, can penetrate into the

tumor tissue. This suggests that the C resistance of solid tumors is not due

to poor penetration of mAbs or large C components. In contrast, the

penetration of C3 to the multicellular spheroids was found to be restricted

(7). This is probably due to the fact that upon its formation C3b becomes

covalently bound to the nearby cell surfaces. It was demonstrated that C

killed the outermost tumor cell layers to which C3b had become bound.

6 Discussion
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6.46.46.46.46.4 Production of soluble complement regulators factor HProduction of soluble complement regulators factor HProduction of soluble complement regulators factor HProduction of soluble complement regulators factor HProduction of soluble complement regulators factor H
and FHL-1 by tumor cel ls – a novel immune evasionand FHL-1 by tumor cel ls – a novel immune evasionand FHL-1 by tumor cel ls – a novel immune evasionand FHL-1 by tumor cel ls – a novel immune evasionand FHL-1 by tumor cel ls – a novel immune evasion
mechanism?mechanism?mechanism?mechanism?mechanism?

Under normal conditions the C regulator FH is produced by liver cells,

monocytes and macrophages. However, when the resistance mechanism of

H2 glioblastoma cells was studied, we observed that also these tumor cells

constitutively produced both FH and FH-like protein 1 (FHL-1) (Fig. 7)(III).

Subsequent experiments verified that these cells were, at least partly,

protected against C attack by FH and FHL-1. Later, we observed that also

ovarian tumor cells SK-OV-3 and Caov-3 and K562 erythroleukemia cells

constitutively produced these proteins (IV). Factor H can control the

deposition of C3b on the cell surface by acting as a cofactor for factor I in

C3b cleavage and by decay dissociating the C3bBb convertase (Fig. 7).

FHL-1 shares the C regulatory functions of FH. If these proteins become

concentrated at the microenvironment surrounding the tumor cells it is

likely that they downregulate C activation and protect malignant cells against

C attack.

Additional studies have demonstrated in vitro expression of FH (and of a

polypeptide of 43kD with FH immunoreactivity) by four human neuroblastoma

cell lines (230). Factor H has been found to be produced by human U937

monocytic cells (231), B lymphoblastoid Raji cells (232), HUH7 hepatic cells

(233) and HTB153 rhabdomyosarcoma cells (234). On neuroblastoma cells,

the expression of FH was strongly increased by interferon-γ and tumor necrosis

factor-α. Studies of Gasque et al. have shown that after cytokine stimulation

the human oligodendrocyte cell line HOG (128) and certain glioma and

neuroblastoma cells started to express FH mRNA and protein (235).
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Moreover, several urinary bladder cancer cells have been shown to produce

FH (236) and additional studies have demonstrated that the bladder cancer

cells secrete FH, and also FHL-1 (or a related protein) to urine (159, 160).

This has resulted in the development of two tests for monitoring bladder

cancer from the urine, the BTAstat test and the BTA TRAK assay (159-

161). Interesting possibilities are under investigation to improve both the

sensitivity and specificity of these tests. It is possible that also other kinds

of tumors could be detected using tests observing elevated amounts of

these proteins in body fluids.

The study of Fedarko et al. showed that FH binds to bone sialoprotein

(BSP) and osteopontin (OPN) expressed by metastatic cancer cells, like

those originating from fetal trophoblasts (237). Both BSP and OPN expression

is upregulated in many tumors and can be an indicator of their invasive

potential. Fedarko et al. suggested that the binding of FH to BSP and OPN

leads to deposition of FH to the cell surface and may play a role in protecting

the tumor cells. It is possible that certain tumor types covered with sialic

acids or glycosaminoglycans bind FH and FHL-1 to escape C attack. Binding

studies in article III indicated that FH binding to H2 glioma cells was

heterogeneous in nature. Possibly the low affinity binding of FH is mediated

by sialic acids. So far, we have not been able to show a high affinity receptor

for FH on H2, or on other types of tumor cells.

