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Abstract

During infection with bacteria exogenous and endogenous mediators combine to form a complex network.

Although the biological activities of individual pro-inflammatory agonists are well characTerized, there is

an incomplete understanding of the interactions between different mediators.

In order to expand the knowledge of mediator-interactions this thesis examines different aspects

of 'cross-talk' between bacterial lipopolysaccharide (LPS) and tumour necrosis factor-alpha (TNF-o) ln

vitro in relation to the respiratory epithelium, vascular endothelium, monocytes/macrophages and

neutrophils.

Monocytes and macrophages responded to co-stimulation with LPS and TNF-cr with an increased

production of proinflammatory cytokines. Neutrophils were primed by pretreatment with TNF-cr for an

enhanced LPS-induced respiratory burst, and also showed a synergistic increase in their adhesive

properties. Human umbilical vein vascular endothelial cells (HUVEC) responded with the synergistic

upregulation of the adhesion molecules E-selectin, ICAM-1 and VCAM-i when treated with TNF-o and

LPS. In a human alveolar type II respiratory epithelial cell line (4549) TNF-cr upregulated the expression

of the adhesion molecule ICAM-I, whereas LPS had no effect. However, in concert with IFN-1 or a

cocktail of cytokines (IL-1Þ, TNF-cr and IFN-y) LPS had an enhancing effect on ICAM-l upregulation.

The mechanisms of the synergistic effects of LPS and TNF-a were investigated.The LPS receptor

CDI4 on the surface of neutrophils was upregulated by TNF-c, which correlated with an increase in LPS-

binding, possibly at least in part accounting for the priming effect by TNF-c. fng4netV, while it is

believed that endothelial cells are CD14-negative our studies showed that these cell express CD14.

Expression of CD14 on HUVEC could be modulated and was dependent on protein synthesis. The

incorporation of radioactive amino acid into CD14 confirmed itto be of endothelial origin. Furtherwork

was carried outto determine why CDl4 hadnotbeen detected previously. Functional studies revealedthat

cell-associated CD14 is required for LPS-induced endothelial cell activation, while serum factors act as

enhancers. CD14 was detected on the A549 and 16HBE14o- respiratory epithelial cell lines, which also

had not been previously described. However, because these cells a.re relatively insensitive to LPS, and the

binding of LPS to these cells is CD14-independent, the relevance of this finding is not yet clear.

To understand how the synergism between LPS and TNF-c¿ may operate, the intracellular

signalling pathways stimulated by these mediators were examined in detail in HUVEC. Synergism

between the two pathways was found to be due to increased transcription. Enhanced activation of the

transcription factor NF-rIì and, to a lesser extent, the MAP-kinases p38 and JNK were demonstrated.

This thesis has contributed to the knowledge of how thegggftge-cytokine network operates

by demonstrating how two major proinflammatory mediators interact in modulating the inflammatory

response. Furthermore the discovery of CD14 expression on endothelial cells not only provides greater

insight in the pathogenesis of bacterial infection, sepsis and perhaps atherosclerosis, it is also likely to

influence the future development of new treatment strategies for those conditions.
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1.1 GENERAL INTRODUCTION

Encounters of host tissues with microorganisms such as bacteria result in a wide range of host

responses aimed at elimination of the microorganism. These protective host responses are generally

referred to as 'inflammation'. The classical manifestations of inflammation have been recognized for

at least 2000 years. In his famous scripts De medicinø the Roman doctor Aulus Comelius Celcus

(30B.C.-3SA.D.) described the four cardinal signs and symptoms of rubor (redness), tumor (swelling),

calor (warmth) and dolor (pain). The correlates of these manifestations are dilatation of arterioles,

capillaries and venules, increased blood flow, increased vascular permeability with extravasation of

fluid and plasma proteins, enhanced migration of leukocytes to the site of the inflammation and the

initation of type C nociceptive nerve fibres.

Although inflammation can occur in response to foreign bodies and malignant tumours, the

majority of inflammatory responses are due to invasion by microorganisms such as viruses, fungi,

protozoa and bacteria. The latter and especially immuno-active mediators originating from bacteria are

a main focus of this thesis.

The innate immune system serves as an immediate protection against invading bacteria and is

the phylogenetically oldest part of the immune response of higher organisms (Fearon et al., 1996). Its

role is to rapidly recognize and inactivate infectious agents (0-4h), and promote the development of

the adaptive immune response (Diagram 1-1). Its importance is evident by the fact it has been

conserved over the evolutionary period. For example, the IL-l receptor and its numerous receptor-

associated signalling molecules show significant homology with molecules in Drosophila

melanogaster (Gay etal.,l99l1' Chaudhary et al., 1998; O'Neill et al., 1998; Kopp et al., 1999). The

serum factors which bind LPS, LBP and CD14, are also highly conserved across different species

(Grünwald, 1993).
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Removal

of the

infectiousby preformed

and T cells

Recognition

B

Protective

lmmunity

lmmunological

memory

Diagram 1-1: Synopsis of the immune responses to infectious agents. A. Innate immune response. There are

three initial phases of acute infection during which the innate immune system facilitates immediate recognition
of microorganisms, but also induces recruitment of effector cells. These facilitate late adaptive responses through
macrophages presenting antigen to T cells. B. Protective immunity, including immunolocigal memory.

Bacteria usually invade their host via the mucosal surfaces of the respiratory, urogenital or

gastrointestinal tracts, although hair follicles and breeches in the skin can also facilitate the entry of

bacteria into the body. The classifications of different types of bacteria are at times confusing because

they are largely derived historically. The nomenclature is based on such diverse criteria as histological

staining patterns, culture conditions, virulence, surface antigens, size and shapes of light-

microscopical appearance, or the diseases caused by these pathogens. Throughout this thesis bacteria

shall be classified by their behaviour with gram staining, a technique first described by Christian Gram

in 1884. Bacteria are stained with crystal violet, iodine solution, alcohol and safranin. Gram positive

organisms retain the violet colour and appear blue, whereas gram negative organisms lose the crystal

violet and counter-stain pink with safranin. This is most likely due to the fact that gram negative

bacteria have a thinner cell wall with a higher lipid content than gram-positive organisms. The

differences in cell wall structure between gram-positive and gram-negative bacteria are illustrated in

Diagram 1-2. A list of the major gram-negative bacteria and the typical illnesses they cause is

provided in Table 1-1.

infectious

Removal

of the

B and T cells

Recognition

by memory

Rapid

Expansion +

Differentiatio



Chapter I Introduction 4

A

WACell
I Cytoplasmatic

membrane

B
Outer membrane

Peptidoglycan layer

Cytoplasmatic

membrane

Diagram 1-2: Schematic interpretation of the structure of the cell walls of A. gram-positive and B. gram-
negative bacteri4 based on electron microscopic observations.

Table 1-1: Gram-negative bacteria and the illnesses they typically cause.

Gram-negative Bacteria Disease

walCell
I

P seudomonas aeruginos a

Haemophilus influenzae

Bordetella pertussis

Klebsiella pneumoniae

Moraxella catqnhalis

Le gi one lla pneumophilia

Mycopløsma pneumoniae

Clømydiø trachomatis

Clamydia psittøci

Escherichia coli

Yersinia pestis

Proteus mirqbilis

Neisseriq meningitides

Neisseriq gonoruhoeae

Vibrio cholerae

Enterobacter

Serratia marcescence

Pneumonia, bronchitis

Bronchitis, Pneumonia, Otitis media, meningitis

Whooping cough

Pneumonia, lung abscesses

Bronchitis

Legionaire's disease, pneumonia

Pneumonia

Trachoma

Psittacosis

Urinary tract infection, HUS

Plague, pneumonia

Urinary tract infection

Meningitis, rWaterhouse-Friedrichsen Syndrome

Gonorrhoea

Cholera

Dysentry

Urinary tract infection
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Ric ket ts i a pr ow aze c ki i

Salmonella typhi

Salmonella typhimurium

Shigella

Campylobacter jejuni

Rocky Mountain Spotted Fever

Typhoid

Dysentry

Dysentry

Dysentry

"edh

Following host invasion bacteria either penetrate tissues locally or disseminate to distant tissues via

the blood stream (bacteriaemia). Bacteria initiate inflammation by releasing exotoxins which can

activate or kill host cells. In addition damage to bacteria generates components such as endotoxins,

most of which are powerful inducers of inflammation. Contact with endotoxins, exotoxins or whole

bacteria leads to a multitude of responses in eukariotic cells (Diagram l-3).

lntact bacterium

- lnner cytoplasmatic membrane

- Solid membrane, e.g.peptidoglycan

- Outer membrane (LPS)

Macrophage

TNF-a

tL-'l

I L-6

PAF

NO, etc

l

Lymphocyte

- Release of lL-2,

lFN1, GM-CSF
Neutrophil

- Activation
- Degranulation

- Oxygen radicals

- Proteases
Mast cell

- Histamine

Endothelial cell activation and damage

- lncreased adhesive properties

- Extravasation of plasma and proteins

- Vasodilatation, hypotension, shock

- Activation of coagulation factors

lL-1 
--+> 

Fever

Platelets

- Activation

- Aggregation
- Histamine

Activation of:

- Contact
- Complement

- Coagulation
Metabolites of AA

- Prostaglandins

- Leukotrienes
- Thromboxane A2

Diagram l-3: Schematic simplified synopsis of the effects of bacteria and their toxins on the host immune
system.
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Activated leukocytes release a wide variety of substances, which are directly harmful to bacteria, such

as oxygen-derived reactive species and proteolylic enzymes. Additionally, leukocytes produce

cytokines (Greek: KÐros, cell; rtvetv, to move), small messenger molecules which recruit leukocytes

to the inflammatory site and which stimulate resident cells to produce inflammatory mediators in a
concefted effort to destroy bacteria.

Other groups of mediators include vaso-active substances, comprised of metabolites of the cell

membrane lipid, arachidonic acid (AA), such as thromboxane A2, prostaglandins and leukotrienes.

Histamine, which is secreted by platelets and mast cells, is also a very powerful vasodilator. The

complement system comprises a group of inactive proteins, which upon activation by toxins in turn

activate and amplify each other in a cascade-like manner. This leads to the formation of large

molecules called membrane attack complexes (MAC), which bind to bacteria and destroy them by

causing breeches in the integrity of their cell wall. Another protein system is contact, which induces

margination and activation of leukocytes, and the coagulation cascade.

All mediators described above, exogenous (derived from the microorganism) as well as

endogenous (derived from host cells), form a complex network. There is 'cross-talk' between

mediators, for example cytokines interact with complement, leukotrienes, and platelet activating factor

(PAF). Also, one inflammatory agent can stimulate the production of other mediators, leading to

additive effects, and, sometimes to responses much stronger than the sum of the individual stimuli, a

phenomenon known as 'synergism'. Another interaction between proinflammatory substances is

described as 'priming'. During priming the initial mediator does not elicit an obvious cellular

response. However, it alters the target cell in such a fashion that this cell displays a much greater than

anticipated response to a second stimulus. In contrast, some mediators can inhibit inflammatory

responses, for example the T-cell derived cytokines IL-4, IL-10 and TGF-p downregulate the activity

of macrophages (Goerdt er a1.,1999).

Inflammatory agents which recruit leukocytes usually also activate barrier cells such as

endothelium and epithelia to enable adhesion of those inflammatory cells and facilitate their

transmigration into tissues (Huber et al., 1991). Cytokines, such as IL-l,IL-6 and TNF-c, are known

to stimulate the liver to increase its production of acute phase proteins.

Occasionally microbes resist elimination, either because the organisms have adapted to the

defenses of the innate immune system and withstand killing by persisting inside macrophages (e.g. in

tuberculosis), or because the host has a deficiency in one of the components of the innate immune

response (e.g. inability to synthesize oxygen radicals in chronic granulomatous disease). This often

leads to chronic infection with chronic inflammation and characteristically macrophages accumulate in

the centre of such focus, some will become confluent to form giant cells. Such formations, where

macrophages are typically surrounded by activated lymphocytes, are called 'granuloma'.

6
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I.2 CELLS INVOLVED IN THE INFLAMMATORY RESPONSE

1.2.1 Inflammatoryleukocytes

There are many different types of inflammatory responses. The characteristic differences between

these types is usually related to the cell types recruited at inflammatory foci. The type of
microorganism invading tissue may dictate the characteristics of the inflammatory response. For

example in acute inflammation and pyogenic infections neutrophils predominate. In contrast in

chronic inflammation one usually encounters mononuclear infiltrates, such as T lymphocytes and

macrophages which respond to intracellular parasites such as Listeria and mycobacteria. There are also

inflammatory reactions in which eosinophils or basophils are the characteristic cell type, for example

in helminthic infestation. The two cell types of interest in this thesis were monocytes/macrophages and

neutrophils.

1.2.1.1 Monocytes and møcrophages

Monocytes originate from bone marrow stem cells. They differentiate via myeloid precursor cells into

pro-monocytes and migrate into the blood as monocytes. Blood monocytes settle in tissues to

differentiate into macrophages, which constitute a major part of the innate immune system. The

functions of monocytes and macrophages are summarizedin Diagram 1-4.

Regulation of

T and B cells Modulation of
coagulation and
f ibrinolysis

activity

Scavenging of
Regulation of

haematopoesis
apoptotic cells

- 
Regulation of cell

Anti-tumour

Detoxification and
waste storag e ã

Protection against

bacteria, viruses,

protozoa

prolif eration

Secretion of proteases

ulation of

Lipid metabolism

Regulation of inflammation
by production of
inf lammatory mediators

Diagram 1-4: Synopsis of the diverse functions of monocytes and macrophages

Although macrophages are found in all tissues (peritoneum, liver, spleen, lymph nodes) they are

particularly concentrated in the lung (alveolar macrophages and resident tissue macrophages).

Macrophages are long-lived cells, which are specialized in providing immunity against bacteria,



Chapter I Introduction

viruses and protozoa capable of living within host cells. Resident macrophages are quiescent cells,

however, they can be rapidly activated by inflammatory stimuli to become inflammatory

macrophages. Phagocytosed organisms are killed by activated macrophages in various ways, through

reactive oxygen intermediates, reactive nitrogen intermediates or by the secretion of enzymes, such as

acid proteases, cathepsin, arginase and lysozyme. Apart frorn phagocytosis and killing of
microorganisms and tumour cells, other important functions of activated macrophages are antigen

presentation to MHC class Il-restricted T-cells and B-cells and the production of cytokines, such as

IL-1, TNF-cr, IL-6, IL-8, IFN-1 and GM-CSF.

The secretory products of macrophages are essential contributions to the acute phase of the

inflammatory process, macrophages are known to produce over one hundred defined molecular

products. The ultrastructure of macrophages is indicative of their secretory ability. Mononuclear

phagocytes possess abundant cytoplasm with large numbers of mitochondria, pinosomes, lysosomes

and Golgi zones. The cytoplasm features a well-organized cytoskeleton of actin filaments and

microtubules. V/ith activation and maturation of the cell the number of these organelles increases.

1.1.1,2 Neutroplrìls

Neutrophils like rnonocytes originate from bone marrow stem cells. They are abundant in blood and

normally not found in tissues except foci of inflammation. The number of neutrophils in the normal

lung is about three times the circulating pool. The majority of these cells are marginated (travel near

the vessel wall at reduced velocity) and located mainly in the alveolar capillaries (Gee et al., 1993). In

contrast to macrophages, neutrophils are short-lived cells. Once they leave the bone marrow they

survive only three to four days. Neutrophils are the early response unit of the innate immune system

(Lloyd et al., 1992). They rapidly migrate to areas of infection, under the influence of
chemoattractants such as IL-B and enhanced by local upregulation of adhesion molecules (Kuijpers et

al., 1992; Shall et al., 1994) (Diagram 1-5).

Rolling Adhesion

8

Vessel lumen

Tissue

: . "' Diapedesis

E-selecti

Diagram l-5: Simplified sketch of a neutrophil migrating through the endothelium (EC). Neutrophil surface
CD15 (Sialyl-Lewis X) makes contact with E-selectin on endothelial cells (rolling). Engagement of neutrophil
CDllb/CD18 with ICAM-1 leads to adhesion and diapedesis. Finally, the neutrophil migrates to the site of
inflammation driven by chemotactic factors.
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Neutrophils phagocytose and kill many different types of microorganisms. Like macrophages,

neutrophils possess a number of bactericidal substances including proteases, acidifying enzymes, and

reactive oxygen and nitrogen intermediates. They also secret anti-microbial peptides, such as

bactericidal permeability-inducing peptide (BPI) and defensins. Other proteins of neutrophil origin

such as lactoferrin, a chelator of iron and Vitamin 812, inhibit pathogens by means of binding these

important microbial nutrients. All these antimicrobial agents are stored in cytoplasmatic granules

(Sengelov et al., 1995). Upon activation of the cell the membrane enclosing those granules either fuses

with the cell membrane (exocytosis) or with the membrane of a phagolysosome. Neutrophils possess

two types of granules, azurophilic and specific, which can be mobilized independently (Wright et al.,

1977). The contents of azurophilic and specific granules are summarizedinTable l-2.

Table 1-2: Contents of neutrophil granules

Azurophilic granules Specific granules

9

Myeloperoxidase (a haeme-protein)

Lysozyme and lysozyme proteins

BPr (CAP 57)

Defensins (small, cysteine-rich proteins)

Elastase

Cathepsin G

Proteinase 3

Azurocidin (CAP 37)

B-glycerophosphatase

B-glucoronidase

N-Acetyl- B-glucosaminidase

Vitamin Bl2 binding proteins

Lysozyme

Collagenase

Gelatinase

Lactoferrin

Plasminogen activator

Histaminase

Cytochrome b55s

B2 microglobulin

Receptors

- fMlP-receptor

- Laminin

- cDl lb/cDl8 (cR3)

- Vitronectin

cx,-Mannosidase

Cathepsin B

Cathepsin D

CDI4

The notion that neutrophils cannot synthesize and secrete cytokines has been challenged. When

stimulated with TNF-cr, LPS or IL-lP, PMN produced significant quantities of IL-8 (Strieter et al.,

1992). V/hile the primary function of the neutrophil is microbial killing the cells can cause injury to

host tissues in certain pathophysiological situations (Fukahori eTal.,1997)'

The generation of oxygen-derived reactive species (ODRS) is referred to as the 'respiratory

burst'. This is one of the key mechanisms for intracellular killing of pathogens by leukocytes (Babior

et al., 1972). The respiratory burst is a metabolic process of generating oxygen radicals by electron

donation and enzymatic change, initiated by the intracellular nicotinamide-adenine dinucleotide

(NADPH) oxidase complex. NADPH oxidase consists of two membrane-associated components,
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cytochrome b553 and the flavocytochrome FAD, and four cytosolic components, p47pl'o , p67Pho*,

p40p¡o* (phox, phagocyte oxidase), and the GTP-binding protein tac2 (Diagram 1-6).

o2

Extracellular compartment

Cytosol

NADPH

NADP*

Diagram l-6: Schematic representation of the NADPH oxidase complex. The heterodimeric flavoprotein
(comprising cytochrome bssr and the flavocytochrome FAD) is found in the cell membrane. The 3 other
components (p4O-phox, p47-phox and p67-phox) reside in the cytosol if the cell is inactive, but get translocated
to the flavoprotein complex upon cell activation. Activation of the complex also involves a small G protein, rac

2. (phox,phagocyteoxidase;NADP,nicotinamide-di-phosphate)

In response to activation of the neutrophil several kinases are able to phosphorylate the cytosolic

components, which aggregale and translocate to the membrane. Rac 2 is also translocated to the

membrane complex, which upon completion effects a conformational change in cytochrome bsss. This

facilitates the extraction of electrons from NADPH and their transfer to oxygen via FAD (Hancock,

1997). The first product of this enzyme complex, generated within 30-60 minutes after cell activation,

is superoxide (Oz- ), which is unstable and relatively impotent in terms of microbial killing.

Superoxide dismutase (SOD) catalyzes the reaction of superoxide to hydrogen peroxide (HzOz), which

is more cytotoxic than Oz-. The myeloperoxidase-chloride system generates hypochlorous acid

(HOCI), which is the most toxic product of the respiratory burst. Other ODRS are the hydroxyl radical

(HO') and singlet oxygen (Oz-' ), both of which are not likely to be of major importance in vivo,

because they are not formed in significant quantities and the kinetics of the reactions generating them

o2

p40-phox

p67-phox

rac
p47-phox

Cytochrome

buuu

FAD
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are relatively slow. The chemical reactions leading to the formation of ODRS are summarized in Table

r-3

Table 1-3: The main reactions producing ODRS in the neutrophil respiratory burst

NADPH + 2Oz 2 C'2- 
'+ NADP* + H*

SOD

2 C'2- + 2H+ H2O2 + 02

cl +H2o2+H+
Myeloperoxidase

-) HOCI + H2O

ODRS cleave hydrogen atoms from polyunsaturated fatty acids and cleave oxygen-oxygen bonds.

This lipid peroxidation destroys lipid bilayers of cell membranes and causes calcium influx in

concentrations which are toxic to cells. Amongst other effects calcium activates proteases, which

cleave actin-binding proteins, thus eliminating the plasma membrane anchor for the cytoskeleton,

causing visible "blebbing" of the cell surfaces (Doelman et al., 1990).

1.L.2 Local tissue cells

Cells forming barriers, such as epithelial cells and endothelial cells play an imporlant role in the

inflammatory reaction. However, structural cells such as fibroblasts, smooth muscle cells and

chondrocytes may also be involved in inflammation.

1.1.2.1 Epìthelial cells

Epithelial cells, lining the skin, the gastro-intestinal tract, uro-genital tract and the respiratory system,

are often the first point of encounter with bacterial organisms and can express adhesion molecules

attracting leukocytes to the site of bacterial intrusion (Henderson et al., 1996). Epithelial cells can act

as antigen presenting cells and secrete cytokines to recruit leukocytes or to activate leukocytes already

atthe area of inflammation (Simon et al., 1995). Finally, they can secrete substances directly harmful

to bacteria, for example HCI in the stomach, cryptidins in the small intestine and surfactant, which has

direct bactericidal effects in the airway.

Respiratory epithelial cells are unique since they have been reported to be the only nucleated

cells which are hyposensitive or insensitive to bacterial lipopolysaccharide (LPS). However, some

published data contradicts that observation (Table l-4).

NADPH oxidase

--)

+
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Table 1-4: Reports on the effects of LPS on respiratory epithelial cells.

No effect on: Reference Claimed effect on: Reference

MCP-1 production

IL-8 production

Standiford et al., l99l

Standiford et al., 1990
Nakamura et al., l99l
Pugin et al.,1993

Keicho et al., 799'7

1 IL-8 production

1 ICAM-l expression

1 IL-6 production

Keicho eI al., 1997
Khair et a1.,1994,1996

Khair et a1.,1994,1996

Khair et a1.,1994

ICAM-1 expression

IL-6 production Crestani etal.,1994
Wang et a1.,1999

IL-l p production

TNF-cr production

Wang et a1.,1999

Wang et a1.,1999 1 TNF-a production Khair et a1.,1994

1.1.2.2 En¡lothelial cells

The endothelium is a specialized tissue forming a barrier between blood and extravascular

compartments. Endothelial cells (EC) are thin cells with a large surface area, and their cytoplasm is

rich in organelles and storage vesicles. They form a monolayer and are joined together by tight

junctions. It has been estimated that the surface area of the entire vascular bed in an average-sized

adult is about 1000m' 1Jaffe, 1985). Like epithelial cells vascular endothelial cells increase their

adhesive properties upon activation, but also produce pro-coagulatory and vaso-active substances.

When damaged endothelial cells can not maintain their tight junctions with neighbouring endothelial

cells resulting in extravasation of plasma fluid and plasma proteins. If this occurs systemically rather

than locally, the loss of intravascular volume can lead to hypotension, shock and death (eg.

anaphylactic shock).

Endothelial cells interact with leukocytes via surface adhesion molecules, which they either

express constituitively or synthesize and then express upon activation (Lo et al., 1989; Horwitz, 1997).

The main adhesion molecules are intercellular adhesion molecule 1 (ICAM-l), E-selectin and vascular

cell adheion molecule 1 (VCAM-1). These molecules have corresponding ligands on the leukocytes

surface (Diagram l-7).
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Diagram l-7: Adhesion molecules on endothelial cells and their interaction with different leukocytes. This
sketch summarizes the interactions of the endothelial adhesion molecules E-selectin, ICAM-1, VCAM-1 with
their corresponding ligands on neutrophils, T-lymphocytes and monocytes (adapted and modified from Springer,
1990 and Gamble ef al., 1992).

1.2 MICROBIAL TOXINS (EXOGENOUS MEDIATORS) AND THEIR EFFECTS ON

HOST CELLS

Microbes and their products can interact directly with and cause changes to host cells. Microbes bind

to local cells such as epithelial or endothelial cells, leading to activation and often invasion of the

target cell, in most instances resulting in target cell damage or death. Death or damage of barrier cells

result in a breech of this barrier, facilitating further invasion by microorganisms. Exo- and endotoxins

bind to specific receptors on target cells (Walmrath et a1., 1994). Direct effects of toxins are exerted

through receptors or by entering cells and interfering with vital cell functions such as protein

synthesis. On the other hand toxins and microorganisms stimulate the release of mediators by host

cells. For example, macrophages produce TNF-crand IL-l when challenged by microbes or microbial

toxins. TNF-o¿ and IL-1 in turn lead to the production and release of further cytokines and to the

activation of local and inflammatory cells. Because of the numerous ways of modifoing the cytokine

network bacterial mediators have been dubbed'bacteriokines'(Henderson et al., 1995). Some of the

bacterial interactions with the immune system are summarizedin Table 1-5.
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Table 1-5: Interactions of bacteria with the cytokine network.

Type of interaction Example

Cytokine synthesis

Functional molecular mimicry

Cytokine degradation

Suppression of cytokine synthesis
or activity

Induction of cytokine receptor
release and shedding

Increase of growth and
proliferation of bacteria by
cytokines

Bacteria or toxins activate macrophages to produce TNF-a and IL-l

Streptococcal pyrogenic exotoxin B (SPE B), a cystein protease
mimicking ICE, leads to an IL-18 derivative which has biological
activity.
Bacterial proteases can digest and inactivate cytokines.

The ADP-ribosylating toxin of Pseudomonas aeruginosa, Exotoxin A,
inhibits the synthesis of IL-14, IL-lÊ, TNF-o and INF-y by
phytohaemagglutinin- or S. aureus stimulated human monocytes.

Proteases from S. aureus, P. aeruginosa, L. monocytogenes and S.

mqrcescens have been shown to release the IL-6 receptor from human
monocytes.

M.tuberculosis and M. avium can be proliferated with EGF via an EGF
receptor. Intracellular growth of M.tuberculosis in macrophages is

stimulated by TNF-o and TGF-p. E.coli, Salmonella typhimurium and
ShigellaflexneribindTNF-cr, and E. coli binds IL-1.

There are a large number of microbial toxins, which can have important actions on host cells during

infections. The main toxins and their effects are listed in Table 1-6 below.

Table 1-6: Microbial product and their effects on host cells.

Microbialproduct Effect

Exotoxins

Pseudomonas
exotoxin (PE) A

Diphteria toxin (DT)

Haemolysin

Listeriolysin

Toxin B

PE-A is a 66 kD three-domain bacterial polypeptide toxin. Domain I is responsible
for receptor binding, domain II plays a role in translocation and domain III contains
an ADP-ribosylating activity. The toxin binds to a specif,rc receptor on mammalian
cells, a 300-400kDa glycoprotein, now identified to be the cr2-macroglobulin/low
density lipoprotein receptor. Binding is followed by internalization via coated pits
into the endosome compartment. PE hydrolyses NAD and transfers the ADPribose
moiety to elongation lactor 2 (EF-2). Modified this way EF-2 can no longer participate
in the synthesis of new protein. The inactivation of EF-2 is lethal for the cell.

DT acts very similar to PE. At non-toxic concentrations (less than 0.1-l0pg/m1) it
depresses immune responses, for example it reduces the production of TNFa, TNF-ß,
IFN-y,IL-lo and IL-18.

Haemolysin of E. coli causes the release but not the synthesis of IL-18.

Listeriolysin, a 58kDa thiol-activated haemolysin of L. monocytogenes causes IL-1
production by macrophages.

Toxin B (Ctostridium dfficile), a2ígkDaprotein increases IL-1, IL-6 and TNF-
cr synthesis in macrophages.

Pneumolysin of S.pneumonlae (pneumococcus) leads to IL-18 and TNF-cr production.

Pneumolysin is 200 times as potent as LPS.
Shiga-like toxin type I induces release of IL-la, IL-18 and TNF-a in macrophages.

Pneumolysin
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Pertussis toxin
Teichoic acids

Lipoarabinomannan
(LAM), lipomannan
(LM) and
phosphatidylinositol
mannosides (PIM)

Heat shock proteins
(HSP)

Protein A

Peptidoglycans

Lipid A-associated
Proteins (LAP)

Porins

Pili and Fimbriae

Surface-Associated
Material (SAM)

Lipoproteins (OspA
and OspB)

Bacterial
Superantigens

Proteases

Bacterial
lipopolysaccharide
(LPS), endotoxin

Pertussis toxin of.B. pertussis increases IL-4 production and upregulates IgE responses.

These are endotoxins derived from the cell wall of gram-positive bacteria cause TNF-
cx, IL-l,IL-6 and IL-8 production in monocytes.

These substances are major cell wall constituents of mycobacleria, they make up up

Io 1.5%o of their dry mass. These molecules are regarded as the mycobacterial
equivalent of LPS. LAM induces human monocytes to produce TNF-cx, IL-lcr and B,

IL-6, IL-8, IL-10 and GM-CSF. A cellular receptor has not been identified, however,
LAM-induced effects on human monocytes are inhibited by anti-CD14 mab'

HSP are generated by bacteria in response to heat and induce cytokine production.

A 65kDa HSP of M leprae induced synthesis of mRNA for TNF-a in human

monocytes. HSP can also cause release of IL-1cr, IL-lÊ, IL-6, IL-8 and GM-CSF
from macrophages.

Protein A is a 42kDa surface protein from s. auresß, it mimics Fc and stimulates
monocytes to release IL-1,lL-4, IL-6, TNF-a and IFN-y.

Peptidoglycans induce IL-10, IL-6 and G-CSF production from monocytes.
Anti CDl4 mab are able to block peptidoglycan-induced cytokine release.

These proteins have IL-1-like activity and induce the acute phase reactant sqrum

amyloid A (sAA). The active compound of LAP is about l7 kDa in size. LAP are

several log orders more potent than LPS. A receptor for LAP has not yet been

identified. LAP are very stable, resists boiling for 30 minutes and exposure to trypsin
or pronase for 24 hours at3'70C.

Porins originate from the cell wall of gram negative bacteria, they are -l00kDa in size,

2x105 molecules per bacterium. They form trimers with a central pore of 1nm in
diameter. Porins induce IL-l,lL-4,IL-6, IL-8, TNFc, GM-CSF and IFN-y production

by macrophages. PMN and endothelium are stimulated to release PAF.

Pili and Fimbriae consist of a hydrophobic protein called pilin. It is found mainly on

gram-negative bacteria with the exception of streptococci and actinomycetes. These

mediators stimulate monocyte IL-l and IL-6 production.

Gentle saline extraction of a number of gram-positive bacteria yields a protein fraction
which stimulates macrophages to produce IL-6,LL-l,IL-8 and TNF-cx.

These agents originate ftom Borrelia burgdorferi, a spirochaete, which is the causative

agent of Lyme disease. OspA and OspB stimulate IL-6 and TNF-a production by
macrophages. In multicentre double-blind randomised trials (21,241 human subjects)

there was 68Yo efficacy in preventing Lyme disease after the initial two injections and

92Yo af\er a third "booster" injection.

These are alarge family of bacterial exotoxins which activate significant proportions
of T-lymphocytes. They are mainly found in Staphylococci and Streptococci, but

also in Y. enterocolitica and P. aeruginosa. Their structure is that of simple'
nonglycosylated proteins. Superantigens bind directly to MHC class II molecules,
bypassing antigen presenting cells. They then activate tyrosine kinase phosphorylation
which increases TNF-cr and IL-1 production. There are repofts of synergism of
superantigens with endotoxins. Interestingly, different superantigens have little if any

amino acid sequence similarity, but share many three-dimensional structural features

explaining their similar biological activity.

Exotoxin B is a cysteine protease from S. pyogenes which produces a biologically
active IL-l like protein. Proteases of P.aeruginosa and L. pneumophilia inaclivatelL-
2, TNF-a and IFN-y. The latter also cleaves CD14.

LPS or endotoxin, is a major component of the cell wall of gram-negative bacteria with
high biologic activity. LPS is dealt with in more detail in the following section.
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1.3 BACTERIALLIPOPOLYSACCHARIDE(LPS)

1.4.1 History

The beginnings of research into bacterial lipopolysaccharide date back to 1874, when Peter L Pannum,

Professor of Physiology and Pathology at Kiel University (Germany) published his work

characterizing a "putrid poison", partially purified from decaying flesh and fish. He described a

substance presumed to be of bacterial origin, which was resistant to heat and fermentation, non-

volatile and lethal to dogs at a dose of 12mg. The term 'endotoxin' was first used in 1892 by Richard

Pfeiffer, a co-worker of Robert Koch in Berlin. Only in the late 1940s did Westphal and Luederitz

manage to purify endotoxin using the hot phenol water extraction to yield a protein-free, highly toxic

substance, which consisted only of carbohydrates, phosphorus and fatty acid. They named this

substance lipopolysaccharide (Westphal et al., 1952). The mechanisms by which LPS was exerting its

biological effects were not unravelled until recently (Ulevitch eI a1.,1'994).

Lipopolysaccharide is found in the outer leaflet of the cell wall of gram negative organisms

and enhances the flexibility of the bacterial cell membrane. It is probably impoftant for bacterial

replication and is thought to provide a survival advantage to the bacteria by making the cell membrane

less permeable (Rietschel et al., 1992). Each bacterial cell possesses - 3-4 million LPS molecules,

which cover -75o/o of the cell wall surface.

Gram-negative bacteria and therefore LPS are ubiquitous in the environment. Especially high

concentrations are encountered in food processing with health implications for the workforce in these

industries (Rylander, 1 995).

I.4.2 Definitions

Due to the significant biological activity of other products generated by the processing of bacteria and

the increasing confusion caused by inappropriate usage of the terms'endotoxin'and

'lipopolysaccharide', the following definitions have been adopted to clarify the results of scientific

research. The term 'endotoxin' describes products of extraction procedures, which result in

macromolecular complexes of LPS, protein and phospholipids. The term 'lipopolysaccharide' is

reserved for purified bacterial extracts, which are reasonably free of detectable contaminants,

particularly protein (Hitchcock et al., 1986).

1.4.3 Structure of LPS

Lipopolysaccharide has a low solubility and consists of a hydrophobic lipid region called Lipid A, and

a hydrophilic polysaccharide domain (Henderson et al., 1996). The polysaccharide chain consists of

core and O-antigen regions (Diagram 1-84). The O-specific chain contains repeating oligosaccharides

and up to five repeating sugar residues. Different bacteria display large variations in the O-antigen



Chapter 1 Introduction 17

structure, against which the major anti-LPS immune response is directed (Mayeux, 1997). The

structure of the core region is considerably more conserved within gram-negative species (Ulevitch et

al., 1995). Lipid A is a phosphorylated, multiply fatty acid-acylated glucosamine disaccharide that

serves as the anchor of the entire structure in the outer membrane of the bacterial cell wall. Lipid A is

the biologically active part of the molecule (Diagram 1-88).