In addition to observing the production of functionally active FH and FHL-1

by cultured tumor cells, we detected these proteins in AF samples obtained

from patients with ovarian carcinoma (IV). An abundant presence of FH and

FHL-1 in ascites fluids and on apical tumor cell layers in situ suggests that

tumor cells may utilize FH/FHL-1 production as an immune escape mechanism

in vivo. It is probable that FH and FHL-1 synthesized by the ovarian tumor
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cells (or diffusing from the blood) are concentrated into the peritoneal

cavity     and protect tumor cells locally against C-mediated damage. Together

both our results (III, IV) and those from other studies (136) suggest that

the production of soluble C regulators FH and FHL-1 is a novel C escape

mechanism shared by several types of tumors. Perhaps FH and FHL-1 act

as a primary barrier against C attack in the fluid phase and membrane-

bound C regulators inhibit the final step of attack on the cell surface. The

relatively high proportion of FHL-1 compared to FH (IV) suggests that the

small FHL-1 molecule could play a role when a ‘’quick-response’’ protective

molecule is needed against C attack. However, the physiological significance

of this mechanism still needs to be further investigated.

6.56.56.56.56.5 Regulation of complement activation in tumor cellRegulation of complement activation in tumor cellRegulation of complement activation in tumor cellRegulation of complement activation in tumor cellRegulation of complement activation in tumor cell
microenvironmentmicroenvironmentmicroenvironmentmicroenvironmentmicroenvironment

The abundant presence of FH and FHL-1 in the AF samples and in the apical

layers and extracellular matrix surrounding the tumor cells of patients with

ovarian carcinoma (IV) suggests that C activation is efficiently controlled

within the peritoneal cavity. This is one factor explaining why the mAb-

induced C attack is not effective in destroying ovarian tumor cells.

In addition to FH and FHL-1, also a soluble form of MCP was found to be

produced by the ovarian tumor cells PA-1 and SW626 (IV, Hakulinen et al.,

manuscript). Earlier, soluble forms of MCP have been detected in body fluids

(238) and also in cancer patients’ sera that contained increased amounts

of the 56 and 47 kDa soluble forms of MCP (239). Normally MCP acts

intrinsically, i.e. on the surface of the cell that produced it. However, it was

observed that soluble MCP produced by PA-1 and SW626 cells was

functionally active in the fluid phase. According to these results, MCP may

6 Discussion
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also act extrinsically in the fluid phase and protect tumor cells against C

activation.

Soluble forms of MCP, DAF and CD59 have been found in human sera (239)

and soluble CD59 has been detected in melanoma cell culture supernatants

(240). Soluble forms of DAF, without the phospholipid part of the anchor,

have been found in body fluids (67) suggesting that some cells may secrete

DAF to the surrounding milieu. Since these soluble forms are functionally

active (241, 242) they can act as C inhibitors and provide an additional C

resistance mechanism for the tumor cells. This suggests that tumor cells

not only protect themselves against C activation on their cell membranes

but create a surrounding microenvironment where fluid phase C activation

may be inhibited.

In addition, several other protective mechanisms acting in tumor

microenvironment have been demonstrated. Tumor cells may produce C3-

cleaving proteases (131, 185). They may also shed MACs (133) or C3b/

C4b bound to surface molecules. Together with induced biochemical

processes (see 1.4.)     and the ability to compensate ion fluxes and to repair

membrane damage all of these mechanisms seem to be involved in the

complex immune evasion process of malignant tumors.

6.66.66.66.66.6  Prospects for immunotherapy of tumors Prospects for immunotherapy of tumors Prospects for immunotherapy of tumors Prospects for immunotherapy of tumors Prospects for immunotherapy of tumors

A growing number of reports demonstrating succesful immunotherapy of

patients (163) and the increasing knowledge of tumor immunology provide

interesting possibilities for the future immunotherapy of cancer. Novel

technologies allow the flexible design and production of bispecific, humanized

mAbs for more accurate therapy (166). Their beneficial characteristics
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include more specific and efficient targeting, longer half-life, better tissue

penetration and optimal selectivity for activating molecules (167).