The three-dimensional structure of the lipid A molecule has been linked to its biological

activity. Cylindrical shapes are non-toxic, cone-shaped lipid A possesses the highest toxicity

(Rietschel et al., 1998). The apparent molecular weight of LPS is 500-1000 kD in micelles, a

disaggregated single molecule is thought to be about 100 kD in size'
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Diagram 1-8: Bacterial lipopolysaccharide. A. General chemical structure of LPS. B. Structure of the

biolðgically active part of LPS, lipid A (8. coti). The term'O-antigen' is derived from German "Qhne Hauch",

no mist, todescribe non-motile Proteus species. In contrast,'H-antigen' , German "Hauch" was usedto describe

motile species of Proteus.
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1,4.4 Biologicalactivity

LPS is a potent stimulator of TNF-cr production by macrophages and has also been shown to have the

ability to prime macrophages and neutrophils for second agonists such as fMLP and TNF-0

(Henderson eta1.,1.996). In animals injection of endotoxin causes rapid sequestration of neutrophils in

the pulmonary vascular bed and shock-like symptoms (Haslett eI a1.,1987). LPS inhalation in healthy

humans increases neutrophils, lymphocytes and fibronectin levels in bronchoalveolar lavage fluid

(Sandström et al., 1992). Nearly all biological effects of LPS can be mimicked by purified Lipid A.

The toxicity of LPS varies from non-toxic (Rhodopseudomonas sphaeroides) To highly toxic

(Diphosphoryl lipid A of E. coli) and all LPS types compete equally for binding sites on the cell

surface. This observation has led to the development of a range of therapeutic agents, ranging from

natural non-toxic LPS to synthetic non-toxic LPS- or lipid A-like compounds. The three-dimensional

structure of Lipid A seems to determine the toxicity of the LPS molecule, the more inverted the higher

the endotoxin activity. Endotoxin activity is assessed by the amoebocyte limulus-lysate assay. LPS is

relatively heat resistant, it withstands boiling for several hours.

Information on the in vivo effects of endotoxin in humans are derived from historical trials

where LPS in high doses was used as an adjuvant agent in the treatment of malignancy (Brues et al.,

\994). These large doses (15,000ng/kg) unfortunately caused shock and disseminated intravascular

coagulat{n. More recently endotoxin was administered to healthy human volunteers in low doses

(SuffíeidiÀi et al., 1989; Martich et al., 1991).In those experiments small amounts of endotoxin' \--,/
(4nglkg) caused an increased cytokine production, increased fibrinolytic activity, a decrease in

systemic vascular resistance and increased capillary permeability (Taveira da Silva et al., 7993; van

Deventer et al., 1990).

1.4.5 LPS serum levels

In healthy human volunteers serum levels of LPS are low, about 1Opg/ml (Martin et al., 1997). In

meningococcal sepsis LPS serum levels range from <25pglml to lgnglml and correlate with organ

failure and death. Others have reported levels in septic patients to be between 100-500pg/ml (Martin et

al., 1994). A strong correlation has been described between detectability of significant amounts of

circulating LPS and outcome in septic patients, leading to the recommendation to introduce a rapid

endotoxin detection kit as a prognostic tool (Kollef eT a1.,1997).

I.4.6 Serum factors

In aqueous solutions LPS forms aggregate micelles or membranes with sheet-like structures of 94Å

thickness because of its lipid properties. LPS is reported to bind to a wide range of serum proteins,

which break up aggregate structures and aid transport of the molecule (Table 1-7).
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Table 1- 7: Serum proteins reported to bind to LPS

Serum protein Reference

Lipoprotein binding protein (LBP)

Soluble CD14 (sCD14)

Free haemoglobin

Albumin

B actericidal/Permeability-inducing

protein (BPI)

Lactoferrin

Lipoproteins

Mac-2-BP

Septin

Tobias et al., 1988

Schütt et a1.,1992

Roth et a1.,1994

Dziarski, 1994

Dentener et al., 1993

Appelmelk e|aI.,1994

Ulevitch et a1.,1979

Yu et al., 1995

Wright etal.,1992

Some of these proteins interact non-specifically with LPS, yet some are facilitating LPS binding to

cells or the removal of LPS from the circulation. LBP and sCD14 are recognized as the main

facilitators of LPS-induced cell activation. LBP is a member of a group of homologous lipid binding

proteins and it binds to LPS in serum via its Lipid A region. LBP then transfers LPS to CD14

(Ulevitch er al., 1999).

LPS can activate cells in the absence of serum. However, 100- to 1000-fold higher

concentrations are required to achieve a comparable effect (Von Asmuth et al., 1993).

1.4.7 Cellular receptors for LPS

During the past two decades theories had been put forward that LPS activates cells simply by

intercalating into the lipid pool of the cell membrane without using any receptor. However, compelling

evidence such as blocking LPS-induced cell activation by monoclonal antibodies against surface

structures or abrogating LPS responses by pre-treatment of cells with trypsin and competitive

inhibition of LPS action by non-toxic LPS molecules, point to the existence of a specific receptor or

receptor-system. Interestingly, such a receptor has not been unequivocally identified to date. The

following molecules have been proposed as LPS receptors (Table 1-8).

Tabte 1-8: Putative cellular receptors for LPS

Membrane protein Evidence for signalling Reference

Albumin

BPI (neutrophil surface)

No

No

Dziarski, 1994

Weersink eI al., 1993
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CDI lalCD18

CD1lb/CD18

CDl lclCDl8

80kD membrane protein

95kDa Scavenger receptor

CDI4

hTLR2

hTLR4

Moesin

Yes

Yes

Yes

Not examined

No

Yes

Yes

Yes

Yes

Ingalls et al., 1998

Wright et a1.,1989; Lo et al., 1989

Ingalls et al., 1995

Schletter et al., 1995

Hampton el al., l99l
Wright et al., 1990

Kirschning et al., 1998, Yang et al., 1998

Medzhitov et al., 7997,Poltorak et al., 1998

Tohme etal.,1999

1.4.8 Summary of the current concept of LPS-induced cell activation

The currently accepted model of LPS-induced activation of cells is that LPS first forms a complex

with LBP in serum and this complex then binds to either mCD14 or to sCD14. CD14 is believed to act

as a lipid transfer protein and pass LPS onto a transmembrane protein capable of initiating signal

transduction.

1.4.9 Fate of LPS in the circulation

LPS is cleared from the circulation via a pathway distinct from that, which leads to signalling (Gegner

et al., 7995; Vasselon et al., 1999). When injected into rats the liver was the found to be the prime site

of accumulation of LPS, where it was taken up by Kupffer cells, neutrophils and hepatocytes

(Freudenbergetal.,lgS4). Inhaled LPS is processed mainly by alveolar macrophages (Keller et al.,

1991). Once taken up by cells LPS is rapidly transported to the Golgi apparatus (Thieblemont et al.,

lggg). Macrophages are the most efficient LPS-detoxif,ing cells (Rutenburg et al., 1960), although

biologically active LPS has been found in macrophages several days after the initial exposure (Duncan

et al., 1984). Neutrophils also detoxify LPS, deacylation by acyloxyacyl hydrolase takes place in the

acidic intracellular compartment (Luchi et al., 1993). After administration to rats it took several weeks

for the LPS to be cleared completely, it was excreted mainly via the faeces (Freudenberg et al., 1984).

1.5 ENDOGENOUS MEDIATORS OF' INFLAMMATION AND PRO-INFLAMMATORY

CYTOKINES.

The term 'cytokine' originates from early observations of the phenomenon of chemotaxis. Cytokines

are small proteins mediating signals between cells. These signals can affect the cell that generates the

cytokine (autocrine), neighbouring cells (paracrine) or distant cells (endocrine). Apart from inducing

migration, cytokines control the function, growth and survival of other cells. The hallmark of

cytokines is pleiotropy (Greek: fiÀttos, full of; rporlos, direction), which must not be mistaken for
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redundancy. Although most cells are capable of producing cytokines they are predominantly secreted

by monocytes/macrophages upon contact with bacterial products. In this thesis we focused on

proinflammatory cytokines only, includinglL-1P, IFN-y, IL-6. However, the emphasis of our studies

was with the most pleiotropic of all cytokines, TNF-cr.

1.5.1 Tumour necrosis factor alpha (TNF-a)

The existence of this factor was first presumed over a century ago by William Coley, who observed,

that sarcoma patients went into remission after suffering incidental gram negative infections (Coley,

1S91). TNF-awas isolated inl975 by Carswell and was later found to be identical to cachectin, a

substance causing nausea, loss of appetite and wasting, initially thought to be a different mediator

(Carswell et al., 197 5; Beutler et al., 1985). TNF-cr is a 17,356 Dalton protein, which oligomerizes to

form trimers (Diagram 1-9).

Diagram 1-9: Structure of TNF-o. Schematic image of the three-dimensional structure of a TNF monomer.

Individual structural elements are labeled according to Eck et al., 1989. (Residues 12-18, a;26-30, a'',36-39, a";
4l-45,b';47-51,b;56-67,c;72-84,d,88-101, e;ll2-125,f;729-138, g; 150-155' h)
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The gene for TNF-cr is located on the shoft arm of chromosome 6 near the HLA-B locus in the MHC-

region. Although macrophages are the major source of TNF-cr, all nucleated cells can produce it. There

are two cellular receptors for TNF-cr, TNF-RI (p55, 55kD) and TNF-R II (p75,75kD) (Aggarwal et

al., 1985). TNF-cr is the most pleiotropic cytokine known and it has a wide range of biological actions

as listed in Table 1-9.

Table 1-9: Biological effects of TNF-ct.

Supression of anticoagulant properties of endothelium

Increase in adhesive properties ofleukocytes

Upregulation of endothelial adhesion molecules

Stimulation of endothelial cell proliferation

Stimulation in dermal and pulmonary f,rbroblast proliferation

Induction ofchondrocytes to increase collagenase and PGE2 production

Stimulation of osteoclasts ( bone resorption )

Stimulation of the neutrophil respiratory burst

Promotion of insulin resistance

Inhibition of lipoprotein lipase and lipid storage in fat tissue

Inhibition of erythroid progenitor cells in the bone marrow

Causes hypotension and shock

Suppression of myocardial function

Causes central anorexia by direct effects in the brainstem

Causes fever, myalgias and fatigue

Stimulation of hepatocytes to increase production of acute phase proteins

Reduction in iron incorporation, contributing to the anaemia of chronic disease

Recently the role of TNF-cr in the pathophysiology of chronic congestive cardiac failure and the

preliminary success of TNF antagonism has generated considerable interest (Francis, 1999).

1.5.2 Interleukin-l([-1)

The interleukin-1 family consists of three structurally related polypeptides. The firsttwo are IL-lcr and

IL-1P, the third is interleukin-1-receptor antagonist. The gene encoding the interleukin-l family is

located on chromosome 2q. There are two cellular receptors for the IL-1 family, however, only IL-RI

is known to possess signalling capacity. Like TNF-cx,, IL-IP is produced by monocytes and

macrophages upon stimulation by bacterial products. IL-1 in turn stimulates macrophages to produce

and release IL-8 (Bittleman et al., 1995). [-lct is produced by epithelial cells. IL-1s and IL-B

increase the adhesive properties of vascular endothelium, epithelial cells and leukocytes. Like TNF-c

they induce sleep, cachexia, fever, acute-phase protein synthesis in the liver, bone resorption and
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muscle proteolysis (Marsh et a1.,1996). Interleukin-1-receptor antagonist is a specific ìnhibitor of IL-1

activity that acts by blocking the binding of IL-l to its cell surface receptors and hence can mitigate

the pro-inflammatory effects of IL-1.

1.5.3 IL-6

While TNF-cr and IL-l are produced after macrophages come in contact with bacterial products IL-6

and IL-8 are synthesized upon stimulation of macrophages by TNF-cr, Amongst their many functions

they are chemotactic for neutrophils, causing the accumulation of this cell type at the site of

inflammation.

IL-6 has multiple biological activities against all cell types, in part overlapping with IL-1. It

stimulates neutrophils to degranulate and primes neutrophils for an enhanced respiratory burst,

although unable to elicit the respiratory burst by itself (Borish, 1989). IL-6 seems to play a role in

pulmonary disease and lung damage, its activity was many fold increased in subjects with self-limited

ARDS as compared to patients with lung infection without secquelae. The activity was higher again in

children who developed BPD (Bagchi, 1994)IL-6 is the major stimulant for hepatocytes to synthesize

acute-phase proteins (Xing et al, 1998). It also stimulates immune globulin production and B cell

growth (Marsh el a1.,1996).

1.5.4 Interferon gamma (IFN-Y)

IFN-y is a monomeric glycoprotein and is chiefly produced by inflammatory T cells. It influences the

growth, differentiation and activity of NK cells, T cells and B cells. IFN-yincreases expression of

MHC class I molecules on many cell types and MHC class II molecules on some. IFN-1 stimulates

macrophages to produce TNF-o and IL-1 and induces macrophage NO synthase, enhancing the ability

of this cell type to kill pathogens. It also elicits the respiratory burst in neutrophils and causes

lysosomal enzyme release (Kowanko et a1.,1987). IFN-y has been reported to synergize with other

cytokines such as TNF-o, These effects of IFN-y lead to leukocytes being more effective in

inactivating gram-negative and gram-positive bacteria (Muray et al., 1988).

1.5.5 Granulocyte-macrophage colony-stimulating factor (GM-CSF)

GM-CSF is a haematopoetic growth factor. It is produced by mononuclear phagocytes and stimulated

T-lymphocytes. It is a glycoprotein of a MW of - 22kD, which stimulates not only neutrophils and

monocytes but also eosinophils. GM-CSF prolongs survival of these target cells, increases protein
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synthesis, chemotaxis and primes cells for degranulation, production of AA and LTB+ in response to

other agonists.

I.6 INTRACELLULAR SIGNALLING

1.6.1 Introduction

Cells react to diverse stimuli with a range of different responses (proliferation, activation, inhibition or

death). Cell signalling is concerned with the events taking place inside cells to external stimuli. In the

past years there has been an exponential increase in research in this area (Krebs, 1994;Kytiakis et al.,

fgg6). Stimuli causing cell signalling maybe non-specific (UV, heat, radiation, hyperosmolarity,

HzOz) or specific (cytokines, toxins, antibodies). Specific activation of cells is mediated through cell

surface receptors. Engagement of such receptors by their ligand leads to changes of conformation or

association in the intracellular domain of the receptor, and eventually to protein phosphorylation. This

activates enzymes (kinases), which then in turn become active themselves, being able to phosphorylate

other kinases in a cascade manner. Ultimately these signalling cascades activate transcription factors

in the cell nucleus. These factors bind to specific promoter regions on DNA, which initiates the

process of gene transcription leading to protein synthesis. Research into signalling is complex and care

has to be taken when interpreting results from different species and different cell types. Common

methods to investigate signalling pathways are summarizedin Table 1-10.

Table 1-10: Techniques utilized in signalling research

Receptors

- blocking (antagonist, antibody)
- activation (activating antibody)
- cleaving (enzymes)
- bypassing (PMA)
- genetic ('knock-outs')
- artificial insertion (transfection)

Signalling molecules

- blocking (antagonists)
- genetic (overexpression)
- genetic (transfection of mutants)
- genetic (knock-outs)
- measuring activation
- measuring degradation

Nuclear factors/Transcription factors

- activation
- translocation into the nucleus
- binding to gene loci
- genetic (knock-outs)

Genes

- estimation of mRNA
- measuring the Protein Product
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In the following section the signalling pathways of the proinflammatory cytokines TNF-cr, IFN-y and

IL-1B and also of bacterial lipopolysaccharide (LPS) are reviewed'

1.6,2 Signalling through the TNF-ct receptor

TNF receptors belong to the super family of the nerve growth factor receptors and are expressed on

the membranes of virtually all somatic cell types. Their numbers are typically low, from a few hundred

to a few thousand per cell. There are two receptors, TNF-RI (55kD) and TNF-RII (75kD). The TNF

receptors have four components, an intracellular domain, a single transmembrane segment, an

extracellular cystein-rich domain and a hydrophobic single peptide. From studies with agonistic

antibodies it is apparent that cross-linking of TNF-RI is required for cell activation. There is evidence

that the TNF-RI is the main mediator of cell activation and TNF-RII plays an amplifying role

(Leeuwenberg et al., 1995). However, expression of these two receptor types is independently

regulated and both receptors mediate activation of the transcription factor NF-rB (Hohmann et al',

l 990).

In mice not expressing TNF-RI (p55-/-) the TNF-induced expression of the endothelial

adhesion molecules E-selectin, ICAM-1 and VCAM-l is abolished, whereas in mice not expressing

TNF-RII (p75-l-) the TNF-cr-induced upregulation of these adhesion molecules was not affected

(Neumann et al., 1996). When endothelial cells were activated with either TNF-RI or TNF-RII-

specific agonistic antibodies, only stimulating TNF-RI upregulates adhesion molecules (Mackay et al',

1993). The binding species of the TNF receptors is a homotrimer of TNF-cr.

Upon binding the TNF-cr trimer both TNF receptors become internalized and probably

degraded, since no receptor recycling could be demonstrated thus far. TNF-induced trimerization of

TNF-RI triggers an association with TNF-Rl-associated death domain (TRADD), which recruits

receptor-interacting protein (RIP), a death domain-containing serine/threonine kinase (Yuasa et al.,

1998), and TNF receptor-as sociated factor 2 (TRAF2) to form a TRADD-RIP-TRAF2 complex

(Diagram 1-11). The recruitment of the Fas-associated death domain (F w to

apoptosis, is not included in Diagram 1-10 and will not be discussed here. TRAF2 and RIP activate

downstream signalling pathways, which are described in detail below'
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A

TNF-RII Extracellular domains

TNF-RI

Intracellular domains

TNX'trimer

TNF.RII
TNF.RI

Diagram 1-10: TNF receptor signalling. TNF-R, TNF receptor; TRAF2, TNF receptor-associated factor 2;

TRADD, TNF receptor-associated death domain; RlP, receptor-interacting protein. A. Without TNF-a engaging

its receptors TRAF2, RIP and TRADD are dissociated. B. V/hen TNF-a binds to the TNFR a TRADD-TRAF2-
RIP complex is formed at TNF-RI, whereas TNF-RII can bind TRAF2 without TRADD. TNF-RII is thought to
enhance signalling by TNF-RL

1.6.3 Signalling by IF'N-Y

The receptor for IFN-y consists of two heterodimeric subunits, IFN-yRø and IFN-YRp. These subunits

are associated with Janus kinases, JAKI and JAK2 respectively. IFN-1 binding results in receptor

dimerization/oligomerization and phosphorylation of JAK1 and JAKZ.In turn these two Janus kinases

phosphorylate the intracellular domain of IFN-yRcr, recruit signal transducer and activator of

transcription-l (STAT1) and phosphorylate it. STAT1 needs also to be serine-phosphorylated in

position 5727. This is effected by another kinase, proline-rich tyrosine kinase 2 (Pyk2), which is

recruited and activated by JAK2 (Takaoka et al., 1999)'

B
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In addition, the MAP kinase extracellular signal-regulated protein kinase (ERK) can also

phosphorylate STATl invitro. However, IFN-y does not seem to activate the MAP kinase pathways

(Han et a|.,1993). Phosphorylated STATI dimerizes andtranslocates into the nucleus, where itbinds

to the y-activation site (GAS) of IFN-1-inducible genes (Darnell et al., 1994; Hussain et al., 1999)

(Diagram 1-11).

IFN-y RB IFN-y RB

A IFN-^¡

B

Ra

JAKl

FN-y Ro
cell membrane

JAK2

.Y

JAKl JAK2

IFN.Y

JAK2-P JATC -PP_TAK1 P -ì,4K1

-Y -v

c
P P-JAK1 P

P

P P

P

Diagram 1-11: Signalling through the IFN-y receptor. Binding of IFN-1 to its receptor causes dimerization of
the q, and B subunits and phosphorylation of JAK1 and JAK2, which phosphorylate the cr-subunit and recruit
STATl. Phosphorylated STATI is also serine-phosphorylated in the 5727 position by Pyk2, dimerizes and binds

to GAS in the nucleus. JAK, janus kinase; STAT, signal transducer and activator of transcription; Pyk2, proline-

rich tyrosine kinase; GAS, y activation site.

P

P

D
STATlSTATl

CaAS CIAS
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L.6.4 Signalling by IL-1

Both, IL-1Band IL-1o signal through the IL-l receptor (IL-1R), a member of the immunoglobulin

superfamily of receptors. IL-l binding to IL-R induces the formation of a receptor complex that

includes the IL-1 accessory protein (IL-1AcP). IL-1AcP does not bind to the IL-1 receptor directly,

but is essential for IL-1 signalling (O'Neill et al., 1998). Myeloid differentiation-factor 88 (MyD88), a

35kD adapter protein, is then recruited to the complex (Thomas et al., 1999). MyD88 possesses three

functional domains, one to associate with the intracellular IL-l receptor domain, one with interleukin-

I accessory protein (IL-1AcP) and one with interleukin-1 receptor-associated kinase (IRAK) (Cao et

al.,l996a).

Studies with MyD88-dehcient mice confirmed that this molecule is essential for signalling

through the IL-1 receptor (Adachi et al., 1998; Kawai el al., 1999). IRAK, which is the vertebrate

homologue of the Drosophila protein kinase Pelle, is phosphorylated and interacts with the TNF

receptor-associated factor-6 (TRAF6) (Cao et aI., 1996b). TRAF6, like TRAF2, activates downstream

signalling pathways (Diagram I -12)..

lnterleukin-1 receptor

A

IL-1R
intracellular
domain MyDBB

lL-1 AcP
Death domains

Diagram l-12 The interleukin-l receptor. Myeloid differentiation factor 88 (MyD88) has 3 interaction sites,

one with the intracellular domain of the IL-1 receptor, one with IL-l accessory protein (IL-lAcP) and one with
the death domain of interleukin-l receptor-associated kinase (IRAK). After phosphorylation IRAK dissociates

from the receptor complex, dimerizes and interacts with TRAF6.
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1.6.5 Signalling by LPS

Investigation of the signalling mechanisms utilized by bacterial lipopolysaccharide (LPS) via CD14

have been hampered by the fact that no cell membrane signalling receptor had been identified until

1998, although the evidence had pointed to the existence of a transmembrane receptor for a long time.

Human equivalents of the Toll receptors of the fruit fly, human Toll-like receptor-2 and 4 (hTLR-2

and hTLR-4), have now been shown to mediate signalling by LPS (Medzhitov el a1.,1997; Kirschning

et al., 1998; Poltorak et al., 1998; Yang et al., 1998). These hTLRs belong to a family of five human

Toll analogues, all related to the IL-1 family of receptors (Rock et a1., 1998). Human Toll-like

receptors utilize the signalling apparatus of the IL-l receptor (Zhang et al., 1999). While the naturally

occurring interleukin-1 receptor antagonist (IL-1RA) blocks cell activation by IL-1, it does not block

LPS-induced signalling, proving that the extracellular domain of hTLR is different from IL-1R.

Upon engagement of the hTLR by LPS the adapter protein MyD88 is recruited to the

intracellular domain of the receptor. Like in signalling by IL-l IL-1AcP and IRAK associate with

MyD88 resulting in phosphorylation of IRAK (Diagram 1-13). Transfection studies have proven the

involvement of these molecules in LPS signalling. Dominant negative mutants of MyD88, IRAK or

TRAF6 inhibited LPS-induced NF-rB luciferase activity (zhang eI al, 7999).

Toll/lL-1R
homologue

MyDSB
lL-1 AcP

<- Death domains

Diagram l-13 : LPS signalling through the human Toll-like receptor. The hTLRs are thought to share a

homãlogue intracellular domain with the IL-l receptor. The adapter protein MyD88 binds to this domain and IL-
I accessory protein (IL-1 AcP), recruiting unphosphorylated IRAK to the complex. Phosphorylated IRAK
dissociates from the complex, dimerizes and binds and phosphorylates TRAF6.
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1.6.6 The nuclear factor-rB (NF-rB) pathway

NF-rB is an ubiquitous transcription factor and plays a crucial role in the regulation of numerous

genes, particularly those involved in cell death and the inflammatory response (Schulze-Osthoff et al.,

1997). Proinflammatory cytokines and LPS rapidly activate NF-KB. However, other activators such as

ceramide and sphingomyelinase have been described (Baeuerle eI al., 1994). NF-rB consists of two

subunits, p65 (also known as Rel A) and p50. While p65 is the dominant, transcriptionally active

subunit p50 serves merely as a DNA-binding element (Schmitz et al., 1995). In resting cells the NF-

rB p65lp50 heterodimer is located in the cytosol and is associated with its natural inhibitor, kBcr.

Activation is brought about by the phosphorylation of IrBs by the IrB-kinases alpha and beta (IKK0,

IKKP) (Bennett et al., 1996). kBa dissociates from the p65/p50 subunits and undergoes proteolytic

degradation (Traenckner et al., 1995). Therefore subsequent inhibition of NF-rB requires new

synthesis of IrB u (Baeuerle et al., 1994). NF-rB with its DNA-binding site exposed by the

dissociation of kBcr translocates into the nucleus and binds to the gene promoterregion (Diagram l-

\4).

RP

TRAF2
,l TRAF6I"/
NIK ? CAPK, PKC (

+
lKKcr / IKKB

t

dissociation degradation

nucleu

Diagram 1-14: The NF-rB pathway. NF-rB-inducing kinase (NIK) activates IrcB kinases (IKK), which
phosphorylate kB, which then dissociates from the p65/p50 heterodimer and undergoes degradation. The p65

and p50 subunits translocate into the nucleus and bind to DNA gene promoter regions with p65 playing a

dominant role. CAPK, ceramide-activated protein kinase.

gene promoter region
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The activity of IKKcr and IKKB is elevated following cell activation by proinflammatory stimuli

including TNF-g, IL-lp and LPS and is thought to be mediated by NF-rB-inducing kinase (NIK)

(Bennett et al., \996; Malinin et a1.,1.997). Overexpression of NIK leads to activation of NF-KB in the

absence of a stimulus, and inserting a kinase-dead mutant of NIK inhibits TNF-cr and IL-1p-induced

activation of NF-kB (Malinin eI al., 1997; Schulze-Osthoff et al., 1997).

Although it is well recognized which stimuli cause activation of NF-rB it is not entirely

resolved how the pathways initiated by these mediators connect to the NF-rB system. It is most likely

that molecules like the TRAF family directly activate NIK. For the TNF-cr receptor-mediated pathway

it has been shown that TRAF2 and RIP, either in parallel or in concert bind and activate NIK (Pober,

1998). Also, overexpression of TRAF2 activates NF-rB (Min et al., 1997). N-terminally truncated

TRAF2 abrogated TNF-cr-induced activation of NF-rB (Natoli et al., 1996; Min et al., 1997).

However, in these experiments the activity of NIK itself was not examined. With respect to IL-1 and

LPS-induced cell activation it has been demonstrated that TRAF6 directly interacts with NIK (Cao et

a1.,1996b; Regnier ef a1.,1997; O'Neill et al., 1998). Interestingly, the dissociation of IrBo from the

NF-rB heterodimer is not sufficient for the activation of NF-rB. Inhibition of proteolysis of IrBa

inhibited TNF-s-induced upregulation of endothelial cell adhesion molecules (Chen et al., 1995).

1.6.7 The mitogen-activated protein kinases (MAP kinases)

In recent years a family of mammalian homologues of yeast mitogen-activated kinases has been

identihed. Like in yeast, these kinases can be activated by environmental stimuli such as UV-light,

heat or osmotic shock. Currently three groups of MAP kinases are recognized, lhe classical MAP

kinase ERK, stress-activated protein kinases (SAPK, or JNK) and p3B. These molecules serve as

transducers of signals from the cell membrane to the nucleus.

1.6.7.1 The ERK cascade

Extracellular signal-regulated protein kinases (ERKI, ERK2, also known as p44, p42 kinases) activate

the transcription factor Elk-l (Reimann et al., 1994). ERK is phosphorylated by its MAP kinase

kinases, MEK1and MEK2. The role of these kinases in the ERK cascade is illustrated by experiments

with the MEK1,2 inhibitors, PD 098059 and Ro 09-2210. Blocking MEK1,2 results in inhibition of

ERK activation (DeFranco et al., 1998; Van der Bruggen et al., 1999). MEK1 and MEK2 are activated

by the serine/threonine kinase Raf-l. Raf-l can be activated by tyrosine kinases (Reimann et al.,

lgg4), Ras (Hall, 1994) or ceramide-activated protein kinase (CAPK) via ceramide (Kolesnick et al.,

lgg4).In the process of MEK activation a small polypeptide called 14.3.3 (, plays an important role

(Luo et al., 1995).
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It has been claimed that at least in the LPS-induced activation of the ERK cascade Raf-1 is not

involved (Guthridge et aL.,1997} In monocytes blocking studies demonstrated that inhibition of Raf-1

with genistein inhibited cytokine production. Complexes of Ras/Raf-1/MEK have been demonstrated

during activation of ERK (Moodie et al., 1993) and transfection of a negative dominant mutant of Ras

abolished LPS-induced TNF-o transcription (Frost eT al, 1994). LPS-induced activation of monocytes

was associated with a marked increase in the activity of Ras (Geng et al., 1994) Also in monocytes,

LPS stimulation led to an increase in the tyrosine phosphorylation of the adapter protein Shc, which

has been associated with the activation of Ras (Crowley et a1.,1996). The ERK cascade is summarized

in Diagram l-15.

LPS pathway
tyrosine kinases / tyrosine phosphorylation of Shc

?, r'
{-

Pyk2,,

lL-1 ÐRæ TNF-cr small GTP-binding protein

PKC
CAPK {- ceramide
,l

/
14.3.3 ( + Raf 1 serine/threonine protein kinase

MEKl/MEK2 MAP kinase kinase

ERK112 MAP kinase

transcription factor

Diagram 1-15: The ERK cascade. Signalling pathways are depicted as arrows. Unconfirmed pathways are
denoted as " ? ". CAPK, ceramide-activated kinase; MEK, MAP-kinase ERK kinase; PKC, protein kinase C.

,,

Etk-1

nucleus
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1.6.7.2 The JNK cascade

JNK, or c-jun NH2-terminal kinase (also known as stress-activated protein kinase, SAPK), is another

MAP kinase which activate transcription factors such as AP-l, consisting of c-jun, c-fos and ATF-2

(Kyriakis et a|,1994; Gupta ef a1., L995; Adcock, \997). The JNK cascade is activated by TNF-0, IL-

1B and other proinflammatory mediators (Slowik et al., 1996). JNK itself is activated by MAP kinase

kinases (MKK4, MKKT) (Sanchez eT" al., 1994; Holland et al., 1,997), which themselves are activated

by MAP kinase kinase kinases, such as MEKKI and apoptosis-signalling kinase-l (ASK-1) (Ichijo et

a1.,1997). Overexpression of MEKK1 has been reported to activate the NF-rB pathway (Read et al.,

fgg7). As with the ERK cascade, the JNK cascade is activated by small GTP-bound proteins. Rac and

Cdc42 activate the MAP kinase kinase kinases via several intermediate kinases of the PAK family

(Diagram 1-16).

TRAF2+/ Ftr
TRAF6

? GCIíGCKR

Rac, Cdc42 small GTP-binding protein

+
intermediate kinase

MAP kinase kinase kinase

MKK4/MKK7 MAP kinase kinase

MAP kinase

transcription factors

nucleus

Diagram 1-16: The JNK cascade. The small GTP-binding proteins Rac and Cdc42 activate MEKK1 and

apoptosis-signalling kinase-1 (ASKI), probably via intermediate kinases of the PAK family. The MAP kinase

kinase kinases activate MKK4 and MKK7, which phosphorylate JNK. JNK activates c-jun, c-fos and ATF-2,
constituents of the transcription factor activator protein- I (AP- 1 ).
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Overexpression of Rac or Cdc42, but not Ras, activates JNK (Min et a1.,1997). Although TRAF2 is

required for the activation of JNK (Natoli et al., 1997; Shi et al., 1997) it is not clear how receptor-

associated factors such as RIP and the TRAFs connect with the JNK cascade. For TRAF2 direct

activation of Rac and Cdc42 has been demonstrated (Pober, 1998). Recently other kinases downstream

of TRAF2 has been described, germinal center kinase (GCK) and germinal center kinase-related

(GCKR) (Pombo et a1.,1995; Shi et al., 1997). V/hen GCKR expression in cells was suppressed TNF-

cr- or TRAF2-mediated JNK activation was inhibited. It has been shown that TRAF2 directly interacts

with the COOH-terminal regulatory domain of GCKR (Yuasa et al., 1998). While GCK or GCKR

directly bind to MEKKl, their interactions with Rac, Cdc42 or PAK is not known (Kyriakis, 1999).

1.6.7.3 The p38 cascade

The MAP kinase p38, named after its molecular weight, was only cloned in recent years (Han et al.,

lgg4).It predominantly activates transcription factor ATF-2 (Read et al., 1997). The MAP kinase

kinases that activate p38 are SEK-1, MKK3 and MKK6. It is curently not known what the kinases

upstream of these MAP kinase kinases are and how they are regulated (Diagram 1-17). TGF-P-

activated kinase-l (TAK-l) has been proposed as the main kinase (Yamaguchi et al., 1995; Kyriakis et

al., 1996). ASK-I hasbeendemonstratedtophosphorylateMKK3 andMKK6(Ichijo elal., 1997).

p1ac, CdC42 and PAK do not play a major role since inhibiting these proteins only resulted in a partial

inhibition of p38 (Kyriakis et al., 1996). It is likely that there is some interaction between TAK-l and

the TRAFs and RIP since it has been shown that RIP alone can activate p38 and TRAF2-mediated

activation of p38 requires RIP (Yuasa et al., 1998).

The finding that p38 activation by LPS in monocytes is inhibited by the MEK1,2 inhibitor Ro

09-2210 is intriguing (Van der Bruggen et al., 1999). MEK1,2 are not known to phosphorylate p38

and it is therefore possible that Ro 09-2210 may not be specific and may interfere with the activity of

other kinases downstream of TRAF2 but upstream of p38, such as MKK3, MKK6 or MEKK1

(Diagram 1-17).
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TRAF6, TRAF2, RIP,
I

Rac, Cdc42

+
PAK

MAP kinase kinase kinase

SEK.1, MKK3/MKK6 MAP kinase kinase

+
p38 MAP kinase

I
transcription factor

Diagram 1-17: The p38 cascade. p38 is activated by the MAP kinase kinases MKK3 and MKK6. The main
kinases upstream are TAK-1 (TGF-B-activated kinasel) and ASK-1, while Rac/CdC42lPAK only play a minor
role. How TAK-I and ASK-I are activated is curently not known'

1.6.8 Special reference to signalling inindividual cell types

1.6,8.1 Monocytes and macrophages

Proinflammatory cytokines and LPS stimulate production of TNF-cx, IL-18 and IL-6 in monocytes and

macrophages. Expression of these cytokines is under the transcriptional control of NF-rB (Baeuerle et

a1.,1994; O'Connell et al., 1998). LPS-induced cytokine production has been studied in detail and

apart from NF-rB, transcription factor AP-1 via the ERK and JNK/p38 cascades is involved (Geng et

a1.,1994; Geppert eT a\,1994; Hambleton et al., 1995; Sweet et aL.,1996; DeFranco et al., 1998; van

der Bruggen et al.,1999).
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1.6.8.2 Neuirophils

TNF-cr and IL-1p activate NF-rB in neutrophils (Osborn eT al., 1989). LPS-induced activation of

neutrophils is mainly mediated through NF-rB and the p38 cascade, whereas the ERK and the JNK

cascades do not seem to be involved (Nick et al., 1996). Within minutes after exposure to LPS Rac

activity is increased (Dusi et al., 1996).In the absence of MKK6, the MAP kinase kinase MKK3

activated in neutrophils, phosphorylating p38o. (Nick et a1.,1999).

Several pathways are implicated in the neutrophil respiratory burst and activation of the

NADPH complex. These are PKC, ERK and p3B as well as tyrosine kinase-dependent activation of

phospholipase A2 (PLAz) (Dusi et al., 1996). PLA2activation is also mediated by G-proteins and PKC

(Osborn et al., 1989).

Although the mechanisms by which neutrophil priming by cytokines occurs have not been

clearly defined there is some evidence that TNF-cr and GM-CSF-induced activation of phospholipase

D (PLD) and the subsequent increase in intracellular phosphatidic acid account for the enhanced

response, at least to fMLP (Bourgoin et a1.,1990; Bauldry et al., 1991).

1.6.8.3 Respirúory epilhelial cells

In the cell line A549, TNF-cr, IL-1P, IFN-y and respiratory syncytial virus (RSV) upregulate ICAM-1

(Vorarberger et al., 1991; Chini et al., 1998). This is mainly mediated through activation of NF-rB,

whereas unlike in endothelial cells the transcription factor AP-1 does not seem to play a role (Ray et

al., 1993; Newton et al., 1995). Similar observations have been made with regards to the transcription

of the IL-6, IL-8, NOS and urokinase genes (Asano et al., 1994; Guerrini et al., 1996; Newton et al.,

1995). Recently it has been demonstrated in stimulation experiments with gram-negative bacteria (P.

aeruginosa) that apart from NF-rB there is activation of Ras and MEKl/lvIEK2, but not JNK or p38.

Blocking of this activation led to a 70Yo reduciion in mucus production by respiratory epithelial cells

(Li et al., 1998).

Respiratory epithelium is known to be relatively insensitive to LPS. Although LPS is able to

upregulate ICAM-1 in hepatocytes, Kupffer cells and endothelial cells it has no effect on ICAM-1

expression in alveolar type II cells (Essani et al., 1995). LPS has been implicated in increasing the

expression of inducible nitric oxide synthetase (iNOS) (Asano ef al., 1994), increasing C3 by 100%

(Rothman et al., 1989) and increasing epithelial IL-8 production hve-fold (Palmberg et al., 1998).

However, the signalling pathways involved have not been studied.

Unlike cytokines PMA-induced upregulation of ICAM-1 is dependent on PKCç. V/hen levels

of PKCç in 4549 cells are depleted by antisense nucleotides PMA-induced upregulation of ICAM-l is

reduced (Dean et al., 1993). PMA increases the activity of transcription factorNF-rB (Newton et al.,

1 99s).
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1.6.8.4 Vøscular endothelial cells

Endothelial cells express the IL-1 receptor, IFN-y receptor and both TNF receptors. Interestingly, it

has been demonstrated recently that they also express hTLR2 and hTLR4 (Zhang et al., 1999) and

CD14 (Jersmann et a1.,2001; see also Chapter 8).

It is currently believed that the upregulation of the endothelial adhesion molecules E-selectin, ICAM-1

and VCAM-I in response to proinflammatory cytokines and LPS is controlled by NF-KB

(predominantly p65) as well as JNK and p38 MAP kinase, which lead to the activation of transcription

factor AP-1 (Collins et a1.,1993; Reimold et a1.,1.996; Read et al., \997). Experiments interfering with

either NF-rB or JNK or p38 provide compelling evidence that each of the three pathways alone is

required for maximal expression of E-selectin, ICAM-1 and VCAM-1. However, each signalling

pathway is not sufficient for stimulating adhesion molecule expression (Whelan eT al., l99l; Read et

al., 1994; Chen et al., \995; Min et a1.,1997; Boyle et al., 1998; Tamura et al., 1998).

There has been some controversy whether ERK plays a role in endothelial cell activation. Although

there are reports describing an increase in the activity of ERK after stimulation with TNF-cx or LPS

(Arditi et al., 1995; Schumann eT al., 1996; May et al., 1998) inhibition of ERK does not interfere with

endothelial adhesion molecule expression. Likewise, PKC does not play a major role in the

upregulation of endothelial adhesion molecules (Montgomery et al., 1991; Ritchie et a1., 1991).

1.6.9 Ceramideand sphingomyelinase

In recent years there has been a lot of interest in the role of the second messenger ceramide in cell

signalling by cytokines and LPS. TNF-cr and IL-18 cause an accumulation of ceramide through the

action of sphingomyelinase on cell membrane sphingomyelin. This leads to an increase in activity of

ceramide-activated protein kinase (CAPK) and PKC, implicated in activating Raf-1 and NIK (Lozano

ela1.,1.994; Ballou eI al., 1996; Modur et a1.,1996). Exposure of cells to LPS leads to activation of

CAPK without the generation of ceramide which led to speculations that LPS may enter cells and act

by mimicking ceramide (Joseph eT al., 1.994; Kolesnick el al., 1994; Wright et al., 1995). However,

treating cells with ceramide did not reproduce the effects of TNF-o and only incompletely and weakly

mimicked LPS (Barber et al., 1996; MacKichan et a1.,1999).

Interestingly, a new pathway linking ceramide to TNF-cr,-induced activation of cells has recently been

discovered. Sphingosine l-phosphate (S1P), generated from sphingosine via sphingosine kinase,

mimics the effects of TNF-c when added to endothelial cells. In the reverse, blocking sphingosine

kinase reduced TNF-cr-induced upregulation of endothelial adhesion molecules by about 50% (Xia et

al., 1998). In contrast, others have observed that IL-l-induced ceramide generation enhances but does
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not trigger upregulation of E-selectin (Masamune et al., 1996). It is currently not known whether

activation of cells by IL-1 or LPS leads to an increase in SlP.

I.7 THE ENDOTOXIN RECEPTOR CD14

1.7.1 Introduction

CDl4 was first described as a myeloid differentiation antigen when it was first recognized to be

expressed on pro-monocytes and thereafter on all monocytes and tissue macrophages including

alveolar macrophages (Grifhn et al. in 1981; Bernard et al., 1984; Ziegler-Heitbrock et al,, 1993)'

CD14 is a 53-55kD glycoprotein with multiple leucine-rich repeats (leucine content 15.5%) and is

expressed on many cell types (Setoguchi et al., 1989; Ferrero et al., 1990). The molecule consists of

356 amino acids and is encoded on chromosome 5 (q23-3\) together with growth factors such as IL-3,

GM-CSF and growth factor receptors such as the endothelial growth factor receptor, the 0z adrenergic

receptor and the platelet-derived growth factor receptor (Ferrero et a1., 1988; Goyert et al., 1988).

CD14 is attached to the cell membrane via a glycosylphosphatidylinositol (GPI) anchor which is

encoded on the X chromosome (Haziot et al., 1988; Takeda eT a1.,1993)'

Deletion mutagenesis studies have demonstrated that the N-terminal 152 amino acids of CD14

are sufficient for mediating LPS-induced responses (Juan et al., I995a). The region of the human

CD14 molecule constituting the essential part of the binding site for LPS has been located between

amino acids 39 and 44 (Stelter et al, 1997), whereas others found it to be between amino acids 57 and

64 (Juan et al., 1995b; McGinley et al., 1995). The corresponding binding site of CD14 on the LPS

molecule is the polysaccharide core.

1.7.2 The physiological role of CD14

Recently a physiological role for CD14 in the recognition and phagocytosis of apoptotic cells by

mononuclear phagocytes has been identified. The evidence for this is derived from experiments where

an anti-CD14 monoclonal antibody significantly imparted the ability of macrophages to phagocytose

apoptotic lymphocytes. In contrast, there was no interaction between macrophages and viable

lymphocytes. Furthermore, the interaction of macrophages with necrotic lymphocytes was not

influenced by the anti CD14 monoclonal antibody. It could also be established that blocking the

binding site for apoptotic cells within the CD14 molecule could block binding to LPS and it was

concluded that the binding site for LPS and apoptotic cells must be either identical or closely

associated (Heidenreich et al., 1997).

Interestingly, the expression of CDi4 seems to be associated with cell survival, at least in

monocytes. These cells express the highest numbers of CD14 of all cell types, between 29,000 and
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42,000 per cell (Vasselon el a1.,1997; Van Voorhis et al., 1983). Shedding of CD14 by monocytes is

associated with apoptosis and experimental enzymatic removal of CD14 with phosphatidylinositol-

specific phospholipase C evokes apoptosis (Devitt et al., 1998).

Another surprising discovery implicates CDl4 in the binding of IL-2 to human monocytes.

Furthermore, blocking of CD14 with anti-CD14 antibodies prevents Il-2-induced monocyte

activation. Also, transfection of CD14 inÍo alL-2-unresponsive human promonocytic cell line (U937)

conferred responsiveness to IL-2 (Bosco et al., 1997). It has been proposed that IL-2 may be the

physiological counterpart of LPS (Cox et al., 1990).

1.7.3 CD1,4 as a pattern recognition receptor for bacterial products

Membrane-bound CD14 (mCDl4) has been identified as a receptor for lipopolysaccharide (Wright et

al., 1990). The binding of FlTC-labelled LPS can be competitively inhibited by 1000-fold excess

unlabelled LPS, polymyxin B, bactericidal/permeability-inducing protein (BPI), cationic protein l8

and soluble CD14 (Troelstra et al., 1990). Apart from LPS, CD14 has been shown not only to bind to

numerous other bacterial products, bacterial cell wall fragments and whole bacteria but also to mediate

cell activation induced by these substances (V/right et al., 1990) (Table 1-11). The LPS-binding region

within the molecule is remarkably preserved across species, with a high degree of gene sequence

homology (Grünwald eI al., 1993; Ikeda eI al., 1997), suggesting it has a role in innate immunity,

probably as a 'pattern recognition' receptor (Ulevitch et al., 1995).

Table 1-11: Other bacterial products and whole bacteria which are recognized by CD14

Bacterial product Reference

Lipoarabinomannam

Muramyl peptide

Soluble peptidoglycans

Streptococcal wall polysaccharides

Lipoteichoic acid (LTA)

Gram-positive cell walls components

Bacterium

Savill et al.,1992

Weidemann etal., 1997

Delude et al., 1995

Savill et al., 1990

Nishikawa et al., 1990

Fadok et al.,1992

Reference

My cob ac t er ium. tub er cul o s is

Salmonella. typhimurium

Helicobacter pylori

Borrelia burgdorferi

Bordetella. pertussis

Peterson et al., 1995

Onozuka et al., 1997

Bliss et al., 1998

'Wooten et al., 1998

Saadi et al.,1996
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1.7,4 The role of CD14 in vascular disease

Recently two independent groups found an unexpected association between CDl4 and cardiovascular

disease. A polymorphism in the promoter of the CD14 gene was associated with myocardial infarction

and furthermore asymptomatic people with that polymorphism had a significantly higher expression of

CD14 on the surface of their peripheral blood monocytes (Unkelbach et al., 1999; Hubacek et al.,

1999).

1.7.5 Soluble CD14

A form of CD14 without the GPI anchor (soluble CD74, sCD14, MV/ 48-50kD) is found in normal

human serum at2-6¡t"glmI,>90yo originating from shedding of cell surface CD14 by monocytes and

macrophages (Bazil et al., 1986; Schütt etal.,1992; Arditi et al., 1993). There is an increase of sCD14

found in adult respiratory distress syndrome (ARDS) and infections, and it has been observed that the

levels of sCD14 in the serum of patients with gram-negative sepsis are associated with high mortality

(Martin eT aL,1994; Landmann et al., 1995).

1.7.6 Signalling and CD14

CD14 has been shown to mediate cell signals induced by LPS, such as tyrosine phosphorylation of

proteins, activation of MAP kinases and activation of NF-rB in both stimulation and blocking

experiments (Stefanova eI al., I99l; Weinstein et al., 1992; Delude et al,, 1995; Schumann et al.,

1996). However, it is not clear through which mechanisms CD14 signals, since

glycosylphosphatidylinositol anchors possess no transmembrane domain and are not regarded as

capable of signalling (Wright, 1991) (Diagram 1-18).

The nature of the membrane anchor for CD14 is not relevant for LPS binding and LPS-

induced cellular activation. This was demonstrated in transfection studies in murine pre-B cells

(70213) where the GPI anchor was replaced with either a tissue factor domain (CDl4TF) or a class I

domain (CD14CI) and all transfectants were rendered equally sensitive to LPS (Lee et al., 1993;

Tobias eT al., 1994). LPS-binding protein (LBP), a 60kD protein present in normal human serum at

l0¡lg/ml, enhances the effect of LPS but is not required for LPS-induced cell activation, whereas

CDl4 is both sufhcient and required (Tobias et al.,1992;Haziol eI al., 1993).

Currently CD14 is thought to act as a lipid transfer protein, acquiring LPS from LBP and

passing it onto a transmembrane signalling receptor (Hailman eT a1., 1994; Wurfel eT al., 1997:' Yu et

al,, 1997; Modlin et al.,1999).

I

I

i
!
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Glycan

NH,

Ethanolamine

Glucosamine

lnositol
PIPLD

PIPLC

Cell membrane

Fatty acid

Diagram l-18: Composition of glycosylphosphatidylinositol (GPI) anchors. The protein component is

variable, the anchor structure is highly conserved. P, phosphate; PIPLC, phosphatidylinositol-specific
phospholipase C; PIPLD, phosphatidylinositol-specific phospholipase D; â<, sites susceptible to enzymatic
cleavage.

However, blockade of CD14 inhibits LPS-mediated effects nearly completely, suggesting that the

signalling transmembrane receptor requires CDl4, either as lipid transfer agent because it may have a

low affinity for LPS or perhaps because the spatial relationship of the signalling receptor to CD14 may

be important.

1.7.7 Signalling by other GPI anchored proteins

GPl-anchored proteins do not possess a transmembrane domain and are generally believed not to be

capable of signallinE,yet, there has been a growing body of evidence that many GPl-linked proteins

other than CD74 are also implicated in signalling. A list of those molecules is compiled in Table 1-12.
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Table 1-12: GPI-linked molecules other than CD14 implicated in cell signalling

Protein Reference

Placental alkaline phosphatase (PLAP)

Influenza virus haemagglutinin (HA)

CDz4

CD48

CD55

CD59

CD73

FcR III
LFA-3

Harder et al., 1998

Harder et al., 1998

Fischer et al., 1990

Stefanova etal.,1993

Stefanova etal.,1993

Harder et al.,1999

Robinson eIal.,\991

Huizinga et al., 1988

Robinson et al., l99l

1.7.8 Is CD14 a raft protein ?

'Raft' is the term assigned to laterally assembled glycosphingolipids and cholesterol, which form

micro-domains within the plasma membrane of a cell. Such structures possess a high lateral mobility

in the fluid phospholipid bilayer and are insoluble with Triton X 100. Rafts typically contain GPI-

linked proteins. Cross-linking experiments with those molecules have revealed coalescence of rafts to

plaques accompanied by accumulation and activation of proteintyrosine kinases such as kinases of the

Src family, consistent with the initiation of signalling cascades (Brown, 1993; Simons et al., 1997;

Harder et al, 1998 and 1999). Thus the model of rafts has been proposed to explain the observed

signalling associated with ligand-GPl-linked receptor interactions. To ascertain if CD14-mediated

signalling utilizes rafts studies would be required whether cross-linking with CD14 antibodies mimics

LPS-induced cell activation. In human monocytes anti-CDl4 antibody rapidly induces a transient

oxidative burst, consistent with the concept of micro-cluster formation (Schütt et al., 1988). It has also

been reported that human bronchial epithelial cells (HBEC) produced IL-6 and IL-B when exposed to

sCD14 alone. However, it was not stated whether the sCDl4 which was prepared from human urine

was tested for impurities, such as LPS (Striz et al., 1998). Likewise human monocytes could be

activated by sCDl4, but again the LPS content of the sCD14 preparation was not stated (Landmann et

al., 1995).

1.7.9 Could CD14 be a co-receptor for other membrane proteins ?

An alternative concept to cross-linking for CD14-mediated signalling would be the association of

CD14 with a signal-capable trans-membrane protein. This interaction is facilitated by the high lateral

mobility GPl-linked molecule display in the plasma membrane. An association of CD55 and CD59

with other membrane proteins has been demonstrated (Stefanova et a1.,1991). Also, FcR III has been

shown to associate with urokinase-type plasminogen-activated receptor (Xue et al., 1994). As far as
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CD14 is concerned such association has only been documented with moesin using cross-linking and

co-precipitation experiments (Tohme et al., 1999).

1,7.10 CD14 has a potential role in bacterial dissemination

When genetically CD14-deficient mice (CD14 -/-) were infected with gram-negative bacteria it was

anticipated that these animals would undergo a less severe inflammatory response than CD14

expressing mice. In turn it was expected that the CDl4-deficient animals would have a larger bacterial

load. Surprisingly these animals showed reduced dissemination of bacteria compared to normal mice

(Haziot eL al., 1996). This observation is consistent with CDl4 having a major role in dissemination of

bacteria, perhaps through direct invasion ofendothelial cells.

l.7.ll Soluble CD14 as a potential therapeutic agent in gram-negative infection

In human monocytes sCD14 inhibits LPS-induced chemiluminescence in a dose-dependent manner

(Schütt et al., 1992; Grünwald et al., 1993). In animal studies sCDl4 reduced the detrimental effects of

experimental sepsis (Haziotet al., 1995).

1.7.12 In vìvo trials with anti-CD14 antibody

When primates were pre-treated with anti-CD14 monoclonal antibodies prior to an endotoxin

challenge the clinical symptoms and signs of shock, hypotension, altered pulmonary epithelial

permeability and blood cytokine levels were prevented (Leturcq et al., 1996). Murine anti-CDl4

protected mice from the effects of an endotoxin challenge (Matsuura et al. 1993). In a rabbit model of

endotoxin shock produced by multiple exposures to endotoxin anti-CD14 monoclonal antibodies

protect against organ injury or death. This protection was achieved even when the antibody was

administered after exposure to LPS. In contrast, anti-TNF-cr antibody conveyed no protection in these

rabbits (Schimke et al., 1998).

1.8 THE NORMAL LUNG AND THE LUNG IN INFLAMMATION.

1.8.1 Functions of the lung

The lungs main function is gas exchange. However, it also has an important role in host defense being

one of the three major interfaces between the host and the environment, together with the dermis and

the gastro-intestinal tract. From the clinical perspective the lung appears to be a relatively simple

organ, which can only respond in limited ways to a myriad of disease processes. Its main responses are
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airway narrowing (mucus production, bronchoconstriction), interstitial thickening (acute oedema,

chronic scarring), loss of parenchyma (emphysema) and occupation of alveolar airspace with material

other than air (pneumonia, alveolar proteinosis). A closer look, however, reveals the lung to be an

organ with fascinating complexity. This becomes apparent if one looks only at two aspects, the

structural elements constituting the organ or the main functions the lung has for the entire organism

(Tables 1-13 and 1-14).

Table 1-13: Cell systems forming the structure of the lung

Structural element Cell type

Epithelium Clara cells
Goblet cells
Type I and Type II pneumocytes
Neuroendoçrine cells,
Myo-epithelial cells)

Smooth Muscle Cells Bronchial smooth muscle cells
Vascular smooth muscle cells

Fibroblasts

Endothelium

Neurons

Extracellular Matrix

Immune Cells

Table 1-14:

Task

Bronchus-associated lymphoid tissue

[BALT], tissue macrophage, mast
cells, alveolar macrophage
neutrophils, macrophages, lymphocytes,
eosinophils

Connective tissue cell, lung matrix

Microvascular, capillaries
Pulmonary artery

Non-adrenergic/non-cholinergic system, INANC]

Basement membrane

Resident

Migratory

Main functions of the lung

Function and effect

Gas Exchange

Surfactant Production

Immunity

Barrier

Endocrine

Coagulation

Take-up of 02, exhaust CO2

Reduced surface tension, anti-micobial activity

Defense against inhaled pathogens, antigen presentation

Muco-ciliary inactivation and clearance

Angiotensin II, serotonin, substance P production

Tissue factor production
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1,8.2 The lung and infection

Pathogens are constantly present in air, either as spores or droplets. The mucosal immune defense

consists of mucus with soluble mediators such as surfactant, IgA and enzymes such as small proteases

like Elafin. The epithelial cells form a barrier facilitating ciliary clearance and pathogen removal by

alveolar macrophages and tissue macrophages.

1.8.3 Pneumonia

1.8.3.1 Introduction

Most potential pathogens, which are inhaled, do not cause disease. Depending on the immune system

of the host and/or the ability of the inhaled bacterium to adhere to the airway epithelial cells and

escape destruction, infection rapidly spreads from the initial focus. Either an entire lobe of lung is

homogenously involved (lobar pneumonia), or the infection has multiple foci around terminal bronchi

(bronchopneumonia). The infection leads to temporary solidification of the involved segment of lung

(red hepatization, gray hepatization). In most cases resolution of the process begins between 5 and 10

days, often leading to recovery without sequelae after 3-4 weeks. However, occasionally the affected

lung can undergo organization, leading to permanent scars, sometimes to bronchiectasis. Depending

on the circumstances the mortality of pneumonias caused by gram-positive organisms ranges from l5-

40%o and from 50olo or higher for gram-negative bacteria.

1,8,3,2 The ìmmune system ín lung ínfection

When pathogenic microorganisms enter the airway most will be inactivated and destroyed by mucosal

IgA, surfactant and other bactericidal proteins. However, some organisms may make contact with

respiratory epithelial cells and alveolar macrophages. These cells secrete pro-inflammatory cytokines

such as TNF-cx, IL-6, IFN-y and IL-18 in response to microbial products (Sibille et al., 1990). These

cytokines cause activation of other local tissue cells as well as resident immune cells, which then

produce more cytokines and also chemoattractants, like IL-6 and IL-8. This leads to the rapid

recruitment of more inflammatory leukocytes, predominantly neutrophils, to the focus of inflammation

(Sharma et al., 1992). This process is aided by the upregulation of cellular adhesion molecules on

both, vascular endothelial cells and leukocytes. In addition, TNF-o causes an increase in permeability

of pulmonary epithelium (Li et al., 1995).

Although the armory of leukocytes is designed to inactivate bacteria, proteases, nitrogen

derived intermediaries and oxygen radicals released in large quantities also damage local tissues and

leukocytes. This causes an accumulation of secretions, proteins and pus, conditions favouring
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proliferation of microorganisms. Such area of lung must be walled-off, the secretions and necrotic

material removed through expectoration. The droplets generated by coughing may then be inhaled by

other individuals, hence propagating the causative organism. After several hours other cell types, such

as monocytes and lymphocytes migrate to the infective site in the lung. Systemic effects of the local

process are stimulation of hepatocytes by IL-6, TNF-c and IL-1B to produce acute-phase proteins.

Systemic reactions like fever are caused by the resetting of thermostat-like neurons in the

hypothalamus by pyrogens such as IL- l.
Finally, after about three weeks the pulmonary infection clears with little or no residual organ

damage. Given the size of the neutrophil infiltrate in pneumonia this is remarkable and is achieved by

removal of neutrophils by apoptosis (Grigg et al, l99l; Cox et a1.,1995).

Apart from acute infections with an inflammatory response to LPS there is evidence that

chronic exposure to LPS (like in organic dusts) may lead to pulmonary hypertension or chronic lung

diseases such as emphysema (Meyrick et al., 1986; Milton et al., 1990; Jagielo et al., 1998).

1.8.3.3 Gram-negatìve sepsis

Successful mucosal invasion causes bacteriaemia, often leading to the clinical syndrome of sepsis.

Sepsis is defined as an infection-induced syndrome with two or more of the following features being

present: fever or hypothermia, leukocytosis or leukopenia, tachycardia and tachypnoea or an increased

minute ventilation (Wheeler et al., 1999).

In infections with gram-negative bacteria the main mediator of shock is LPS. Although LPS

can activate cells per se, its main action during sepsis is thought to be mediated through TNF-

a (Beutler et al., 1985). TNF-cr serum levels correlate with fatal outcomes (Waage et al., 1987). In as

many as 40%o of cases of gram-negative sepsis the anti-inflammatory response mounted fails to clear

the infection and circulatory shock, multiorgan failure and death occur (Marsh et al., 1996). Even

when the origin of bacterial dissemination is situated elsewhere, the lung is usually the first organ to

fail (Welbourn et al., 1992). Nearly 85% of patients with gram-negative sepsis require ventilatory

support and almost half develop ARDS (Wheeler et al., 1999).

1.8.4 Overview of current approaches to the treatment of gram-negative infection/sepsis

1.8.4.1 Conventional therapies

The mainstay of treatment for sepsis in western medicine are antibiotics. After obtaining blood

cultures in order to later base treatment on the sensitivity of the identified organism, empirical

treatment is started immediately. Generally a broad spectrum penicillin or cephalosporin in

combination with gentamicin are administered intravenously. The role of corticosteroids and positive
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inotropes remains contoversial. According to current evidence they have little or no role in the

treatment of sepsis or other serious systemic bacterial infections.

There is a worldwide increase in bacterial resistance to antibiotics. While the reasons for this

phenomenon are speculative and range from blaming over-prescribing by medical practitioners to

blaming commercial use of antibiotics in animal farming there is a growing need for alternative means

to control bacterial infections (Kingman, 1994; Stone,1994 Nuorti et al., 1998). The fact, that there

are more immune-compromised patients than ever (the elderly, patients receiving chemotherapy for

malignant diseases, organ transplant recipients, patients with HIV infection) compounds the issue.

Therefore, the development of new therapies to control bacteria is one of the greatest challenges facing

modern medicine today.

1.8.4.2 Novel therapies that target ínflammatory medíatots

Many new, specific therapies are based on research into the pathophysiology of bacterial infection.

One approach focuses on TNF-cr. TNF-cr itself proved too toxic at doses required to stimulate the

immune system. Trials with monoclonal antibodies against TNF-o and soluble TNF receptors were

tried in the past decade but were disappointing. Currently a TNF-o mimetic (Peptide 419) is under

clinical evaluation and achieved good preliminary results in a murine model of Pseudomonas

aeruginosa pneumonia (Ferrante and Rathjen, unpublished data).

Another avenue of treatment options focuses on LPS. Both, anti-LPS or anti-lipid A

monoclonal antibodies and non-toxic LPS or lipid A molecules have been tried with moderate success.

A third approach is to administer soluble CD14 (sCD14), or, more recently, antiCDl4

monoclonal antibody. The latter produced impressive success in mouse, rabbit and baboon models.

Other options include PAF antagonists, IL-l receptor antagonists, GM-CSF as non-specific

augmentation of the immune response, and human recombinant BPI. A synopsis of the various

biological therapies for gram-negative infection and sepsis is provided in Table 1-15.

Table 1-15: Experimental treatments for gram-negative bacterial infection and sepsis

Treatment Reference Outcome

Strategies based on antagonizing TNF

anti-TNF mab

soluble TNF receptors

TNF receptor:FC fusion protein

TNF-mimetic peptide 419

Thalidomide

Siegel et al., 19951, Fekade et a1.,7996

Mohler et a., 19931' Opal et al., 1996

Fischer et al., 1996: Abraham et al., l99l

unpublished data

Moreira et a1.,1997

+

: (+)

+

+
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thalidomide analogues

Pentoxifflline

Corral et al., 1996

Staubach et al., 1998

+

+

Strategies based on antagonizing LPS

LPS antagonist E5531

anti-LPS mab HA-lA

anti-LPS mab E5

anti-LPS mab T88

anti LPS mabs D6B3, D6B4
anti lipid A mab
lipid A analogue SDZ MRL
953

Christ et al., 1995; Kawata et al., 1995

Ziegler et al., 7991

Greenman et al., l99l

Glauser, 1996

Vacheron etal.1992
Teng et al., 1985
Stern et al., 1995

+

: (+)

: (+)

+
(+)
+

endotoxin neutralizing proteins Nelson et a1., 1995; Weiner et a1.,1996
(ENP), recombinant Z imulus
polyphemus anti-LPS factor
(LALF)

Polymyxin B (PmB) Baldwin etal.,l99l

Rustici et a1.,1993

Pollack etal.,1996

Quezado et al., 1995

synthetic PmB-peptide

extra-corporal LPS-adsorption

lipoproteins (HDL)

+

+ (toxic)

+

(+)

I

-v

Strategies based on serum LPS
binding proteins

anti-LBP mab
human recombinant BPI

Cationic antimicrobial
protein 18

Gallay et al.,1993
Dahlberg et al.,1996;, Giroir et al., 1997

Tasaka etal.,1996

+ (if given at onset)
+

(+)

CD14-based therapies

soluble CDl4

anti-CDl4 mab

Goyert et al., 1995; Haziot ef al., 1995

Matsuura et al., 19931' Leturcq et al., 1996;
Schimke et al.. 1998

+

++

Strategies based on cytokines
other than TNF

PAF receptor antagonist

GM-CSF

IL-1 receptor antagonist

Dhainaut et al., 1994

Nelson et al., 1998

Ohlson et al.. 19901 Fischer et a1.,1994:'

(+)

(+) with AB

+
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Opal et a1.,1996

Miscellaneous approaches

non-steroidal anti-inflammatory Bernard eI el., 1997
drugs (NSAIDS) (Ibuprofen)

Vaccinia virus-mediated
overexpression of TNF-cr and
IFN-1

Antioxidants (N-acety lcysteine)

Tyrosine kinase inhibitor

Plasmapheresis

Cheers etal.,1999

Yincent, 1997

Novogrodsky et al., 7994

Pollack et a1.,1996

+

+

(Legend: : J no change or even worse outcome; : no change; : (+) minimal benefit;
(+) slight benefit; + benef,rcial; ++ striking benefit.)

1.9 HYPOTHESIS, AIMS AND SIGNIFICANCE

Regulation of inflammatory responses by exogenous and endogenous mediators has previously

concentrated on the effects of the action of a single mediator on cellular responses (Pober et al', 1990;

Schulze-Osthoff et a1.,1997, Kyriakis, 1996). This represents a limitation in the understanding how

inflammatory responses are regulated. LPS is a strong inducer of TNF-cx and hence these two cell

stimulators are present concomitantly in fluids and tissues during infection (Richter et al', 1989; Krüll

et al., 1996; Blank el al., 1997). Even in non-infectious situations, such as trauma with circulatory

shock, significant amounts of bacterial products such as LPS translocate from the intestinal

compartment (Bahrami et a1.,1995; Martin eT a1.,1,997). The focus of the work presented in this thesis

was directed towards the evaluation of the effects of concomitant exposure of cells relevant to lung

inflammation to LPS and TNF-o,.

1.9.1 Hypothesis

It is evident from previous findings that both TNF-cr and LPS have the ability to alter cellular

responses to other agonists, usually these responses are increased. It is therefore feasible that TNF-0

and LPS also increase responses to each other. We thus postulate that (i) TNF-a and LPS act

synergistically to stimulate cytokine production, respiratory burst and adhesive properties of

phagocytic cells. (ii) In the induction of adhesion molecules on endothelial and epithelial cells TNF-0
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and LPS are synergistic. (iii) The mechanism of synergism is a function of increased surface

expression of CD14 and/or the amplification of intracellular signaling pathways.

I.9.2 Specific aims

To test these hypotheses we will address the following aims:

(i) To examine whether or not TNF-cr and LPS act synergistically to stimulate neutrophil

superoxide production and adhesion.

(ii) To examine the effects of concomitant exposure of monocytes and macrophages to TNF-cr

and LPS on the production of TNF-cr, IL-1$ and IL-6.

(iii) To study the combined effects of TNF-o and LPS on the expression of E-selectin, ICAM-

1 and VCAM-1 on human umbilical vein endothelial cells, and ICAM-lon a type II

respiratory epithelial cell line.

(iv) To investigate whether or not TNF-cr modulates the expression of the LPS receptor,

CDl4, on neutrophils, monocytes, endothelial cells and epithelial cells.

(v) To examine whether cells exposed to both TNF-ct and LPS display unique differences in

intracellular signals stimulated.

1.9.3 Significance

The results generated in this study are likely to lead to a much better appreciation of the mediator

network operating in infection-induced inflammation with the potential to develop novel therapeutic

strategies in the management of gram-negative infections, including pneumonia and sepsis.
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2.I MATERIALS

2.Ll Lipopolysaccharideandcytokines

Lipopolysaccharide from Escherichia coli, serotypes K-235, 055:85 and 0I2l:88,
chromatographically purified by gel filtration, were purchased from Sigma Chemical Co., St. Louis,

Mo. For LPS binding studies FlTC-conjugated LPS (f-LPS) from E. coli 0127:88, also from Sigma,

was used. Lyophilized LPS powder and LPS stock solution (1Omg/ml) were stored at-200C, The LPS

working solution was kept at 40C.

Human recombinant TNF-cr was a gift from Dr G R Adolf, Ernst Boehringer Institute, Vienna,

Austria. The activity was 6 x 107U/mg and the preparation was >99o/o pure. 1U of TNF-cr is

equivalent to 0.01ng or 3.48x108molecules. The endotoxin contamination of the TNF-a preparation

was less than 0.125 endotoxin units/ml as assessed by the limulus lysate assay. Recombinant human

IL-18 was obtained from DuPont, De Nemours, France. Interferon-1 (FN-y) was obtained from

Boehringer Mannheim, Germany. GM-CSF was purchased from Sandoz, Basel, Switzerland, 100ng

contained 105 Units. All cytokines were stored at-700C.

2.1.2 Antibodies

The antibodies used in this thesis are listed in table form for easy reference (Table 2-l).

Table 2-1: List of antibodies

Specificify Species Label Source

Von Willebrand Factor DAKO, Denmark

E-selectin Becton Dickinson (BD),

San Jose, CA

ICAM-1 BD

VCAM-I BD

cD14 (MY4) Coulter Corporation, USA

CD14 DAKO, Denmark

cD14 (2D-lsC) Silenus-AMRAD Biotech,

Melbourne, Australia

HRPrabbit anti-human IgG

puremouse anti-human (mab)

mouse anti-human (mab) pure

puremouse anti-human (mab)

Pure and

biotinylated

mouse anti-human (mab)

Pure or PE-

conjugated

mouse anti-human (mab)

puremouse anti-human (mab)

mouse anti-human (mab) pureCD14 (Leurvt-M3) BD



Chapter 2 Material and Methods 53

mouse anti-human (mab) pure

biotinylatedRat anti-mouse (mab)

puremouse anti-human (mab)

mouse anti-human (mab) Pure

Puremouse anti-human (mab)

PE-conjugatedmouse anti-human (mab)

HRP-

conjugated

rabbit anti-mouse

(affinity isolated)

FITC-

conjugated

sheep anti-mouse

(affinity isolated)

R-PE.

conjugated

rabbit anti-mouse

(affinity isolated)

rabbit anti-human (mab)

(polyclonal)

pure

HRP-conjsheep-anti-rabbit

puregoat anti-human

(polyclonal)

goat anti-human

(polyclonal)

pure

FITC-conjmouse anti-human (mab)

PE-conjugatedmouse anti-human (mab)

PE-conjugatedmouse anti-human (mab)

FITC-conjmouse anti-human (mab)

PE-conjugatedmouse anti-human (mab)

CD14 (RMo52) Immunotech, Marseille,

France

Mouse IgG BD

IgGl (isotype control) DAKO

IgG2u (isotype control) BD

IgG26 (isotype control) BD

IgG26 (isotype control) DAKO

Mouse IgG DAKO

Mouse IgG Silenus

Mouse IgG DAKO

NF-rB (p65-Rel) Santa Cruz Biotechnology,

USA.