Monoclonal antibodies are humanized to reduce their harmful side effects,

such as fever, pain and urticaria. Therapeutic effects of murine antibodies

are limited because of an immune response to the antibodies injected (243).

Human anti-mouse antibodies (HAMA) often develop after the treatment.

The HAMA response can be decreased by using chimeric/humanized

antibodies (244). However, some other studies suggested that a HAMA

response may trigger an antitumor effect and may be beneficial to the

patient (245-247)

When designing the therapies the properties of the used mAbs must be

carefully analyzed. The used mAb must be appropriate for the therapy: it

must activate C (or other immune effector mechanisms) and usually it should

have high affinity for the target antigen. Bispecific mAbs offer interesting

opportunities to combine the anti-TAA and anti-C regulator specificities

together.  Maletz et al. combined the EpCam and HER2/neu, or LeY and

CD3 specificities together and used these bispecific mAbs against epithelial

tumor cells (248). Other bispecific antibody constructs may enhance

cytotoxic activity of T cells towards target tumor cells (249). Fusing

cytokines to recombinant antibodies (‘immunocytokines’) may also offer a

new strategy for cytokine targeting to tumor tissue. Antibodies linked to

immunotoxins such as ricin toxin or to radioconjugates 131I or 90Y have been

used in clinical trials (155, 182). Within the last few years numerous new

mAbs have been approved for therapy and clearly many new tumor-specific

antigens and new strategies to use mAbs remain to be discovered.

In addition to mAb-mediated immunotherapy, the directed apoptosis of

tumor cells via Fas offers another exciting opportunity for tumor

6 Discussion
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immunotherapy (Fig. 5.). The network of molecules involved in the initiation

and prevention of Fas-mediated apoptosis is rather complicated but intensive

research has revealed valuable information about the respective extra- and

intracellular mechanisms. As a means of tumor immunotherapy the basis of

the functions of the Fas-system still needs intensive research in the future

(250). In addition, vaccination strategies using specific tumor peptides and

the stimulation of CTLs by DCs pulsed with tumor antigens (see 1.5.3. and

1.5.4.) hold promise as potential forms of future immunotherapy (170).

While the tools for improved immunotherapy are rapidly advancing the basic

difficulties in the immunotherapy have not changed. Probably most of the

tumor cells are recognized as nonactivators of the C system and ignored

also by other arms of the immune system. The absence of immune responses

against tumors may be due to the low amounts and poor immunogenicity

of the tumor antigens or the presence of C regulators. Tumor cells have

sophisticated mechanisms to escape C activation (6). Overexpression of

the membrane-bound C regulators may partially explain the poor success

of mAb-mediated immunotherapy of solid tumors. However, as spontaneous

regression of tumors can sometimes be observed, it seems that the host

immune system could be involved in tumor cell eradication. The C system

possesses potential for mediating mAb-induced effector responses against

the tumor cells: C activation products can induce a strong inflammatory

reaction and activate also other immune effector mechanisms (CDCC).

Compared with therapeutic approaches using cytotoxic drugs or radioactive

compounds for tumor cell killing the advantage of using endogenous C system

is that it is usually only minimally harmful to normal cells. The amount of C

deposited on the tumor cell surface is clearly dependent on the number of

mAbs bound to the cell. A combination of mAbs directed against different

targets may increase the effects of CDC.
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Certain tumor types such as non-Hodgkin’s B cell lymphomas are attractive

targets for mAb-mediated immunotherapy. If C resistance can be neutralized,

ovarian carcinoma located within the peritoneal cavity would be an ideal

target for local immunotherapy. The clearance of residual tumor cells after

surgical removal of the tumor mass would also be a suitable goal for therapy

with mAbs and C. However, efficient immunotherapy cannot rely on one

effector mechanism only. Perhaps a combined therapy using mAbs and the

standard or high-dose chemotherapy approaches could offer the best result.