Rabbit IgG Silenus

ERK Santa Cruz

p38 Santa Cruz

CD11a

CDIIb
CDl lc
CDI8

CD33

CD45 mouse anti-human (mab) FITC-conj

2.1.3 Other reagents

7-aminoactinomycin D (7-AAD), benzamidine, cycloheximide (CHX), Cytochrome C (type III,

horse heart), DTT (Dl-Dithiothreitol, Cleland's reagent), EDTA, endothelial growth

supplement (ECGS), Folin's Solution (Ciocalteu's Phenol reagent, 2.0N), Leupeptin (fAcetyl-

Leu-Leu-Arg-all Trifluoroacetate salt), Lucigenin (bis-N-Methylacridinium Nitrate),

lysophosphatidic acid (LPA), Nonidet P-40, pepstatin A, Phenylmethylsulfonyl fluoride

(PMSF), PMA, Protein A sepharose beads, Sigma 104 (phosphatase substrate), superoxide

dismutase (SOD), were all purchased from Sigma.

BD

BD

BD

BD

BD

BD
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Human serum albumin (HSA, Albumex@, 200mg/ml), human immunoglobulin G for non-

specific blocking (IntragamrM, 60mg/ml) and Bovine serum albumin (BSA), were obtained

from Commonwealth Serum Laboratories (CSL), Parkville, Victoria, Australia.

Acrylamide Q.{,N'-Methylbisacrylamid30o/o), Ammonium persulfate (APS), sodium dodecyl

sulfate (Natrium lauryl-sulfat, SDS) TEMED (N, N, N', N',-Tetramethylethylenediamine: Bio-

Rad Laboratories, Hercules, CA, USA.

Collagenase type II, 0. mglml, activity 2l9IJlmg, (dry enzyme was weighed out, dissolved in

HBSS buffer and filter-sterilized [0.2¡rm]): Worthington, Freehold, NJ.

Gelatin (sterile, 0.2%): TRACE Biosciences, Australia.

Glutaraldehyde 2.5o/o: Probing and Stucture, Qld, Australia.

Trypsin (porcine): ICN Flow, Aurora, O.

TritonrM X100 and Tween@ 20 (Polyoxyetþlene(20) sorbitan monolaurate: Ajax Chemicals,

Auburn, NSW, Australia.

- Nitrocellulose paper (Optitran BA-S83, reinforced NC): Schleicher & Schuell, Dassel, GER.

ISOTON II solution: Coulter Electronics, Brookvale, NSW, Australia.

Scintillation fluid: Fisher Chemicals, Loughborough, England

ABTS buffer (2,2'-azino-di-[3 ethylbenzthiazoline sulfonate-(6)] and 0.012% hydrogen

peroxide in citrate-phosphate buffer, pH 4.2): Boehringer Mannheim, Germany.

The human E-selectin o-DNA probe was a 3.8-kb insert cloned into Lhe Xho-1 site of a pB-SK

vector, was a gift from Dr J Gamble, Hanson Centre for Cancer Research, Institute for

Veterinary and Medical Science, Adelaide.

FITC QuantumrM 26 beads: Flow Cytometry Standards Corporation, San Juan, PR.

Streptavidin-PE : Becton Dickinson.

Glutathione-Sepharose 4B : Pharmacia Biotech.

Enhanced chemiluminescence reagent: New England Life Science Products, Boston , Ma.

GAPDH probe cocktail: Clontech.

RNA,.¡ B: Cinna-Biotrex.

Gene Screen Plus nylon membrane and slot-blot vacuum manifold: Hoeffer.

Denatured Herring sperm DNA: NEN, Du Pont, De Nemours, France.

Lowry' s Solution (2Yo N azCO3, 1 
o/o SD S, 0.4% NaOH, 0.1 6yo Na/K-tartrate).

¡cr-32f1dcte and 35S L-methionine: Amersham, Little Chalford, Buckinghamshire, UK.

- y3'P-Adenosine 5'-Triphosphate (ATP): GeneWorks, Adelaide, South Australia, Australia.

2.1.4 Culture dishes

The following flasks and dishes were all sterile and of tissue culture grade:
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75cm2 culture flasks (Coming, Cambridge, Ma)

1Ocm tissue culture dishes (54 cm2), Coming, USA.

3.5cm tissue culture dishes (9.62cm2),Nunc..

6 well plates (9.62cm2lwell), Linbro-Flow, Aurora, O.

24 well plates (2cm2lwell), Linbro.

96 well plates (0.38cm2/well), Linbro.

Microtiter plates, Cooke, Dynatech Laboratories, Chantilly, Va.

Chamber slides, Lab-Tek, Nunc, Naperville, IL.

2.1.5 Serum, culture media and buffers

Human group AB serum was a donation from Mr. Ian Bates of the Red Cross of South

Australia. The serum from several donors was pooled, heat-inactivated for 3Omin at 560C, and

stored in 10ml aliqots at-200C until used as culture media supplement for HUVEC. Fetal calf

semm (FCS) was purchased from TRACE, Australia.

Hanks Balanced Salt Solution (HBSS), Phosphate Buffered Saline (PBS) and RPMI 1640

were all from Cell ImagerM, Adelaide, Australia, and were all endotoxin-free as assessed by the

Limulus Amoebocyte Lysate assay. All cell culture media were supplemented with penicillin and

streptomycin (80¡r/ml) and L-glutamine (3.2mmollL), all from ICN Pharmaceuticals, Costa Mesa, CA.

All buffers and media were filtered through 0.2¡tm filters (Sartorius, Göttingen, Germany).

2.2 METHODS

2.2.1 Preparation of mononuclear leukocytes and neutrophils

Neutrophils were prepared by the rapid single step method (Ferrante ef. al., 1978). Heparinized blood

from healthy volunteers (6ml) was layered over a solution of hypaque-ficoll (4m1, d: 1.114) and

centrifuged at400935min at room temperature. After centrifugation mononuclear cells were located

in the first leukocyte band and the neutrophils in the second (Photograph 2-I). The cells were

harvested, washed and resuspended in HBSS prior to use in experiments. The neutrophil preparations

were >960/o pure and >99yo viable as judged by the ability to exclude trypan blue. The mononuclear

fraction contained between 8%o and 160lo monocytes.

2.2.2 Purifïcation of peripheral blood monocytes by adherence to plastic

Tissue culture dishes were coated with autologous plasma (370C,30min). After discarding the plasma

the cells contained in the mononuclear band of the leukocyte preparation were resuspended in RPMI
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1640 medium (supplemented with 20% FCS) and transferred into the coated dishes. After 30min

incubation lymphocytes were removed by washing the cell monolayers and the adherent monocytes

were replenished with HBSS containing 2%o autologous donor serum for cytokine producttion

experiments.

fvp

<- PVnl

<-rc

Photograph 2-l: Leukocyte bands obtained with the single step method. After 6ml of heparinized peripheral
blood were layered onto 4ml of Hypaque-Ficoll gradient the tubes were centrifuged (35min, 4009). The
supernatant is the plasma. PMN, neutrophil band; MC, mononuclear cells; EC, red cell pellet

2.2.3 Differentiation of monocytes into macrophages

After the purification of monocytes as described above the cells were kept in culture medium (RPMI

1640, l\yo FCS, L-glutamine, P/S) for 4-6 days to allow differentiation of the monocytes into

macrophages. If required to be transferred the cells were removed from the original Petri dishes with a

cell scraper, counted, and seeded into appropriate tissue culture dishes for the indicated treatments.



Chapter 2 Material and Methods 57

2.2.4 Culture of Human Umbitical Vein Endothelial Cells (HUVEC)

It is inherently difficult to obtain primary cultures of human endothelial cells in sufficient quantities.

Although parts of saphenous vein, which occasionally remain unutilized in bypass grafting, or vessels

from amputated limbs have been used, these types of specimen are not widely available. In the search

for a model suitable for in vitro studies of the endothelium a method of harvesting human umbilical

cord veins endothelial cells (HUVEC) by enzyme digestion was introduced (Jaffe et al., 1973). Since

then HUVEC have been widely adopted as a useful and valid experimental model.

The characteristics of the responses of HUVEC in terms of surface expression of adhesion

molecules induced by proinflammatory mediators do not differ from those of cultured endothelial cells

from human saphenous vein and human femoral artery, thus confirming HIIVEC to be a relevant tool

in endothelial research (Klein et al., 1994).

Human umbilical cords were collected immediately after delivery and stored in sterile

containers at 40C for a maximum period of 36h. The veins were cannulated, washed with HBSS and

filled with collagenase (370C, Collagenase type II, 0.4mglml, activity ZISUlmg). After incubation in a

water bath (370c,2min) the content of each vein was collected (Photograph 2-2).

Photograph 2-2: Preparation of HUVEC. Umbilical cords were cannulated and washed with buffer (HBSS,

370C). Then the cords were filled with collagenase, incubated for 2min and the enzymelendothelial cell solution
was collected.

The veins were washed once with HBSS to harvest any remaining cells. Cells from each cord were

centrifuged separately (4009, Smin), the supernatant discarded and the pellet resuspended in RPMI

1640 (supplemented with 80U/ml penicillin, 80¡rg/ml streptomycin, 3.2mmol/L L-glutamine and20%o
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pooled, heat inactivated human group AB serum. Cells were transferred into 75cm2 culture flasks,

which were pre-coated with 0.2%o gelatin and grown to confluence (Photograph2-3).

Photograph 2-3: Confluent HUVEC in culture. These cell were prepared 4 days earlier and have not reached
the typical cobble-stone pattern yet. The photo was taken from a phase-contrast microscope (Optiplan, Leitz,
Wetzlar), magnifrcation 40x.

Endothelial cells were identifîed by their characteristic monolayer cobble stone appearance and

positive staining for factor Vlll-related antigen using peroxidase-conjugated rabbit IgG antibody to

human von'Willebrand factor and 3.3'-diaminobenzidine. Only first passage cells from one cord were

used for one experiment. Prior to experiments, cells were harvested from culture flasks with trypsin

(0.05mg/ml) and EDTA (0.02mg/ml).

2.2.5 The human endothelial cell line HUV-EC-C

The cell line HUV-EC-C (ATCC No CRL-1730) is derived from human umbilical vein endothelial

cells and has a life expectancy of 50-60 passages. It is propagated in RPMI 1640 media supplemented

with 10% FCS, Heparin (2.5Yo), ECGS (150¡rg/ml), penicillin (80U/ml), streptomycin (8Opg/ml) and

L-glutamine (3.2mmol/L)

2.2.6 Culture of the epithelial cell line 4549 (ATCC CCL-185)

A549 cells are grown in RPMI 1640 supplemented with 10% heat inactivated fetal calf serum,

PenicillirVstreptomycin and Glutamine at 370C in 5Yo COz humidified atmosphere. Coating of plastic
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culture dishes is not necessary. Cells seeded at a density of 1:4 become confluent in2-4 days. Prior to

subculturing the cells were washed in warm HBSS to remove medium and debris. Trypsin/EDTA

solution was added and the flasks incubated at 370C for 5-15min until the cell became detached. The

cell solution was centrifuged (175g,5min) and re-suspended in fresh culture medium. For freezing

cells, the pellet was resuspended lml l0o/o DMSO/FCS at room temperature instead of normal

medium, placed in a l.6ml cryo-tube (Nunc), step-frozen over l2h and then transfered to long term

storage in liquid nitrogen. Frozen cells were thawed rapidly ina370C water bath andtransferred into

RPMI 1640 (5m1, 200C). After centrifugation (1759,5min) the pellet was resuspended in 2ml of

culture medium (10% FCS) and the cells were seeded into a culture dish.

2.2,7 Human respiratory epithelial cell line l6HBE 14o-

This cell line has been derived from the airway epithelium of an 1 year old infant and immortalized by

SV40 transformation (Cozens et a1.,1994). The cells were propagated as described for 4549 cells.

2.2.8 Measurement of cytokines in monocyte/macrophage culture supernatants

The cytokines TNF-cr, IL-1 and IL-6 were measured by enzyme-linked immuno-sorbent assay

(ELISA) with the monoclonal capture method (Ferrante et al., 1990). Microtiter plates were coated

with the IgG fraction of goat anti-mouse IgG. After incubation (18-20h, 40C; the respective anti-

cytokine monoclonal antibody was added to each well. The plates were incubated (3h, 370C) and then

dilutions of either cytokine standards or dilutions of unknown sample (supematants) were added. After

a further incubation (18-20h,40C) rabbit anti-cytokine antiserum was added and incubated again (3h,

370C). Sheep anti-rabbit immunoglobulin-horseradish peroxidase conjugate (60¡rl) was added and

after further incubation (3h, 370C) the wells were washed and ABTS buffer was added. The colour

reaction was allowed to proceed for 45-60min and the light absorption read at 410nm in a Dynatech

plate reader. The TNF-cr assay did not detect IL-l or IL-6, the IL-l assay did not detect IL-6 or TNF-c,

and the IL-6 assay did not detect TNF-cr or IL-I.

2.2.9 Lucigenin dependent chemiluminescence assay

Lucigenin-dependent chemiluminescence is a measure of neutrophil superoxide production and was

used as described by Hardy et al., 1994. This response is specific for superoxide and can be totally

inhibited by superoxide dismutase (Gyllenhammar, 1986; Hennet el a.,1.993). For each assay 1x 106

neutrophils in 100¡rl HBSS were transferred into luminometer tubes and then various reagents were

added in a final assay volume of 500 ¡rl. The neutrophils were pretreated with TNF and then with LPS
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in the presence of l%oheat inactivated ¡SOoC/30min) autologous donor serum. During the pretreatment

times the assays were incubat ed at 370C in an atmosphere of 95o/o air/S%o COz and high humidity. The

tubes were then transferred into the luminometer (Model 1251, Bioorbit Oy, Turku, Finland,

photograph 2-4), waterjacketed (370C) with MultiUseru software version 1.08), which automatically

added 500p1 of lucigenin per tube to bring the final volume to lml. Recording of the resulting

chemiluminescence (in mV) began immediately and was continued until the readings returned to

baseline values. The results were recorded as peak initial rate of superoxide production and also as

total amount of superoxide produced over a fixed time period by integration of the area under the

curve (in mV). Some data are expressed as stimulation indices. To obtain these, the means of the

treatments were divided by the means of the baseline values'

Photograph 2-4: Luminometer Model l25l from Bioorbit Oy, Turku, Finland. The sample tubes were inserted
in a carousel, and the luminometer pump automatically injected 0.5m1 of lucigenin per tube. Chemiluminescence
(in mV) was continuously recorded.

2.2.10 Cytochrome C assay

This methodto assess superoxide release is adapted from Babior et a\.1972. Neutrophils (lxl0Tcells

in 100p1) were pre-treated with either TNF-cr or diluent (20min, 370C), then mixed with 200¡rl of

cytochrome C (final concentration 100mM) with or without superoxide dismutase (SOD,

80pg/sample). Then 100p1 of LPS or diluent were added to each tube, the volume made up to lml

with HBSS, and incubated (45min, 370C). The tubes were centrifuged (5609, 5min) and the light

absorption of the cell-free supernatant was read at 550nm in a DU-65 spectrophotometer (Beckman

Instruments Inc., Palo Alto, Ca.). Results from blank tubes were subtracted from the readings of all

tubes and the superoxide dismutase-inhibitable fraction of superoxide production was calculated by

the formula:



Chapter 2 lli4aterial and Methods 61

OD lwtttrout soo¡ - OD (with SoD)

mMoles of Oz-1107 PMN

I 8. 5 (Extinction Coefficient)

2,2,11 Neutrophil adhesion assay

This assay was carried out in 96 well ELISA plates, which were coated with autologous plasma (I0 yo,

diluted in HBSS,200¡rl per well) and incubated at370C for 30min. The wells were washed 2x with

200¡rl HBSS and 5x105 PMN per well in 50¡rl HBSS were added. The neutrophils were incubated with

various treatments at a final volume of 200m1 per well. Experiments were carried out in quintuplets

and conducted in a humidified atmosphere (30min, ar 370C, 5% CO2). At the end of the treatment

period the contents of the well were discarded and the plates washed 2x with HBSS per well. The cells

were stained with Rose Bengal (100p1 per well, 0.25 % in PBS, 5min, room temperature) and then

washed again 3x with HBSS (200¡rl per well). Cells were fixed with Ethanol/PBS l:1 (200¡rl, 30min,

room temperature) and then re-suspended gently prior to reading the absorbance of the wells at 570nm

in a DynatechrM plate-reader. Values from wells containing no cells (blanks) were subtracted from

values obtained for treatments.

2.2,12 Flow Cytometry and Immunohistochemistry

2.2.12.1 CDllb exprcssion on monocytes/macrophages

The mononuclear fraction obtained from the HypaqueÆicoll blood preparation (1x106 cells per tube,

8-20% of which were monocytes on forward/side scatter) were treated in duplicates as described in the

figure legends and then washed in ISOTON II, transferred on ice and blocked with 10 pl of

IntragamrM for l5min. Then anti-CD11b-PE-conjugated antibody or PE-conjugated isotype-matched

control antibody were added at a dilution of 1:50. The cells were washed twice in 2ml ISOTON II per

tube, and then fixed in 1:33 FormaldehydellSOTON II, (250¡rl) and analysed in a Becton-Dickinson

FACScan, 10,000 events per tube. On Forward/Sidescatter lymphocytes were gated out and the

fluorescence intensity of the monocyte population was measured. The fluorescence values of isotype-

matched negative controls were subtracted from fluorescence values of the treatments.
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2.2.12.2 Binding of fluoresceinJabelled LPS

Neutrophils (1.5 x 106), HUVEC (5x104) or 4549 cells (5x10a) were incubated at370C for 20min with

either diluent or TNF-cr. The tubes were transferred onto ice, centrifuged at 40C and then re-suspended

in serum (40C, 5yo, heat inactivated). FlTC-labeled LPS (Sigma) was added at a concentration of

8pg/ml and non-labeled LPS in the same concentration to a control tube. After 30min incubation on

ice the cells were washed three times at 40C and fixed in formaldehyde 1:33 in ISOTON II solution.

The fluorescence intensity of the cell population was analyzed by flow cytometry on a FACScanrM

(Becton Dickinson, USA, Photograph 2-5). A total of 10,000 cells were counted and the data

processed with LYSYS II software.

F

-t

I
Photograph 2-5: Becton Dickinson's FACScan. The channel frequencies were:

FLI - Excitation:495nm; Emission: 5l0nm. (FITC)
FL2 - Excitation: 565nm; Emission: 575nm. (PE)
FL3 - Excitation:470nm; Emission: 677nm. (7-AAD)

2.2.12.3 Adhesion molecules

Endothelial cells were treated in 6 well plates, and the end of the treatment period the cells were

washed with HBSS and enzymatically removed with 0.35m1 per well of trypsin/EDTA. The cell

suspension was collected into FACS tubes (Becton Dickinson), transferred onto ice, washed with 2ml

of ISOTON II solution (40C) and then resuspended in 10pl of Intragam* lt5min¡ and then incubated

on ice for 30min with 50pl of primary antibody solution (1:100). After 3 washes with ISOTON II

(2ml) the secondary antibody was added. After 30min on ice the cells were washed 3x and fixed with

l:33 formaldehyde in ISOTON II (0.3m1). The fluorescence intensity of the cell population was

analyzed by flow cytometry on a FACScan (Becton Dickinson). 10,000 cells per sample were counted

and the data were processed using Lysis II or Cellquest software (Becton Dickinson). The
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fluorescence values of isotype-matched negative controls were subtracted from fluorescence values of

the treatments.

2.2.12.4 Cell surfuce CD14

Essentially, cells were processed as described above. Some cells were not fixed and re-suspended in

ISOTON II for assessment of their viability according to their positive or negative staining with 7-

amino-actinomycin D (7-AAD, 0.2o/o,FL3). After plotting the cell population forward scatter against

flow channel 3 (FL3), 10,000 events from within the viable, 7-AAD-unstained cell population per

sample were counted. The endothelial cell viability (7-AAD-negative cells) was > 90V". To rule-out

artifacts produced by the use of trypsin to remove HUVEC from plastic, gentle mechanical removal

with a cell scraper ("rubber policeman") was compared to cells obtained from the same cord. There

was no difference in the level of CD14 surface expression or in cell viability between the two

procedures (not shown). A representative dot plot of HUVEC stained with the viability stain 7-AAD

(FL3) is shown in Fig. 2-1.
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X'igure 2-1: Viability of HUVEC at the time of flow cytometric analysis. After enzymatic removal of
untreated HUVEC from the culture dish and standard preparation for flow cytometric analysis the cells were

stained with 7-AAD (lOmin, 0.2%). Gate Rl contains the viable (7-AAD-negative) cells, > 90/o of the total cell
population of approximately 10,000 cells.

7-AAD can be used together with FITC and PE and stains only cells which lost their membrane

integrity (Schmid et al., 1994). The median fluorescence intensity-values (MFI) of isotype-matched

negative controls were subtracted from the MFI of samples with anti-CD14. The expression of CDl4

on neutrophils, monocytes or epithelial cells was carried out in a similar fashion.

FSC-H\FSC-Height->
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2.2,12.5 Von úYillebruwl Fuctor stainíng of endothelíøl cells

Staining of HUVEC with rabbit antiserum to human von Willebrand factor was carried out as

prescribed in the instructions of DAKOPATTS kits. HUVEC were grown to confluence in 6-well

plates. The cells were washed and fixed with methanol (20min) in the presence of HzOz (0.6%) to

quench endogenous peroxidase. After blocking with l0o/o rabbil serum rabbit anti-human von

V/illebrand IgG was added (dilution 1:500). After th DAB solution was applied (5min) and the cells

were counter-stained with Mayer's Haematoxilin. HUVEC were 99-100% positive.

2.2. 12.6 Immuno-histochemistry

A section of a fresh cord was washed in HBSS (4oC), the vein and arteries were flushed with HBSS

and then with 10% formaldehyde. After fixing the tissue in l0%o formaldehyde overnight it was

embedded in paraffin and cut with a microtom (Leica 1572, Wetzlar, Germany) at 6pm thickness.

After mounting, rehydration and quenching with peroxide a standard 3-step immune histochemistry

was performed with DAB as the substrate. Slides were counter stained with haematoxilin and

photographed with light microscopy (magnification 1 0-40x).

2,2,13 Immunofluorescence microscopy of HUVEC in culture and of cord tissue

2.2.13.1 Cells in culture

HUVEC were gro\¡vn on chamber slides, washed with Phosphate Buffered Saline and f,rxed (PBS, 37%

Formaldehyde and 2%o TritonrM X100. After blocking (human immunoglobulin G, 20min) two-step

staining was performed with MY4 (1:50) primary antibody and FlTC-conjugated rabbit-anti mouse

polyclonal secondary antibody (1 : 100).

2.2.13.2 Cord tissue

A section of cord was snap-frozen in 207io ethanol (-1700C), cut into lO¡rm thick sections using a

cryomicrotome and transferred onto slides. After air-drying tissue samples were stained as described

above. Samples were photographed with a UV fluorescence microscope (Leitz, Wetzlar, Germany)

using Kodak 100 ASA slide film.
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2.2.14 ELISA for measuring expression of adhesion molecules on HUVEC

HUVEC (5x104/well) were plated into 96 well plates, which had been pre-coated with 0.2% gelatin.

Cell reached confluence within 1-3 days and were treated in the wells. At the end of any treatment

period the wells were washed twice with warm 0.1% BSA in HBSS 0.2m1 per well and then fixed

overnight with glutaraldehyde (0.025yo,200C, 0.zm\lwell). The monolayers were then washed twice

with BSA and incubated with blocking buffer (0.1%BSA in HBSS and 0.1M glycin,200C,2h). The

ELISA was performed with 3 washes with 0.2m1 I well 0.lYo BSA between each step. HUVECs were

incubated first with 50¡rl/well of primary monoclonal antibody (anti-E-selectin or anti-ICAM-1 or

anti-VCAM-1), and then with 7O¡rllwell of secondary HRP-conjugated antibody, one hour each at

370C. Finally, 100¡rl per well of enzyme substrate consisting of 0.55mg/ml 2,2'-azino-di-[3-

ethylbenzthiazoline sulfonate-(6)l and 0.012% hydrogen peroxide in citrate-phosphate buffer, pH 4.2

were added and colour was developed until cell-alone wells gave a standardized absorbance reading at

41Onm (optical density, 0.3 units) using an ELISA plate reader (Dynatech MR 7000).

2,2,15 Estimation of adhesion molecule mRNA

The human E-selectin c-DNA probe was a 3.8-kb insert cloned into the Xho-I site of a pB-SK vector.

After the treatments of HUVEC in tissue culture plates RNA for the slot blots was isolated by the

RNA,orB method by direct addition of 0.4m1 RNA,olB per 106 cells and lysis on the tissue culture plate.

Chloroform (50p1) was added to the lysates, each tube was vigorously shaken for l5s and placed on

ice for 5min. After centrifugation (9,0009, 15min, 40C¡ the upper phase was carefully removed and the

RNA was precipitated by the addition of an equal volume of isopropanolol by incubation on ice for

15min. The RNA was pelleted by centrifugation at 9,0009 (15min, +0C¡. the RNA samples were

diluted in a solution containing formaldehyde, SSC, SDS, and diethyl-pyrocarbonate and heated

(650C, 5min). The samples were applied to a Gene Screen Plus nylon membrane using a slot-blot

vacuum manifold. The filters were baked (2h, 800C), and prehybridization was performed for 16 to

24hin a solution containing formamide, dextran sulfate, SDS, SSC, Denhardt's solution and denatured

herring sperm DNA. DNA probes were oligolabeled using [a-32P]dCTP as described previously (10)

and used for hybridization. The extent of hybridization was subjected to quantitative analysis by

Instant Imager and Imager software (Packard Instruments). The quantitations for the blots were

calculated as the value obtained for the E-selectin probing of that blot divided by the value of its

GAPDH reprobing and expressed as normalizedralio.



Chapter 2 Material and Methods 66

2.2.L6 Nuclear extracts

Nuclear extracts were prepared as described previously (Min et al., 1997) with slight modifications.

Briefly, confluent endothelial monolayers were stimulated with diluent, TNF, LPS or TNF and LPS.

After incubation cells were washed twice with cold PBS (8m1, 40C¡, harvested with a cell-scraper and

centrifuged (l759,5min, 40C). The pellet was resuspended in 1ml cold PBS. Following centrifugation

(9,0009,40C, 15s; the cells were lysed (1Omin, +0C¡ by adding 80pl of lysis buffer (pH 7.8, 1OmM

Hepes, l.5mM MgCl2, 1OmM KCl, 300mM sucrose, 05% (vlv) Nonidet P-40, lmM dithiothreitol,

lmM phenylmethylsulfonyl fluoride (PMSF), 1Opg/ml leupeptin, 1Opg/ml aprotinin, 10pg/ml

pepstatin A, 1Opg/ml benzamidine). The tubes were washed a second time, the pellets were

resuspended in 60¡rl lysis buffer and the nuclei disrupted by sonication. After centrifugation (9,000 g,

30s) the supernatants were collected, mixed with Laemmli Buffer (1000C, 5min) and stored at -700C

until analyzed by western blotting.

2.2.17 Western Blot

The assay was carried out as described previously (Hii et a1., 1998). The proteins were separated by

12% SDS polyacrylamide gel electrophoresis (PAGE). After transfer the blots were incubated with

primary antibody, washed (6x) and subsequently incubated with secondary antibody (both antibodies

aI 1 : 1000, t h, 370 C). After 6 washes immunocomplexes were visualized by enhanced

chemiluminescence. The blots were scanned with an Image QuantrM scanner and quantified with

Image QuantrM software version 3.3 (Molecular Dynamics, USA).

2.2.18 Assay for the activity of the MAP kinases ERK and p38.

After exposure of HUVEC to the various agonists for l5min incubations were terminated by removing

the culture medium and washing the cells twice (8ml HBSS, +0C¡. ZOO¡rt of lysis buffer per dish

(20mM Hepes, pH 7.4, 05% (vlv) Nonidet P-40, 100mM NaCl, 1mM EDTA, 2mM Na:VO+, 2mM

dithiothreitol, 1mM PMSF, 1O¡.lglml leupeptin, 10pg/ml aprotinin, 10¡rg/ml 10¡.lglml pepstatin A,

1O¡rg/ml benzamidine) were added and the cells were harvested with a cell scraper and incubated with

constant mixing (40C, 2 h). After centrifugation (9,0009, 20s) the supernatants were collected and

stored at -700C until assayed for kinase activity. ERK and p38 were immunoprecipitated before

determination of kinase activity as described by Hii et al., 1998. Lysates were precleared with protein

A-Sepharose. Anti-p38 or anti-ERK antibody (3¡rglsample) was added and tubes were incubated with

constant mixing (90min, +0C¡. the antigen-antibody complexes were precipitated by the addition of

protein A-Sepharose. The immuno-precipitates were washed twice at 40C, first with lysis buffer and
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then with assay buffer (20mM Hepes, pH 7.2, 20mM p-glycerophosphate, 3.8mM p-

nitrophenylphosphate, 1OmM MgCl2, 1mM dithiothreitol, 50¡rM NaVO+ and 20¡rM ATP). The assay

was started by adding 30¡rl of assay buffer containing 6 ¡rCi of Y32P-ATP per sample and 35pg/ml of

myelin basic protein. After a 20min incubation at 300C, the assay was terminated by the addition of

Laemmli buffer and the samples were boiled (1000C, 5min). Phosphorylated myelin basic protein was

resolved by 16% SDS-PAGE and was detected and quantified using an Instant Imager and Imager

software (Packard Instruments).

2.2.19 Assay for the activity of the MAP kinase JNK.

JNK was assayed by a solid phase method as described by Hii et a1., 1998. Glutathione,S-transferase-

jun 1-79 fusion protein was purified from bacterial lysates using glutathione-Sepharose 4B at 40C with

gentle rocking. Lysate protein (1000pg), 15mM MgCl2 and 1OpM ATP were added lo25¡t"l (packed

volume) of glutathione S-transferase-jun (l-79) coupled to glutathione-Sepharose beads. The mixtures

were incubated with gentle rocking (2h,40C). After centrifugation (9,0009, 40C, 5min; the beads were

washed once with lysis buffer, once with wash buffer (pH 7.0, 1OmM Pipes, 100mM NaCl) and once

with assay buffer (as above). The assay was initiated by adding 30¡rl assay buffer containing 6¡rCi of

yt'P-ATP/sample (300C, 20min) and terminated by the addition of Laemmli buffer (1000C, 5min).

Samples were resolved by 12% SDS PAGE and detection and quantihcation of phosphorylated

glutathione ,S-transferase-jun l-79 was carried out as above.

2.2.20 Incorporation studies with radio-labelled amino acid

HUVEC were grown to confluence in 10cm tissue culture dishes. Cells were either maintained in

normal culture medium (unstimulated), or in medium containing 40% FCS (stimulated) .25¡tCi of 35S-

L-Methionine were added to each dish in a final volume of lOml. After 24h the cells were washed

once on ice, mechanically removed from the dishes, and lysed in constantmotion aI40C for 4h with

250¡rl of lysis buffer (20mM Hepes, pH 7.4,05% (vlv) Nonidet P-40, l00mM NaCl, 1mM EDTA,

2mM Na:VOa, 2m}r/r dithiothreitol, 1mM PMSF, l0¡rg/ml leupeptin, l0pg/ml aprotinin, 10pg/ml

1Q¡rg/ml pepstatin A, 1Opg/ml benzamidine). Triton X 100 at a concentration of 0.5mg per mg sample

protein was added and membranes disrupted by sonication. The samples were centrifuged at 100,0009

(40C, th) and then transferred onto 15pl each of protein A sepharose beads for preclearance at

constant motion (40C, 45min). Samples were centrifuged (30s, 40C, 9,0009) and the supernatants

transferred inTo2 new tubes per sample. Either anti-IgGz¡ or anti-CD14 antibody (MY4) were added,

l2¡ilper tube. The samples were kept at gentle agitation (40C,2h) and were subsequently transferred

onto l2¡rl each of protein A sepharose beads. Again, samples were incubated with gentle agitation

(40C, th) and then centrifuged (40C,9,0009). The supernatant was discarded and the beads
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resuspended in scintillation fluid (6ml) and placed into scintillation vials. Radiation as counts per

minute (CPM) was recorded in a B-counter (LKB Wallac 1409-411 Liquid Scintillation counter,

Turku, Finland) over a period of l0min per sample, the result of the IgG26control precipitations were

subtracted from the results obtained with MY4.

2.2,21 Lowry's Protein determination

Protein standards are prepared by serially diluting 0.1% BSA 1:2 in tubes including atube containing

H2O only (zero protein). A 1:10 dilution of each sample to be assayed is produced (5pl in 45¡rl H2O),

and Solution I (150¡rl of Lowry's Solution/Cuso2 0.lM, 100:1) is added to all tubes. After incubation

(room temperature,20min) Solution II (15p1 of HzO and Folin's reagent, 1:1) is added. After

incubation (room temperature, 30min) the contents of all tubes are transferred into a 96-well plate

(180¡rl/well) and the light absorption is determined in a plate reader (560nm, Dynatech MR7000). The

resulting optical density (OD) readings of the known protein standards are plotted on a linear

regression normogram. This allows the protein content of the treatment samples to be calculated by

comparing their OD values to the normogram.

2.3 STATISTICALANALYSIS

Dalaare represented as means t standard errors of the mean unless stated otherwise inthe text or the

figure legends. Statistical significance was assessed either by Student t test when comparing two

groups of data or by analysis of variance (ANOVA) for multiple comparisons. If data were not

normally distributed the nonparametric Kruskal-Wallis test with Dunn's post-test was used. P values

of less than 0.05 were considered statistically significant.



Chapter 3

Responses of Mononuclear Phagocytes

to LPS and Pyrogenic Cytokines



Chapter 3 Responses of Mononuclear phagocytes to LPS and Pyrogenic Cytokines 70

3.1 INTRODUCTION

Peripheral blood monocytes and tissue macrophages are an important part of the innate immune

system. These cells play many different roles in defense against infection, with one of their major

functions being phagocytosis of foreign matter. Therefore monocytes and macrophages are often

referred to as'professional phagocytes'. Another important role for macrophages is processing of

antigen and the release of cytokines, which promote T-cell activation.

It is also well known that the activity of macrophages can be dramatically increased by a

variety of endogenous and exogenous mediators. In relation to many extracellular bacteria short-term

stimulation of macrophages with cytokines increases their bactericidal activity. In other cases as for

intracellular bacteria like mycobacteria and listeria, macrophage activation is required for the cell to

control and kill the intracellular organism, a process which requires long-term exposure to sþecific

mediators such as IFN-y.

During inflammation, initiated by microbial invasion of tissues, mononuclear phagocytes

become simultaneously exposed to a mixture of mediators which all function to alter the antimicrobial

activity of the cell (Henderson et al., 1996). This manifests itself in terms of increased expression of

cell surface receptors which aid the cell's ability to recognize bacteria and tissue surfaces, in terms of

initiation of the oxygen-dependent respiratory burst as well as the release of lysosomal enzymes and

other mediators (Frenette et al., 1996; Cassatella et al., 1989). Mononuclear phagocytes also produce

and release cytokines which inhibit the growth or kill/damage microorganisms, tumour cells and

altered tissues (Ferante et al.,1992).

To appreciate the mediator network, which orchestrates the monocytes response to infection

there is a need to address the issue of changes associated with exposure of monocytes to more than one

mediator. The main reports so far have addressed the question of the effects of one mediator on the

function of the mononuclear phagocyte.

The purpose of the investigations described in this Chapter was to gain further understanding

of modification of mononuclear phagocyte function by mediators by examining whether concomitant

exposure to more than one mediator resulted in significant changes in cell function compared to the

effect of either mediator alone. In this study the endogenous pyrogenic cytokines TNF-o, IL-lB and

IL-6, and the bacterial product, LPS, were chosen since these are the main mediators encountered in

the scenario of gram-negative infections. LPS is the most powerful inducer of the synthesis of

cytokines by monocytes, including TNF-cr, IL-i and IL-6. The other marker of monocyte stimulation

studied was the surface expression of the adhesion molecule CDllb/CDl8 (CR3), the level of which

correlates with the adhesive properties of the mononuclear phagocyte.
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3.2 THE PRODUCTION OF TNF-cx,IL-10 AND IL-6 BY LPS-STIMULATED MONOCYTES

Monocytes \ryere prepared from the peripheral blood of healthy volunteers by a combination of density

gradient centrifugation and adherence to serum-coated plastic surfaces (as described in methods,

section 2.2.1). The monocytes (1x106) were treated in2cm2 wells (final volume 500p1) with varying

concentrations of LPS in HBSS containing 5% autologous donor serum and incubated at 370C. The

supernatants were collected after 6 h and assayed for TNF-o,IL-lB and IL-6 by ELISA (described in

2.2.8). The results showed, that the amount of TNF-cr, IL-18 and IL-6 produced was LPS

concentration-dependent. Signihcant amounts of TNF-cr were produced with LPS concentrations of

0.2nglml, while IL-18 and Il-6 production required only 0.02nglml of LPS (Fig 3-1).
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Figure3-1: Dose-response curves of LPS-induced production of TNF-o, IL-18 and IL-6 by monocytes.

Peripheral blood monocytes (lxl06cells/assay, volume 500p1) were stimulated for 6h with the LPS

concentrations indicated. The data show the means + SEM of 2 determinations with cells from two different
individuals. The results are expressed as amounts of cytokine produced (in pglml)'
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3.3 THE EFFECT OF TNF-o ON THE LPS-INDUCED IL-18 PRODUCTION

TNF-cr produced in response to LPS by monocytes and macrophages is likely to act in concert with

LPS to produce a cascade of inflammatory-associated responses. To examine this concept peripheral

blood monocytes were treated with either TNF-o (10U/ml), LPS (0.lng/ml) or both agonists. The

amounts of TNF-c¿ and IL-l8 produced by monocytes exposed to both mediators were not only greater

than the amounts induced by each agonist alone, but were also greater than the sum of the responses

by the individual treatments, suggesting that the two mediators were synergistic in this response (Fig.

3-2).
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Figure 3-2: Effect of TNF-o on LPS-induced production of TNF-cr (A) and IL-lP (B). Peripheral blood
monocytes (1xl06cells/assay) were treated for 3h with either diluent, TNF-cx, (10U/ml), LPS (0.lng/ml) or both
agonists combined (TNF+LPS) in the presence of human serum(2%o, final assay volume lml). The results are

expressed as the means + SEM of two experiments with cells from 2 different donors. The values for untreated
cells (4, TNF-cr, 109pg/ml; B, IL-l0,89pg/ml) have been subtracted from the treatments. The amount of
cytokine produced was measured as described in methods. ** p < 0.001 for TNF+LPS vs TNF or LPS. p <
0.001 for TNF+LPS vs sum of TNF and LPS in (Ä) and p < 0.01 for TNF+LPS vs sum of TNF and LPS in (B)
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3.4 THE EFFECT OF TNF-ct,IL-IF AND LPS ON MONOCYTE IL-6 PRODUCTION

The cytokinelL-6 is produced by monocytes and macrophages not only in response to LPS, but also to

TNF-a and IL-p. The hypothesis that all three mediators may cooperate to increase IL-6 production,

was tested by stimulating peripheral blood monocytes (1x106/ml) with TNF-cr (1OU/ml), LPS

(0.1ng/ml), IL-18 (1ng/ml), each alone or in a number of combinations of these. For all combinations

there was a statistically significant increase in the production of IL-6 (in pglml) when compared to the

amount of IL-6 generated by each agonist individually (Fig. 3-3). When combined TNF-a and LPS

(Fig. 3-34), TNF-cr and IL-l (Fig. 3-38) or LPS and IL-l (Fig, 3-3C) achieved a moderate but

statistically significant increase in IL-6 production. An additional increase in IL-6 production was

achieved when monocytes were treated with the combination of all three mediators (Fig. 3-3D).
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Figure3-3: Effect of TNF-o, LPS and IL-lBon the production of IL-6 by monocytes. Peripheral blood
monocytes (1xI06 cells, assay volume lml) were treated for 3h with either TNF-o, (10U/ml), LPS (0.lnglml), IL-
1B (lng/ml) or combinations as indicated. The amount of IL-6 produced was determined by ELISA and
comparison with known standards. The data represent the means + SEM of 2 determinations of 2 independent
experiments. The amount of IL-6 produced by unstimulated cells (control) was 320 pglml and has been
subtracted from all treatment values. (* p < 0.001 for the combinations vs each of the single agonists.)
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3.5 EFFECT OF TNF-o ON THE LPS-INDUCED PRODUCTION OF' TNF-a BY

MACROPHAGES

To examine whether macrophages showed a similar response pattern to monocytes (Fig. 3-2A),

peripheral blood monocytes were differentiated into macrophages in serum-coated tissue culture

plates. The treatment conditions were the same as for monocytes. The production of TNF-a by

macrophages was synergistically increased when cells were treated with LPS and TNF-a (Fig. 3-a).
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Figure 3-4: Effect of human recombinant TNF-a on the LPS-induced production of TNF-cr by macrophages.

Peripheral blood monocytes were differentiated into macrophages as described in Methods. Macrophages were
treated in the 6-well plátes they differentiated in without being handled. Cells (1x106/assay were treated with
either diluent, TNF-û, (10U/ml), LPS (0.lng/ml), or both for 3h. The entire treatment volume (lml) was
collected for cytokine measurements. The data represent the means + SEM of 2 separate experiments with
monocytes from2 donors. ** p .0.001 for TNF or LPS vs TNF+LPS; p < 0.01 for the sum of TNF and LPS vs
TNF+LPS.

3.6 EFFECT OF TNF-c{, ON LPS-INDUCED UPREGULATION OF CDllb/CDl8

It has been reported that LPS and TNF-cr each have the ability to upregulate the expression of the B-

integrin family adhesion molecule CD11b/CD18. Upregulation of this molecule is associated with

increased adhesiveness of mononuclear phagocytes, and CD18 expression correlates with diapedesis

of these cells through endothelial monolayers. Thus CDllb/CDl8 can be viewed as a marker of cell

stimulation, and it was of interest to investigate whether low doses of LPS and TNF-a would

synergize in terms of upregulation of this molecule. Monocytes prepared from peripheral blood

(1xl06cells/assay) were treated with diluent, different concentrations of LPS and TNF-cr individually,

or both mediators combined. Expression of CDl lblCD18 was measured by direct

immunofluorescence and flow cytometric analysis of formaldehyde-fixed cells. The data, shown as

percent increase over control, demonstrated increased expression of CD11b/CD18 in a dose-dependent

manner (Fig. 3-5, only CDllb is shown). The effect of combined treatment with both mediators was

additive. However, the overall increase was only modest, the maximum achieved with combined

treatment with the largest doses of LPS and TNF-o was 60Yo.

400

300

1
E
cn
CL

ð
l!
F

0



Chapter 3 Responses of Mononuclear phagocytes to LPS and Pyrogenic Cytokines 75

^

õ
troo
L
(¡)

o
o)
atoq)

o
Êl

Êq)
o
(¡)
o-

70

60

50

40

30

20

10

0
TNF 1OO

LPS 1O

TNF+LPS

LPS

t
TNF

TNF lOOO
LPS .IOO

A

j

TNF 1

LPS 0.1
TNF 1O

LPS 1

Treatments (TNF in U/ml, LPS in ng/ml)

Figure3-5: CDllb expression in monocytes. lxl06 monocytes were stimulated with TNF-c or LPS or
TNF-cr + LPS for 30min at the concentrations indicated. Cells were then stained with an anti-CDllb PE-
conjugated antibody and 10,000 cells were analyzed using a FACScan. The results represent the means SEM of
duplicates of experiments with cells from 3 different donors and are expressed as percent increase of the median
fluorescence intensity (MFI) above the MFI of the unstimulated cell population. (p <0.05 ¡o¡ 1¡F+LPS vs TNF
or LPS atall4 concentrations tested)

3.7 SUMMARY AND CONCLUSIONS

Suboptimal concentrations of bacterial lipopolysaccharide, as found during a gram-negative bacterial

infection, were able to stimulate monocytes to produce TNF-o, IL-18 and IL-6 and synergize with

TNF-cr to enhance the production of TNF-cr and IL-1Ê signifìcantly .These pro-inflammatory

cytokines stimulated the production of IL-6 by monocytes, which was further increased in the

presence of LPS. As in monocytes, TNF-a acted synergistically with LPS to stimulate TNF-a

production in macrophages, which were derived by differentiating monocytes in culture. Monocytes

also showed increased expression of the adhesion molecule CDllb/CD18 if treated with both LPS and

TNF-c¿. The potential limitation of studies of mononuclear cells are cell activation caused by the

isolation procedure. The indicator ofsuch activation is a high level ofcytokines produced by untreated

'control' cells. In the experiments described above the baseline was very low and the ability of the

cells to respond normally to stimulation was confirmed by dose-response studies (Fig 3-1). The data

indicate that significant amounts of pro-inflammatory cytokines were released by mononuclear

phagocytes when these cells were exposed to low concentrations of both LPS and TNF-cr in concert.

This is likely to amplify the immune response to bacteria by the activation of local cells and the

recruitment of other inflammatory leukocytes.
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4.1 INTRODUCTION

Neutrophils differentiate from bone marrow stem cells and are the first line of defense against

bacterial invasion of the host. The cells are attracted to relevant locations by chemokines secreted by

macrophages and other local cells. Binding to the endothelium is necessary for neutrophils to become

rapidly deployed at sites of infection, where they are stimulated to kill microorganisms. This is

achieved by an increased production of oxygen radicals and the release of granule constituents, a

powerful anti-microbial system (Babior ef a1.,1972; Sengeløv et al., 1995). However, in exacerbated

inflammation persistence of activated neutrophils usually leads to damage of tissues.

Adhesion of neutrophils to endothelium, release of granule constituents and production of

oxygen radicals are under the control of endogenous and exogenous mediators. Using TNF-cr and LPS

as respective examples of stimulators of the above neutrophil functions it was considered important to

determine how neutrophils respond to a combination of these two mediators.

4.2 TIJE EFFECTS OF TNF-c¿ AND LPS ON THE NEUTROPHIL RESPIRATORY BURST

Chemiluminescence assays as a measurement of the neutrophil respiratory burst are based on the fact

that the superoxide ion is unstable and activates fluorescent substances, such as luminol or lucigenin,

during its dissociation. The resulting measurements are accurate reflections of the rate of superoxide

production and are recorded over time, allowing an assessment of peak and of total superoxide

production by integration ofthe data.

LPS directly and strongly triggers the release of ODRS by neutrophils (Dahinden et al., 1983;

Nathan, 1987). Although TNF-cr has been regarded as being unable to elicit the respiratory burst in

neutrophils, recent evidence challenges that view pointing to conditions of cell preparation as the

probable reason for these discordant findings. Using the single-step preparation of neutrophils without

hypotonic lysis of red cells (as described in Methods), stimulating neutrophils with human

recombinant TNF-o and measuring the response with the lucigenin-dependent chemiluminescence in

our laboratory TNF-cr consistently increased the respiratory burst of neutrophils 2-3 fold (Fig.a-l).
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HBSS TNF

Treatments

Figure 4-1: Respiratory burst of neutrophils in response to TNF-o. Neutrophils (l06cells) were
resuspended in HBSS and treated with TNF-a (100U/ml, 370C, 30min). The peak initial rate of ODRS

production (Chemiluminescence, measured in mV) was 2.8 -fold higher with TNF-a than with HBSS (** p <
0.001). The data represent the means + SEM of 5 experiments conducted in duplicates.

Since the experiments to be conducted with LPS required the presence of serum, the effect of serum

on the TNF-o response of neutrophil chemiluminescence was examined. Serum alone (heat-

inactivated, 5%) did not activate neutrophils, however, serum enhanced the neutrophil response to

TNF-cr by three-fold (Fie. a-Ð.
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Figure 4-2: The effect of serum on the TNF-c, -induced neutrophil respiratory burst. The autologous donor
serum was heat-inactivated at 560C for 30min and added to the assays at a concentration of 5% (final assay

volume lml). The data are shown are the means + SEM of duplicates of 3 experiments with different cells. The
respiratory burst induced in neutrophils (lx106cells) by l00U/ml of TNF-o was increased 3 -fold in the presence

ofserum(** p<0.001).
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The influence of serum on the TNF-a response was dose-dependent and the characteristics of this

response are shown in Fig. 4-34. Also, as expected, there was a dose-dependent increase in LPS-

induced neutrophil chemiluminescence (Fig. a-38).
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Figure 4-3: Effect of varying the serum concentration on the TNF-o- and LPS-induced neutrophil
respiratory burst. A. Neutrophils (1x106 cells/ml) were stimulated with TNF-a (100U/ml, 370C, 30min) in the
presence of the serum concentrations indicated. The data represent the means + SEM of experiments each carried
out with cells from 5 different donors, carried out in duplicates. The data are expressed as stimulation indices,
obtained by dividing the means of the treatments by the means of the baseline values (cells treated with HBSS
only). B. Under the same conditions as in A. Neutrophils were stimulated with LPS (1¡rg/ml, 370C, 50min¡.

In order to characterize the interaction between TNF-c¿ and LPS in terms of enhancement of the

neutrophil respiratory burst, different parameters needed to be examined such as the effect of TNF-o

pretreatment time as well as the effects at different agonist concentrations.

4.3 EFFECT OF VARYING THE PRETREATMENT TIME WITH TNF.-A

Neutrophils (1xl06) were incubated with TNF-a (2Oulml) for various periods of time over 90min. in

an atmosphere of So/oCOz and high humidity. At the end of the pretreatment time autologous donor

serum (heat inactivaled, T%o) was added and the neutrophils were incubated for a further 50min with

LPS (1OOng/ml). The cells were transferred into the luminometer where lucigenin (0.5ml/sample) was

automatically injected and the rate of superoxide production was continuously recorded. The optimal

pretreatment time with TNF-cr was found to be 20-3Omin (Fig 4-4).
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Figure 4-4: The effect of varying the TNF:c, pre-treatment times on the response of neutrophils to LPS (E

coliK-235). The cells (1xI06) were pre-treated with TNF-a (20 U/ml) for 20min, followed by treatment with
LPS (lO0ng/ml) for 50min. The results are derived from 8 experiments using different donor cells. The results

are expressed as stimulation indices. ( * p .0.035, ** p < 0.015)

4.4 TIJF. TIME CHARACTERISTICS OF'THE LPS-INDUCED RESPIRATORY BURST

Published data show that the maximal superoxide production by neutrophils in respotrse to LPS occurs

after 45-60min of stimulation. This was confirmed by adding LPS (10Ong/ml) to neutrophils (1x106

cells) in the presence of serum (1%), placing the cells into the luminometer and continuously

recording the chemiluminescence (CL) generated. The maximal response occurred after 50min

(+10min, analysis of 10 experiments). (Fig. a-5). Thus, in subsequent experiments neutrophils were

exposed to LPS for 50min.

15 30 45 60 75

Time (min.)

Figure 4-5: Time characteristics of the respiratory burst induced by LPS. LPS (100ng/ml) in 1% serum
was added to neutrophils (1x106 cells) in a final assay volume of 0.5m1. The cells were transferred into the
luminometer and CL was continuously measured for 75min. One representative graph of one of the 10

experiments conducted is shown. The peak-value of the CL baseline (unstimulated cells) was 5.0 (not shown).
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4.5 ENHANCEMENT OF THE LPS-INDUCED NEUTROPHIL OXYGEN RADICAL

PRODUCTION BY TNF-cr

Neutrophils were incubated with HBSS of TNF-cr (20ulml) for 20min. Serum (1%) was added and the

cells were incubated with either HBSS or LPS (1O0ng/ml) for 50min. The treatment volume prior to

the injection of 0.5m1 of lucigenin was 0.5m1 with a total assay volume of lml. At completion of the

treatment the cells were transferred into the luminometer and the peak rate of CL as well as the total

CL accumulated over the incubation period were measured. TNF-a caused a significant increase in the

LPS-induced chemiluminescence, both in peak rate and total CL (Fig. a-6).
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Figure 4-6: The effect of TNF-c on the LPS-induced neutrophil CL response. Neutrophils (1x106) were
incubated with 2OUnits of TNF for 20min. and then challenged with 100ng/ml of LPS (8. coliK-235,50min)
and the CL measured. A. The values are expressed as the peak initial rate of chemiluminescence and represent
the means t SEM of 8 experiments, each conducted in duplicate with neutrophils from 8 different donors. The
basal CL (6.lmV) has been deducted from each of the experimental values. Neutrophils treated with TNF-o and
LPS combined showed a signif,rcantly increased response compared to responses induced by either of the agents
alone B. Data are expressed as means + SEM of the total accumulated CL generated over the incubation period.
The baseline value of 2528 mY has been subtracted from each column. (** : p < 0.001 for TNF vs TNF+LPS ,

LPS vs TNF+LPS ;p: <0.015 forthe sum of values forthe individual TNF and LPS treatments vs co-treatment
with TNF+LPS).

Based on the effect of the presence of serum on the TNF-induced respiratory burst (Fig. 4-1 and Fig.

4-2), fhe experiments described above under optimal conditions \ryere repeated with serum present

prior to the addition of TNF-c¿. Interestingly, there was no difference in the magnitude of priming
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whether serum (1%) was added to the assay after treatment with TNF-ø, prior to the addition of LPS,

or at the beginning of the treatment periods, prior to the addition of TNF-cr (data not shown).

The effects of different doses of TNF-a on the response to LPS were examined. At all doses of

TNF-cr (1.,5,10,20,100U/ml) there was a significant enhancement of the LPS-induced CL (Fig. 4-7A).

A wide range of LPS concentrations, from 0.01 to 1,000ng/m1, was examined, and significant

enhancement of the respiratory burst was observed from 1-1,000ng/ml, with the optimal effect

observed at 1O0ng/ml (Fig. a-7B),
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X'igure 4-7: The effects of varying the amounts of TNF-a on the LPS-induced chemiluminescence
response. Ä. Neutrophils (lxl06cells) were pre-treated with the indicated concentrations of TNF-cx or diluent for
20min and then challenged with lpg/ml of LPS (8. coli K-235) or diluent for another 50min. Key: Neutrophils
were treated with TNF-ü only (r), LPS only (A) and TNF+LPS (o). Results are expressed as the means of 4

experiments, conducted in duplicates and expressed as stimulation indices. At all TNF-cr doses the effects of the

combined action of TNF- a and LPS were significantly different from those of either agonist alone (p-values

from < 0.001 to < 0.05). B. Response of TNF-o-primed neutrophils to varying concentrations of LPS (8. coliK-
235). The cells (lx 106 ) were pre-treated with TNF-cr (20Ulml) for 20min (o) or diluent (À) and then

stimulated with the indicated concentrations of LPS. Values are expressed as stimulation indices and represent
the means of 4 experiments conducted in duplicates (* p < 0.05, ** p < 0.01).

As an alternative to CL as a method to assess superoxide release by neutrophils the reduction of

ferricytochrome C can be measured. This assay is based on the principle that the pigment

fericytochrome C changes its light absorbing properties as it is reduced by superoxide.
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Oz-' * Fe3* cytochrome C -+ Fe2* cytochrome C + 02

The magnitude of this change can be quantified by spectrophotometry. Tubes are run concurrently to

samples containing the same cells and reagents but also superoxide dismutase (SOD). Their results are

subtracted from the results of the tube without SOD to determine accurately the proportion of

ferricytochrome C reduction that is SOD inhibitable. A potentialShortcoming of the cytochrome C

assay is that some 02- molecules spontaneously dismutase into H2O2, which can re-oxidize

ferrocytochrome C to its ferric form, hence underestimating the total amount of superoxide produced.

Unlike the lucigenin-dependent chemiluminescence the cytochrome C assay only measures the total

superoxide production and does not allow assessment of the rate of superoxide ions formed. It is,

however, a classic method and regarded as highly reproducible. Therefore neutrophils from 5 different

donors were treated as described in section 4.9 and then subjected to the cytochrome C assay, to

compare the results with those obtained by lucigenin-dependent chemiluminescence. The experiments

were performed with neutrophils from the same donors on the same days and under the same

conditions as for the Cl-studies. The results are expressed as ¡rmoles of Oz- 'per lxl07 neutrophils and

were similar to the results achieved with chemiluminescence, hence confirming the validity of that

method in terms of estimating total superoxide production (Fig. a-8). To illustrate the importance of

the pre-treatment time with TNF-a some cells had TNF-cr and LPS added simultaneously at the outset

of the experiment.
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Figure 4-8: Effect of TNF-cr on the superoxide production as measured by the cytochrome C reduction
assay. Neutrophils (lxl07 cells) from 5 different donors were treated under the same experimental conditions as

in Fig. 4-6. The absorption of light at 550nm was measured and the results of samples concurrently incubated
with SOD subtracted from the samples without SOD. The production of 02" was determined as outlined in
Methods. TNF+LPS (1), cells were treated with TNF-cx for 20min and then LPS was added. TNF+LPS (2), TNF-
a and LPS were added to the cells at the same time at the outset of the experiment. (** p < 0.01)
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4.6 STUDIES WITH LIPOPOLYSACCHARIDES FROM DIF'FERENT SEROTYPES OF

E.COLI

To ensure that the effects observed were not restricted to a specific E.coli strain the experiments were

repeated with LPS from E.coli serotypes 0127:B8 and 055:85. The experimental conditions were

identical to those described in Fig. 4-6. Neutrophils from 3 different donors were examined and the

experiments were conducted in duplicates. Similarto those obtained with serotypeK-235, these LPS

serotypes were both synergistic with TNF-cx for the neutrophil chemiluminescence response (Fig. a-

e).
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Figure 4-9: Effect of TNF-cr on the neutrophil CL response to LPS from other E.coli serolypes under the
same conditions as in Figure 4-7. A. LPS (8. coli 0127 BB). The basal CL was l3.3mV and has been deducted
from each of the experimental values. B. LPS (E.coli 055:B5). The basal CL was 9.9mV and has been deducted
from each of the experimental values. The experiments were conducted in duplicates with neutrophils from 3

different donors. In both, A. and 8., the increased response to stimulation with both TNF and LPS was highly
significant when compared to either of the single agonists alone ( 't{' : p < 0.001).

4.7 EFFECT OF GM-CSF ON THE LPS-INDUCED NEUTROPHIL RESPIRATORY BURST

Tissue macrophages also produce the haematopoetic growth factor GM-CSF when stimulated with

LPS. Studies revealed that GM-CSF elicited a neutrophils respiratory burst and that the optimal

pretreatment time was 20min, with the optimal concentration of GM-CSF being 100pg/ml (data not



Chapter 4 The Effect of TNF-c, and LPS on Neutrophil Responses 85

shown). Under these optimal conditions GM-CSF, like TNF-o, significantly enhanced the LPS-

induced production of ODRS as measured by lucigenin-dependent chemiluminescence (Fig. a-10).
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Figure 4-10: Effect of GM-CSF on the LPS-induced neutrophil chemiluminescence. Neutrophils (1x106

".llr; *"r" stimulated with either GM-CSF (100pg/ml,20min, 370C) or HBSS. Then serum was added (l%) and
the cells were treated with a second agonist, either LPS (1O0ng/ml, 50min, 370C) or HBSS. The data represent
the means + SEM of the peak value of chemiluminescence (mV) of 4 experiments with neutrophils from
different donors. (** p < 0.001 for GM-CSF vs GM-CSF+LPS, LPS vs GM-CSF+LPS and p < 0.01 for the
sum of GM-CSF and LPS vs GM-CSF+LPS)

4.8 EFFECT OF TNF-CT ON THE LPS-INDUCED CHANGES IN THE ADHESIVE

PROPERTIES OF NEUTROPHILS

There are two approaches to assess the adhesive properties of neutrophils, one is to assess changes in

the level of surface expression of CDl1b/CDl8, the other is to measure the number of neutrophils

attached to surfaces, either serum-coated plastic or endothelial cell layers.

4.8.1 Effect of TNF-cr on the LPS-induced adhesion of neutrophils to serum-coated plastic

surfaces

The adhesion to serum-coated plastic is an assay directly assessing neutrophil function and was

employed first. Neutrophils from 4 different donors were treated in quintuplets and then examined for

the degree of adhesion at different incubation periods. Adhesion was measured by the Rose Bengal

method as described in Chapter 2. There was an increased adhesion of cells with time following

stimulation with TNF-c¿ (2}Ulml) or LPS (100ng/ml). The increase was greater when cells were

simultaneously treated with both agonists together (Fig. a-11).
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Figure 4-11: Time characteristics of the adhesion of stimulated neutrophils to plastic. Neutrophils (1x106
cells/well) were stimulated with either TNF (I, 20U), LPS (^, 100ng/ml) or TNF+LPS (O) for the times
indicated. The data are expressed as means of quintuplets of experiments conducted with cells from 4 different
donors. The mean optical density (OD) of unstimulated cells was 14 and has been subtracted from the
treatments.

When the ability of TNF-cr to prime neutrophils for enhanced adhesion in response to LPS was

assessed, the optimal TNF-ø pretreatment time was 15min and the optimal LPS treatment time was

30min, slightly less than for the effects on the respiratory burst (data not shown). Under these optimal

conditions neutrophils (1xl06 per well) were first pretreated with either TNF-cr (2OUlwell) or diluent

(HBSS) and then stimulated with either LPS (100ng/ml) or diluent. Pretreatment with TNF-c¿

significantly enhanced the effects of LPS on adhesion of neutrophils to serum-coated plastic surfaces

Fig. a-12).
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Figure4-12: Effect of pretreatment of neutrophils with TNF-a on LPS-induced adhesion to plastic under
optimal conditions. Neutrophils (1x106 cells/well) were pretreated with TNF-u (20U) or diluent for 15min, then
stimulated with either LPS (100ng/ml) or diluent for 30min. The data represent the means + SEM of sixtuplets
of experiments with cells from 5 different donors. The OD of unstimulated cells (17.5) has been subtracted from
the treatments. (** p < 0.01)

4.8.2 Effect of TNF-cr on the LPS-induced upregulation of CDllb

It has been shown that adhesion of neutrophils to plastic surfaces is associated with the level of

expression of CR3 (CD11b/CDl8) on the neutrophil surface (Condliffe, 1996). To examine this

concept, the influence of TNF-a and LPS on the surface expression of this integrin was studied. TNF-

cr or LPS caused a concentration-dependent increase in the surface expression of CDl1b on

neutrophils as assessed by direct flow cytometry. Exppression of this molecule was upregulated in a

dose-dependent manner (Fig. a- I 3).
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Figure4-l3: Dose response curves for TNF and LPS in regards to the upregulation of CDllb on
neutrophils. A. Neutrophils (lx106 cells) were incubated for 3Omin with TNF-ü at the concentrations indicated
and the expression of CDllb measured by direct flow cytometry. B. Cell were stimulated with LPS in the
presence of serum (l%) at the concentrations indicated. Both experiments were carried out in duplicates and
repeated 3 times with cells from different donors.

01



Chapter 4 The Effect of TNF-cr and LPS on Neutrophil Responses 88

To investigate the time-response characteristics of the modulation of CDl1b expression the amount of

TNF-cr and the concentration of LPS were kept constant and the duration of stimulation was varied.

With increasing time of incubation the expression of CD1lb on the neutrophil surface increased. At

30min, 60min and 90min of treatment the expression of CDlib was significantly higher with

TNF+LPS than with either treatment alone (Fig. a-la).

'6
c
(¡)

E
(¡)o
Ê,
(¡)(,
Uto
of
II
cño
=

900

800

700

*{<

--l

-A

90

600

400

300

200

**500

A

**

- 
tP'

aJ'

30 60

Time (min.)

100

0

A

15

Figure 4-14: Time characteristics of the upregulation of CDl lb on stimulated neutrophils. Neutrophils
(1x106/assay) were stimulated with either TNF (1, l00U), LPS (l,, lO0ng/ml) or TNF+LPS (O) for the
indicated times. The data are expressed as means + SEM of duplicates of experiments with cells from 3 different
donors. The mean fluorescence intensity of unstimulated cells was 170 and has been subtracted from the
treatments. (** p < 0.001 for 30min, 60min and 90min)

Finally, neutrophils were treated under the same conditions as in described in the legend of Fig. 4-12.

The upregulation of surface CD1lb on neutrophils correlated well with the observed increase in

adhesion of neutrophils to plastic (Fig. a-15).
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Figure 4-15: Effect of pretreatment of neutrophils with TNF-a on the LPS-induced upregulation of CDI lb.
Neutrophils (lxl06 cells/assay) were pretreated with TNF-a (20U) or diluent for 15min, then stimulated with
either LPS (1O0ng/ml) or diluent for 30min. The data represent the means * SEM of duplicates of 3 independent
experiments. The mean fluorescence of untreated cells was 160 and has been subtracted from the treatments.
(** p < 0.001 for TNF vs TNF+LPS , LPS vs TNF+LPS; p < 0.01 for the sum of TNF and LPS vs TNF+LPS)
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4.9 SUMMARY AND CONCLUSIONS

The results presented in this chapter show that TNF-a alters neutrophil responses to LPS in vitro.

Neutrophils pre-exposed to human recombinant TNF-a showed significantly increased oxidative

respiratory activity in response to LPS. There was an increase in both, the rate and the total amount of

ODRS produced, as measured by lucigenin-dependent chemiluminescence and cytochrome C assay.

From dose-response studies it is evident that pretreatment with a wide range of TNF-a concentrations

resulted in enhanced sensitivity of neutrophils to LPS. While LPS concentrations in excess of lOng/ml

were required to elicit the neutrophil respiratory burst, pretreatment with TNF-o enabled neutrophils

to respond to much lower doses of LPS. For example, a LPS concentration of lng/ml led to the same

level of ODRS being produced as 100ng/ml of LPS achieved in the absence of pretreatment with the

cytokine.

Another key function of the neutrophil, adhesion, was also enhanced by pretreatment with

TNF-q,, which was associated with the upregulation of the adhesion molecule CDl lb on the cell

surface. The upregulation of CDl1b was rapid and significantly greater in cells treated with TNF-c¿

and LPS compared to neutrophils treated with individual agonists alone.

These results show that LPS and TNF-cr are synergistic in the activation of neutrophils which

is likely to have significance in the initiation and development of the inflammatory response during

bacterial infections. Thus, it is likely that during infection LPS sets up a vicious cycle of neutrophil

priming by stimulating TNF-o production by monocytes, which then primes neutrophils to enable

them to subsequently respond to LPS in an enhanced manner'
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5.1 INTRODUCTION

Apart from its barier function, endothelial cells play an active role in the inflammatory process. Upon

activation EC secrete inflammatory mediators, express a pro-coagulatory phenotype and regulate

leukocyte traffic by expressing adhesion molecules. A wide range of vascular adhesion molecules has

been demonstrated, all of which play an important part in either maintaining tissue structure, wound

healing or inflammation (Albelda,l99l). This chapter focuses on the upregulation of the expression of

the three luminal endothelial cell adhesion molecules, E-selectin, ICAM-1 and VCAM-1, which are

pivotal in the regulation of leukocyte traffic from peripheral blood to tissue-foci of infection or

inflammation.

E-selectin (formerly ELAM-l) is not found on the surface of resting EC but is synthesized and

expressed 'within a few hours after cell stimulation. The maximal expression occurs at 5-6 hours and

then begins to decline over 24 hours (Bevilacqua et al., 1989). The binding of E-selectin to sialyl

Lewis X on leukocytes (CDl5) is transient and effects a slowing-down of circulating leukocytes

(rolling). Intercellular adhesion molecule-1 (ICAM-l), is constituitively expressed by endothelial cells

and is upregulated by stimulation of the cell. Upregulation is observed after 6-9 hours, maximal at 12

hours and persists for greater than 48 hours. The ligands for ICAM-1 on leukocytes are CD11b/CD18

(CR3, Mac-l) and CDl lalcDl8 (LFA-l). The interaction between ICAM-I and these ligands results

in the formation of a firm bond between leukocyte and EC (adhesion). The adhesion to the EC leads to

migration of the leukocyte through the endothelial cell layer, (diapedesis), following a chemotactic

stimulus (Leirisalo-Repo, 1994). Vascular cell adhesion molecule-1 (VCAM-l), like E-selectin is not

expressed on resting EC. Its upregulation follows the same time course as ICAM-I. The ligand for

VCAM-1 is CD49dlCD29 (VLA-4) on lymphocytes, eosinophils and mononuclear phagocytes (Alon

eT al., 1995).

Although the individual effects of mediators such as TNF-cx and LPS on the expression of the

endothelial adhesion molecules E-selectin, ICAM-1 and VCAM-l are well characterized, little is

known about their combined effects on EC. This chapter studies the dose-response relationships and

time courses of TNF-a- and LPS-induced effects on the expression of adhesion molecules in

HUVEC, and examines whether or not there is synergism between these mediators in this regard.

5.2 THE DOSE-RESPONSE CURVE FOR LPS- AND TNF-CX,-INDUCED EXPRESSION

OF E-SELECTIN

Endothelial cells are known to be sensitive to endotoxin, however, even in systemic infections with

gram-negative organisms the concentrations of LPS found in the serum are low, between 0.08-

O.3nglml (BrandTzaeg et al., 1989; Danner et al., l99l). Thus the dose-response relationship of the

LPS-induced expression of E-selectin after 6h was examined. There was no increase in E-selectin
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expression with 0.001 and 0.0ing/ml of LPS. With 0.1ng/ml there was statistically signifìcant

upregulation of E-selectin, which was almost maximal with 1ng/ml, reaching a plateau with only small

additional increases when LPS concentrations were increased to 10, 100 and 1000ng/ml (Fig. 5-14).