However, as exemplified by the C resistance mechanisms by tumors, all

new immunotherapeutic approaches and clinical cancer therapies must

consider the immune escape mechanisms of tumor cells. In order, for the

therapies to be effective, counterstrategies to overcome the tumor cell

resistance need to be devised.

7 Summary and conclusions
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Tumor cells often continue to grow and finally form a benign or malignant

tumor. This indicates that tumor cells have sophisticated mechanisms to

protect themselves against immune attack of the host. In the present work

we studied mechanisms that are involved in the human tumor cell resistance

to attack by complement.

It was observed that the human G361 melanoma cells were efficiently

protected against C-mediated lysis by CD59, the main membrane-bound

inhibitor of C lysis. The G361 cells also served as a tumor cell target in an in

vitro-model system mimicking an environment containing tumor cells,

endothelial cells and erythrocytes (Fig. 6). Complement was activated on

the surface of melanoma cells by the anti-GD3-ganglioside R24 mAb. When

the protective cell surface CD59 molecules were first neutralized with a

biotinylated, CD59-neutralizing mAb, the G361 cells became sensitive to C.

In our model it was possible to successfully kill tumor cells in vitro without

substantially damaging the normal bystander cells (erythrocytes and EA.hy

926 endothelial-like cells). This demonstrates the importance of membrane

C regulators as an obstacle when future immunotherapy treatments are

planned.

The expression of membrane-bound regulators MCP, DAF and CD59 was

studied on human glioma cells. Based on the results it was concluded that

CD59 is the most prominent membrane-bound C regulator on these cells.

However, out of seven glioma cell lines studied, five were resistant against

C lysis, even after the neutralization of CD59. The most resistant cell line,

H2, remained undamaged even after all the three membrane regulators
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(MCP, DAF and CD59) were neutralized at the same time. A possible

explanation emerged when it was found out that the H2 cells constitutively

produced and bound FH, the most important soluble inhibitor of the

alternative pathway (AP) of C. The neutralization of FH enhanced the C-

mediated killing of H2 cells. In addition, the H2 cells produced also FHL-1, a

FH-related soluble C inhibitor. Also two ovarian tumor cell lines, SK-OV-3

and Caov-3, constitutively produced FH and FHL-1, proteins that normally

are produced by liver cells. Compared to the amounts of FH and FHL-1 in

NHS, the relative concentrations of FH, and especially of FHL-1, were clearly

elevated in ascites samples of ovarian cancer patients. In addition, these

proteins were abundantly present in the primary tumors of patients with

ovarian cancer. Since also urinary bladder cancer cells have been shown to

produce FH and FHL-1 (159, 161), it seems evident that this is a novel

tumor cell C-resistance mechanism utilized by some, but not by all, tumor

cell types. Moreover, it was observed that PA-1 and SW626 tumor cells

expressed and secreted a soluble form of MCP.

To selectively kill tumor cells with C, two main conditions must be fulfilled:

the tumor cells expressing tumor antigens must be recognized with specific

mAbs, and the C resistance of the cells must be overcome.     In clinical mAb-

therapy the targeted neutralization, or cytokine-mediated downregulation

of C inhibitors could be a possible approach. After neutralization of C

inhibitors the tumor cells could probably be eliminated with smaller amounts

of anti-tumor mAbs. This would reduce possible harmful side effects of

high-dose mAb therapy. Certainly, new tumor-specific antigens can still be

found and more specific and sophisticated mAbs can be generated. The

utilization of the C system could be especially beneficial for mAb-mediated

immunotherapy against appropriate tumor types, such as non-Hodgkin’s

lymphomas.
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In conclusion, this study has demonstrated that because of C regulators,

the cultured tumor cells were well protected against C attack. Human tumor

cells resisted C attack by expressing both membrane-bound (MCP, DAF and

CD59) and soluble regulators (FH and FHL-1). When more sophisticated

forms of immunotherapy are developed, it is necessary to understand the

mechanisms that protect human tumor cells against immune attack.

7 Summary and conclusions
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