An LPS concentration of 0.lng/ml was chosen for submaximal stimulation in subsequent experiments

unless stated otherwise. Similar studies in which the concentration of TNF-cr was varied revealed no

effect on adhesion molecule upregulation with 0.001 and 0.0lU/ml, moderate upregulation with 0.1, 1

and lOU/ml and maximal upregulation with 100, i000 and 10,000U/ml (Fig. 5-18). For subsequent

experiments suboptimal TNF-o doses of 5U/ml were used.
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Figure 5-1: The effect of varying the concentration of LPS and TNF-o on the induction of E-selectin
expression in endothelial cells. HUVEC (5x104 cells/well) were stimulated for 6h with the indicated
concentrations of LPS (A) or TNF-a (B) in the presence of serum (10%). E-selectin was measured by ELISA.
The results show the means of 6 determinations from 2 experiments with cells from 2 different cords. The means
of untreated cells were 0.007 (A) and 0.02 (B) and have been subtracted from the LPS and TNF-u, treatments.

5.3 TIME COURSE OF.THE UPREGULATION OF E-SELECTIN BY TNF-a AND LPS

To determine the time characteristics of the upregulation of E-selectin in our experimental conditions

(low doses of agonists, HUVEC grown in 20Yo human serum) cells were treated with either TNF-o

(su/ml) or LPS (0.1ng/ml). Then sets of cell-containing wells were processed every 0.5h for 6h and
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the expression of E-selectin measured by ELISA. E-selectin expression could be detected at 3h,

increased further with time and was maximal at 6h (Fig. 5-2). A similar level of expression was found

at 8 and l2h (data not shown).
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Figure 5-2: Time course of the induction of E-selectin expression on the surface of endothelial cells by
TNF-cx and LPS. HUVEC were grown to confluence in 96-well plates (5xl0a cells/well) and treated with either
A. TNF-cx (5U/ml) or B. LPS (0.lng/ml), for the indicated time periods. E-selectin was measured by ELISA. The
results are the means of five determinations from 2 experiments with cells from 2 different cords. The values for
unstimulated cells were 0.01 and have been subtracted from the treatments.

TNF-g AND LPS ACT SYNERGISTICALLY TO UPREGULATE ENDOTHELIAL

CELL ADHESION MOLECULES

5.4.1 Adhesion molecules measured by ELISA

HUVEC (5x1Oacells/well) were grown to confluence in 96-well plates, and cells stimulated with TNF-

s or LPS were compared to cells treated with the combined agonists. There was a significantly higher

expression of E-selectin with TNF+LPS than with TNF or LPS alone at the 4h and 6h time points.
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Furthermore the level of expression achieved by TNF+LPS was greater than the sum of the individual

responses for the 6h time point (Fig. 5-34). Similar responses were seen measuring ICAM-I and

VCAM-1 expression (Fig. 5-aA and Fig. 5-54).

5.4.2 Ädhesion molecules determined by flow cytometry and FACS analysis

While examining endothelial cells in microtiter plates has the advantages of minimal interference and

of preserving the intact cell monolayer, the cells are fixed for many hours prior to performing the

ELISA assay. This may cause alterations in the cell membrane and originally expressed antigen may

be artefactually lost. The synergistic effects of TNF-o and LPS on endothelial adhesion molecule

expression were therefore re-examined using an alternative method, flow cytometric analysis. With

this assay the cells are only fixed briefly at the end of the staining procedure or not at all (live-cell

analysis). The latter technique allows assessments of cell viability at analysis of the data. Potential

disadvantages of flow cytometry is the requirement for removing cells from the culture dishes, either

mechanically (rubber policeman) or enrymatically (trypsinÆDTA), hence disrupting the physiological

monolayer environment. In the following experiments trypsinÆDTA was used at low concentrations

and for the shortest time possible by watching detachment of cells from the floor of the culture dish.

Cells were placed on ice immediately after harvesting and the trypsin removed by washing. E-selectin

"vas 
measured at2,3,4 and 6 hours.

There was significantly greater upregulation of E-selectin with TNF+LPS as opposed to the

effect of treatment with the individual stimuli. The effect of co-stimulation was also significantly

greater than the sum of individual responses at 3,4 and 6 hours (Fig. 5-38). ICAM-I and VCAM-I

were measured at 5.5,7.5,9.5, and 11.5h. Again, the results were similar to those obtained with

ELISA (Fig. 5-aB and Fig. 5-58).
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Figure 5-3: Effect of combined TNF-o and LPS treatment on E-selectin expression by endothelial cells.
HUVEC (5xl0a cells/well) were treated with either TNF (1, 5U/well) or LPS (À, 0.lng/ml) or TNF+LPS (O)
for the times indicated. A. E-selectin was measured by ELISA. The value for untreated cells was 0.009 and was
subtracted from the treatments. The results are the means + SEM of 5 experiments with cells from 5 cords, each
run in triplicate. (* TNF vs TNF+LPS, LPS vs TNF+LPS p < 0.001, sum of TNF and LPS VS TNF+LPS
p<0.01). È. E-selectin was measured by flow cytometry. Cells were treated with diluent (a), TNF (5U/105 cells
l), LPS (0.lnglml A) or TNF+LPS (O) for the times indicated. The mean fluorescence intensity of 10,000 cells
per sample was determined. The data represent the means t SEM of 5 experiments, each with cells from a
different cord. (* TNF or LPS vs TNF+LPS, p<0.001 aI 3,4, and 6h. Sum of TNF and LPS vs co-stimulation
(TNF+LPS) p< 0.01 at3,4, and 6h.)
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Figure 5-4: Effect of combined TNF-a and LPS treatment on ICAM-1 expression by endothelial cells.
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only (<)), TNF (I), LPS ( ) and TNF+LPS (O) A. The expression of ICAM-I for cells treated for the times
indicated was measured by ELISA. (* p . O.Ot for TNF vs TNF+LPS, LPS vs TNF+LPS, ** p .0.001 for TNF
vs TNF+LPS, LPS vs TNF+LPS, p < 0.01 for sum of TNF and LPS vs TNF+LPS) B. The expression of ICAM-
l measuredbyflow-cytometry. (p>0.05 at5.5h,p<0.001 at7.5h, p <0.01 at9.5h, andp<0.001 at 11.5h. Sum
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Figure 5-5: Effect of combined TNF-cx and LPS treatment on VCAM-l expression by endothelial cells.
Treatment conditions were as outlined in the legend of Fig. 5-3. The data presented are the means 4 SEM of 4
experiments each conducted with cells from 4 different cords and each in triplicate. Key: cells treated with
diluent only (l), TNF (l), LPS (^) and TNF+LPS (O) A. The expression of VCAM-I in cells treated for the
times indicated was measured by ELISA. (* p < 0.01 for TNF vs TNF+LPS, LPS vs TNF+LPS, ** p < 0.001 for
TNF vs TNF+LPS, LPS vs TNF+LPS, p < 0.01 for sum of TNF and LPS vs TNF+LPS, ANOVA.) B. The
expression of VCAM-I was measured by Flow-cytometry. (TNF or LPS vs TNF and LPS p < 0.01 at 5.5h, 7.5h,
and 9.5h, p < 0.001 at 11.5h. Sum of TNF and LPS vs co-stimulation (TNF+LPS) p < 0.05 at 9.5h, and p < 0.01

at I 1.5h)

5.5 SUMMARY AND CONCLUSIONS

TNF-ø and LPS at suboptimal concentrations, which induced no alteration in expression of

endothelial cell adhesion molecules, caused significantly greater expression of E-selectin, ICAM-l

and VCAM-1 when added together. This increase in expression was significantly greater than the sum

of the responses achieved by TNF-o or LPS individually. Similar results were obtained when the

expression of endothelial cell adhesion molecules ,was measured with ELISA and flow cytometry.
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6.1 INTRODUCTION

The lower respiratory tract is the largest epithelial surface exposed to the external environment and

therefore the respiratory epithelium constitutes an important barrier against infection by inhaled

pathogens (Toews, 1986). In addition to its barrier function the pulmonary epithelium contributes to

the immune and inflammatory response by antigen processing, antigen presentation, and by releasing

mediators which modify responses of inflammatory cells (Jordana eI a7., 1992; Smart el al., 1994).

Vy'hen respiratory epithelial cells are stimulated these cells produce a wide range of mediators which

act on immune cells (Table 6-l).

Table 6-1: Mediators produced by respiratory epithelial cells

Mediator Reference

Cytokines and growth factors
MCP-1
RANTES
IL-l1
IL-3,IL-6,IL-8
IFN-y
TNF-a
GM-CSF
TGF-B
PDGF

Complement components

C2,C3,C4

Antibiotic peptides

Tracheal anti-microbial peptide (TAP)

O ther immune -modul at or s

Surfactant
Proteinase inhibitors
H2O2, MnSOD mRNA
Urokinase
Fibronectin
Collagen type IV
Tissue factor (TF)
Thrombospondin
PAI-1 and other anticoagulants

Erger et a1.,1995
Stellato et a1.,1995
Elias et a1.,1994
Nakamurra et al., I99l
Hahon et al., 1989
Khair et a1.,1994
Newton et al., 1995
Khalil eT al., 1994
Sariban et al., 1988

Khirkwadkar et al., 1993

Diamond et al., 1996

Simon eI a1.,1995
Sallenave et a1.,1993
Lopez et al., 1988
Berry et a1.,1997
Berry et a1.,1997
Berry et a1.,1991
Berry et al.,I99l
Berry et al.,I99l
Berry et al.,I99I

In addition, stimulated respiratory epithelial cells show an increase in expression of the adhesion

molecule ICAM-1, which is likely to influence the movement of inflammatory leukocytes. This

stimulation of the epithelium may be brought about either by bacteria directly interacting with the
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epithelial surface molecules such as fibronectin (Pot|raTz et al., I99l) and vitronectin (Rubens et al.,

1992) or cell-activating products released by bacteria. Bacteria may finally invade epithelial cells (Chi

et al., l99l; Schipper et al., 1994; Talbot et al., 1996).

However, we still understand very little of the regulation of respiratory epithelial cells by

mediators released by either tissue cells or microorganisms interacting with epithelium. Epithelial cells

are likely to be influenced by a milieu of mediators and we have addressed this with respect to TNF-cr,

LPS, IL-lp and IFN-y and also LPS.

6.2 STIMULATION OF ICAM-I ON RESPIRATORY EPITHELIAL CELLS BY TNF-c,

IL-lp AND IFN-y

Although primary isolates and cultures of human alveolar type II cells have been described using post-

mortem explants from heart-lung transplantation patients (Dobbs, 1990), such material is not widely

available. There are at least l4 different human immortalized cell lines commercially registered. Of

these, A549 has been used most widely and is an accepted model to study respiratory epithelial

function. (Smith, 1977; Nardone et al., 1979). This immortalized cell line was originally obtained from

an adeno-carcinoma of human lung (Lieber et al., 1976). The cells have retained most of the features

of pulmonary alveolar type II pneumocytes. 4549 cells produce IL-8 in response to TNF-aand IL-18

(Smarl el a1.,1994).

ICAM-l is constituively expressed by nasal, tracheal and alveolar type I epithelial cells, but it

is not found on unstimulated type II pneumocytes (Simon et a1., 1995). Agents such as TNF-c, IL-18

and IFN-y upregulate ICAM-I mRNA in type II pneumocytes and induce the expression of ICAM-1

on the cell surface. ICAM-I can be detected at 4h and reaches a maximal expression aT24to 48h after

stimulation. Like primary type II cells, resting A549 cells express very little iCAM-1, but the

expression of this molecule can be induced by TNF-o, Il-18 and IFN-Y (Altman et al., 1993;

Mickelson et al., 1995). ICAM-1 serves to enhance the adhesion of neutrophils and monocytes to

epithelial cells (Tosi et a1.,1992). It has been found to be upregulated in asthma, where it is thought to

mediate increased eosinophil adhesion to airway epithelium (V/egner et al., 1990). ICAM-1 also

promotes cell invasion and infection by viruses such as rhinovirus and respiratory syncytial virus

(RSV) by facilitating attachment (Chini et al., 1998; Turner eT a1.,1999). In the experiments described

below the expression of ICAM-1 was used as a marker for epithelial cell activation. The level of

expression of this molecule on the cell surface was determined by flow cytometry and FACS analysis.

In investigations to examine the effects of cytokines on ICAM-l expression on epithelial cells,

4549 cells (1x105/assay) were treated with a wide range of concentrations of TNF'cr, IL-1p and IFN-

y. The results showed that the expression of ICAM-1 was significantly increased when cells were

treated with >lOU/ml of TNF-a, >0.1ng/ml of IL-18 and ì1000U/ml of IFN-y. The increase was
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cytokine concentration-dependent. There was a continuous increase in upregulation with TNF-o,

while IL-1p-induced upregulation reached a plateau with lng/ml. The response to IFN-y was only

modest, 10,000U/ml produced only a 5-fold increase over baseline (Fig. 6-l).
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Figure 6-l: Effects of TNF-a, IL-l8 and IFN-1 on the expression of ICAM-I on the surface of respiratory
epithelial cells. 4549 cells were treated with either TNF-cr (A), IL-1P (B) or IFN-1(C) for 24h with the cytokine
concentrations as indicated. The results shown are the means of 3 experiments conducted in duplicate. The
results for untreated cells were 65, 5l and 48 respectively and have been subtracted from the treatments. ICAM-
I was measured by indirect flow cytometry and FACS analysis, 10,000 viable cells per sample were analyzed (as

assessed by 7-AAD staining).
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6.3 SYNERGISM BETWEEN CYTOKINES

To evaluate whether cytokines operate in concert to activate pulmonary epithelial cells, 4549 cells

(1xlO5/assay) were treated with suboptimal concentrations of TNF-cr (1OU/ml), IL-18 (0.lng/ml) and

IFN-y (1000U/ml) for 24h. Additionally, cells received combinations of treatments, TNF+IL-1,

TNF+IFN-y, IL-1+IFN-y as well as with all three cytokines together. While TNF-ct and IL-IB were

additive, there was synergism in ICAM-1 upregulation when IFN-y was combined with each of the

other cytokines. The response was moderate for IL-l+IFN-y and marked for TNF+IFN-y. Adding all

three cytokines together did not achieve a greater increase than TNF+IFN-y (Fig. 6-2).

** **

800

600

400

200

0

*

tL-1 IFN TNF+lL-1 TNF+lFN lL-1+lFN TNF+lL-1+lFN

Treatments

Figure6-2: Effect of combinations of different cytokines on the upregulation of ICAM-l on 4549 cells.
Cells (lxlOs/assay) were treated for 24h with either TNF-a (l0U/ml), IL-lB (0.1ng/ml), IFN-y (1000U/ml) or
with combinations of these agonists as indicated. The data represent the means + SEM of 2 experiments, each
conducted in duplicates. The value for untreated cells was 65 and has been subtracted from the treatments.
Synergism is defined as the effect of the combined treatment being significantly greater than the sum of the
effects of individual agonists. ( * p.0.01 for IL-I+IFN vs TNF or IL-l or IFN; ** p.0.001 for TNF+IFN or
TNF+IL-I+IFN vs TNF or IL-l or IFN, alone or combined, or TNF+IL-I or IL-I+IFN; n.s. for TNF+IFN vs
TNF+IL-1+IFN) [TNF, TNF-u;IL-L, IL-1Ê,IFN,IFN-y]

6.4 ENHANCEMENT OF THE EF'F'ECT OF'CYTOKINES BY LPS

Airway epithelium in general, and in particular type II pneumocytes are known to be insensitive to

LPS. To confirm this 4549 cells (1x1O5/assay) were treated with a range of concentrations of LPS (.E.

colí K-235) for 24h. Even with concentrations of LPS as high as 1Opg/ml there was no significant

upregulation of ICAM-1 as compared to baseline (Fig. 6-3).

Ëotro
s
oocoooo
of
l!
c
.gtto
=

1 200

1 000

TNF



Chapter 6 Effects on ICAM-l expression in respiratory epithelial cells 103

40

1 200

1 000

'6
É,o
E
0)oc
(¡)o
ct
Eo¿
tr
Ê
.gIto
=

800

600

400

200

0
0.1 10 100

LPS (ng/ml)

IFN

1 000 1 0000

X'igure 6-3: Effect of LPS on the expression of ICAM-l on A549 cells. Epithelial cells (lxl05/well) were
treated with increasing concentrations of LPS. The results are the means of duplicates of 2 independent
experiments. The value for untreated control cells was 52 ard has been subtracted from all treatments. None of
the values was significantly greater than the baseline.

Previous studies have shown that LPS in conjunction with TNF-cr, IL-18 and IFN-y caused an increase

in inducible nitric oxide synthetase (iNOS) in 4549 cells (Watkins et al., 1997). Accordingly,1'549

cells (1xlO5/assay) were treated for 24h with either single agonists, as in section 6.5 above, or LPS

(lO¡rg/ml) or all 3 cytokines with and without the addition of LPS. The addition of LPS to the cocktail

of the 3 cytokines produced more than a doubling of ICAM-I upregulation (Fig.6-a). Similar effects

\üere seen when only 1¡rglml of LPS was used (data not shown).
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Figure 6-4: Synergistic effects of LPS and cytokines on the expression of ICAM-I in respiratory epithelial
cells. 4549 cells (1xlOs/assay) were treated with either TNF-o (1OU/ml), IL-1p (1O0pg/ml), IFN-y (1000U/ml),
LPS (l0pg/ml), or the indicated combinations of agonists for 24h. ICAM-1 expression was determined by FACS
analysis. Each value represents the mean of 2 independent experiments conducted in duplicates. The value for
untreated cells was ll and has been subtracted from the treatments. ( n* p < 0.001 for TNF+IL-IP+IFN-y+LPS
vs TNF+IL-1p+IFN-g)
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It was of interest to examine the effect of the addition of LPS on the upregulation of ICAM-I by each

individual cytokine. LPS (l¡rg/ml) enhanced the effect of IFN-y (1000U/ml), but had no effect on the

TNF-a (10u/ml) and IL-lp (0.lng/ml)-induced expression of ICAM-1 on 4549 cells (Fig. 6-5).
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Figure 6-5: Effect of LPS on cytokine-induced upregulation of ICAM-I on respiratory epithelial cells.
4549 cells (1x105/assay) were treated for 24 hours with either TNF-a (1Ou/ml), L-lp (0.lng/ml), IFN-1
(1000U/ml) with or without LPS (lpg/ml). ICAM-1 expression was determined by indirect flow cytometry and
FACS analysis. The data represent the means of duplicates from 2 different experiments. The value for LPS
alone was 19 and has been subtracted from all treatments. (* p < 0.01 for IFN-y vs IFN-1+LPS; ns for TNF vs
TNF+LPS and for IL-lB vs IL-1P+LPS)

In these experiments LPS and the cytokines were added together. We then examined whether pre-

tereatment of pulmonary epithelial cells with cytokines rendered them susceptible to LPS, 4549 cells

(lxl05/assay) were pretreated with TNF-cr (l0U/ml), IL-18 (0.lng/ml) or IFN-1 (1000U/ml) for

0,1,2,3 or 4h. After a further 24h of incubation there was no significant increase in the TNF-cx and IL-

1B-induced responses, while pretreatment with IFN-y was associated with a significantly greater

surface expression of ICAM-1 by LPS. This increase was maximal at2h of preincubation (Fig. 6-6).
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Figure 6-6: LPS-enhanced cytokine-induced ICAM-l expression on 4549 cells in relationship to
pretreatment-times with various agonists. 4549 cells (1x105/well) were incubated with either TNF-o (10U/ml),
IL-lB (0.lng/ml) or IFN-y (1000U/ml) in the presence or absence of LPS (1¡rg/ml) for the times indicated. The
data are expressed as means of the LPS co-treated wells with the means of the agonist-only wells subtracted. The
data are derived from 2 experiments, each conducted in duplicates. The value for cells treated with LPS alone
was 18. ( * p < 0.01, ** p <0.001)

6.5 SUMMARY AND CONCLUSIONS

The data demonstrate that the cytokines TNF-o and IL-IP are able to activate pulmonary epithelial

cells as assessed by the upregulation of the adhesion molecule ICAM-I on the cell surface. The effect

of these cytokines could be significantly enhanced with IFN-y, which had only modest effects on

ICAM-1 expression when used alone.

V/hile bacterial lipopolysaccharide (LPS) had no effect on ICAM-1 expression in 4549 cells,

it was able to significantly increase the expression of this integrin molecule in combination with a

cocktail of cytokines (TNF-o,IL-18 and IFN-y). When these cytokines were tested as to whether they

could individually alter the susceptibility of 4549 cells to LPS, only IFN-y exerted this effect. This is

consistent with the observation by others that LPS can not induce IL-6 mRNA in alveolar type II cells,

yet it enhances IFN-^y-induced production of IL-6 mRNA (Crestani et al., 1994).
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7.I INTRODUCTION

The synergistic properties of TNF-cr and LPS could be operating at a number of different levels to

culminate in an increased expression of adhesion molecules. This includes intracellular signalling, as

well as transcription. TNF-cr and LPS each individually are known to activate the transcription factors

NF-rB through kB degradation, or ATF-2 and Elk-1 through the MAP kinases p3B, JNK and ERK

(see section 1.6 for details). As described in Chapter 5 TNF-cx and LPS were synergistic in

upregulating the expression of the endothelial cell adhesion molecules E-selectin, ICAM-l and

VCAM-1. This occurred with suboptimal concentrations of agonists that were insufficient to induce

upregulation of adhesion molecules if those mediators were used alone. While there are extensive

studies defining the involvement of signalling molecules in the activation of cells by individual stimuli

it is not clear how different mediators affect these signalling cascades when more than one agonist

receptor is engaged. We have examined this with respect to the activation of human umbilical vein

endothelial cells by TNF-a and LPS.

7.2 SYNERGISM AT THE LEVEL OF mRNA

To determine whether or not the combined effect of TNF-ct and LPS on adhesion molecule expression

was also reflected in an increase in adhesion molecule mRNA production HUVEC were treated with

TNF (2sulml) and LPS (0.lng/ml), doses which produced synergistic responses (Chapter 5). The

amount of E-selectin mRNA was measured after 2h. The results showed that treatment with TNF-cr

and LPS resulted in a significantly greater amount of E-selectin mRNA compared to each agonist

alone, and this increase was also greater than the sum of the responses caused by TNF-a and LPS

alone (Fig. 7-1).
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Figure 7-l: The effects of combined treatment with TNF-o and LPS on E-selectin mRNA. E-selectin mRNA
was assayed as described in methods. HUVEC monolayers were treated with either diluent (Cells), TNF-cx
(25Ulml), LPS (0.lng/ml) or TNF + LPS for 2h. The columns represent the means t SEM of triplicates and are

expressed as normalized ratio-values (as described in methods) of two experiments each conducted with cells
from separate cords. TNF vs TNF+LPS: p < 0.01; LPS vs TNF+LPS: p < 0.001; sum of TNF and LPS vs co-
stimulation (TNF+LPS): p < 0.01.
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7.3 EFFECTS ON TRANSCRIPTION FACTORNF-rB

Both TNF-a and LPS are known to activate NF-rB (section 1.6.4). This activation is a transient

phenomenon which peaks between l-4h after a stimulus and diminishes thereafter, coinciding with the

reconstitution of kB (Read et al., 1994). Endothelial cells were treated with diluent, TNF (25Ulml),

LPS (0.1ng/ml) or TNF-cr, and LPS for 2.5h. Nuclear extracts were prepared and NF-rB (p65) was

assayed by Western Blot (described in Methods). A representative scan of an image obtained with

enhanced chemiluminescence is shown (Fig.1-2A). The amount of NF-rB that had accumulated in the

nucleus after the combined treatment with TNF-cr and LPS was significantly greater than that obtained

with either TNF-a or LPS alone, as well as greater than the sum of these individual responses (Fig. 7-

2B).
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Figure 7-2: Effect of TNF-u, and LPS on NF-rcB (p65). The amount of NF-rB that was present in the nuclear
extracts of either untreated endothelial cells (2.5x106) or cells treated with TNF-a (25IJlml), LPS (0.1ng/ml) or
TNF+LPS lor 2.5h, was measured by Western Blot. The densities of the bands were quantified by an Image

QuantrM scanner and Image Quant software (version 3.3) and are expressed as " Arbitrary units". A.
Representative bands obtained with enhanced chemiluminescence are shown. B. The data are expressed as

means t SEM derived from 4 experiments, each conducted with cells from a different cord. The mean of the
values of cells treated with diluent (38 arbitrary Units) has been subtracted from all other treatments. * p .
0.001 for sum of TNF-o and LPS vs co-stimulation (TNF+LPS).
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V/hen nuclear extracts of HUVEC (treatment conditions as above) were assayed after 2.5, 8, 20 and

28h of incubation in the presence of both TNF-c¿ and LPS, there was still an increase in NF-rB after

28h compared to either agonist alone (Fig. 7-3).
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Figure 7-3: Time course of NF-rcB (p65) activation in HUVEC. Cells were harvested and processed at 2.5,
8,20 and 28h. The amount of NF-rB (p65) in nuclear extracts were measured by Western Blotting. The images

of the bands were obtained as described in the legend of Figure 7-2.

7.4 EFFECTS OF TNF-a AND LPS ON MAP KINASES

Previous studies showed that maximal activation of the MAP kinases ERK, JNK and p3 8 occurs I 0-

15min after the stimulation of endothelial cells with either TNF-ct or LPS (Read et al., 1997).

Synergism between TNF-cr and LPS was also examined with respect to these kinases. HUVEC

(2.5x106cells/assay) were treated with diluent, TNF-o (25tJlml), LPS (0.lng/ml) or TNF+LPS and the

activities of MAP kinases were determined as described in Methods.

7.4.1 ERK

The activity of ERK was determined by measuring the 32P phosphorylation of myelin basic protein and

resolving the samples by SDS-PAGE (see Methods). A representative scan obtained with an Instant

ImagerrM is shown (Fig. 7-aA). The results showed that ERK activity was constituitively expressed.

While this activity was increased by treatment with either TNF-o or LPS (Fig. 7-4B), these mediators

had no synergistic effect on ERK activity, even when the concentrations of TNF-cr and LPS were

increased 100-fold (not shown). These findings are in agreement with other studies, which

demonstrate that the ERK cascade does not play a major role in endothelial cell activation by either

TNF-cr or LPS (Read et a1.,1997).
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Figure 7-4: The effects of TNF-a and LPS on the activity of ERK. HUVEC were incubated for l5min with
diluent, TNF-cr (25Ulml), LPS (0.lng/ml) or TNF and LPS combined and then processed as described in
material and methods. The results represent counts per minute of 32P incorporated in myelin basic protein. A. A
representative image of a gel obtained by an Instant ImagerrM is shown. B. The dataare expressed as counts per
minute and represent the means I SEM of 5 experiments, each conducted with cells from a different cord. The
mean CPM of control cells (1327) was subtracted from the means of the other treatments. There were no
statistically signifi cant differences between treatments.

7,4.2 JNK

The activity of JNK was assessed by the incorporation of radioactivity into glutathione S-transferase

-jun (l-79). The results show that both TNF-cr and LPS stimulate JNK activity. While the treatment of

cells with both mediators resulted in an increase in JNK activation compared to treatment with each

stimulus individually, a synergistic response was not seen (Fig. 7-5).
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Figure 7-5: The effects of TNF-u and LPS on the activity of JNK. HUVEC were treated as described in the
legend of Fig. 7-4. A. A representative image of a gel obtained by Instant Imager is shown. B. The results are
expressed as counts per minute of32P incorporated in glutathione.S-transferase-jun (l-79). The data represent the
means * SEM of 5 experiments, each conducted with cells from a different cord. The baseline (520 CPM) was
subtracted from the means of the other treatments. For each TNF or LPS vs TNF+LPS: p < 0.001. Sum of TNF
and LPS vs co-stimulation (TNF+LPS): p > 0.05.

7.4.3 p38

The p38 activity was deterrmined by measuring the 32P phosphorylation of myelin basic protein (see

also 7.4.1). A representative scan is shown. (Fig. 7-64). Co-stimulation of endothelial cells with TNF

and LPS resulted in a synergistic increase in the activity of p38 (Fig. 7-68).
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Figure 7-6: The effects of TNF-o and LPS on the activity of p38. HUVEC were treated as described in the
legend of Fig. 7-4. A. A representative image of a gel obtained by an Instant ImagerrM is shown. B. The results
represent counts per minute of 32P incorporated in myelin basic protein. The means t SEM of 5 experiments,
each conducted with cells from a different cord, are shown. The baseline (1306 CPM) for diluent-treated cells
has been subtracted from the means of the radioactivity of all treatments. TNF or LPS vs TNF+LPS: p < 0.01;
sum of TNF and LPS vs co-stimulation (TNF+LPS): p < 0.05.

7.5 THE EFFECT OF CERAMIDE ON TNF-cr- AND LPS-INDUCED E-SELECTIN

EXPRESSION IN HUVEC

It has been suggested that ceramide mimics LPS effects. It was therefore of interest to test this

hypothesis in our system. HUVEC were grown to confluence in 96-well plates (5x104 cells/well) and

treated in quadruplicate with diluent, TNF-a (25Ulml), LPS (0.1ng/ml) or TNF+LPS, in the absence

or presence of cell-permeable ceramide (C6, 5ttM). After 5.5h E-selectin expression was assessed by

ELISA (as described in Methods). Ceramide alone did not stimulate E-selectin expression. Ceramide

enhanced the upregulation of E-selectin caused by each of the treatments, TNF-c, LPS and TNF+LPS

(Fig. 7-7). Conducting the experiments with a lower dose of ceramide (1pM) yielded similar results

(data not presented). 'With both of these ceramide concentrations the HUVEC monolayers remained

intact, whereas using ahigher dose (1O¡rM) caused disruption of the monolayer and loss of cells (data

not presented).
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Figure 7-72 Effectof extracellular ceramide on the E-selectin expression in endothelial cells. HUVEC (5x104

cells/well) were treated in 1%o serum with either diluent, TNF-cr, LPS or TNF and LPS in the absence or
presence of ceramide (C6, 5¡rM) for 5.5h. There was no detectable E-selectin expression with ceramide alone. *

p < 0.001 for TNF vs TNF+Ceramide, LPS vs LPS+Ceramide and TNF+LPS vs TNF+LPS+Ceramidê.

7,6 SUMMARY AND CONCLUSIONS

TNF-cr and LPS were synergistic in expression of adhesion molecule mRNA. TNF-ct and LPS also

caused a profound synergistic activation of the transcriptional factor NF-rB. Particularly interesting

was the observation that in the presence of both TNF-cr and LPS the normally transient activation of

NF-rB persisted for as long as 28h.

V/hen the activities of other relevant intracellular signalling molecules, p38, JNK and ERK,

were investigated, TNF-o and LPS were synergistic in the upregulation of the activity of p38. The

activity of JNK was increased in an additive manner. While both mediators individually increased the

activity of ERK, which was constituively expressed in resting endothelial cells, there was no

enhancement with costimulation.

While extracellular ceramide did not mimic the ability of LPS to induce upregulation of E-

selectin and had no effect on adhesion molecule expression by itself, it was able to enhance the

upregulation ofE-selectin induced by other agonists.

These data suggest that joint activation of the signalling molecules NF-rB, p38, and JNK but

not ERK are likely to be the basis for the synergism between TNF-cr and LPS in the upregulation of

endothelial adhesion molecule expression.
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8.1 INTRODUCTION

The LPS homing receptor CD14 is expressed by monocytes at high levels. These cells are the source of

most of the sCD14 found in human serum (Van Vorhis et al., l9B3; Bazil et al., 1986). There is

evidence for a high CD14-turnover rate, since treatment of unstimulated monocytes with the translation

inhibitor actinomycin D leads to the complete disappearance of surface CDl4 (Kruger eT al., 1996).

The effects of various mediators onthe expression of CD14 by monocytes have been described. IL-4,

IFN-y, GM-CSF and PMA all downregulate CD14 expression over a period of 48-72h (Lauener et a1.,

1990; Bazil et al,, 1991; Kruger et al., 1996). In contrast, LPS at concentrations of 0.1-1ng/ml

upregulates monocyte expression of CD14 with amaximal effect seen at48h. However, concentrations

of LPS of l00ng/ml or higher cause CDl4 to be shed (Landmann et al., 1991). Interestingly, concurrent

treatment of monocytes with LPS (0.Sng/ml) prevents GM-CSF-induced down-regulation of CD14.

TNF-cr (20pglml-5ng/ml) had no influence on monocyte CDl4 expression after 48h of treatment

(Kruger et a1.,1996).

In contrast to monocytes and macrophages, neutrophils express low levels of CD14 on their

surface. Nevertheless, neutrophils respond to low doses of LPS in a CD14-dependent manner, both in

vivo and in vitro (Wright et al., 1991). LPS stimulates neutrophil adhesion to protein-coated surfaces,

respiratory burst and microbicidal activity (Cohn et al., 1960; Dahinden et a1., 1983; Guthrie et al.,

1984). The number of CD14 molecules on the neutrophil surface is estimated to be of the order of

5,000 per cell and can be up-regulated by various agonists such as G-CSF, GM-CSF, fMLP and TNF-

cr. The increase is complete within 20min and modest in magnitude, ranging from 1.6-fold to 2.O-fold

(Wright et al., 1991). However, this imporlant observation has not previously been correlated to the

LPS-induced neutrophil functions.

While endothelial cells are sensitive to low concentrations of LPS (Chapter 5), no evidence has

been presented to date to suggest that CD14 is found on these cells and it has been generally accepted

that endothelial cells do not express CD14(Beekhuizen et al., 1991). In the absence of mCD14 the

soluble form of the antigen is thought to facilitate LPS-induced cell activation (Frey et a1., 1992).

Surprisingly, anfi-CDI4 antibodies block endothelial cell activation by LPS in the absence of serum

(Von Asmuth et al., f9%). These observations taken together are inconsistent with the concept that

endothelial cells do not express CDl4.

There is no consensus view whether respiratory epithelial cells express CD14. While most

regard these cells as CDl4 negative (Cox et al., 1992; Keicho et al., 1997; Striz et al., 1998) there have

been reports describing the expression of CDl4 in murine lung epithelial cells (Fearns et al., 1995 and

1997). CD14 was also detected in bovine tracheal epithelial cells (Diamond et al., 1996).In addition,

the expression of CDI4 in epithelial cells of organs other than the lung has been described. These

include those of the murine colon (Meijssen et al., 1998), human colon (Maftin-Villa et al., 1997),

murine kidney and murine liver (Fearns et al., 1995). Interestingly , airway epithelial cells are generally

regarded as either unresponsive or hyporesponsive to LPS. Human bronchial epithelial cells (HBEC),

although staining negative for CDl4, bound FlTC-conjugated LPS in a dose dependent manner.
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Surprisingly anti-CDl4 antibody did not inhibit the binding of f-LPS, nor did sCDl4 enhance it (Striz

etal., 1998).LPSwasfoundtobindtoratalveolartypellcells,buttheinfluenceof anti-CDl4onthis

binding was not examined (Aracil et al., 1985).

8.2 RESULTS

8.2.1 Effects of TNF-cx on monocyte CD14 expression

Since the results presented in Chapter 3 showed an enhancement of LPS-induced cytokine production

of monocytes by TNF-c, we examined whether or not this enhancement was associated with a TNF-c¿-

induced up-regulation of monocyte CD14 in this time frame. Peripheral blood monocytes were re-

suspended in RPMI 1640 supplemented with 5% autologous heat inactivated donor serum. The cells

(1x106/assay) were treated with TNF-a (100U/ml) for 0, 5, 15,30, 60 and l20min and then processed

for indirect immuno-fluorescence and flow cytometry analysis as described in section 2.2.13. The

results showed that there was no change in monocyte CD14 expression by treatment with TNF-cr

compared to cells treated with media only (Fig. 8-1).
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Figure 8-1: Effect of TNF-u treatment on the CDl4 expression of monocytes. Monocytes were purified from
peripheral blood as described in Methods. The cells (1x106/assay) were re-suspended in RPMI 1640/5% FCS and
treated with TNF-u (100U/ml) for the times indicated and then the expression of CDl4 determined by indirect
flow cytometric analysis. The data represent the means + SEM of duplicates derived from experiments with cells
from 3 different donors. The mean value for the samples stained with isotype-control antibody (18.9) has been
subtracted from all treatments. There was no statistically significant difference between the data points.

Repeating the experiments using lower or higher concentrations of TNF-cr (10U/ml, 1000U/ml)

produced similar results (data not presented). Similar experiments in which monocytes were stimulated

with LPS (0.1, 1, 10, and 10Ong/ml) instead of TNF-a also did not change monocyte CD14 expression

(data not presented).
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8.2.2 Effects of TNF-o on the surface expression of CDl4 by human neutrophils

The results presented in Chapter 4 showed that pretreatment of neutrophils with TNF-o led to

synergistic enhancement of two LPS-induced effects, the neutrophil respiratory burst and the adhesion

of neutrophils to serum-coated plastic. The optimal pretreatment time was found to be 15-20min,

consistent with translocation of preformed molecules to the cell surface. Thus, up-regulation of surface

CDl4 may be one of the mechanisms by which TNF-a alters the response to LPS. To investigate this

the expression of CD14 on neutrophils and the surface binding of LPS to these cells were studied using

the same experimental parameters as in the experiments described in Chapter 4.

Neutrophils (1x106/assay) were treated with either TNF-a (z}Ulml) or diluent at 370C for

20min, and then the expression of CD14 was quantified by flow cytometry. TNF-cr pretreatment led to

a 2.l-fold increase in CD14 surface expression on neutrophils (Fig. 8-2).

**

Diluent TNF

Treatments

Figure 8-2: The effect of TNF-a pre-treatment on surface CD14 on neutrophils. Neutrophils (1x106) were
incubated with either buffer or TNF-a (20Ulml) for 20min. The cells were first incubated with anti-CDl4, then
washed and incubated with goat anti-mouse PE (all aI 4'C). The intensity of fluorescence was determined as

described in section 2.2.8. The data shown represent the means + SEM of 5 experiments each conducted with
cells from a different donor. (** : p < 0.001, studentt-test).

To assess LPS binding neutrophils (lxl06/assay) were pre-treated with either TNF-cr (2OUlml) or

diluent for 20min at 370C. Then autologous donor serum (5%o, heat-inactivated) and FlTC-labelled LPS

(16¡rg/ml) were added. Control cells were exposed to FITC only, while neutrophils exposed to

unlabelled LPS served as a background control (autofluorescence). The amount of LPS bound was

measured by flow cytometry analysis. The results showed a 2.2 fold increase in LPS binding by

neutrophils pretreated with TNF-c{, compared to the control. The increase in fluorescence was

abrogated by incubating TNF-a-treated neutrophils with an anti-CD14 monoclonal antibody (MY4,

dilution l:10, 30min, 40C) prior to adding FITC-LPS (Fig. S-3).
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**

Diluent TNF MY4+TNF

Treatments

Figure 8-3: The effect of pre-treatment with TNF-a on LPS binding to CD14. Neutrophils (1x106) were
stimulated as described in the legend of Fig. 8-2. The cells were re-suspended in serum (5%, autologous, heat-
inactivated) and incubated with FITC or FlTC-labelled LPS (8. coli 0127:88) at añnal concentration of l6¡rglml
for 30min on ice. Some cells were treated with MY4 (1:10, 30min) prior to the addition of f-LPS. Flow cytometry
was performed as described in section 2.2.8. The data shown are the means t SEM of 5 experiments each
conducted with cells from a different donor. The values of cells treated with FITC only have been subtracted
from the treatments. (TNF vs Diluent or MY4+TNF, ** : p < 0.01, ANOVA).

8.2.3 Human Umbilical Vein Endothelial Cells

8.2.3.1 Expressìon oÍCD14 on HAVEC

Based on inconsistent published data (8.1) we predicted that contrary to current belief endothelial cell

express CDI4, perhaps at low levels, and that this expression had been overlooked in the past. Assay

conditions for detecting CDI4 expression were examined using monocytes since high expression of

CDl4 on these cells has been well established. To standardize the assay, fìve different anti-CD14

monoclonal antibodies were tested for their degree of staining of monocytes using PE-conjugated

secondary antibody (Fig. 8-64). With optimal concentrations of these antibodies it was evident that

MY4 was the most effective monoclonal antibody for detection of CD14 expression. MY4 was

therefore used in all subsequent experiments unless stated otherwise. Endothelial cells stained with

MY4 displayed a median fluorescence intensity (MFI) distinct from that of cells treated with the

isotype-matched control antibody (Fig. 8-48 and Fig. 8-5).
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Figure 8-4: Expression of CD14 on endothelial cells. A. Monocytes were stained for indirect immuno-
fluorescence using different primary monoclonal antibodies against CDl4 (1:50) and a rabbit anti-mouse R-PE-
conjugated polyclonal antibody (1:100) as the secondary antibody. B. A typical histogramme of HUVEC stained
by the indirect fluorescence method illustrates the shift inFL-2 fluorescence of cell populations incubated with
anti-CD14 antibody (MY4) when compared with isotype control antibody (IgGzr').
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X'igure 8-5: Expression of CDl4 on endothelial cells. Representative dot-plot diagrams of HUVEC
(lxl05/assay) stained with A. IgG26 isotype control antibody or B. anti-CDl4 antibody MY4 (both l:50) are
shown. The secondary antibody was a rabbit anti-mouse R-PE-conjugated polyclonal antibody (l:100). The
events (10,000 each) are plotted flow channel two (FL2, R-PE) against forward scatter (FSC).

HUVEC, grown to confluence on slides, stained positive by indirect immunofluorescence microscopy

using MY4 (Fig. 8-64), as did the endothelial layer of umbilical veins in situ (Fig.8-68). There was no

staining of cell outlines or of the endothelial layers of the cord vessels when IgG26 isotype-matched

control antibody was used as the primary antibody (not shown).
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A

Figure 8-6: MY4 stains HUVEC in culture and in situ. A. HUVEC were grown on slides and then fixed.
Staining was performed with MY4 primary antibody and FlTC-conjugated rabbit-anti mouse polyclonal
secondary antibody (magnification: l00x). B. Cords were snap-frozen, cut, transferred onto slides and stained as

described above. The endothelial layer of the partially collapsed umbilical vein displayed bright fluorescence
(magnification: 10x).
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8.2.3.2 Specíjìcíty of MY4

MY4 displayed much better staining ability compared to other anti-CDl4 antibodies. To show MY4

was specific for CD14 and to rule out that it may bind to another surface antigen different from CD14

the following experiments were carried out:

A. Untreated HUVEC were enzymatically removed from the culture dish. The cells were

incubated with diluent, IgG26 isotype-matched control antibody, or MY4 (I:25), and then washed,

incubated with biotinylated IgG25 or MY4 (both 1:100), washed again and finally incubated with

streptavidin-PE (SA-PE, 1:100). Unconjugated MY4 was able to prevent its biotinylated form from

binding. Non-specific IgG26 had no effect (Fig. 8-74).

B. HUVEC were pre-incubated with diluent, IgGzr, orTÜt<4 (both 1:10) and afterwashing

treated with either IgGzu-PE or tÜt<-pB (both 1:50). The results achieved with MY4 could thus be

repeated with an antibody raised against a different epitope of CD14 (Fig. 8-78).

C. HUVEC were prepared for flow cytometry and resuspended in RPMI 1640 containing

increasing amounts of heat-inactivated, pooled human group AB serum and then stained with MY4

(1:1500). Serum was able to significantly reduce staining of endothelial cells by MY4 in a

concentration-dependent manner (Fig. 8-7C), suggesting that a serum factor was neutralizingfhe anli-

CDl4 monoclonal antibody. This factor is likely to be sCDl4.
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Figure 8-8: Assessment of monocyte contamination of HUVEC cultures. Representative dot-plots of HUVEC
stained with either isotype control-matched FlTC-conjugated antibody (A) or anti-CD4s-FITC (B) are shown.
The FlTC-positive cells have been gated (R2). The events in gate R2 for the isotype control antibody were
subtracted from the events for the CD45 antibody. Less than 0.01% of the cell population of 10,000 were CD45
positive. These cells are most likely to be monocytes, since they also stained very brightly for CD14 R-PE (not
shown).
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Figure 8-7: MY4 is specific for CDl4. A. Unconjugated MY4 prevents biotinylated MY4 from staining
gUVgC, IgG2¡ does not (visualized with streptavidin-PE). B. TÜK4 prevents TÜK4-PE from staining HUVEC.
C. Increasing amounts of AB serum significantly reduce binding of MY4 (l:1500) to HUVEC. All datarepresent
the means + SEM of duplicates from experiments with 2 different cords.

8.2.3.3 Assessment of HUVEC culturesfor monocyte contam¡nation

HUVEC prepared from fresh umbilical cords may be contaminated with monocytes. The degree of

such contamination was investigated by co-staining endothelial cells prepared for flow cytometry with

the white cell marker CD45, which is not expressed by endothelial cells. Consistently less than 0.01%

of the viable cell population stained positive (Fig. 8-8).
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Similar results were achieved by using antibodies against other white cell antigens, CDl lb and CD33

(results not shown). Furthermore the patterns of the histograms and dot plots obtained when staining

HUVEC with MY4 are not consistent with the CDl4-positivity of these cells being merely an artifact

due to monocyte contamination (Fig. 8-4B and Fig. 8-5).

8.2.3.4 Loss of cell sudøce expression of CD14 during sultculturing

Routine passaging of primary cultures of HUVEC or purchasing HUVEC from tissue culture

laboratories at passages 3 to 5 is widely practiced. It was therefore of interest to investigate whether the

ability of HUVEC to express CD14 on the surface was dependent on the number of passages the

endothelial cells had been subjected to. When HUVEC were grown in culture medium containing FCS

(10%), heparin (2.5%) and ECGS (15O¡rg/ml) and passaged every 3 days, the cells rapidly lost CDl4

with subculturing. By passage 3, CDI4 expression was less than l4Yo of the expression of passage 1

cells and less than 7% by passage 7 (Fig. 8-9). Thus, in subsequent experiments passage 1 cells were

used unless otherwise stated.
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Figure 8-9: Effect of passaging HUVEC on CDl4 expression. HUVEC were grown in RPMI 1640 medium
supplemented with FCS, heparin and ECGS. Every 3 days the cells were passaged, at which point one third of the
cells were prepared for flow cytometric analysis. The data represent the means of 3 experiments conducted with
cells from different umbilical cords.

In the light of these findings, it was of interest to examine a frequently used human endothelial cell line

(HUV-EC-C) which is repeatedly subcultured (lifetime -50-60 passages) and also propagated in

Fcs/Eccs/heparin-supplemented medium, as to whether these cells expressed CD14. The level of
CDl4 expression by HUV-EC-C was very low, resembling the expression displayed by primary

cultures of HUVEC at passage 6 (Fig. 8-10).
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Figure 8-10: Level of expression of CD14 by HUVE-EC-C. This human endothelial cell line was examined at
passage l5 (normal life expectancy 50-60 passages). The expression of CD14 was very low, similar to primary
HUVEC at passage 6. The data are the means a SEM of duplicates of 2 independent experiments.

8.2.3.5 LPS-binding to endothelial cells

It has been described that LPS does not bind to endothelial cells. Encouraged by the demonstration of

CD14 onthe cell surface of passage 1 cells and the hypothesis thatthe loss of CD14 expression during

passaging might have accounted for that result, an attempt was made to stain first-passage HUVEC

with FlTC-conjugated LPS (f-LPS). There \üas no statistically significant difference in MFI between

HUVEC incubated with f-LPS or unlabelled LPS (data not shown).

8.2.3.6 Estimstion of the number of CD14 expressed on HUVEC

In order to estimate the number of CD14 molecules expressed per endothelial cell two approaches were

taken. Firstly, peripheral blood monocytes from 12 healthy donors were examined under the same

conditions as endothelial cells obtained from 72 different umbilical cords. These cells were then

analyzed using identical flow cytometry instrument settings. The mean difference in MFI between the

cells treated with anti-CD14 monoclonal antibody and those treated with isotype-matched control

antibody was333+28 for endothelial cells and 4,568+121for monocytes (Fig. 8-11A.).

Assuming each monocyte expresses between 29,000 and 42,000 CD14 molecules (Vasselon et

al., 1997; Van Voorhis et al., 1983), then the calculated number of CDl4 per HUVEC ranged from

2Il4 + 400 to 3061 + 400. Secondly, duplicates of the monocytes and HUVEC described above were

stained with FlTC-conjugated secondary antibody to enable their MFI to be compared to a normogram

generated by analyzing repeated samples of FITC QuantumrM 26 beads. This is a middle level kit
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consisting of five populations of beads of identical size, each of which coated with different, defined

numbers of fluorochromes (Figure 8-118,C). The estimates for the number of fluorochromes per cell

for endothelial cells ranged from 2,000-3,000.

5000

4000

3000

2000

1 000

Endothelial Cells Monocytes

Celltype

rtr I tttælvLl.ffrE

fih1tGt9*l

F-ll-r
t---.8-{

F----å¿r

0

Aã
Lo
tr
oocoo
aDo
o
tr
.gT'o
=

c

B

I
I

o
.c¡
E
=tr
oo

Log fluorescence

Figure 8-11: Estimation of the number of CD14 on HUVEC. A. Direct comparison of CDl4 brightness of
HUVEC to monocytes with identical flow cytometer settings. The MFIs of passage I endothelial cells from 12

different cords was compared to the MFIs of monocytes (12 preparations, each from a different healthy donor).
B. Dot-plot of FITC QuantumrM 26 beads. The gate is drawn around the singlet, non-aggregated bead population.
C. Histogramme derived from that gate, depicting the 6 different bead populations, 1 without fluorescence (left)
and 5 with given increasing amounts of fluorochrome.
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8.2.3.7 Motlulation oÍ CD14 exprcss¡on on HUVEC and dependence on proteín synthesis

Alterations in CD14 expression as a result of the action of various mediators would not only serve as

indirect evidence for the synthesis of CD14 by these cells, but may also be of significance in the sense

that it may lead to changes in the responsiveness of endothelial cells to LPS. We therefore investigated

whether CD14 expression on endothelial cells was amenable to alteration by cell agonists and tissue

culture media supplements. The surface expression of CD14 was increased by treatment with LPS

(lng/ml), LPA (2.5¡rM), ECGS (150¡rg/ml) and FCS (40%), whereas PMA (10nM) reduced its

expression (Fig. 8- 1 2A).
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FigureS-12: Modulation of surface expression and evidence for synthesis of CDl4 by endothelial cells. A.
Endothelial cells were treated for24h with LPS (lng/ml), LPA (2.5pM), ECGS (15Opg/ml), FCS (40%) and

PMA (1OnM). The results are expressed as percent of control; unstimulated cells with a MFI of 333 were defined
as 100%. B. Cells were treated either with medium only (black bars) or medium with CHX (white bars), and then
tested for expression of CD14 following stimulation with LPS, ECGS or FCS (same concentrations as above).
After removing CHX the cells were replenished with normal culture medium and grown for 72h (grey bars). The
results represent the means + SEM of duplicates of 3 experiments with cells from 3 different cords.
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When human AB-group serum was used instead of FCS at concentrations from 10%-60% there was no

change in CD14 expression (data not presented). TNF-cr and IFN-y, which increase CDl4 expression

in neutrophils(Van Voorhis et al., 1983; Takeshita et al., 1998), had no effect onthe expression of this

molecule in endothelial cells (data not presented).

To exclude the possibility that CD14 expressed on endothelial cells originated from an

exogenous source, HUVEC were incubated with various mediators in the presence or absence of the

protein synthesis inhibitor cycloheximide (CHX). When cells were analyzed after 24h, CHX (5pg/ml)

had caused a reduction in the expression of CDl4 in unstimulated cells and in LPS-, ECGS- and FCS-

treated HUVEC. After the cells were washed and maintained for a further 72h in CHX-free culture

medium, these effects were reversed with the exception of cells treated with LPS and CHX (Fig. 8-

128). CHx-exposed control-, LPS- or FCS-treated cells were >85yo viable at the time of FACS

analysis, ECGS-treated cells were>95o/o viable as assessed by 7-AAD staining.

8.2.3.8 CD14 is synthesized by endothelial cells

Evidence that HUVEC synthesize CD14 was derived from studies with incorporation of radio-label.

Human CDl4 consists of 356 amino acids, 6 of which are methionine(Ferrero et a1., 1990). After

incubation with 35S L-methionine for 24h there was incorporation of label into CD14 in unstimulated

HUVEC. Cells grown in FCS incorporated 2.3 -fold more label (Fig. 8-13A), which corresponded to

the 2.3-fold increase seen in upregulation of CD14 surface expression by FCS (Figs. 8-12A,B). To

confirm the proteins molecular weight immune precipitates were also subjected to SDS-PAGE.

Radioactive bands of a molecular weight of 55kD were observed, consistent with the protein being

CD14. The density of the bands was increased in cells stimulated with 40% FCS as opposed to

unstimulated cells (Fig. 8-l3B).
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MY4 MY4
B
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X'igure 8-13: Incorporation of radio-labeled amino acid into CD14. A. HUVEC were incubated for 24h with
3sS L-methionine and the extent of incorporation into CDl4 was determined by immuno-precipitation. The results
are expressed as CPM (CPM values of isotype-matched controls have been subtracted) and represent the means *
SEM of 2 independent experiments with cells from 2 different cords. B. The immuno-precipitates of untreated
cells and cells incubated with FCS were subjected to gel electrophoresis. The bands have a MW of - 55 kD as

determined by the migration of unlabelled markers with known MW.

8,2,3.9 Role of serum in the øctivatìon of endothelial cells by LPS

Although responsiveness of endothelial cells to LPS under serum-free conditions has been previously

described (Von Asmuth et al., 1993), it is a generally held view that these cells require serum factors to

respond to LPS. It was therefore important to test the response of endothelial cells in the absence of

serum in our experimental settings. HUVEC were gro\¡/n to confluence in 96-well plates and E-selectin

expression measured by ELISA was chosen as an indicator of cell activation. The cells were treated for

6h with increasing concentrations of LPS in the presence and absence of serum. The data showed that

HUVEC were activated by LPS under serum-free conditions, albeit in the absence of serum 1O0-fold

higher concentrations of LPS were needed to achieve similar levels of E-selectin expression (Fig. 8-

t4).
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Figure 8-14: LPS activation of endothelial cells in the presence and absence of serum. HUVEC (5xlOa/well)
were grown to confluence in 96-well-plates and prior to treatment the cells were washed 4 times with RPMI
1640. The cells were then treated with varying concentrations of LPS, either in the presence of l0%o human AB
serum (-) or RPMI 1640 only C-------1. After 6h of incubation E-selectin expression was measured by
2-step ELISA. The data are presented as the means + SEM of quadruplicates of 3 experiments, each conducted
with cells from a different cord.
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8.2.3.10 Anti-CDL4 øntíbody blocks the LPS-inducetl endothelial cell sctivatìon in the absence of
serum

After demonstrating that HUVEC responded to LPS in the absence of serum it was important to

ascertain whether this response was dependent on CDl4. HUVEC were treated for 6h with diluent or

LPS (lng/ml) in the presence and absence of serum (10% AB), and in the presence or absence of MY4

(dilution l:25). Upregulation of E-selectin by LPS was abrogated by pretreatment of HUVEC with

MY4 (15min), whether serum was present or not (Fig. 8-15).
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Figure 8-15: MY4 blocks endothelial cell activation by LPS with and without serum. HUVEC in 96-well
plates (5xl0a/well) were washed four times and then treated as indicated in the presence or absence of l0oá serum
(time, 6h; LPS, lng/m1; MY4, 1:25). E-selectin expression was measured by atwo step ELISA. The data shown
are the means + SEM of sixtuplets of 3 independent experiments, each conducted with cells from a different cord.

8. 2. 3. 1 1 E ndothelìal cell-associated CD I 4 has a fanctional role

To examine the functional relevance of CD14 expressed by HUVEC in terms of cell activation further,

cultures were passaged for a total of seven times. When the MFI for CD14 had dropped to undetectable

levels, these cells \ /ere grown to confluence in 96-well plates. After washing the plates three times, one

half of the cells were kept in culture medium containing 100/o serum, whereas the other half was kept in

serum-free RPMI 1640 media. HUVEC were stimulated with either TNF (5U/well) or LPS (0.1-

l0ng/ml) for 6h, and E-selectin expression was assessed by ELISA. Only the cells kept inlr)Yo serum

responded to LPS. In contrast, TNF-o caused a similar up-regulation of E-selectin in these cells with

and without serum present (Fig. 8-164 and 8-168). In comparison, passage 1 HUVEC, (with normal

expression of CDi4), showed up-regulation of E-selectin in response to LPS in the absence of serum

(Fig. 8-l4C), albeit at a lesser magnitude than cells with serum (data not shown). This response was

enhanced by the addition of serum (data not shown) and could be inhibited by the addition of MY4

(1:25) (Fig. 8-16C).
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Figure3-16: Activation of HUVEC by LPS via cell-associated CD14. As a measure of cell activation
upregulation of E-selectin \Mas assessed by ELISA after 6h of treatment. Results are the means + SEM of
quintuplets of 2 experiments with cells from 2 different cords and are expressed as optical density (OD) at
4l0nm. A,B. Passage 7 HUVEC, now lacking expression of CD 14, were treated with TNF (5U/well) or LPS at

the concentrations indicated. Cells were either treated in medium containing 10olo serum or in serum-free
conditions. C. Passage I HUVEC were treated with LPS in serum-free conditions. In addition, some cells were
pre-treated with MY4 antibody (dilution l:25) for lOmin before LPS was added.

8.2.4 RespiratoryEpithelialCells

8.2.4.1 CD14 exprcssion

In view of the observations by others (Striz et al., 1998) and the results described in chapter 6, (IFN-y

rendered 4549 cells susceptible to LPS) it was examined whether 4549 cells expressed CDl4, and

what influence IFN-y might exert on CDl4 expression. Encouraged by the discovery of CD14 on

HUVEC, another cell type previously reported CD14-negative, the same staining technique was

applied to 4549 cells. When analyzed by flow cytometry there was a significant shift to the right of the
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cell population treated with MY4 compared to cells treated with IgG26 isotype-matched control

antibody (Fig. 8-17).
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Figure 8-17: CD14 expression on respiratory epithelial cells. 4549 cells (106/assay) were enzymatically
removed from culture dishes and either left unstained (auto-fluorescence, solid black, no antibodies) or stained
with MY4 or IgG2¡ isotype-matched control antibody as indicated by the arrows. The cells were washed and
stained with R-PE-conjugated secondary antibody. A representative set of histogrammes is shown.

Interestingly, A549 cells displayed a high degree ofauto-fluorescence (spontaneous fluorescence ofan

unstained cell population). The sensitivity of the detection method was improved with R-PE- compared

to FlTC-conjugated secondary antibody, and was higher again with the three-step staining technique

(MY4 - biotinylated rat anti-mouse antibody - streptavidin - PE) (Fig. 8-18).

4549 l-16HBE1 ao- I

300

200

100

c)lt
E¡z
(¡)()

500

4

00

00

r-
at,co
E
oocoooo
oa
tr
.g!to
=

6

0 lgGr¡ CD14

FITC

lgG26 CD14

R+E

lgG¿ CD14

Biotin SA-PE

lgG26 CD14

R.PE

Staining Method

Figure 8-18: CD14 expression on respiratory epithelial cells. Comparisons were made between the fluorescence
intensities achieved in 4549 cells using the 2-step indirect fluorescence method and FlTC-conjugated secondary
antibody, the two-step indirect fluorescence method and R-PE-conjugated secondary antibody and the three-step
indirect fluorescence method (Mouse anti-human CD14 antibody, biotinylated rat anti-mouse antibody, SA-PE).
Another human respiratory epithelial cell line, l6HBEl4o-, was also stained for comparison (2-step R-PE
method). The data are the means t SEM of duplicates of 2 different experiments. For each method the results of
isotype-matched control antibody (IgGru) and anti-CD14 antibody (MY4) are shown.
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8.2.4.2 Estimation of the numher of CD14 on rcspiratory epíthelial cells

The level of expression of CD14 on the surface of A549 cells was estimated by comparison to

monocytes and using FITC QuantumrM 26 beads as described in Fig. 8-11 (data not shown). The

estimated number of CD14 per cell was found to be slightly higher than for HUVEC, - 3,500 + 500.

The level of CD14 expression did not change when 4549 cells were maintained in serum-free

conditions for up to 48h (not shown). Another human immortilized respiratory epithelial cell line

(16HBE14o-, Cozens ef al., 1,994), frequently used in cystic fibrosis research, was also tested for the

expression of CD14. The level of expression was similar to that of A549 cells (Fig. 8-18).

8.2.4.3 Moduløtíon of CD14 surface expression

It was examined next whether the expression of CDl4 could be up- or downregulated in respiratory

epithelial cells like observed in HUVEC, thus providing indirect evidence for synthesis of the CDl4

molecule by this cell type. 4549 cells were grown to confluence in 6-well plates and treated for 24h

with either TNF-c¿ (100U/ml), LPS (lO¡rg/ml), [-18 (lng/ml), IFN-y (1000U/ml), FCS (50%) or PMA

(l0nM). The expression of CD14 was moderately increased with TNF-o, IL-1p and IFN-y, unchanged

with LPS and FCS and downregulated slightly by PMA (Fig. 8-194). Adding the protein synthesis

inhibitor cycloheximide (CHX, 1O¡rg/ml) for 24h resulted in a reduction of CD14 expression in

untreated and LPS-treated cells with no alteration in cell viability as assessed by 7-AAD staining. CHX

prevented the increase in CD14 seen with TNF-c and IL-lp (Fig. 8-l9B).
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Figure 8-19: Modulation of CD14 surface expression in 4549 cells. A. 4549 cells (1x106/assay) were treated
with the agonists indicated for 24h. TNF-a (100U/ml), +26%0: LPS (lOpg/ml), no change; IL-l Ê (lng/ml), +47yo;

IFN-y (1000Ulml), +lgyo; FCS (50%), no change; PMA (lOnM), -l2Yu B. Cells were treated with either diluent,
TNF-cx, LPS or IL-l p in the absence or presenae of CHX (l0pg/ml). The expression of CDl4 was assessed with
indirect fluorescence and flow cytometric analysis of 10,000 viable cells/assay. The data are the means + SEM of
duplicates fr om 2 different experiments.

Results presented in chapter 6 showed that co-treatment with IFN-y but not TNF-o or IL-1p rendered

4549 cells responsive to LPS. When the time course of this interaction was studied it was established

that pretreatment with IFN-y for 2h produced a maximal effect. Thus the short-term effect of treatments

on CD14 expression in 4549 cells was examined. The cells were treated with TNF-cr, LPS, IL-18 and

IFN-y (concentrations as above) for I,2 and 4 hours. There was a similar pattern of upregulation of

CDl4 as seen in the 24h experiment albeit to a lesser degree. There ìüas no difference between the

three time points studied, the results of the 4h experiment are shown (Fig. 8-20).

'õ
tro
E
0)otroo
tt,o
o
tr
tr
.gIto
= Cel6 TNF-a, LPS lL-10 lFNl

Treatments

Figure 8-20: Effect of short-term treatment on CD14 expression in 4549 cells. The cells were treated with
the same concentrations of agonists as described in the legend of Fig. 8-20 for 4h. TNF-a (100U/ml), +16%; LPS
( 1 Opg/m l), no change; IL- I B ( I nglml), +29%; IFN-y ( I 000U /mI), + I 5.5%o.
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8.2.4.4 LPS-bínding to Respíratory EpíthelÍal Cells

The observation of LPS-binding being independent of CD14 in HBEC cells is intriguing (Striz et al.,

l99S). To determine whether this was also the case in alveolar type II cells (4549) confluent cells

(106/assay) were removed from their culture dish and incubated on ice with either FlTC-conjugated

LPS or nonspecific FlTC-conjugated IgG (mouse anti-human). Some cells were pre-incubated for 30

minutes with either IgGz¡ or MY4 monoclonal antibody (dilution i:10). The fluorescence intensity of

the cell population was assessed by flow cytometric analysis of 10,000 events. There was significant

binding of f-LPS to 4549 cells, but surprisingly MY4 was unable to prevent binding of f-LPS (Fig. 8-

2t).
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Figure 8-21: Binding of LPS to respiratory epithelial cells.4549 cells (lxl06/assay) were incubated on ice
with either FlTC-conjugated mouse IgG or FlTC-conjugated LPS (f-LPS). Some cells were pre-incubated for
30min with either IgG25 or MY4 (l:10) prior to exposure to f-LPS. The data represent the means + SEM of
duplicates of 3 independent experiments.

8.2.4.5 Search for other binding sìtes for LPS

MY4 being unable to prevent binding of LPS raises the question whether LPS is bound by different

cell surface molecules (Table 1-5).4549 cells were screened for expression of the integrins CDlla,

CD1lb, CD11c, and CD18 with flow cytometric analysis and were found not to express any of these

molecules on their surface (data not shown).
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8.3 SUMMARY AND CONCLUSIONS

TNF-o treatment caused a significant increase in CD14 expression on neutrophils and an associated

increase in LPS binding which could be blocked by an anti-CDl4 monoclonal antibody. The

magnitude of this increase correlated with the increase in the neutrophil chemiluminescence response

as well as the adhesion to serum-coated plastic surfaces. Based on these observations, it is likely that

TNF-o primes neutrophils for enhanced responses to LPS via an upregulation of surface CD14 leading

to increased LPS binding.

Besides monocytes/macrophages and neutrophils both HUVEC and the respiratory epithelial

cell line 4549 express CDl4 on their surface, albeit at substantially lower levels.

While previous studies have reported that human vascular endothelial cells lack the

lipopolysaccharide (LPS) receptor, CDl4, human vascular endothelial cells responded to LPS in

serum-free conditions and this response could be abrogated by an anti-CD14 monoclonal antibody.

By optimizing assay conditions, it could be demonstrated that human umbilical vein

endothelial cells express CD14 on the cell surface. Single passage HUVEC showed a density of -2500

molecules per cell. Interestingly, there was significant loss of surface CDl4 expression with increasing

numbers of culture passages. Evidence for synthesis of CD14 by HUVEC was provided by the finding

that 35S L-methionine was incorporated into CD14. In addition, the expression of CD14 on HUVEC

was up-regulated by LPS, lysophosphatidic acid (LPA) and tissue culture supplements and this up-

regulation was dependent on protein synthesis. These results provide evidence for the first time that

CD14 is expressed by endothelial cells and suggest that the previous inability to observe expression of

this molecule has been due to culture and staining conditions.

Functional studies with the up-regulation of E-selectin as endpoint suggest that membrane-

bound CD14 is essential for endothelial cell activation by LPS and that it acts in concert with serum

factors (possibly soluble CDl4).

We also demonstrated that 4549 cells express CD14. Up- and down-regulation as well as

dependence of CD14 expression on protein synthesis provided indirect evidence for CD14 being of

epithelial cell origin. Furthermore, increasing the exogenous source of CD14 (sCD14 in serum in the

culture medium) from l0% to 50%:o had no effect on the amount of CD14 on the cell surface. Although

LPS bound to 4549 cells, this interaction seemed to be independent of CDl4, confirming the findings

of Striz et al., 1998. This is an unusual observation and to our knowledge seems to be unique to

epithelial cells. It is unlikely to be due to the fact that 4549 cells are transformed, malignant cells,

since CDl4-independent binding of LPS had been shown in primary cell cultures (HBEC) as well

(Striz et al., 1998).
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9.1 REGULATION OF RESPIRATORY EPITHELIAL CELL ADHESION MOLECULE

EXPRESSION BY MEDIATORS OF INFLAMMATION

ICAM-l expression on type II pneumocytes can be induced following cell stimulation, and our data,

derived from a respiratory type II epithelial cell line (4549), show that the cytokines TNF-c and IFN-y

rapidly upregulated ICAM-1in a synergistic manner. This suggests that this adhesion molecule is

likely to participate in the regulation of the inflammatory reactions in the lung tissue, a finding in

agreement with current published concepts (Tosi et al., 1992; Doerschuk el aI., 1996). Apart from

enhancing adhesion and migration of inflammatory cells to foci of inflammation ICAM-1 has also

been shown to serve as a receptor for the Respiratory Syncytial Virus (RSV) in lung infection (Arnold

et al., 1996). Synergism between TNF-c¿ and IFN-y has been shown to be relevant in vitro (Table 9-1)

and in vivo. For example the combination of TNF-o and IFN-y together with melphalan was

successful in treating malignant tumours (Lienard et a1.,1992).

Table 9-1: Synergism between TNF-ct and IFN-y

Cell type (All human) Endpoint Reference

Keratinocvtes

4549 cells

Melanoma cell line

Aortic endothelial cells

Neutrophils

Myeloid leukaemia cells

(HL-60, ML3, U937)

Endothelial cell line

Increased adhesion molecule expression and

secretion of chemotactic factors

Increase in Mn-SOD

lncreased ICAM-l expression

Increase in FcyR expression

Antibody-dependent cellular toxicity

NADPH oxidase activity

Barker et al., 1990

Harris et al.,l99l
Jahnke eta1.,1994

Pan et al., 1998

Shalaby eta1.,7995

Cassatella et al., 1989

NF-rB activation Cheshire eta1.,7997

A mechanism of how these cytokines may cooperate has not been found. While it has been described

that IFN-y enhances TNF receptor expression in six different transformed human cell lines (Tsujimoto

et al., 1986) the number of TNF receptors was shown to be decreased in peripheral blood monocytes

(Shepherd, 1991).

Treatment of 4549 cells with a combination of LPS and TNF-cr did not increase the

expression of ICAM-1 significantly above the level seen with TNF-c¿alone. This is not surprising as

LPS has been reported not to stimulate respiratory epithelial cells (Martin et al., 1994), a finding we

confirmed in 4549 cells with respect to ICAM-1 expression. Since LPS is found in significant

amounts in the environment the insensitivity of the cells lining the airway to LPS is probably an

adaptive response to prevent persistent and overwhelming inflammation in the lung (Martin et al.,

1994). The lack of an increase in ICAM-1 expression in the presence of TNF-cr and LPS could be
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reproduced when experiments were repeated with IL-1P, another pyrogenic cytokine. Surprisingly, our

results showed a synergistic increase in ICAM-I with LPS and IFN-y in 4549 cells. It is not clear why

IFN-y but neither TNF-a nor IL-lB was able to synergize with LPS in 4549 cells but this may be

related to differences in the signalling mechanisms through which TNF-c and IL-lp activate cells

compared to IFN-y (Diagrams l-ll,l-12 and 1-13).

The additive effect of TNF-a and IL-B on the up-regulation of ICAM- I on the epithelial cell

surface was not surprising. While adding IFN-y to a combination of TNF-a and IL-B did not increase

ICAM-1 expression beyond the level seen with TNF-o and IL-B only, ICAM-1 expression in 4549

cells could be more than doubled by adding LPS to this 'cocktail' of cytokines (TNF-cr, IL-18 and

IFN-y). This was remarkable given the absence of a synergistic effect between TNF-cr and IL-B with

LPS individually. The reason for this effect is not apparent, but such interaction has been reported

previously with respect to an increase in iNOS in respiratory epithelial cells (V/atkins et al., 1997).

The ability of cytokines to up-regulate the expression of ICAM-1 in respiratory cells suggests

that TNF-cr, IL-1P and IFN-y promote lung inflammation. Our fìndings also establish that some

mediators (e.g. IFN-y) but not others (TNF-cr, IL-1P) in combination with microbial products, such as

LPS, significantly increase the expression of ICAM-1 on these cells. The observation that an already

greatly enhanced cellular response to a cocktail of inflammatory cytokines could be more than doubled

by LPS, which alone had no effect on ICAM-1 expression on epithelial cells, highlights how 'cross-

talk' between mediators can alter the magnitude of an inflammatory reaction.

The respiratory epithelium is constantly exposed to microorganisms and microbial products

prevalent in the environment. Studies with nasal, tracheal and alveolar epithelial cells have shown

mostly similarities in their responses to stimuli, but also some differences. Forthe purpose of the work

presented in this thesis an immortalized cell line (4549) was chosen as an in vitro model for

respiratory epithelium. The reason for choosing a cell line was that primary human alveolar type II
pneumocytes are not readily available and also that primary cells rapidly loose their characteristics in

culture, displaying altered patterns of surface molecule expression and altered responses to stimuli.

4549 cells, which are derived from a human adeno-carcinoma of the lung, have been well

characterized and shown to be a valid model for studies of alveolar type II epithelial cells Q'{ardone et

al.,1979).

9.2 EFFECTS OF TNF-a AND LPS ON VASCULAR ENDOTHELIAL CELL FUNCTION

The data presented in Chapter 5 demonstrate that TNF-cr and LPS act synergistically on endothelial

cells to increase the adhesive properties of this tissue, When added together at suboptimal

concentrations, these mediators caused significantly greater expression of the adhesion molecules E-

selectin, ICAM-1 and VCAM-1 than the sum of responses with either mediator alone. Interestingly, at
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these concentrations the upregulation of endothelial adhesion molecules in response to TNF-cr or LPS

individually was not significantly different from the baseline. Because the induction of endothelial

adhesion molecules is an important early step in the development of an inflammatory reaction, the

synergism at very low concentrations of agonists described in this thesis is likely to be relevant in

immunity to bacterial infections and associated pathology.

Endothelial adhesion molecules play an important role in regulating the movement of

leukocytes from the blood to foci of inflammation (Fast et al., 1989; Frenette et al., 1996). The surface

area of the pulmonary capillary bed alone is estimated to be 70m2 (Gee et al.,1993). When rats were

challenged with immune complexes a prompt upregulation of the expression of E-selectin in the

pulmonary vasculature was observed. This was associated with rapid neutrophil influx into the lung

and vascular leakage. Pretreatment with anti-E-selectin antibody abolished both neutrophil influx and

the damage to the vascular bed (Mulligan et al., 1991).

Upregulation of endothelial cell adhesion molecule expression increases leukocyte traffic

across the endothelium to inflammatory foci. Although LPS-induced production of TNF-cr

significantly contributes to this process, LPS per se has the ability to induce or upregulate endothelial

cell adhesion molecules directly (Beekhuizen et al., 1991; Schumann etal.,1996).

E-selectin and ICAM-l are involved in the rapid recruitment of neutrophils, therefore their

upregulation would influence acute infections with gram-negative organisms, such as pneumonia

caused by Haemophilus influenzae or Chlamydia pneumoniae, cystitis by E. coli and meningitis by

Neisseria meningitides. However, both E-selectin and ICAM-1 have been implicated in asthma, a

chronic inflammatory condition (Wegner et al., 1990; Gundel et al., 1991). VCAM-1 is instrumental in

recruiting monocytes, lymphocytes and eosinophils (Alon et al., 1.995), hence its upregulation would

be expected to be more important in chronic gram-negative infections, for example pulmonary

colonization by Pseudomonas aeruginosa in cystic fibrosis patients or in chronic inflammation with

eosinophil involvement such as seen in asthma. Induction of endothelial adhesion molecules is an

important early step in the development of an inflammatory reaction (Mulligan eL al, 1991.; Qin et al.,

1996), thus this synergism is likely to be relevant in immunity to bacteria.

Integrating the observation of synergistic up-regulation of endothelial adhesion molecules

with the findings described in Chapter 3 and Chapter 4, it is evident how the vicious cycle of

inflammation may operate. The LPS-induced cytokines produced by monocytes not only prime

neutrophils but also act in concert with LPS to up-regulate endothelial adhesion molecules, thereby

enhancing first adhesion and then migration of these primed neutrophils to foci of inflammation in

tissues.

Synergism between LPS and IL-lP or other cytokines, or cytokines with cytokines with

respect to neutrophil function was not studied. However, it is likely that similar patterns of responses

will occur. Most of these pro-inflammatory cytokines are produced by macrophages in response to

bacterial products and have overlapping effects on their target cells
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9.3 THE INFLUENCE OF CYTOKINES ON LPS-INDUCED RESPONSES OF MONOCYTES

AND MACROPHAGES

We found that LPS induced the production of TNF-cr,IL-1P and IL-6 by monocytes and macrophages

as previously established, but in addition our data showed that LPS synergized with TNF-o to

markedly enhance the production of TNF-ct and IL-18. The LPS-induced production of IL-6 by

monocytes was also enhanced by cytokines, but this effect was only modest in magnitude compared to

the production of TNF-o and IL-1B. When examining these interactions we placed emphasis on

conducting the experiments with low concentrations of LPS and of cytokines, as they are encountered

during infections with gram-negative bacteria.

Mononuclear phagocytes are a major component of the innate immune system and found in

abundance in lung tissue. Apart from releasing bactericidal substances, processing and presenting

antigen, these cells secrete large quantities of TNF-c, IL-1P, and IL-6 in response to LPS (Haslett,

1987). We demonstrate here that these cytokines in turn are capable of greatly ampliffing the effect of

the bacterial product LPS to further influence production of proinflammatory mediators, thus

constituting a quasi positive feedback loop. The resulting production of enhanced quantities of pro-

inflammatory cytokines is likely to result in an enhanced activation of adjacent tissue cells, such as

respiratory epithel ium and vascular endothelium.

An example illustrating the complexity of this inflammatory network is provided by a recent

study which demonstrated that human monocytes have an enhanced ability to eliminate intracellular

bacteria when the cells are exposed to low doses of both LPS and cytokines (Kanangat et al., 1999).

However, as the doses of LPS and the cytokine v/ere increased the cells progressively lost this

enhanced ability and hnally the intracellular growth of bacteria increased again.

9.4 THE EFFECT OF TNF-a ON NEUTROPHIL RESPONSES TO LPS

Neutrophils preincubated with TNF-cr for 20min showed a significantly enhanced production of

oxygen-derived reactive species (ODRS) following LPS challenge. In contrast the response was only

additive when the cells were treated with both mediators simultaneously. This suggests that TNF-a

primes these leukocytes for increased responses to the bacterial product. This is consistent with

previous observations that TNF-o primes neutrophils for increased killing of opsonized bacteria, fungi

and parasites (Ferrante, 1989a; Ferrante, 1989b; Feruante et a1.,1993). When neutrophil adherence was

examined it was found that the adhesion of the cells to serum-coated plastic surfaces was

synergistically increased by treatment with LPS and TNF-c. This correlated with an increase in the

surface expression of CD11b. 'We noted that the enhanced adhesion could be achieved with lower

concentrations of agonists than were required for the upregulation of CD1lb. This is in keeping with
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observations by others and is likely to be explained by an increase in CDllb affinity rather than

merely an increase in the level of cell surface expression. (Wright et al., 1991; Condliffe et al., 1996).

Neutrophils are the rapid deployment force of the innate immune system, within less than one

hour after injecting animals with LPS more than 80% of the neutrophils were found in the lung

(Haslett et al. 1987). Priming ensures that neutrophils have an enhanced ability to respond even to

weak signals in infective foci (Yee et al., 1994). While our findings show such amplification of

neutrophil responses in the presence of low concentrations of both TNF-cr and LPS the implications of

this effect in vivo remain to be studied.

Given the toxicity of the neutrophil-produced mediators, there often is collateral damage to

local tissues, such as respiratory epithelial cells in a scenario of a pulmonary infection (Henson et al.,

1987; Weiss, 1989; Ayars eTal.,1994; Smith, 1994). This potentially detrimental role of neutrophils is

also consistent with the observation that ARDS seldom occurs in neutropenic patients with sepsis

(Sibille et al., 1990). Interestingly, studies in experimental murine neutropenia revealed that

neutrophils have different roles in the defense against gram-positive or gram-negative bacteria.

Granulocytopenic mice showed a severely impaired clearance of Klebsiella pneumoniae, whereas

Staphylococcus aureus was cleared at a normal rate, the reason for this is not known. (Rehm et al.,

1e80).

9.5 MECHANISMS OF SYNERGISM BET\ilEEN TNF-c¿ AND LPS

From previously published work it is evident that synergism or priming may be a result of increased

expression of cell surface receptors and/or increased activation of intracellular signalling molecules.

This was addressed in relation to synergism between LPS and TNF-c¿.

9.5.1 Changes in expression of CD14

There is controversy about whether respiratory epithelial cells express the LPS receptor CDI4,

perhaps arising from the fact that these cells are largely unresponsive to LPS (see also Chapter 8.1).

Our data demonstrate that CD14 is present on the surface of respiratory epithelial cells and

furthermore that CD14 is likely to be of epithelial cell origin.

Monocytes are the CD14-richest cells with about 50,000 copies per cell. These cells respond

to picogram quantities of LPS. Neutrophils express CD14 weakly, about 10-fold less than monocytes.

Interestingly, while endothelial cells are sensitive to low concentrations of LPS, no evidence has been

presented to suggest that CDl4 is expressed by these cells and indeed it has been generally accepted

that endothelial cells do not express CD14(Beekhuizen et al., 1991). In the absence of membrane-

bound CD14 (mCD14), a soluble form of the antigen (sCD14), that is present in normal serum at 2-
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6pglml, or the addition of serum is thought to facilitate LPS-induced cell activation (Frey et a1.,1992).

However, genetically CD14-negative cells like Chinese hamster ovary fìbroblasts (CHO) and murine

pre-B cells (70213) are either unresponsive to LPS (CHO) or only respond to very high concentrations

of LPS (70213), even in the presence of serum. These cells become highly sensitive to LPS when

transfected with CD14 (Lee et aL,1992; Golenbock et al.,1993). Surprisingly, anti-CDl4 antibodies

block endothelial cell activation by LPS even in the absence of serum(Von Asmuth et al., 1993). Both

these observations are inconsistent with the concept that endothelial cells do not express CD14.

Given the importance of CD14 in LPS-mediated cell activation and the implications for the

understanding of LPS-associated vascular disease it was decided to revisit the issue of CD14

expression by endothelial cells. By optimizing assay conditions, including the selection of anti-CDl4

monoclonal antibody, it could be demonstrated that human umbilical vein endothelial cells (HUVEC)

express CD14 on the cell surface. Single passage HUVEC showed a density of -2500 molecules per

cell, a relatively small number of molecules compared to monocytes. The CDl4 molecules were of

endothelial cell origin and not passively acquired from serum. Firstly, their surface expression was up-

and down-regulated by various cell agonists. Secondly, the expression of CD14 molecules was

inhibited by the protein synthesis inhibitor, cycloheximide. This inhibition was reversible under all

conditions examined, except when cells were treated with LPS and CFIX. LPS and CFlX-treated cells

displayed the same viability as control cells, grew in culture for an additional 72h without detachment

from the culture dish or from each other and appeared morphologically normal. The reason for the

inability of these cells to re-express CD14 is currently not clear. Thirdly, endothelial cells synthesized

CD14 as shown by the incorporation of radio labelled amino acid into this molecule. Interestingly,

while there was a significant upregulation of cell surface CD14 by adding FCS to the culture media,

human serum had no effect on the expression of the molecule. ECGS, a bovine pituitary extract, was

also capable of up-regulating CD14. Both FCS and ECGS were LPS-free and did not stimulate E-

selectin expression in HUVEC. This suggests that FCS and ECGS may contain a bovine growth

factor(s), which stimulates the synthesis of CD14 and seems to be absent from human serum.

Since the discovery of CD14 on HUVEC challenged current dogma, an explanation was

sought for the discrepancy between our and previously published data. First the influence of culture

conditions on the expression of CD14 was examined. Routine passaging of primary cultures of

HUVEC or purchasing HUVEC from tissue culture laboratories at passages 3 to 5 is widely practiced.

When cells were subjected to multiple passaging, these cells were indistinguishable from passage I

HUVEC in a number of properlies. The passaged cells displayed normal morphology and responded to

TNF-cr to the same extent as passage I cells. However, unlike passage I cells, HUVEC that had

undergone multiple passaging expressed extremely low amounts of CD14. While the reason for this

reduction in surface CD14 is not clear, it is likely that this reduction constitutes the main explanation

for the previously reporled lack of CD14 on the endothelial cell surface. The choice of monoclonal

antibody against CD14 for the flow cytometric analysis may have been an additional limitation to the

detection of CD14 on endothelial cells. Although comparisons between all available anti CD14
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antibodies were not conducted, it is surprising how differently the antibodies tested performed, only

MY4 and TÜK4 produced a positive stain in HUVEC.

Another distinction between passage 1 cells and cells that had undergone multiple passaging

was the responsiveness to LPS in serum-free conditions. Cells subjected to several passages, which

expressed very low amounts of CD14 failed to respond to LPS, but their responsiveness could be

restored by the addition of serum. Passage I cells responded to LPS in the absence of serum in a

CD14-dependent manner, and this response could be augmented by serum. These data demonstrate

that, despite the low numbers of CDl4 on HUVEC compared to monocytes, mCDl4 on HUVEC is

functional. Furthermore, mCDl4 is required for the response of HUVEC to LPS in the absence of

serum and acts in concert with serum factors in the presence of serum. Previous studies in

macrophages and neutrophils showed that sCDl4 facilitates the rapid transfer and efficient

presentation of LPS to mCD14 (Hailman et al., 1994). This is likely to account for the augmentation of

the LPS response in passage 1, mCD14-bearing endothelial cells. Taken together the data suggest that

in LPS-induced activation of endothelial cells in vívo mCD14 is essential and sCD14 promotes the

response by presenting LPS to mCD14. This concept is further supported by the transfection studies

discussed above (Lee et al., 1992; Golenbock et a1.,1993).

The pathophysiological importance of CD14 expressed on the endothelial cell surface would

be significant. There is evidence that CD14 not only binds to LPS molecules but also to bacterial cell

wall fragments and to whole bacteria (Jack et al., 1995; Noel et al., 1995; KaIz ef al., 1996). In

addition to soluble LPS direct contacts between bacteria and endothelial cell-associated CD14 in

bacteriaemia could thus result in an enhancement of the activation of this tissue. Activated endothelial

cells upregulate adhesion molecules, secrete pro-inflammatory, pro-coagulatory mediators and vaso-

active substances, such as eicosanoids, nitric oxide and endothelin, leading to disseminated

intravascular coagulation (DIC), circulatory shock and organ failure (Vane et al., 1990).

A possible explanation for the synergistic effect in the upregulation of ICAM-1 expression in

4549 cells seen with LPS and IFN-y could have been an increase in expression of LPS receptor(s) on

the surface of respiratory epithelial cells. However, we found that IFN-y caused only a minimal

increase in epithelial cell CD14 expression, and that there was no change in expression by treatment

with LPS, TNF-cr and IL-lp. Furthermore, the binding of LPS to epithelial cells was found to be

CD14 independent, an observation also described by others (Striz et al., 1998). Thus, we do not know

the significance of CDl4 expression in respiratory epithelial cells. It is currently not known which

structures on the epithelial cell surface are responsible for LPS binding. A549 cells do not express B-

integrins, other known binding sites for LPS (Chapter 8.2.4.5). Human Toll-like receptors are likely

candidates, although their expression on respiratory epithelial cells has not yet been reported.

However, antibodies to hTLR-2 and hTLR-4 were not available at the time when the experiments for

this thesis were carried out.

When the possibility was explored that the enhancement of LPS-induced cytokine production

by mononuclear phagocytes was associated with changes in the level of expression of the LPS
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receptor CDl4 on the cell surface after exposure to cytokines, treatment of monocytes with TNF-c or

LPS did not cause a change in CD14 expression in this cell type.

In contrast to the above the increase in neutrophil ODRS production was correlated with an

increase in binding of LPS to the neutrophil surface and a parallel increase in CD14 expression. These

observations and the time characteristics of the effect suggest that TNF-cr primes neutrophils for

enhanced LPS-induced ODRS production by rapidly translocating CD14 from its intracellular storage

site, the azurophilic granules (Rodeberg etal,1997), to the cell surface.

It has been recognized for some time that neutrophils can be primed by a variety of agents

(Dahinden et al., 1983; Cochrane, 1987), but despite extensive research the mechanisms underlying

this priming process are currently not known. The finding of CD14 upregulation as a potential

mechanism seems inconsistent with the claim that TNF-g-induced release of the contents of

azurophilic granules only occurs together with activation of the NADH-oxidase complex and therefore

signifies comprehensive cell activation (Steadman eI al., 1996). However, while the TNF-cr used by

this group was of the same origin as the TNF-ct used for the work described in this thesis, the dose

used by Steadman et al. was 200 fold higher than the doses we used to prime neutrophils. It is possible

thal aT lower doses differential effects on cell function can be observed which are no longer discernible

at very high concentrations of TNF-c.

Another theory as to how priming occurs is that the first agonist stimulates the intracellular

activity of phospholipase A2 (PLA2), enabling the cell to show an enhanced response to a second

mediator (Bauldry et al., l99l; Forehand et al., 1993). Interestingly, it has been shown that in the

reverse to the experiments outlined in Chapter 4 neutrophils can be primed by LPS for enhanced

responses to second agonists such as TNF-a (Guthrie et al., 1984; Shalaby et al., 1985; Aida et a1.,

1990). Others have demonstrated that the neutrophil respiratory burst is differentially regulated

depending on the nature of the stimulus (Bellavite et al., 1992).

As outlined previously we showed for the first time that vascular endothelial cells express

CDl4. Although TNF-o synergizes with LPS in this cell type in terms of adhesion molecule

expression, treatment of HUVEC with the cytokine did not alter the surface expression of CD14. in

contrast LPS was able to up-regulate its receptor by about 60%.

9,5,2 IntracellularSignalling

Evidence has been presented that at least in endothelial cells the synergism between LPS and TNF-o

operates at an intracellular signalling level. Since LPS and TNF-cr were synergistic in expression of

adhesion molecule mRNA, the effects of these mediators must be converging upstream of

transcription.

The transcription factors activated in endothelial cell adhesion molecule expression are NF-rB

and AP-1, the latter comprising of c-jun and ATF-2 (Manning eI al., 1995; Brostjan et al., 1997). ATF-
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2 knock-out mice show a blunted upregulation of endothelial E-selectin in response to stimuli

(Reimold et al., 1996). In contrast, activation of c-jun and ATF-2 enhances NF-rB-induced E-selectin

expression (Gupta et al., 1995). TNF-cr and LPS are known to individually activate NF-rB in
endothelial cells (Min eT al., 1997). The data presented in Chapter 7 showed a synergistic increase in

translocation of the amount of the Rel A (p65) sub-unit of NF-rB into the nucleus. Particularly

interesting was the observation that in the presence of both TNF-o, and LPS the normally transient

activation of NF-rB persisted. This may be of clinical relevance, since persistingNF-rB activation is

associated with amplification and perpetuation of the inflammatory response (Barnes et al., 1.997) and

also with the initiation and progression of atherosclerotic disease (Collins, 1993).

AP-l and its two components, c-jun and ATF-2, were not measured directly, instead the

activities of JNK and p38, the MAP kinases directly upstream of these transcription factors were

assayed. TNF-a and LPS were synergistic in the upregulation of the activity of p38, the activity of

JNK was increased in an additive manner.

It is generally accepted that the transcription factor Elk-l does not play a major role in

adhesion molecule gene activation. However, there have been reports to the contrary. This matter was

investigated by assessing the activity of the Elk-l MAP kinase, ERK, which, like in most adherent cell

types, was significantly activated in unstimulated HUVEC. While both TNF-ct and LPS individually

caused a slight increase in the baseline activity of ERK, there was no enhancement with costimulation,

which is consistent with the current concept of the role of ERK in the regulation of endothelial cell

adhesion molecule expression (Read el al., 1997).

Taken together, our data suggest that NF-rB, ATF-Z, and c-jun but not Elk-l are likely to be

the transcription factors targeted by the TNF-cr and LPS-induced signals. We found the interactive

effect between TNF-o and LPS to be most profound on NF-rB activation. This is consistent with the

report by others, that although all three transcription factors are required for maximal adhesion

molecule expression NF-rB plays the most important role (Brostjan et al., 1997). In this study

glucocorticoid steroids did not inhibitthe activation of c-jun or ATF-2, but blocked activation of NF-

rB. This resulted in a near complete inhibition of E-selectin expression. This and similar observations

led some investigators to propose that pharmacological inhibition of NF-rB may become the future

basis for treatment of inflammation (Baeuerle et al., 1994; Chen et al., 1995).

A central question is where the point of convergence of TNF-a and LPS-initiated signalling

pathways occurs. Based on published evidence it is most likely that both TNF-c and LPS lead to the

activation of NF-rB via their signalling pathways joining downstream of TRAF2 and TRAF6

respectively (Diagram 1-14). NF-rB inducing kinase (NIK) is most probably this point of convergence

(Cao et al.,l996b; Min et al,7997; O'Neill et al., 1998; Pober, 1998).

The point of convergence for the JNK pathway are most likely the small GTP-binding proteins

Rac and Cdc42. LPS activates these G-proteins via TRAF6, while TNF-a-mediated activation is

through the Germinal Center Kinase and Germinal Center Kinase-Related via TRAF2 (see also
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Diagrams 1-10,1-12 and 1-13). However, how the signals induced by TNF-o and LPS converge to

activate p38 is currently not known. Based on the data presented in Chapter 7 and on published

evidence it is unlikely that ceramide mimics LPS or plays a major role in the signalling events initiated

by TNF-u and LPS, but it seems to function as a signal-enhancing factor.

Although the NF-rB and JNK pathways diverge downstream of TRAF and are regarded as

separate (Liu et a1.,1996), recent studies have demonstrated that there is 'cross-talk' between the MAP

kinase cascades and NF-rB (Hirano et al., 1996; Lee et al., 1997:. Read et al., 1997). Perhaps the

strongest evidence points to MEKKI, the upstream kinase kinase kinase of the JNK/p38 cascade being

linked to the activation of NF-rB (Table 9-2).

Table 9-2: Evidence supporting'cross-talk' between MEKK1 and the NF-rB pathway

observation References

Overexpression of MEKKI leads to increased phosphorylation of kBu
and translocation of NF-rB into the nucleus.

Hirano et a1.,1996;

Read et al., 1997

Recombinant MEKKI is able to directly phosphorylate and activate

IrB kinase invitro. Lee et al., 1997

A dominant-negative, kinase-dead mutant of MEKK1 is able to inhibit

TNF-q,-induced activation of a NF-rcB reporter gene. Lee et al., l99l

However, the effect of MEKKI on the NF-rB pathway may not be a physiologically significant

interaction, given that overexpression of kinase-inactive MEKKl did not block TRAF2-mediated NF-

rB activation, while JNK activity was completely suppressed (Liu et al., 1996). It would be interesting

to know whether there is the reverse interaction between the NF-rB pathway and MEKK-I or other

signalling molecules of the JNK cascade. This has only been examined once, and in this study NIK

was found not to be not involved in JNK activation (Song et al., 1997). In contrast, JNK has been

shown to bind to the NF-rB constituent c-Rel and enhance transcription (Meyer et al.,1996).

Interactions between p38 and the NF-rB pathway have also been described. A recent report

showed that inhibition of p38 alpha inhibits NF-rB, at least in neutrophils (Nick et al. 1999). In

addition 38203580, a highly specific inhibitor of p38, prevents the expression of a NF-rB-controlled

reporter construct in response to TNF-o stimulation as does insertion of a kinase-dead MKK6 mutant.

However, affected is only the transactivation activity and not translocation into the nucleus or DNA

binding, suggesting p38 may be required for maximal effect of NF-rB on gene transcription (Beyaert

et al., 1996; Wesselborg et al., 1997).

Thus, it is possible that the combined effect of TNF-a and LPS on p38 and MEKK1 could

lead to further amplification of NF-rB activation.
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9.6 THE ROLE OF THE LPS RECEPTOR CD14 IN IMMUNITY AND DISEASE

As a pattern recognition receptor for bacterial products, CDI4 plays an important part in innate

immunity (Wright, 1995;Haziol et al., 1996; Schimke et al., 1998). Apart from the discovery of CD14

expression on vascular endothelial cells and respiratory epithelial cells presented in this thesis, the

molecule has also been demonstrated to be present on cardiac myocytes. In this cell type CD14 is

thought to be responsible for LPS-mediated cardio-depressant effects including LPS-induced myocyte

apoptosis (Comstock et al., 1998).

Although the capacity of CD14 to signal has been disputed and numerous candidates for the

LPS signalling receptor have been described, the functional significance of this molecule is striking.

Blockade of CD14 with monoclonal antibody in vitro nearly completely abrogates LPS-mediated cell

activation in both, mCD14-rich cells like monocytes and CD14-poor cells like neutrophils and

vascular endothelial cells, regardless the presence ofother LPS receptors such as hTLR-4.

Valuable information on the role of mCD14 can be gained from patients with paroxysmal

nocturnal haemoglobinuria (PNH). These individuals cannot synthesize GPI anchors due to a genetic

defect inthe PIG-A gene, but are able to synthesize CDl4. Monocytes of these patients express only

very small amounts of mCD14. Despite an abundance of sCDl4 in the serum of subjects with PNH

their monocytes are 100- 1000-fold less sensitive to LPS (Duchow et al., 1993). This confirms the

central role of mCD14 forLPS-mediated cell activation.In addition, the therapeutic administration of

anti-CD14 antibody in animal models of septic shock is impressively successful (Matsuura et al.,

1993; Leturcq et al., 1996; Schimke et al., 1998). In the latter trial anti-CDl4 was beneficial even

when administered after the induction of septic shock.

Genetically altered mice provide an excellent tool for dissecting the importance of various

aspects of the action of LPS. CDl4-deficient mice were 10,000 fold less sensitive to LPS and when

infected with gram-negative bacteria had a reduced general inflammatory response, which was

expected. That these mice also had a markedly reduced dissemination of bacteria compared to normal

mice was surprising and is consistent with CD14 having a major role in the invasion of endothelial

cells by bacteria (Haziot et al., 7996). Interestingly, LPS was able to induce acute-phase proteins in

these CDl4-deficient mice, suggesting that this effect of LPS may be mediated in a CD14-independent

way (Haziot et al., 1998). To demonstrate that the induction of acute-phase proteins was definitely

mediated by LPS, Haziot et al. repeated the experiments with CDl4-positive, LPS gene-defective mice

(C3H/HeJ). In contrast to CD14 deficient mice, LPS failed to induce acute-phase proteins in these

animals.

The peripheral blood monocytes of LBP-deleted mice were 1,000-fold less sensitive to LPS

than the cells of normal mice. But unexpectedly, when the LBP (-/-) animals were injected with LPS

there were no differences in the responses of these animals compared to wild type mice. However, in
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contrast to CD14 (-/-) mice, LBP (-/-) mice had a greatly increased bacterial dissemination when

challenged with gram-negative bacteria (Wurfel et al., 1997; Fenton et al., 1998).

These observations lead to the following concept about the roles of LBP and CD14: LBP is a

non-obligatory enhancer of LPS presentation to CD14 but may be required to opsonize gram-negative

bacteria. mCDl4 is required and sufficient for LPS-induced cell activation and is likely to facilitate the

attachment of gram-negative organisms to vascular endothelial cells and their subsequent

dissemination.

Although there are no reports of naturally occurring LBP (-/-) or CD14 (-/-) genotypes in

humans, recently a girl with defective signalling by IL- I B and LPS was described (Kuhns et al., 1997).

She presented with recurrent, severe bacterial infections, each with a reduced febrile response. iL-1p

receptor and mCD14 expression were normal, LBP levels were not determined. The defect was

deemed to be in the mutual signalling cascade initiated by LPS (via hTLR) and IL-18.

Another recent discovery in humans emphasizes the role of CD14. A polymorphism in the

CDI4 promoter region was identified. This polymorphism was homozygous in 22Yo of 2541 people

screened (Unkelbach et aI., 1999; Hubaceck et al., 1999). When the homozygous individuals were

divided into groups with coronary artery disease (CAD) and normals, the incidence was 27.5Yo and

15.6% respectively. This association of a CD14 polymorphism with CAD may be the

pathophysiological basis for the observed link between gram-negative infections and atherosclerotic

vascular events (Campbell et al., 1998; Kane et al., 1999; Schussheim ef a1., 1999). In an attempt to

explain the mechanism for such association one group measured CD14 expression in peripheral blood

monocytes and found that the level of CDf4 expression on the cell surface was increased by 40% in

individuals homozygous for the polymorphism (Hubacek et al., 1999).In the light of our discovery of

CDl4 on endothelial cells it would be very interesting to compare the level of CD14 expression on

vascular endothelial cells of subjects homozygous for the polymorphism to that in normal subjects.

Also recently CDl4 has been linked to the pathophysiology of gastritis, which is characterized

by leukocyte infiltration of the gastric mucosa. LPS of Helicobacter pylori stimulates monocytes to

release proinflammatory mediators such as the chemokine IL-8 (Bliss et al., 1998).

9.7 CONCLUDING REMARKS

Ubiquitous in the environment, LPS is a potentially lethal molecule, implicated in the

pathophysiological processes of many infections. It also has been known for over 100 years that

endotoxins have a beneficial role in the development and function of the normal human immune

system and that they enhance the hosts overall resistance to bacterial infections and perhaps

malignancies. Pretreatment of mice with small doses of LPS significantly improves the elimination of

E. coli and survival of the animals (Vuopio-Varkila et al., 1.987), and it also induces significant

protection against the toxic effects of Pseudomonas aeruginosa Exohoxin A (Zehavi-Willner et al.,
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1991). Likewise mucosal immunization with killed bacteria leads to a more rapid influx of neutrophils

resulting in enhanced clearance of H. influenzae from the lung (Foxwell et al., 1998). Fragments of

gram-negative bacterial cell walls have been discovered to persist inside macrophages for months after

resolution of the infection, possibly functioning as a non-specific enhancer of the innate immune

system (Ginsburg, 1988).

While it is evident that cytokines such as TNF-o and microbial products such as LPS co-exist

during the course of an infection, we still know little of the contribution made by these mediators in

the pathogenic host response with respect to tissues and cells being exposed to both types of

molecules. Products released by macrophages stimulated with such agents as LPS play important roles

in stimulating other phagocytes to kill microorganisms (Ferrante, 1991; Ferrante et a1.,7992). Our

work shows that LPS co-operates with TNF-o to enhance the microbial killing capacity of neutrophils.

In fact, the invivo observation of the LPS-induced enhancement of resistance to infections is likely to

be a consequence of this type of synergism between endogenous and exogenous cell activators. This

concept was extended to other cells and tissue types including monocytes and macrophages, vascular

endothelial cells and respiratory epithelial cells. The synergistic responses shown in all these cell types

are likely to influence the accumulation and activation of inflammatory leukocytes at foci of infection.

However, it is evident that where synergistic responses are less localized and involve multiple

organs and tissues irreversible tissue damage, shock, organ failure and death may be precipitated. The

concept generated in this thesis that cytokines render cells more responsive to LPS therefore also has

the potential of bringing about harm to the host. For example activation of the mononuclear system

and release of TNF-a in vivo via a parasite infection leads to LPS hypersensitivity (Ferrante et al.,

1 e84).

In neutrophils, but not in macrophages, endothelial and epithelial cells, synergism between

TNF-cr and LPS was related to the ability of TNF-cr to alter the expression of CD14 on the surface of

cells. When searching for other mechanisms for synergistic responses by TNF-cr and LPS we

demonstrated that, at least in endothelial cells, they were associated with alterations in the magnitude

of intracellular signals. In particular synergistic activation of the transcription factor NF-rB was

observed. Although not implicated in the mechanism of the synergistic response between TNF-cx and

LPS in human vascular endothelial cells we discovered that CD14 is expressed by this tissue. This is a

novel finding and given the importance of the CDl4 molecule in gram-negative infections and in

cardiovascular disease is likely to have an impact on the understanding and the management of those

conditions.

While the work described in this thesis represents an important step towards studying and

understanding the combined effects of different inflammatory mediators it marks only the beginning

of a substantial body of research needed to unravel the complexity of the interactions at work in

infections. Some of the areas which remained untouched by us because they were beyond the scope of

this thesis shall be briefly summarized here: the effects of products of inflammatory leukocytes on
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bacteria themselves are important to consider, for example it has been shown that even small amounts

of leukocyte hydrolases increase the release of LPS from bacteria into the circulation (Ferne et al.,

1978). Furthermore, the effects of multiple mediators released by inflammatory cells on cell surface

structures of both leukocytes and tissues need to be taken into account. In particularPLA2 and ODRS

lead to degradation of cell surface proteoglycans, hence synergizing in terms of cell lysis (Dan et al.,

1996; Dishon et al., 1967; Ginsburg et al, 1993;

Staub et al., 1982). In relevance to the our work one has to ask what effects could these

mediators and perhaps other enzymes have on the cell surface expression of CD14 or hTLRs ? Finally,

it is well known that during infections in vivo acute phase proteins are upregulated, some of which are

binding-proteins for LPS. Thus, it is conceivable that changes in serum levels of LBP and BPI may

interfere with the availabilþ and biological activity of LPS.

In addition to these challenges other future work may extend the concept of this thesis to

additional cell types relevant to diseases of the lung, such as fibroblasts and airway smooth muscle

cells. It would also be interesting to examine combined effects of different bacterial products, namely

toxins of gram-positive organisms. Also, the roles of other proinflammatory cytokines such as IL-lb,
IL-6 and IFN-g need to be examined in more detail. Other locally produced mediators such as ODRS,

proteinases, phospholipases and arachidonic acid derivatives ought to be investigated as to their

enhancing or inhibitory roles.
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